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ZUSAMMENFASSUNG

Zur Untersuchung der Evolution von Entscheidungen bei der Wahl von Partnern und
Helfern bei Waldmausen (Apodemus sylvaticus), wurde in dieser Studie eine
Kombination von Experimenten genutzt, die zum Teil im Labor und zum Teil in einem

grol3en Freigehege durchgefuhrt wurden.

In Kapitel 1 wurde die Fahigkeit von Waldmausweibchen getestet, Verwandte zu
erkennen und der der Erkennung =zugrunde liegende Mechanismus wurde
untersucht. Der Ostrus, der paarungsbereite Zustand im weiblichen Fortpflanzungs-
zyklus, war der Ausloser des weiblichen Paarungsverhaltens. Weibchen in anderen
Stadien des Zyklus zeigten ein davon verschiedenes Verhalten. Daraus liel3 sich der
Schluss ziehen, dass ein spezifisches Paarungsverhalten der Weibchen existiert.
Weibchen zeigten eine Praferenz flr Geriche von unbekannten, unverwandten
Mannchen im Vergleich zu Gerichen von bekannten, und sogar unbekannten,
Brudern. Der fehlende Bedarf einer Bekanntschaft fur die Identifizierung von
Verwandten legt nahe, dass das ,Phanotyp-Matching® der Mechanismus der
Diskriminierung ist. Ein weiterer Hinweis, ob der Mechanismus des ,Phanotyp-
Matching“ auf einem Vergleich des eigenen Phanotyps oder des der Familie mit dem
Fremd-Phanotyp beruht, konnte mit diesem experimentellen Ansatz nicht erklart
werden. Zusammengefasst lasst sich feststellen, dass Weibchen verwandte

Mannchen in der Partnerwahl vermeiden.

In Kapitel 2 wurden mogliche Kriterien der Partnerwahl bei Waldmausweibchen
untersucht. Interessanterweise zeigten die Weibchen weder fir schwere noch fur
dominante Mannchen eine Praferenz. Es handelt sich dabei um Merkmale, die
allgemein von weiblichen Nagetieren bevorzugt werden. Aulerdem, und im
Gegensatz zu frUheren Studien an Kleinsaugern, wurde bei Waldmausmannchen
keine Beziehung zwischen Korpergewicht, sozialer Dominanz und Urinierungs-
Muster gefunden. Ferner kopierten die Weibchen auch nicht das Paarungsverhalten
anderer Weibchen; allerdings vermieden sie den kombinierten Geruch eines Paares.
Die Vermutung liegt nahe, dass das beinahe willkurliche Paarungsverhalten der
Weibchen bedingt wird durch das promiskuitive Paarungssystem dieser Art.
Weibchen verpaaren sich gewdhnlich mit mehreren Partnern in jeder Ostrus Periode.
Der héhere Fortpflanzungserfolg von schwereren Mannchen, der in friheren Studien

und auch dieser Studie beobachtet wurde, kbnnte dann nicht als Resultat weiblicher
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Wahl erklart werden, sondern aufgrund unterschiedlicher Sperma-Menge oder
Qualitat dieser Mannchen oder Spermienkonkurrenz. Das Fehlen einer Praferenz der
Weibchen fur jedes mannliche Merkmal in dieser Studie konnte erklaren, warum
Mannchen keine deutlichen Qualitdtsanzeichen wie zum Beispiel Urinierungsmuster
auspragen. Weibchen vermeiden andere Weibchen, ein Hinweis auf starke
Konkurrenz um Nestplatze, welche der limitierende Faktor fur den Fortpflanzungs-

erfolg sind.
In Kapitel 3 wurde die Rolle des ,Major Histocompatibility Complex® (MHC) bei der

weiblichen Partnerwahl sowohl im Labor als auch im Freigehege studiert. Unter der
Annahme, dass beziglich des MHCs heterozygote Individuen einen Vorteil bei der
Abwehr von Pathogenen haben und Verwandte haufig dieselben MHC Allele teilen
(Inzuchtvermeidung), wurde ein MHC-disassortatives Wahlverhalten vorhergesagt.
Das bedeutet, dass Weibchen ein Mannchen mit einem anderen MHC Typ als den
ihren wahlen. Proteine des MHC, die unverwechselbare Kdrpergertiche bedingen,
ermoglichen die individuelle Unterscheidung. Die Variation von zwei MHC class |l
Genen wurde untersucht. Die analysierten Gen-Segmente hatten eine niedrige
Variabilitat (3—6 Allele) im Vergleich zu anderen Saugetier Arten. Im Gegensatz zu
der obigen Annahme bevorzugten die Weibchen nicht den mannlichen Genotyp, der
von ihrem verschieden war, aber auch nicht den, der ihrem glich. Weiterhin konnte
kein Hinweis fur eine Praferenz fur Mannchen mit mehr Allelen pro Locus gefunden
werden. Diese Ergebnisse passen zu dem bereits gefundenen willkirlichen

Partnerwahlverhalten von Waldmausweibchen aus dem vorherigen Kapitel.

Kapitel 4 behandelt die Grinde flir die mehrfachen Verpaarungen der Weibchen. In
einem polyandrischen, experimentellen Aufbau konnte gezeigt werden, dass einzeln
gezeugte Wadarfe haufiger unter Infantizid litten als Wdurfe, die von mehreren
Mannchen gezeugt worden waren. Die Weibchen reagierten aktiv auf den
mannlichen Infantizid durch die Auswahl von mehreren Partnern, wenn der frihere
Wurf getdtet worden war. Folglich scheint Promiskuitat eine Gegenstrategie der
Weibchen gegen Infantizid der Mannchen zu sein, indem dadurch die Vaterschaft

verschleiert wird.

Zur Bestimmung der Vaterschaften der Waldmaus Jungtiere wurden Mikrosatelliten
Analysen benutzt. In Kapitel 5 werden die Entwicklung und Charakterisierung von 6
neuen Mikrosatelliten Primer Paaren fur Waldmause fur weiterfuhrende Analysen
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vorgestellt.

SchlieBlich wurde in Kapitel 6 die Verhaltensokologie von Waldmausen und
besonders das weibliche Sozialverhalten unter semi-naturlichen Bedingungen in
einem grof3en Freigehege untersucht. Die gefundene hohe Anzahl an multiplen
Vaterschaften bestatigt das promiskuitive Paarungssystem dieser Art. Das
Korpergewicht der Mannchen hatte den groRten Einfluss auf den mannlichen
Fortpflanzungserfolg. Hier konnte ebenfalls festgestellt werden, dass schwerere
Mannchen mehr Nachkommen zeugten. Der Fortpflanzungserfolg der Weibchen
korrelierte positiv mit ihrem Aufenthalt im Gehege. Vermutlich war dieses mit der
Nestplatz-Verfligbarkeit verkntpft. Weibchen, die mit einer Limitierung der Nestplatze
umgehen mussten, zeigten eine alternative Strategie - das Erben des Nestplatzes /
Territoriums. Obwohl der Aufenthalt im matterlichen Gebiet mit einer reproduktiven
Unterdrickung verbunden war, lieferte die Mdglichkeit, ein Territorium hoher Qualitat
zu erben, ausreichenden Nutzen im Hinblick auf gesteigerten zuklnftigen

Fortpflanzungserfolg.



SUMMARY

In order to investigate the evolution of mate choice decisions and helper choice in
wood mice (Apodemus sylvaticus), this study uses a combination of experiments

performed in the laboratory and in a large outdoor enclosure.

In Chapter 1, the capability of female wood mice to recognize kin and mechanism
involved in kin recognition were investigated. The estrus, the female’s status of
reproduction, was very important in triggering female’s mating behavior. Therefore, it
is considered that a distinct mate choice behavior exists. Females showed a
preference for unfamiliar unrelated male odors compared to odors of familiar and
even unfamiliar brothers. The lack of familiarity needed to identify kin suggests that
phenotype matching is being used. Further delineating whether phenotype matching
is based on self-matching or familial imprinting could not be addressed with this
experimental approach. To sum up, females avoided related males in mate choice

decisions.

In Chapter 2, possible mate choice criteria of female wood mice were investigated.
Interestingly females showed no preference neither for heavier nor for dominant
males, traits which are generally preferred in female rodents. Also, in contrast to
previous studies on other small mammals, no relationship between body weight,
social dominance, and urination patterns in male wood mice was shown.
Furthermore, females did not copy pairing behavior of another female, but avoided
the combined odor of a pair. | assume that this nearly indiscriminate mating behavior
is caused by the promiscuous mating system in this species. Females mate in
general with multiple partners for each estrus cycle. The higher reproductive success
of heavier males found in previous and also this study could then be explained not as
a result of female choice but in terms of different sperm quantity or quality or with
sperm competition. The lack of preference for any male quality trait in this study
might explain why males do not exhibit distinct quality signs such as urinary pattern.
Females avoided other females, indicating high competition for nest site availability is

the limiting factor for reproductive success.

In Chapter 3 the role of the major histocompatibility complex (MHC) in female mate
choice selection was investigated in the lab and a large enclosure. MHC-
disassortative mating has been predicted, assuming the operation of pathogen-driven

MHC heterozygote advantage and/or inbreeding avoidance due to kin sharing the



SUMMARY VI

same alleles. Individual discrimination maybe facilitated by distinctive odors produced
by MHC proteins. In this chapter, variation at two MHC class Il genes was examined.
The amplified gene segments had a low variability (3—6 alleles) compared with other
mammalian species. In contrast to the expectation, females displayed no preference
for male genotypes dissimilar or similar to their own. There is also no evidence for a
preference for males with a higher number of alleles per locus. These results are
consistent with the indiscriminative female mate choice as shown in the former

chapter.

Chapter 4 addressed the reasons for female multiple-mating behavior. In a
polyandrous experimental set-up, it has been found that single-sired litters suffered
male infanticide more often than litters that were sired by more than one male.
Females reacted actively to male infanticide by choosing more partners if the
previous litter had been killed. Promiscuity therefore appears to be a counter strategy

of females against infanticidal males through the confusion of paternity.

To determine paternity of wood mouse offspring, microsatellite analyses have been
used. The development and characterization of six new primer sets for wood mice for

further analyses has been introduced in Chapter 5.

Finally, in Chapter 6, wood mice behavior and especially female social behavior has
been studied under semi-natural conditions in a large enclosure. The high frequency
of multiple paternities found confirms the promiscuous mating system in this species.
Male body weight had the strongest impact on male’s reproductive success, also
demonstrating that heavier males sire more offspring as mentioned above. Female
reproductive success was positively correlated with their stay in the enclosure and
this was considered to be linked with nest site availability. Females who had to deal
with limited nest sites showed an alternative strategy of nest/territory inheritance.
Although staying in the mother's territory was associated with reproductive
suppression, the possibility of inheriting a high quality territory provided sufficient

benefits in terms of increased future reproductive success.



INTRODUCTION

Behavioral ecology investigates why (ultimate causes) and how (proximate causes)
the various behavioral characteristics of animals have evolved, as well as the
evolution of the mechanism of behavior. Insights gained from investigations of animal
behaviors have contributed to our understanding of natural and sexual selection in

wild populations.

Natural and sexual selection are the driving forces in evolution and provide insight
into why organisms are what they are. Natural selection is defined as the differential
survival and/or reproduction of classes of entities that differ in one or more
characteristics whereas sexual selection is defined as differential reproduction owing
to variation in the ability to obtain mates. Darwin was convinced that natural selection
alone could not bring about such conspicuous traits such as the bright colors, horns
and displays of males of many species, but instead posed an alternative selective
force, sexual selection (Darwin, 1871). Sexual selection may act at both intrasexual
and intersexual levels. The contest between males for access to females is the
intrasexual force; female choice or preferences of some male phenotypes over
others drives the intersexual selection.

Sexual selection exists because females produce few large gametes and males
produce many small gametes. The costs to produce these gametes, eggs and
sperm, are different. In mammals females produce several hundred cells throughout
a lifespan whereas a male can produce billions of sperms in his life. This creates an
automatic conflict between the reproductive strategies of the sexes: a male can mate
with many females, and often suffers little reduction in fitness if he should mate with
an inappropriate female, whereas all eggs can be fertilized by a single male (usually),
and the female’s fitness can be significantly lowered by inappropriate matings
(Trivers, 1972). Commonly then, females are a limiting resource for males, which
compete for mates, but males are not a limiting resource for females. With this
assumption the power of female mate choice leads to the expression of diverse traits
such as the elaborate trains of peacocks (Petrie, 1994), the hyper-developed tail fins
forming the sword of swordtails (Basolo, 1990), the intricately constructed bowers of
bower birds (Borgia, 1985) and the huge eye spans in stalk-eyed flies (Wilkinson &
Reillo, 1994).
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How distinct the effects or the power of female mate choice are depends on the
mating system. In harems for example, in which several females are dominated by a
single male, an individual female does not generally have a choice with whom she
would like to mate apart from the holder of the harem. But in a monogamous system

with free female choice the female’s selection has more influence.

Mating systems

Cases where mates usually maintain exclusive or semi-exclusive mating bonds with
a single partner throughout most of their lifespan are called long-term monogamy. If
the mating bond remains stable for a single breeding attempt but a different partner
will be chosen for the next season the system is termed serial monogamy. Polygyny
or harems exist when males mate with a group of females, whereas the opposite
pattern, a single female with a group of males is called polyandry. When males mate
with any receptive female and there is no continuing bond between individual males
and females after mating has occurred, the system is a promiscuous one. Females
can also mate promiscuously with several males over a single estrus period, resulting
in multiple paternities within one litter. Male mammals show a diverse array of mating
bonds, including obligate monogamy, unimale and group polygyny and promiscuity.
These are associated with a wide variety of different forms of mate guarding,
including the defense of feeding and mating territories, the defense of female groups
and the defense of individual receptive females (Emlen & Oring, 1977; Clutton-Brock,
1989). Mating bonds in female mammals include long-term monogamy, serial
monogamy, polyandry and promiscuity. Both male and female mating behavior varies
widely within species. In mammals, the males of more than 90% of all species are
habitually polygynous (Kleiman, 1977; Rutberg, 1983). While philandering and extra
fertilizations yield clear benefits to polygynous males, it has long been assumed that
females do not benefit from multiple mating and, as a result, monogamy has been
considered the default state in females. The increased use of molecular techniques
has revealed moderate to high levels of multiple paternity in a wide range of animal
groups (taxonomic reviews in Birkhead & Mgller, 1998) and a substantial body of

recent work has been focused on the benefits of female multiple mating (Hrdy, 2000;
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Jennions & Petrie, 2000).

Female mate choice

Why do we study female mating preferences and mate choice? Jennions & Petrie
(1997) provided several reasons (evolutionary history, ecological / social /
morphological factors, neurobiology and psychology of female choice). The present
study focuses on the influence of female mating preferences on the rate and direction

of evolution by sexual selection.

There are numerous suggestions as to what females gain by being selective in their
choice of mates (Kirkpatrick & Ryan, 1991; Andersson, 1994). Females can gain not
only benefits such as essential territorial resources, paternal care or food gifts, but
also their immediate reproductive success, fecundity and/or the quality of offspring,

all of which can vary among males (Drickamer et al., 2000).

How can females assess the quality of a male? The presentation of material benefits
such as food may be a good criterion as these gifts can be directly translated into
fitness benefits in females. Some male hanging flies, katydids, and crickets gather,
process, and transfer food, termed a nuptial gift, directly to a discriminating partner. It
has been shown that the duration of mating and consequently the amount of sperm a
male is able to transfer is dependent on the size of the nuptial gift in the hanging fly
(Bittacus apicalis) (Thornhill, 1976). Females may also be able to improve their
fecundity by feeding on nuptial gifts. Female katydids (Requema verticalis) produce
more eggs when fed more or larger spermatophores, containers for sperm that are
eaten by the female after mating (Gwynne, 1984). In both of these examples, males

are not allowed to transfer sperm until a nuptial gift is provided.

Territories may also provide benefits such as adequate food resources to raise
offspring successfully and/or better nest sites. In birds the reproductive success of
owners of a higher quality territory is increased (Krebs, 1971; Dhondt & Schillemans,
1983). Recent studies on great reed warblers (Acrocephalus arundinaceus) (Bensch
& Hasselquist, 1992) and bullfrogs (Rana catesbiana) (Howard, 1980) demonstrate

that females often choose males with higher quality territories.
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Paternal care may also a very important quality criterion, especially in species where
a female is not able to raise the offspring alone or provides no maternal care. There
are many different aspects of male appearance and behavior that might signal male
parental capacity. For example, females of some fishes with paternal males
apparently prefer individuals that already have eggs in their nests (Unger & Sargent,
1988), perhaps because the eggs demonstrate parental commitment (but see
Jamieson & Colgan, 1989). Female fish might also be able to use other indicators of
male parental ability in picking a superior caretaker for their offspring. For example,
they might prefer large males, because they could be more aggressive, protective
parents than small ones would be (Noonan, 1983).

In species in which males do not provide parental care or material benefits, females
might choose mating partners whose genes will confer greater fitness (including
mating success) on the female’s offspring (‘good genes’ hypothesis) (Maller &
Alatalo, 1999). Females could use any male trait correlated with fithess as a guide to
advantageous mating. Differences in male quality could be assessed by chemical
signaling, physical strength, ornaments and parasite load (Milinski & Bakker, 1990;
Mgller, 1990). There is ample empirical evidence for female choice based on male
traits (such as the spur length of male pheasants (Phasianus colchicus) (von Schantz
et al.,, 1989), the brighter coloration of male sticklebacks (Gasterosteus aculeatus)
(Milinski & Bakker, 1990) and male house finches (Carpodacus mexicanus) (Hill,
1990)) that reflect vigor and recent studies indicate that females can increase the
survival of their offspring by mating with a high quality male (Norris, 1993; Petrie,
1994; von Schantz et al., 1994; von Schantz et al., 1996; Hasselquist et al., 1996).

The male’s dominance status might be also a choice criterion. In small mammals,
higher body weight is indicative of dominance (Wolff, 1985b but see Gosling et al.,
2000). Barnard & Fitzsimons (1989) found a significant correlation between male
rank and body weight in laboratory mice with heavier males having higher rank.
Another good predictor of adult (Mus musculus) dominance status is the rate of scent
marking: males that marked more than their brothers were more likely to become
dominant (Collins et al., 1997). The urine of male mice contains major urinary
proteins whose function may be to mediate the controlled release of pheromones in

scent marks (Hurst et al., 1998). The quality of an individual's odor can allow
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potential mates to discriminate against individuals of low social status, poor health
status or unsuitable genotype (reviewed by Brown & Macdonald, 1985). Competitive
scent marking provides a further mechanism to allow females to discriminate

between males of apparent high quality (Rich & Hurst, 1998).

Variation at the major histocompatibility complex (MHC) has also been shown be an
important measure of male quality (Penn & Potts, 1999). The highly polymorphic
genes of the MHC control immunological self/nonself-recognition by coding for cell-
surface proteins that bind peptides from invading pathogens and present them to
cells of the immune system. Numerous studies have shown that MHC genotype is
associated with the production of distinctive odors used in the individual
discrimination by mice, rat and humans (reviewed by (Brown & Eklund, 1994). The
mechanism by which MHC type influences urine odor is still unclear and appears to
involve microorganisms in same cases (Singer et al., 1997; Singh, 2001). There are
three adaptive hypotheses for MHC-dependent mating preferences. First, MHC-
disassortative mating preference produce MHC-heterozygous offspring that may
have enhanced immunocompetence. Although this hypothesis is not supported by
tests against single parasites, MHC heterozygotes may be resistant to multiple
parasites (Apanius et al., 1997). Second, MHC-dependent mating preferences
enable hosts to provide a “moving target” against rapidly evolving parasites that
escape immune recognition (the Red Queen hypothesis). Such parasites are
suspected to drive MHC diversity through rare-allele advantage (reviewed in Penn &
Potts, 1999). Thus, the two forms of parasite-mediated selection thought to drive
MHC diversity, heterozygote and rare-allele advantage, will also favor MHC-
dependent mating preferences. Finally, because MHC genes are highly polymorphic,
individuals sharing MHC alleles are likely to be related. Therefore MHC-dependent
mating preference may function to avoid kin matings and deleterious consequences
of inbreeding (Potts & Wakeland, 1993). This hypothesis is consistent with additional
evidence that MHC genes play a role in kin recognition. In numerous studies in mice
and humans, mating preferences appear to be MHC-disassortative (i.e. the test
individual prefers individuals with a MHC genotype different from their own), with no
general preference or avoidance of specific MHC haplotypes (Yamazaki et al., 1976;
Yamazaki et al., 1978; Yamazaki et al., 1988; Beauchamp et al., 1988; Egid &
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Brown, 1989; Potts et al., 1991; Wedekind et al., 1995; Ober et al., 1997). In mice,
this preference can be influenced by cross-fostering (Eklund, 1997a; Eklund, 1999)
or male dominance (Egid & Brown, 1989). Parental sharing of certain MHC alleles
correlates with frequent spontaneous abortions or prolonged intergestational intervals
in mice, humans and pigtailed macaques (Warner et al., 1991; Jin et al., 1995; Ober,
1995; Knapp et al., 1996). Exposing pregnant female mice to urine of a foreign male
possessing MHC alleles different from those of the father led to an increase in
resorption of the fetus compared with a confrontation involving two MHC-identical
males (Yamazaki et al., 1986).

Females may also choose their mates by copying mate choice decisions of other
females (Gibson & Hoglund, 1992; Pruett-Jones, 1992). Copying behavior has been
demonstrated in several species of fish, including the guppy (Poecilia reticulata)
(Dugatkin & Godin, 1992), the Japanese medeka (Oryzias latipes) (Grant & Green,
1996), the sailfin molly (Poecilia latipinna) (Schlupp & Ryan, 1996) and in several
lekking species of birds such as the Japanese quail (Coturnix coturnix) (Galef &
White, 1998), the sage grouse (Centrocercus urophasianus) (Gibson et al., 1991),
the black grouse (Tetrao tetrix) (Hoglund et al., 1995) and also in fallow deer (Dama
dama) (Clutton-Brock et al., 1989). In all of these species males do not provide
parental care. Copying could serve either to increase the accuracy of mate

assessment or to reduce its costs.

Avoidance of inbreeding

Finally, females should avoid close kin as mating partners. Mating among relatives is
assumed to be under strong selection pressure, as inbreeding decreases fertility and
survival of offspring (Ralls et al., 1986; Charlesworth & Charlesworth, 1987).
Although few data from natural populations are available, studies of captive and
experimental animals consistently confirm the ubiquity and magnitude of inbreeding
effects (Ralls & Ballou, 1983). Rodents have been key in the study of inbreeding
effects. In studies of laboratory mice and the vlei rat (Otomys irroratus), litter sizes
are reduced when parents are closely related (Barnard & Fitzsimons, 1989; Pillay,
1998). Inbreeding of oldfield mice (Peromyscus polionotus) has been shown to have
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several negative effects: decrease of fertility and production of a lower number of
offspring, who were also reduced in viability and mass at weaning (Lacy et al., 1996).
Additionally, Margulis (1998) demonstrated that inbreeding in oldfield mice affects the
reproductive success of inbred adults. Further detrimental effects have been found
when inbred and outbred animals have to compete directly under semi-natural
conditions. Inbred male mice sired only one-fitth as many surviving offspring as
outbred males because of their poor competitive ability and survivorship (Meagher et
al., 2000). Inbred white-footed mice (Peromyscus leucopus noveboracensis) suffered
lower survivorship than non-inbred ones (Jiménez et al., 1994) when released back
into the field site from which the progenitors had been captured.

When sexually mature relatives occur within the same social group or local area, the
potential for matings between them exists. However, long-term field studies indicate
that such matings occur less often than one might expect (McCracken & Bradbury,
1977; Schwartz & Armitage, 1980; Hoogland, 1982). This implies the existence of the
ability to recognize actual of probable kin and avoid them as mating partners as has
been shown in several species (Wilmsen Thornhill, 1993), but the mechanisms

individuals use for differentiating kin from non-kin are less clear.

Kin recognition

Kin recognition, the determination of genetically related individuals and showing
differential behavior towards the conspecific, is an important ability, especially with
regard to social behavior. On the one hand, kin recognition may facilitate preferential
treatment of kin, such as cooperation in food finding or in warning against predators,
and therefore those individuals behaving altruistically in kin groups can increase their
inclusive fitness. On the other hand, kin should be avoided as mates to prevent
inbreeding.

Several different recognition mechanisms exist for the identification of kin: (1) spatial
location; (2) association or familiarity; (3) phenotype matching; and (4) recognition
alleles. The basis of all these mechanisms is learning (Tang-Martinez, 2001), just the

cues that are used to discriminate between kin and non-kin are different.

The “spatial location mechanism” depends on a close and consistent correlation
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between genetic relatedness and spatial distribution. Cues based on location (e.g.
nest site) are recognized rather than conspecifics per se. This phenomenon is often
found in birds, where avian parents recognize their nest site rather than chicks
themselves (Hoogland & Sherman, 1976). Therefore, this mechanism should not be

considered as a real kin recognition mechanism (Tang-Martinez, 2001).

Recognition by “association/familiarity” and by "phenotype matching” have become
the two most widely accepted mechanisms of kin discrimination (Holmes & Sherman,
1983). Whereas for recognition by association a period of previous contact (e.g.
weaning) is necessary, in phenotype matching kin recognition occurs even in the
absence of any previous, direct association. It has been hypothesized that the
discriminator learns certain cues either from the phenotypes of close relatives
(familial imprinting) (see Sherman et al., 1997) or from its own phenotype (self-
matching) (Mateo & Johnston, 2000) to form a template for comparison with the

phenotype of other individuals.

“‘Recognition alleles” are probably the most problematic of all the proposed kin
recognition mechanisms. The hypothesis underlying this mechanism is that the same
gene or set of genes is responsible for the phenotypic expression, for its recognition
and the resulting behavior. But the present lack of direct supporting evidence
suggests that this hypothesis should not be considered a high-priority contender for a

kin recognition mechanism (Tang-Martinez, 2001).

Cues used for kin recognition among vertebrates may be mediated by any of the
usual sensory modalities used in communication (i.e. vision, hearing, olfaction, taste
and touch). Among small rodents olfactory cues are the sole or most important cues
used for kin recognition. Induced anosmia experiments (Porter et al., 1978; Holmes,
1984) and the prevention of visual and auditory cues (Hepper, 1983) have led to the

loss of kin recognition.

It has been hypothesized that the mechanisms involved in kin recognition might to
vary with the social system of the species (Blaustein et al., 1987; Wilson, 1987;
Sherman et al.,, 1997). In species living in stable social groups there is usually a
close correlation between the degree of association of infants with different

individuals and their relatedness to them. Familiarity then provides a good rule of
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thumb to determine relatedness as shown in Arctic ground squirrels (Spermophilus
parryii) (Holmes & Sherman, 1982), rats (Rattus norvegicus) (Wills et al., 1983) and
naked mole-rats (Heterocephalus glaber) (Clarke & Faulkes, 1999). In deer mice
(Peromyscus maniculatus), littermates raised either together or cross-fostered and
raised with non-relatives, have a reduced association and breeding between familiar
compared to unfamiliar individuals, regardless of true kinship (Dewsbury, 1988).
Studies of highly social species, including humans (Shepher, 1971), wild horses
(Equus cabalus) (Berger & Cunningham, 1987), black-tailed prairie dogs (Cynomys
ludovicianus) (Foltz & Hoogland, 1983), and naked-mole rats (Heterocephalus
glaber) (Clarke & Faulkes, 1999) suggest that associations at early ages influence

subsequent social behavior including mating behavior.

In less social species, however, it can be assumed that avoidance of kin as mates
can not be based on familiarity and should be based on discrimination of degrees of
relatedness (see Mateo & Johnston, 2000) using phenotype matching or self-
matching. The latter should be favored in species with multiple paternity or maternity
or when individuals commonly encounter older or younger siblings after dispersal
(Sherman, 1991).

Social behavior

In addition to its importance in inbreeding avoidance the ability to recognize kin is
also important in other kinds of social interactions, including cooperative behavior,

helping and cooperative breeding.

Cooperative interactions in which individuals apparently dispense benefits to others,
often at a cost to themselves, seem antithetical to evolution by natural selection,
which is based on individual advantage. The often-observed behavior of helping
other individuals such as the alarm call in prairie dogs when an enemy is discovered
(Cynomys) (Hoogland, 1981) was for a long time explained by group selection.
Subsequently George Williams (Williams, 1966) demonstrated that group selection is
generally a weaker process than individual selection, refocusing research into the
individual helping effort. Hamilton (Hamilton, 1964 ) introduced the theory of “altruism”

based on interactions among related individuals. He argued that individuals can pass
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copies of their genes on the future generations not only through their own
reproduction (direct fitness) but also by assisting the reproduction of close relatives
(indirect fitness). “Hamilton’s rule” states that an altruistic trait can increase in
frequency if the benefit (b) received by the donor’'s relatives, weighted by their
relationship (r) to the donor, exceeds the cost (c¢) of the action to the donor’s fitness.

That is, altruism spreads if:
rb>c.

The more distantly related the beneficiaries are to the donor, the greater the benefit
or the lower the cost to them must be for an altruistic behavior to spread. The rule
specifies the conditions under which reproductive altruism evolves and there is good
evidence, especially from insects and social vertebrates, that kinship provides the
key to understanding altruistic behavior.

Helpers may benefit by gaining protection and feeding benefits in the established
territory (Gaston, 1978; Taborsky, 1984; Taborsky, 1985), by increasing the
probability of mate or territory acquisition as has been shown in the pied kingfisher
(Ceryle rudis) (Reyer, 1980) and in a social paper wasp (Polistes dominulus) (Queller
et al.,, 2000), and by increasing the probability of their survival through group
augmentation (Taborsky, 1984; Brown, 1987).

The cooperatively breeding cichlid fish Neolamprologus pulcher must pay with help in
order to be allowed to remain protected in the family group, and may eventually
inherit this natal territory (Balshine-Earn et al., 1998). In Columbian ground squirrels,
the daughters inherit maternal nest sites (Harris & Murie, 1984) which may help them

become more easily established and reproduce successfully.

Not only territory inheritance but also rank inheritance could be an important criterion
in the decision to stay. Many species of Cercopithecines (Primates) exhibit a
matrilineal dominance system in which a female inherits her mother's rank (or
acquires her genealogical rank) (de Waal, 1977; Walters, 1980; Datta, 1983;
Horrocks & Hunte, 1983; Chapais, 1988).
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The wood mice (Apodemus sylvaticus Linnaeus 1758)

The wood mouse (Apodemus sylvaticus) is a typical European muroid rodent.
Apodemus is a sister taxa to Mus and Rattus, the classical laboratory animals on
which considerable work on social behavior has been done within the past decades
(Robitaille & Bovet, 1976; Elwood, 1985; Brown, 1986; Hurst, 1987; Konig & Markl,
1987; Gerlach, 1996; Gerlach, 1998). Although the wood mouse has also long been
the focus of investigations, most earlier studies dealt with the population structure
and population dynamics dependent on different habitats and environmental
conditions (Douglass et al., 1992; Gorman & Zubaid, 1993; Halle, 1993; Wilson et al.,
1993b; Canova et al., 1994; Fernandez et al., 1996; Musolf, 1996; Montgomery et al.,
1997; Diaz et al., 1999; Flowerdew & Ellwood, 2001). Social behaviors have only
been recorded in connection with dispersal and survival. Both factors influencing the
population structure and probably are determined by aggressive interactions between
individuals. Recently additional social behaviors have become of interest including

cooperative breeding in wood mice females (Gerlach & Bartmann, 2002).

Wood mice are considered semi-social. They can be found both alone or in groups
(i.e. mother-offspring, over wintering aggregations), but associations are always
temporary. Males and females have their own home range with the male’s home
range being approximately 2—3 times larger than the female’s (Crawley, 1969; Tew &
Macdonald, 1994). While both sexes have overlapping home ranges, home range
overlap is significantly greater between males, and between males and females, than
it is between females (Wilson et al., 1992; Tew & Macdonald, 1994). Observed
distribution of movement patterns suggest that a single male has access to several
females and as well the female can interact with several males (Tew & Macdonald,
1994). Therefore the expected mating system should be promiscuous and molecular
techniques have demonstrated both in the wild (Baker et al.,, 1999) and in an
enclosure experiment (Bartmann & Gerlach, 2001) that females mate and have
offspring with more than one male at a time. In the enclosure experiment 88% of all

litters was sired by up to four different males (Bartmann & Gerlach, 2001).

Wood mice are able to distinguish between individual conspecifics via urine and

faeces as odor cues (Wolton, 1984) but it is not known if they can also discriminate
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kin from non-kin. Familiarity alone as recognition mechanism seems not to be
sufficient enough to recognize all kin. Male wood mice neither cohabitate with mates
nor defend territories (Brown, 1969; Wolton, 1985; Benhamou, 1990; Bartmann &
Gerlach, 2001). Concurrent studies of the genetic structure and spatial distribution of
wild-living wood mice showed that family groups with the exception of mothers and
their unweaned pups do not exist and that dispersal distances of subadults are, on
average, in a range of a few hundred meters (Gerlach, in prep.). Juvenile dispersal

begins shortly after weaning (Halle, 1988; Gerlach, in prep.).

Against this background | draw the following hypothesis: wood mice should use
phenotype matching than familiarity to differentiate between individuals of different
genetic relatedness. In Chapter 1 of this thesis | conducted odor choice experiments
to clarify the wood mice ability and the mechanism of kin recognition in female mate
choice decisions. Regardless of the mechanism used | expected females to avoid

inbreeding.

Male wood mice make no contribution to parenting besides their sperm (Montgomery
& Gurnell, 1985; Tew & Macdonald, 1994). Therefore female mate choice should not
rely on paternal care or territory defense but simply on male quality criteria. One
possible male quality trait was already suggested by previous results of an enclosure
study on wood mice by Bartmann & Gerlach (Bartmann & Gerlach, 2001). Here
heavier males sired more offspring. If these results are caused by a preference for
heavier males or by the effect of heavier males being dominant and getting more
access to females through winning male-male competitions is still questioned. In
Chapter 2 of this thesis | tested the influence of different male characteristics on
female preference. | expect that females choose a high quality male and quality is

determined by weight or dominance rank.

As an additional criterion | investigated in Chapter 3 of this thesis the influence of
MHC genotype on female mate choice. Assuming the operation of pathogen-driven
MHC heterozygote advantage and/or inbreeding avoidance because due to kin
sharing the same alleles, MHC-disassortative mating has been predicted.

Wood mice are promiscuous and a high degree of multiple mating occurs. Males can

generally increase their fitness by mating with many mates, but females cannot
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produce more offspring than the number of their eggs. In species without any male-
provided resource benefits, females are thought to obtain some ‘genetic’ or indirect
benefits from males that enhance offspring quality. Polyandry is often assumed to be
a strategy to increase fertility of the mother (Hoogland, 1998), ensuring fertilization
because some males are sterile (Sheldon, 1994), avoiding genetic incompatibility
(Zeh & Zeh, 1996), increasing the genetic variability of offspring (Tooby, 1982),
increasing litter size (Hoogland, 1998; Pearse et al., 2002), producing offspring of
higher quality, increasing offspring survival (Madsen et al., 1992; Olsson et al., 1994)
or avoiding inbreeding (Hosken & Blanckenhorn, 1999; Ratkiewicz & Borkowska,
2000). However, females may also mate multiply to confuse the issue of paternity in

order to avoid infanticide by males.

Infanticide

Infanticide is defined as the killing of conspecific young. It is considered as an
adaptive behavioral strategy to enhance the reproductive success of the perpetrator
in response to intense competition for resources such as mating partners, food, or
nest sites, and has been documented in many organisms, including mammals
(Hausfater & Hrdy, 1984).

Laboratory studies on rodents indicate that the likelihood of an individual being
infanticidal depends upon sex, reproductive status and recent sexual experience
(Elwood, 1977; Soroker & Terkel, 1988; Elwood & Kennedy, 1991). The effect of
recent sexual experience varies according to gender. Males are frequently inhibited
from infanticide within a few days of copulation. Females, however, often continue to
be infanticidal up to parturition (Elwood, 1977; Soroker & Terkel, 1988; Elwood &
Kennedy, 1991).

Infanticide may be an extreme product of sexual selection in males, a way of bringing
females quickly into estrous again, and thereby accelerating the infanticidal male’s
own opportunities to mate (Trivers, 1972). Males may also benefit by reducing the
reproductive success of competitors through infanticide, thereby causing a relative
increase in their own reproductive success (vom Saal & Howard, 1982).

Since females lose much expended energy and time when infanticide occurs,
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attention has been focused on how females counteract infanticide by males (Hrdy,
1979; Packer & Pusey, 1983; Hausfater, 1984; Agrell et al., 1998).

In addition to the above-mentioned strategy to mate promiscuously with several (all)
males in the vicinity, apparently to confuse paternity (O'Connell & Cowlishaw, 1994;
Wrangham, 1997) another way for females to reduce the risk of infanticide by foreign
males is to mate with a dominant male. Dominant males of many small mammal
species are generally more infanticidal against offspring they have not sired (Huck et
al., 1982; vom Saal & Howard, 1982), have an increased potential to attack and evict
intruders (Reich et al., 1982), and exhibit higher movement activity (Nelson, 1994),
than do subordinate males. Female choice of dominant males seems to be common
in small rodents (Huck & Banks, 1982; Drickamer, 1992; Horne & Ylonen, 1996), as

well as in other mammalian species such as lions (Pusey & Packer, 1994).

Nest site or territory defense would be another counter-strategy to prevent infanticide
but in most mammals, males are larger than females and so females are not always

effective in deterring intrusion by strange males.

| tested the hypothesis: Is infanticide reduced in a polyandrous system when wood

mouse females mate multiple times? Results are shown in Chapter 4 of this thesis.

Paternities of these litters were assigned with microsatellite analyses. Microsatellite
markers, small and highly variable fragments of non-coding DNA, have become a
powerful tool for the investigation of genetic structure of populations. Because of the
reduced requirements for tissue or blood to receive sufficient amounts of DNA
animals can be sampled non-destructively. In my studies a small piece (2-5 mm?) of
the tissue of the ear was necessary. Even juvenile individuals could be sampled
without significant perturbation. Although three microsatellite primer sets exist for the
yellow-necked mouse (Apodemus flavicollis), which also amplify in wood mice
(Gockel et al., 1997) additional special wood mouse primers are needed to
accurately assess and monitor genetic variation. In Chapter 5 of my study | describe
the identification of highly variable microsatellite markers in wood mice, which | then

have used for paternity analyses determined in Chapter 4 and 6.

In addition to these laboratory experiments, | have studied a small population under

almost natural field condition in an enclosure, large enough to prevent cage artifacts
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but still clear to record all animals.

In mammals females tend to remain at or near their natal site (Greenwood, 1980).
Philopatry should lead to an increase in relatedness between neighboring breeding
females if young females become sexually mature near their mothers and sisters. A
correlation between geographic distance and relatedness has been shown in
meadow voles (Microtus pennsylvanicus) (Sheridan & Tamarin, 1986). Matrilines,
groups of related females, have been found in Richardson's ground squirrels
(Spermophilus richardsonii) (van Staaden et al., 1994), yellow-bellied marmots
(Marmota flaviventris) (Armitage & Schwartz, 2000), and gray-sided voles
(Clethrionomys rufocanus) (Ishibashi et al., 1997). In some species matrilines are just
found at certain times in the year (McShea & Madison, 1984; Kawata, 1990;
Pusenius et al., 1998) or at certain population densities (Lambin & Krebs, 1991a).
Kinship between females in bank voles (Clethrionomys glareolus) (Mappes et al.,
1995) and Townsend'’s voles (Microtus townsendii) (Lambin & Krebs, 1993) leads to
substantial overlaps in the home ranges without decreasing the reproductive success
of these females. Breeding success is higher in kin groups as well (Lambin & Krebs,
1993; Mappes et al., 1995; Solomon & French, 1997).

Telemetry studies on wood mice have revealed communal use of nest sites of
reproductive females under natural conditions (Wilson et al., 1992). An enclosure
experiment found communal nests with litters of two different females (Bartmann,
unpublished data). Gerlach and Bartmann (2002) studied the reproductive success of
breeding units of two wood mouse females with different degrees of relatedness in
lab populations. In contrast to findings in the close related house mouse (Mus
musculus domesticus) where communal breeding improved lifetime reproductive
success (Konig, 1994) no such effect could be found in wood mice. Rather, at least
one or both females paid a cost for this cooperation in terms of a reduction in the
number of own offspring weaned and/or more investment by nursing the offspring of
the partner. Based on these results, solitarily breeding should be preferred in wild
wood mice. Under harsh environmental conditions such as low nest site availability
and food limitation, other advantages support cooperative breeding. Daughters
always could increase their inclusive fithness by helping their mothers to wean

offspring. If cooperative breeding takes place in the wild is not known. Therefore |



INTRODUCTION 16

tested the following hypothesis in Chapter 6: Is there any incident of social behavior
among wood mice females in the wild? And what benefits does a female gain by

being social.

The aim of this study

Variation in female mate choice provides considerable insight into the evolution of
this behavioral pattern by sexual selection (see review (Jennions & Petrie, 1997).
The comparison of wood mice with other rodents such as the close related house
mouse, whose social behaviors are well known, gives insight into the variability of
mating systems and mate choice under different environmental conditions and social

systems.

In order to investigate the evolution of mate choice decisions in wood mice | used 6

different approaches:
(1) Experiments on kin recognition and mate choice under laboratory conditions
(2) Experiments on mate preferences under laboratory conditions

(3) Investigation on the influence of MHC genotype on female mate choice in the

lab and in the enclosure

(4) Laboratory experiments to determine the causes of multiple mating in female

wood mice

(5) Development of DNA microsatellite markers for the analysis of paternity and

reproductive success

(6) Experiments to study the impact of matrilinear groups on reproductive success

of females under semi-natural conditions in a large enclosure

This study, combining the advantages of both laboratory and field approaches,
presents new data on mating behavior in the wood mouse. Insights gained from
these studies of mate and helper choice in wood mice provide a basis for future
studies of mating behavior in other species with reduced sociality. Studies on the
evolution of social behavior and its fithess consequences contribute to our

understanding of different social systems under various ecological conditions.
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Abstract

It is assumed that mechanisms for recognizing kin and avoiding inbreeding are based
on familiarity in more social species and on phenotype matching in less social
species because the latter do not grow up in family groups. We tested this prediction
in the semi-social wood mouse (Apodemus sylvaticus) where we would expect
phenotype matching. In preference tests for male odor we show that indeed females
in estrus, but not outside their estrus period, avoided and thus recognized the odor of
unfamiliar brothers in comparison with unfamiliar unrelated males. While this result
corresponds to prediction, careful comparison with previous studies on Kkin
recognition in social and less social rodents shows that sociality per se cannot be

used as a predictor for the mechanism involved in inbreeding avoidance.

Introduction

The avoidance of close kin as possible mating partners is assumed to be under
strong selection pressure as inbreeding decreases fertility and survival of offspring
(Ralls et al., 1986; Charlesworth & Charlesworth, 1987). While avoidance of close kin
as mating partners has been shown in several species (Wilmsen Thornhill, 1993) the
mechanisms individuals use for differentiating kin from non-kin are less clear.
‘Indirect’ recognition involves cues that are predictably associated with kin (e.g.
location of a nest), whereas ‘direct’ recognition refers to perception and evaluation of
kin cues (e.g. their odors) (Waldman et al., 1988; Barnard, 1990). There are two
general categories of kin recognition mechanisms both based on learning processes
as Tang-Martinez (2001) emphasized. The first 'direct’ mechanism is based on
aspects of familiarity where individuals behaved nepotistic to conspecifics with whom
they grow up. The ability to identify even unfamiliar kin is usually attributed to the
second 'direct' kin recognition mechanism of 'phenotype matching' in which an
individual must learn cues either from the phenotypes of close relatives (familial
imprinting) (see Sherman et al., 1997) or from its own phenotype (self-matching)
(Mateo & Johnston, 2000) to form a template for comparison with the phenotype of
other individuals. It has been hypothesized that the mechanisms involved might to

vary with the social system of the species (Blaustein et al.,, 1987; Wilson, 1987;
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Sherman et al.,, 1997). In species living in stable social groups there is usually a
close correlation between the degree of association of infants with different
individuals and their relatedness to them. Familiarity then provides a good rule of
thumb to determine relatedness as shown in Arctic ground squirrels (Spermophilus
parryii) (Holmes & Sherman, 1982), rats (Rattus norvegicus) (Wills et al., 1983) and
naked mole-rats (Heterocephalus glaber) (Clarke & Faulkes, 1999). In deer mice
(Peromyscus maniculatus), when littermates were either raised together or cross-
fostered and raised with non-relatives, association and breeding between familiar
compared to unfamiliar individuals was reduced, regardless of true kinship
(Dewsbury, 1988). Studies of highly social species, including humans (Shepher,
1971), wild horses (Equus cabalus) (Berger & Cunningham, 1987), black-tailed
prairie dogs (Cynomys ludovicianus) (Foltz & Hoogland, 1983), and naked-mole rats
(Heterocephalus glaber) (Clarke & Faulkes, 1999) suggest that associations at early

ages influence subsequent social behavior including mating behavior.

In less social species, however, it can be assumed that avoidance of kin as mates
can not be based on familiarity and should be based on discrimination of degrees of
relatedness (see Mateo & Johnston, 2000) using phenotype matching or self-
matching. The latter should be favored in species with multiple paternity or maternity
or when individuals commonly encounter older or younger siblings after dispersal
(Sherman, 1991).

We tested this prediction in a semi-social species with a high degree of promiscuity
(Baker et al.,, 1999; Bartmann & Gerlach, 2001), the wood mouse (Apodemus
sylvaticus), where females can be expected to use phenotype matching to
differentiate between males of different genetic relatedness. In wood mice familiarity
alone would not be sufficient to recognize all kin. Male wood mice neither cohabitat
with mates nor defend territories (Brown, 1969; Wolton, 1985; Benhamou, 1990;
Bartmann & Gerlach, 2001). Male wood mice make no contribution to parenting
besides their sperm (Montgomery & Gurnell, 1985). Concurrent studies of the genetic
structure and spatial distribution of wild-living wood mice showed that family groups
with the exception of mothers and their un-weaned pups do not exist and that
dispersal distances of subadults are, on average, in a range of a few hundred meters
(Gerlach unpub. results). Juvenile dispersal begins shortly after weaning (Halle,

1988; Gerlach unpub. results). Therefore, female wood mice can encounter both
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related and unrelated males as potential mating partners. While individual recognition
exists in wood mice (Wolton, 1984), the mechanisms involved in kin recognition

remain unknown.

We tested first if female mate choice behavior depended on their estrus cycle.
Secondly, we examined if preferences of females are based on effects of familiarity
or relatedness. Since preferences for olfactory cues are associated with mate choice
(Krackow & Matuschak, 1991; Pillay, 2000), we tested female preference for urine of
different males.

Methods

Experimental animals were the F1—F2 generation of wild caught wood mice from different places in
southern Germany (Konstanz and Reutlingen); they were assumed to be unrelated. For breeding

purposes mice were kept in monogamous pairs in two cages (42 x 26 x 15 cm) and a nest box (14 x

14 x 14 cm) linked by plastic tubes. All animals were kept at 20°C under a long photoperiod (14L:10D;
light on at 8:00 am). Food pellets (Altromin 1310) and water were offered ad libitum. Offspring were
removed from the parental cage system when they were 28 days old. Offspring were kept together
until the experiments were conducted when they were approximately 8 weeks old. Wood mice reach
sexually maturity with the age of approximately 8 weeks. We found no evidence of delayed maturation
caused by keeping siblings in family groups because all individuals immediately reproduced when put

together with an unfamiliar partner regardless of their own age (personal observation).

Vaginal smears of the test female taken 5 hours before the odor test indicated her reproductive stage.
Vaginal smears were obtained by carefully stroking a plastic eyelet moistened with warm water along
the vagina wall of the female. The cell material was transferred to a microscope slide, dried at 60°C for
at least 30 min and then stained with HEMA-DIFF reagents (bioanalytic, Umkirch/Freiburg, Germany,
Art.Nr. 4100). The vaginal smear was examined under a light microscope (100x magnification). The
most common cell types observed were nucleated or cornified (old, non-nucleated) epithelial cells and
leukocytes. Every stage of the estrus cycle (met-estrus, di-estrus, pro-estrus, estrus) is defined by the
percentage of these cell types (Snell, 1941; Flowerdew, 1987). In wood mice three types of estrus
cycles were identified: females with a continuous estrus; females with an estrus cycle between 6 and

11 days in length; and females that only rarely showed signs of estrus (Jonsson & Silverin, 1997).

Odor preferences of individual female mice were tested in a Plexiglas Y-maze preference apparatus (5
cm diameter) with 30 cm long arms (see Fig. 1 for illustration). The stimulus compartments in the two
arms of the Y in which odor cues were placed, and the start box, in which a mouse was placed, were
each 14 cm long. A solid plexiglas barrier restricted the introduced mouse to the start box, while
perforated plexiglas barriers at the end of each stimulus arm prevented direct contact with the odor

sources. Small fans fitted at the end of the stimulus compartments produced a low air current
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towards the start box. Single males were placed for 2 hours in small boxes with bedding material,
which was used as an odor source. To avoid side preferences we alternated the side with odor from
males of different relatedness and familiarity between ftrials. The preference apparatus was washed
thoroughly between trials.

Fan

Stimulus compartiments /%575

TRLLL TILETT

Fig. 1. Y-maze odor preferences apparatus

After a female mouse was placed in the start box of the apparatus for 5 min the solid barrier was
removed allowing the mouse access to the two arms of the Y-maze with bedding material of different
males. During the subsequent 10 min the behavior of the mouse was videotaped and the duration of
the time spent in each arm of an odor source was recorded. Videotapes were analyzed blind as to the
identity of the odor donors. 'Preference’ was defined as the amount of the time that the test female
spent in one stimulus arm divided by the amount of time spent in the other stimulus arm. All statistical
tests were based on an analysis of the natural logarithm of this ratio (Coopersmith & Lenington, 1992).
Individual trials were discarded if a female spent less than 30 s of the 10 min test in the distal end of

each of the stimulus arms (Kavaliers et al., 1997).

Data were analyzed by using the program JMP (SAS Institute Inc., 2001) and non-parametric methods
according to Siegel (1997).

In experiment 1 females of all stages of the estrus cycle were tested. All females were just tested

once. Two odor cues, one of a familiar related male (FR, a familiar brother and littermate of the
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female) and an unfamiliar unrelated male (UFUR) were placed in the Y-maze. Females were only
separated from their familiar brothers for the 2 hours the male mice were put individually on bedding to
get odor cues for the test. For the second experiment only estrous females were used. In experiment 2
an unfamiliar related male (UFR, unknown brother from a former litter who had had no previous
contact with the female) and an unfamiliar unrelated male (UFUR) were used as stimulus animals. All

male test pairs were matched for age.

Results

Female wood mice showed different preferences for male odor cues depending on
their estrus cycle. 18 females were tested for their preference for the odor cues of
familiar related (FR) versus unfamiliar unrelated males (UFUR). Data of females that
were in met-estrus (n = 2), di-estrus (n = 4) and pro-estrus (n = 3) were pooled as
non-estrus and tested against females in estrus (n=13). In an analysis of variance
‘estrus stage' was used as the independent variable, 'preference' as the dependent
variable. 'Estrus stage' had a significant influence on female preference for males
(ANOVA: F = 5.082, df = 1, P = 0.036). In addition, there was a trend for females in
estrus to spend more time with the odor cue of an unfamiliar, unrelated male (UFUR)
than with a familiar related male (FR) (mean time [s] + SE with UFUR = 117.5 £ 45.6;
mean time with FR = 45.6 + 12.1; Wilcoxon signed-rank test, n = 13, T = 1.63,
P =0.057, two-tailed), and for non-estrous females to spend more time with the odor
of their familiar brother. However, this difference was statistically not significant
(mean time [s] £SE with UFUR = 47.148.6; mean time with FR = 122.3 + 47.8;
Wilcoxon signed-rank test; n =9, T=1.83, P=0.10, two tailed) (Fig. 2).
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Fig. 2. Mean duration ([s] + standard error, SE) female wood mice spent next to
the odor cue of a familiar related male = FR (white box) and an unfamiliar
unrelated male = UFUR (black box) within an observational period of 10
minutes; the estrus stage has a significant influence on the females’ preference.

To evaluate whether previous experience and cohabitation with a male determined
female choice we used odor cues of unfamiliar brothers (UFR) versus those of
unfamiliar unrelated males (UFUR). Only females in estrus were used (n = 10).
Females spent significantly more time with the odor of the unfamiliar unrelated male
than with that the odor of the unfamiliar related male (mean time [s] £SE with
UFUR = 148.1 + 26.7; mean time with UFR = 62.5 + 5.6, Wilcoxon signed-rank test:
n=10, T=2.79, P=0.038, two tailed) (Fig.3).
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Fig. 3. Mean duration ([s] + standard error, SE) estrous female wood
mice spent next to the odor cue of an unfamiliar related male = UFR
(gray box) and an unfamiliar unrelated male = UFUR (black box);
females significantly preferred the unrelated male; sample size n = 10.

Therefore, we conclude that female wood mice were able to recognize even

unfamiliar kin.

Discussion

Estrous female wood mice preferred the urine odor of unfamiliar unrelated males to
the odor of familiar brothers; they did not show this preference while being in a non-
estrus stage. Whereas the preference for a specific male was not but almost
significant (P = 0.057 / P = 0.10), the difference in behavior of estrus and non-estrus
females was. So females actually showed a different behavioral pattern when they
were in mating conditions. Social preferences like the association with familiar
individuals as have been found for non-estrus females could be distinguished from
sexual preferences (avoidance of familiar individuals) expressed by females in
estrus. In several rodent species preferences for familiar siblings in social interactions
have been found (e.g. Peromyscus leucopus (Halpin & Hoffman, 1987); Acomys
cahirinus (Porter et al., 1983); Spermophilus parryii and S. beldingi (Holmes &

Sherman, 1982)). Maybe in our first experiment still existing social preferences of
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estrous wood mouse females hinder the results from becoming significant. Wild
female house mice (Mus musculus) when given the choice between a familiar brother
and an unfamiliar brother spent more time with the familiar male (Winn & Vestal,
1986), although in pairs with unrelated males, always the unrelated males were

preferred.

The most striking result from our experiment is that familiarity with the male was not
the crucial factor in these tests of odor preference: females also preferred odors of
unfamiliar unrelated males to the odor of brothers with whom they had no previous
contact. This shows that they could recognize unfamiliar kin using phenotype
matching. From this odor preference we would predict that given a choice females
should avoid mating with brothers and perhaps other related individuals. That some
kind of inbreeding barrier or inbreeding avoidance exists between siblings was shown
additionally by the fact that littermates, when kept together after weaning, reproduced
just in 5-10% of all cases whereas almost 100% of unfamiliar unrelated couples bred

(Musolf, personal observation).

This recognition can be based on comparing the odor of novel males with either their
own phenotypic odor template or that of familial conspecifics (littermates or mothers).
This template could be formed by cues from the major histocompatibility complex
(MHC) gene products (Apanius et al., 1997; Jordan & Bruford, 1998). MHC class |
and Il antigens are secreted in soluble form into the blood and are excreted in a
degraded form in the urine. This process gives rise to volatile components, which are
unique to each individual but more similar in related animals (Brown et al., 1989).

In our study we could not differentiate whether females used self-matching or
phenotype matching based on templates of littermates or of their mother. The ability
to self-match is controversial (see (Alexander, 1991; Sherman et al., 1997). In the
non-social, promiscuous golden hamster (Mesocricetus auratus) self-matching might
be used in mate choice decisions (Mateo & Johnston, 2000). Considering the high
degree of multiply sired litters and the promiscuous mating system in wood mice
(Baker et al., 1999; Bartmann & Gerlach, 2001) self-matching would also be an
appropriate mechanism for differentiation between individuals of different genetic

relatedness in wood mice.

Using genetically based templates is assumed to be especially useful in those

species that do not live in social systems where familiarity can provide sufficient
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information to avoid breeding with close relatives (Blaustein et al., 1987; Wilson,
1987; Sherman et al.,, 1997). To evaluate if sociality of a species plays a role in
determining the mechanism involved in avoiding mating with relatives, we compare

our results with those of previous studies on female mate choice in rodents.

The role of familiarity versus phenotype matching can be determined by odor choice
tests or by mate choice tests asking females to differentiate between
familiar/unfamiliar and related/unrelated odors or individuals. Female mate choice in
highly social house mice showed that females differentiated between related and
unrelated individuals but the role of familiarity could not be ruled out (Gilder & Slater,
1978; Egid & Lenington, 1985; Lenington & Egid, 1985; Winn & Vestal, 1986;
Dewsbury, 1988; Potts et al., 1991). Yamazaki et al. (1988) showed that inbred male
house mice typically prefer to mate with females of a different, non-self H-2
haplotype. This mating preference is acquired by imprinting on familial H-2 types
indicating that familiarity is also important. In two additional studies on mate choice in
house mice no discrimination was found (Barnard & Fitzsimons, 1988; Krackow &
Matuschak, 1991). However, Barnard and FitzSimons (1988) did not evaluate the
estrus stage of female mice and Krackow and Matuschak (1991) tested unfamiliar
unrelated males against unfamiliar half-brothers, which might influence preferences.
Our results show the confounding effect of estrus: only estrous females avoided kin
odor whereas non-estrous females do not and may even prefer to associate with kin.
Half brothers may be avoided less than more closely related full brothers and fathers.
In the social deer mouse (Peromyscus maniculatus) Hill (1974) showed that early
exposure to males inhibited onset of reproduction indicating that familiarity might play
a role in reproductive physiology. In the white-footed mouse (Peromyscus leucopus)
estrous females differentiated on the basis of genetic relatedness, but here familiarity
was not tested (Grau, 1982; Keane, 1990). In three social Microtus species, the
prairie vole (M. ochrogaster) (Gavish et al., 1984; DeVries et al., 1997) the gray tailed
vole (M. canicaudus) (Boyd & Blaustein, 1985) and the mandarin vole (M.
mandarinus) (Fadao et al., 2000), familiarity was shown to be used as a mechanism
in mate choice, but only in M. mandarinus and M. canicaudus was it proven that
genetic relatedness played no role (Fadao et al., 2000; Boyd & Blaustein, 1985). In
social gerbils (Meriones unguiculatus) (Agren, 1984) females did not differentiate

between unfamiliar related or unfamiliar unrelated males indicating that phenotype
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matching was not used but the role of familiarity remained unclear. In the highly
social naked mole-rat (Heterocephalus glaber) (Clarke & Faulkes, 1999), familiarity
but not relatedness determined mate choice. In summary, in social rodents 2 species
were shown to use phenotype matching while in 5 others differentiation was based
on familiarity. Exclusive use of familiarity could be shown in 4 species; only one

species was shown to use both mechanisms.

Fewer studies are available for less social species. In the golden hamster
(Mesocricetus auratus) (Mateo & Johnston, 2000) and in the cactus mouse
(Peromyscus eremicus) (Dewsbury, 1982a) females used both phenotype matching
and familiarity, while meadow vole females (Microtus pennsylvanicus) (Salo &
Dewsbury, 1995) were shown to use familiarity while the role of relatedness was not
studied. Our results now show that female wood mice use phenotype matching.

Therefore, both mechanisms can be used in less social rodent species.

There is a trend that social rodents more often use familiarity and not phenotype
matching while both mechanisms seem to be used in less social species. This
contradicts the assumption that phenotype matching should be more important in
less social species. Obviously, sociality of a species per se does not allow a good
prediction for which kin recognition mechanism is used in mate choice decisions.
Other factors should be considered to explain the evolution of kin recognition in
rodents. A phylogenetic analysis of these rodent species would be useful to explain

the emergence of kin recognition systems.
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Abstract

Female preference for male traits indicating dominance or good physical condition
has been shown in numerous species of small mammals. Their choice is based often
on urine cues. Most of the species studied are rather social with stable dominance
relationships. We investigated male odor preference in female wood mice
(Apodemus sylvaticus), a semi-social species in which females have multiple mating
partners for each estrus cycle, to see if and how they evaluate their multiple partners
and what information they can obtain from their urine odor. We analyzed female
preference for odor cues of males of different body weight, dominance, urination
pattern and age. Previous results showing that heavier male wood mice had greater
reproductive success in terms of number of offspring than lighter males suggested
that females should prefer heavier males. Surprisingly our study showed that females
did not prefer the odor of the heavier male of a pair and also not the odor of
dominant, older or more experienced males. There was also no relationship — as
seen in other species — between body weight, urination pattern, and aggressive
behavior in these male wood mice. Finally, female odor preference was not affected
by females copying the mating behavior of other females, although females avoided
odor of another female associated with a male. Our results indicate that female
preference for male traits is probably less evolved in a species with a naturally
promiscuous mating system with multiple matings in every estrus period. The higher
reproductive success of heavier males could then be explained not as a result of

female choice but with different sperm quantity or quality, or with sperm competition.

Introduction

Molecular techniques have shown in numerous species that females mate and have
offspring with more than one male at a time. Despite many studies examining causes
and benefits of multiple paternity its relationship with female choice and, as a
consequence, sexual selection remains unclear. We wanted to analyze female
preference for specific males (of higher quality) in a species with a high degree of
multiple mating. Genetic determination of paternity in litters of wood mice



CHAPTER 2: INDISCRIMINATE FEMALE WOOD MICE 30

(Apodemus sylvaticus) showed that under natural conditions multiple mating occurs
(Baker et al., 1999); in an enclosure experiment 88% of all litters were sired by up to
four different males (Bartmann & Gerlach, 2001). Interestingly, reproductive success
was not equally divided among all males. Heavier males sired significantly more
offspring than lighter ones (Bartmann & Gerlach, 2001). This suggests male body

weight as a possible assessment mechanism for female choice.

There are numerous suggestions as to what females can gain by being selective in
their choice of mates (Kirkpatrick & Ryan, 1991; Andersson, 1994). Females can gain
not only benefits such as essential territorial resources, paternal care or food gifts,
but also their immediate reproductive success, fecundity and/or the quality of
offspring, all of which can vary among males (Drickamer et al., 2000). In species
such as wood mice, in which males do not provide parental care, females might
choose mating partners whose genes will confer greater fitness (including mating
success) on the female’s offspring (‘good genes’ hypothesis) (Mgller & Alatalo,
1999). Females could use any male trait correlated with fitness as a guide to
advantageous matings. Differences in male quality can be assessed by among
others chemical signaling, physical strength, ornaments and parasite load (Maller,
1990; Milinski & Bakker, 1990). There is ample empirical evidence for female choice
based on male traits (such as the spur length of male pheasants (Phasianus
colchicus) (von Schantz et al., 1989), the brighter coloration of male sticklebacks
(Gasterosteus aculeatus) (Milinski & Bakker, 1990) and male house finches
(Carpodacus mexicanus) (Hill, 1990)) that reflect vigor and recent studies indicate
that females can increase the survival of their offspring by mating with a high quality
male (Norris, 1993; Petrie, 1994; von Schantz et al., 1994; von Schantz et al., 1996;
Hasselquist et al., 1996).

In small mammals higher body weight is indicative of dominance (Wolff, 1985b but
see Gosling et al., 2000). Barnard & Fitzsimons (1989) found in laboratory mice a
significant correlation between male rank and body weight with heavier males having
higher rank. Also a good predictor of adult (Mus musculus) dominance status was the
rate of scent marking: males that marked more than their brothers were more likely to
become dominant (Collins et al., 1997). The urine of male mice contains major
urinary proteins whose function may be to mediate the controlled release of

pheromones in scent marks (Hurst et al., 1998). The quality of an individual's odor
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can allow potential mates to discriminate against individuals of low social status, poor
health status or unsuitable genotype (reviewed by Brown & Macdonald, 1985).
Competitive scent marking provides a further mechanism to allow females to
discriminate between males of apparent high quality (Rich & Hurst, 1998). Finally,
higher reproductive success of heavier males could be caused by females copying
mate choice decisions of other females (Gibson & Hoglund, 1992; Pruett-Jones,
1992).

Copying behavior has been demonstrated in several species of fish, for example the
guppy (Poecilia reticulata) (Dugatkin & Godin, 1992), the Japanese medeka (Oryzias
latipes) (Grant & Green, 1996), the sailfin molly (Poecilia latipinna) (Schlupp & Ryan,
1996) and in several lekking species of birds like the Japanese quail (Coturnix
coturnix) (Galef & White, 1998), the sage grouse (Centrocercus urophasianus)
(Gibson et al., 1991), the black grouse (Tetrao tetrix) (Hoglund et al., 1995) but also
in fallow deer (Dama dama) (Clutton-Brock et al., 1989). In all these species males
do not provide parental care. Copying could serve either to increase the accuracy of

mate assessment or to reduce its costs.

The aim of this study was to determine mate choice criteria of female wood mice.
Since in small rodents females often use olfaction to assess males, we conducted a
series of olfactory discrimination experiments. First we tested female preference for
male weight characteristics. Second, we tested their preference for male dominance
and urination behavior, traits generally associated with body weight. And third, we
were interested if mating of one female influences the preference of another female
for the same male. Finally, we determined the correlation between male body weight,

dominance and urination behavior.

Methods

Experimental animals were the F1 and F2 generation of wild caught wood mice from different places
in southern Germany (Konstanz, Reutlingen); they were assumed to be unrelated. For breeding
purposes mice were kept in monogamous pairs in two cages (42 x 26 x 15 cm) and a nest box (14 x
14 x 14 cm) linked by plastic tubes. All animals were kept at 20°C under a long photoperiod (14L:10D;
light on at 8:00 am). Food pellets (Altromin 1310) and water were offered ad libitum. Offspring were

removed from the parental cage system when they were 28 days old. Offspring were kept together
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until the experiments were conducted when they were approximately 8 weeks old.

Odor preferences of individual female mice were tested in a Plexiglas Y-maze. Each arm was 5 cm
diameter and 30 cm long (See Fig. 1 in Chapter 1 for illustration). Attached to the two upstream
stimulus arms were 14 cm long compartments in which odor cues could be placed. Small fans
upstream of the stimulus compartments produced a low air current towards the start box attached to
the downstream arm in which a mouse could be placed. Perforated plexiglas barriers at the end of
each stimulus arm prevented direct contact with the odor sources. A loosely fitting plexiglas barrier

initially restricted the introduced mouse to the start box.

As odor sources we used bedding material from single males that had been placed for 2 hours in
small boxes as describes in Kavaliers et al. (1994). During this time males normally have urinated. If
not we blew at them, which immediately led to urination. Bedding was used as urine carrier because of
the easy handling; paper would be often destroyed by gnawing mice. The preference apparatus was

washed thoroughly between trials.

After a female mouse was placed in the start box for 5 min the barrier was removed allowing the
mouse access to the two arms of the Y-maze. During the subsequent 10 min the behavior of the
mouse was videotaped and the time spent in each upstream arm was recorded. "Preference” was
defined as the amount of the time a female spent in one stimulus arm investigating the odor source
divided by the amount of time spent actively in the other stimulus arm. All statistical tests were based
on an analysis of the natural logarithm of this ratio (Coopersmith & Lenington, 1992). Individual trials
were discarded if a female spent less than 30 s of the 10 min test in the distal end of the stimulus arms
(Kavaliers et al., 1997). To avoid side preferences we randomly assigned sides of the stimulus arms
for each trial. Vaginal smears of the test female taken 5 hours before the odor test indicated her
reproductive stage (Snell, 1941; Flowerdew, 1987). We increased the number of receptive females
needed for this experiment by exposing for one week groups of sisters to the odor of an unrelated
male through mesh wire barriers. This procedure induced estrus as shown in house mice (Mus
musculus) (Whitten, 1956) and wood mice (Stopka & Macdonald, 1998). After this stimulation period

almost 100% of the females were in estrus.

In experiment 1 'Body weight' we tested if females differentiate between males of different body
weight. For stimulus animals we chose two brothers of the same litter so that they would not differ too
much in additional traits, which we could not control (heavy male = HM; light male = LM). Each

replicate was done with a new pair of males and a new female.

In experiment 2 'Dominance' we tested if females prefer dominant males. We tried to determine
dominance by comparing body weight, aggressive interactions and urine marking patterns in two
unfamiliar brothers. To avoid that these males had already established a dominance hierarchy during
their upbringing we used unfamiliar brothers of two consecutive litters. Both males were placed
overnight (16—20 h) in one cage (58 x 35 x 19 cm) separated by a mesh wire barrier, which allowed no
physical contact. Filter paper at the bottom of the cage allowed us to analyze urine marking patterns
for assessing dominance rank as described in (Gosling & McKay, 1990; Horne & Ylénen, 1996): 1.

Dominant: fine trace urination, particularly along the partition but also in other parts of the arena. No or
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small and few puddles. 2. Subordinate: no fine traces. Large puddles of urine, usually deposited in the
corners furthest from the partition.

The next day males were placed for 2 hours in small boxes with bedding material for use as odor
sources and the preference test was conducted. Thereafter the two males were put together in a clean
cage (42 x 26 x 15 cm) and during the following 10 minutes aggressive behavior was observed and
dominance determined. Attacks and chasing were used as dominance criteria. The male with clearly
more aggressive encounters was determined as dominant. Again, new animals were used in each
replicate.

In experiment 3 'Copying' we tested if females prefer males that had already cohabited and probably
mated with another female (copying behavior). For one week the test female was kept in a central
cage interconnected with two additional cages: one with a solitary male and one with a male
cohabiting with a female. The males were brothers of the same litter raised together. The additional
female was unrelated to both test female and stimulus males. Prior to the preference test each male
was placed for 2 hours in a small box with bedding material used as odor source (Series A), or
bedding material of the solitary male was tested as a stimulus against bedding material of the couple
(Series B). For each replicate Series A and B was done with the same animals, but each replicate was
done with new animals.

All males used in these experiments were unrelated and unfamiliar to the test female. Data were
analyzed using the program JMP (SAS Institute Inc., 2001) and non-parametric methods according to

Siegel (1997). The calculated statistical significances are based on a two-tailed analysis.

Results

1. Do females prefer heavier males?

Among the three experimental groups there was no difference in female preference
for males of different body weight (ANOVA, df = 2, F = 0.048, P = 0.954). Although
females spent, on average, 137 s (= 13 SE) with the heavier male and 114 s
(11 SE) with the lighter ones this difference was statistically non-significant
(Wilcoxon signed rank test, n = 43, T = 1.45, P = 0.227) (Fig.1). The body weight of
the heavier male ranged from 22.8 g to 56.7 g and that of the lighter males from
18.5 g to 50.5 g; the mean difference in body weight between the two males was
749 (+ 0.8 SE). Although not statistically significant female preference for the
heavier male increased with increasing weight difference between males (ANOVA,
F=1.87,P=0.179)
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Fig. 1. Mean duration ([s] + standard error, SE) estrous female wood
mice spent next to the odor cue of a heavy male = HM (white box)
and a light male = LM (gray box) within an observational period of 10
minutes; no significant preference was observed; sample size n = 43.

2. Do females prefer males according different dominance criteria?

To analyze the relationship between body weight, urination pattern and dominance in
male wood mice we conducted a second experiment with 19 test pairs of males: 15
of the pairs fought when put together and a dominant male (DM) could be
determined. In 9 cases the winner was the heavier male, in 6 sets the lighter male
won. Therefore, there was no significant relationship between body weight and
dominance (Wilcoxon signed-rank test: n =15, T = 0.641, P = 0.720).

We could also not find any indication that dominant and subordinate males showed
different urination patterns (Wilcoxon signed-rank test: n = 5, area: T = 0.564,
P = 0.625; spots: T=0.211, P =0.313).

Heavy and light males urinated similarly in terms of number of urine spots (4-22
spots) and covered area (mean area [cm?] £ SE: HM = 64.2 + 2.1, LM = 64.4 + 2.2).
All males produced at least one big puddle of urine. Although there was a difference
in urination pattern between males in general (4-22 spots), paired males always

behaved similarly (mean difference in area [cm?] + SE = 5.8 + 0.9, mean difference in
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spots + SE = 3.5+ 0).

Females did not prefer odor of dominant males (DM) to subordinate males (SubM)
(Mean time [s] £ SE with DM = 144.7 + 20.2; mean time with subordinate male
(SubM) = 121.5 + 20.6; Wilcoxon signed-rank test: n = 15, T = 0.301, P = 0.303)
(Fig. 2).
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Fig. 2. Mean duration ([s] + standard error, SE) estrous female wood
mice spent next to the odor cue of a dominant male = DM (striped
box) and a subordinate male = SubM (black box) within an
observational period of 10 minutes; no significant preference was
observed: sample size n = 15.

Males in this experimental treatment differed in age by about 1-2 month. But the age
of males did not influence female preferences either. Females spent, on average
153 s + 20 SE with the older male and 111 s + 12 SE with the younger male;
Wilcoxon signed-rank test: T=0.1039, P = 0.145).

3. Do females show copying behavior?

In series A we tested female preference for odor cues of solitary males compared to
paired males. Females showed no preference for either the solitary male (SoM) or
the paired male (PM) (Mean time with SoM = 117 s + 15 SE; mean time with
PM =121 s £ 20 SE; Wilcoxon signed-rank test: n = 15; T = 0.881, P = 0.804).
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In series B, females could choose between odor cues of the solitary male compared
to the odor of the male and female pair. Test females significantly avoided the odor
cue of the pair (Mean time with SoM = 167 s £ 16 SE; mean time with couple =94 s +
12 SE; Wilcoxon signed-rank test: n =8, T=0.021, P =0.008).
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Fig. 3. Mean duration ([s] + standard error, SE) estrous female wood mice
spent next to male odor cues within an observational period of 10 minutes; in
series A the odor cue of a solitary male = SoM (white box) was compared with
the cue of a paired male = PM (gray box); in series B the odor cue of a solitary
male = SoM (white box) and the cue of a paired male = PM plus his female
partner (squared box) were given. Whereas in series A no significant

preference was found, wood mice females significantly avoided the odor cues
of the couple in series B.

Discussion

Female wood mice did not prefer heavier over lighter males although they showed a
slight tendency to like the heavier of two males better with increasing weight
difference between them. Dominance of one male over the other had no influence on
female choice. Females did not differentiate between odor of a solitary male and a
male already paired with another female; therefore, they did not copy pairing
behavior of another female. But females did avoid the combined odor of a pair.

Finally and in contrast to previous studies on other small mammals, we could not
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show any relationship between body weight, social dominance, and urination

patterns in male wood mice.

We offer two explanations for the lack of female preference for heavier and/or
dominant males. First, female wood mice are not able to differentiate between
different males based on odor cues. We do not think that this explanation is likely
given the olfactory discrimination capabilities of so many related and unrelated
species and their own ability to differentiate kinship odors (Chapter 1). Second, their
social structure leads female wood mice to mate rather indiscriminately with the
available males to prevent infanticide. We are currently investigating this latter

hypothesis. The detailed reasoning follows below.

This lack of female preference for heavier and/or dominant males is surprising
because in other small mammals females are able to discriminate between males
according to their social status and they prefer dominant males as mating partners.
Apps et al. (Apps et al., 1988) and Novotny et al. (Novotny et al., 1990) showed that
the quality of urinary odors of subordinate male house mice was altered, reflecting
hormonal changes resulting from long-term social subordination. The difference in
urine quality from dominant and subordinate males could be detected by female
house mice (Hurst, 1990; Rich & Hurst, 1998), bank voles (Clethrionomys glareolus)
(Hoffmeyer, 1982; Horne & YIonen, 1996), female hamsters (Mesocricetus auratus)
(White, 1986) and female brown lemmings (Lemmus trimucronatus) (Huck et al.,
1981; Huck & Banks, 1982). Female preference for dominant males as mates based
on odor contact alone and in real matings has been found in the prairie vole
(Microtus ochrogaster) (Shapiro & Dewsbury, 1986) and in meadow voles (M.
pennsylvanicus) (Berteaux et al., 1999). However, females of the promiscuous
montane vole (Microtus montanus) show no preferences with regard to male
dominance (Shapiro & Dewsbury, 1986). Agrell (Agrell, 1997) found that female field
voles (M. agrestis) preferred dominant males when density was low but showed no
preference when male density was high, suggesting that female preference may be

context rather than species dependent.

Our own studies have shown remarkable olfactory capability in female wood mice.
Estrous females differentiate between odors of unrelated and related males
(preferring the former) even without previous contact with the related male (Chapter
1). In the current study females avoided the odor of a pair perhaps so that they might
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use odors to avoid nest sites potentially defended by other females as shown in
house mice (Hurst & Nevison, 1994). Clearly, female wood mice can and do use at
least some odor cues to differentiate between males including the subtle differences

involved in determining relatedness. This makes the first explanation less plausible.

The alternative explanation is that, in contrast to other species of voles and mice,
preference for heavier or dominant males is absent in female wood mice. This could
also explain why male wood mice did not express differences in scent marking
behavior according to their body weight or dominance rank known from male house
mice (Mus musculus). The latter exhibit a clear rank-dependent urination pattern with
increased marking by dominant males and decreased marking by subordinates
(Desjardins et al., 1973). We suggest that these differences might be explained by
different mating systems. House mice live in family groups dominated by a single
male who sires most of the offspring. Even the odor of a foreign male can cause fetal
resorption or abortion (Bruce, 1960). Female wood mice are solitary and mate with
several males within one estrus period both in the field and in enclosures (Baker et
al., 1999; Bartmann & Gerlach, 2001). Faced with multiple males she may not be
able to afford herself the luxury of selecting one partner when males who were not
mating partners are infanticidal (Chapter 4). Thus, avoidance of infanticide might
outweigh the benefits of mating with heavier or dominant males exclusively. Females
do select against closely related males (Chapter 1). It is not known if such closely
related males are less infanticidal, a notion that would be suggested by consideration

of inclusive fitness.

The relationship between relatedness and infanticide is an interesting remaining
question. It also remains to be analyzed if females discriminate against clearly
inferior males, e.g. recognizing strains of pathogens and parasites. Recognizing
these attributes might be under stronger selection pressure than preferring males of
higher body weight or dominance. In this case females are assumed to mate with

males with complementary alleles at crucial immune-coding loci.

The results of our odor choice tests now indicate that our earlier results that heavier
males had a higher reproductive success than lighter males is not based on female
odor preference for heavier males. In promiscuous mating systems the higher
reproductive success of heavier males might be caused by factors different from or in
addition to female choice. Heavier males could have more or better sperm. They
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could also have access to females for a longer period or at the most propitious time
(Schwagmeyer & Parker, 1987) as shown in rats (McClintock et al., 1982) and bats
(Hosken, 1998) where timing of insemination is important in determining fertilization
success. In meadow voles (Microtus pennsylvanicus), where females also showed no
preference for heavier males, however male body mass had a significant influence
on the number of copulations performed by males (Berteaux et al., 1999) because
females did not distribute copulations evenly among males, and the degree of female

preference was related to the difference between the body mass between males.
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Abstract

The major histocompatibility complex (MHC) has been theorized to play a critical role
in mate choice selection. Individual discrimination is facilitated by distinctive odors
produced by MHC proteins. Variation at two MHC class Il genes was examined in
wood mice (Apodemus sylvaticus). The objectives of the study were (1) to investigate
the levels of polymorphism in the MHC complex of this rodent species; and (2) to
investigate the influence of MHC genotype in female mate choice decisions,
assuming disassortative mating. The amplified gene segments had a low variability
(3—6 alleles) compared with other mammalian species. Females did not prefer male
genotypes dissimilar to their own. Also no evidence was found for a preference for

males with more alleles per locus.

Introduction

The major histocompatibility complex (MHC) is a cluster of approximately 200 genes
(Penn & Potts, 1999), divided into three classes of genes that code for cell-surface
proteins. The function of these proteins is to bind peptides from invading pathogens
and present them to cells of the immune system, thus triggering various immune
responses. The genes that make up the MHC are highly polymorphic, with individuals
carrying different combinations of these genes. This genetic variation alters the
peptide binding site of the encoded proteins, enabling them to bind different foreign
peptides.

Numerous studies have shown that MHC genotype is associated with the production
of distinctive odors used in the individual discrimination by mice, rats and humans
(reviewed by Brown & Eklund, 1994). The mechanism by which MHC type influences
urine odor is still unclear, and other genetic differences also influence the ability of

mice to discriminate odors (Singer et al., 1997; Singh, 2001).

MHC has been shown to be a marker of relatedness for kin recognition in house mice
(Manning et al., 1992), where females prefer communal nesting partners that share
allelic forms of major histocompatibility complex genes. In addition, female mice

preferentially retrieve pups with the same MHC as their own offspring, and pups are
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attracted to adult females and other pups with similar MHC odor (Yamazaki et al.,
1996). Juvenile Arctic charr (Salvelinus alpinus) grow faster when reared with their
siblings and these fish can discriminate the odors of their siblings from other
individuals even when they have been reared separately since fertilization (Olsén et
al., 1998). Recent work indicates that Arctic charr can discriminate the odors of MHC-
similar and dissimilar siblings, and they prefer the odor of MHC-similar siblings
(Olsén et al., 1998).

Mate choice studies are often only carried out with odor as stimulus for the choosing
individual. While a specific odor preference of the focal individual seems to be a good
indicator for its real mating preferences, it is important to clarify the role of MHC
genotype in mate choice decision. This question has been addressed mainly by work
in mice. Yamazaki et al. (1976; 1978; 1988) and Beauchamp et al. (1988) tested
mate preference. All but one of six inbred strains of male mice demonstrated a
mating preference based on disassortative MHC genotype, that is, a MHC genotype
different from the test individual. Egid and Brown (1989) presented evidence that
female house mice (Mus domesticus) also preferentially mate with males whose
MHC haplotype is different from their own. Using mice derived from wild populations
in a semi-natural situation, Potts et al. (1991) found consistent deficiencies in the
frequency of MHC homozygous progeny compared to expectation under random
mating in a series of study populations. After controlling for MHC-related selective
fertilization (Wedekind et al., 1996; Rdlicke et al., 1998) and abortion (Grob et al.,
1998), and having discounted differential mortality in neonates, Potts et al. (1991)
concluded that most of the observed homozygote deficit was a product of MHC-
disassortative mating. In contrast, Eklund (1997b; 1999) found that wild house mice
(Mus domesticus), partially cross-fostered in inbred strains, demonstrated no
preference for MHC-disassortative partners. Individual pups were exchanged
between litters of different strains and were raised in the foster family. The fostering
had, in contrast to Penn and Potts (1998) findings, little or no effect on MHC-based
mate preferences of wild house mice. Also wild mice did not appear to be using the
MHC to avoid inbreeding (Eklund, 1999). While wild female mice may still choose
mates based on MHC haplotypes, they do not necessarily prefer MHC-dissimilar
mates; additional cues might also be used. These cues might include the male’s
dominance rank as MHC-dependent mating preferences have only been found in the
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laboratory when male dominance has been controlled (Egid & Brown, 1989).

Experimental work on MHC similarity between individuals and odor preferences
(Wedekind et al., 1995; Wedekind & Furi, 1997) has suggested that humans can use
the MHC in mate choice decisions (but see Hedrick & Loschcke, 1996). Recently a
study has been published in which it has been possible to control for balancing
selection or patterns of nonrandom mating based on factors other than MHC
genotype and show a significant association between genotype at the MHC and mate
choice in a human population (Ober et al., 1997). Spouses in the Hutterite population
share MHC haplotypes less often than expected. As in mice, human mating
preferences appear to be MHC-disassortative, with no general preference or
avoidance of specific MHC haplotypes (Wedekind et al., 1995; Ober et al., 1997). As
the first clear example of a direct association between MHC genotype and mate
choice outside the genus Mus, the result of Ober et al. (1997) in humans suggests
that the use of the MHC in mate choice decisions may extend across mammals and

perhaps all vertebrates.

To mate disassortatively for MHC genes, individuals must have a referent, either
themselves (self-inspection) or close kin (familial imprinting), with which to compare
the MHC identity of potential mates. Penn & Potts (1998) found that after cross-
fostering in house mice (Mus musculus) females avoided mating with males carrying
MHC genes of their foster family, supporting the familial imprinting hypothesis. Our
own work (Chapter 1) on female mate choice in wood mice (Apodemus sylvaticus)
supports phenotype matching as well, because females in estrus avoid unfamiliar
brothers as mates. In this study, we were not able to distinguish between the two

mechanisms self-inspection and familial imprinting.

There are three adaptive hypotheses for MHC-dependent mating preferences. First,
MHC-disassortative mating preference produce MHC-heterozygous offspring that
may have enhanced immunocompetence. Although this hypothesis is not supported
by tests against single parasites, MHC heterozygotes may be resistant to multiple
parasites (Apanius et al., 1997). Second, MHC-dependent mating preferences
enable hosts to provide a “moving target” against rapidly evolving parasites that
escape immune recognition (the Red Queen hypothesis). Such parasites are
suspected to drive MHC diversity through rare-allele advantage (reviewed in Penn &
Potts, 1999). Thus, the two forms of parasite-mediated selection thought to drive
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MHC diversity, heterozygote and rare-allele advantage, will also favor MHC-
dependent mating preferences. Finally, because MHC genes are highly polymorphic,
individuals sharing MHC alleles are likely to be related. Therefore MHC-dependent
mating preference may function to avoid kin matings and deleterious consequences
of inbreeding (Potts & Wakeland, 1993). This hypothesis is consistent with other
evidence that MHC genes play a role in kin recognition.

Furthermore, parental sharing of certain MHC alleles correlates with frequent
spontaneous abortions or prolonged intergestational intervals in mice, humans and
pigtailed macaques (Potts et al., 1991; Warner et al., 1991; Potts et al., 1994; Jin et
al., 1995; Boer, 1995; Knapp et al., 1996). Exposing pregnant female mice to urine of
a strange male possessing MHC alleles different from those of the stud led to an
increase in resorption of the fetus compared with a confrontation involving two MHC-

identical males (Yamazaki et al., 1986).

Our recent work on mate choice criteria in female wood mice (Apodemus sylvaticus)
demonstrated that female wood mice do not use male body weight, dominance rank,
or male urination pattern as a quality sign in choosing their mates.

Drickamer (2000) tested free female choice in house mice (Mus musculus) for males
independent of investigator-measured or manipulated phenotypic traits. The offspring
of pairs with a preferred male as mating partner had a significant higher viability than
offspring of non-preferred males. Non-preferred pairs also produced significantly
fewer litters. Obviously there are some criteria in female choice, which are not clearly
visible, but they nevertheless enhance the females’ reproductive success.

In this study we investigated if female wood mice choose their mates with respect to
MHC type. Because females are able to identify unfamiliar brothers as mates but did
not choose males according to weight, dominance rank or urination pattern in odor
tests, we predict a possible underlying MHC-dependent mate choice. We analyzed
two MHC genes using the DNA screening technique single-strand conformation
polymorphism (SSCP). SSCP is one of the most sensitive methods for rapidly
detecting nucleotide substitutions (Hayashi, 1992; Fan et al., 1993; Honey et al.,
1993; Law et al., 1996). SSCP analysis relies on the fact that the mobility of a single-
stranded DNA molecule in a non-denaturing gel is not only determined by its size, but

also by its nucleotide sequence, which governs its three dimensional structure (Rita
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et al., 1989). Single base pair changes should be detected 99% of the time for 100—
300 bp fragments (Less & Apple Baum, 1993) and homozygous and heterozygous
animals can be distinguished. We tested the hypothesis if female wood mice prefer

disassortative matings using the SSCP data.

Methods

Experimental animals were the F1-F2 generation of wild caught wood mice from different locations in
Germany (Konstanz, Reutlingen and Jever); they were assumed to be unrelated. Mice were kept and
bred as described in Chapter 1 and 2 of this thesis. Odor preferences of individual estrous female
wood mice were tested in a Plexiglas Y-maze as described in Chapter 1 and 2. As odor sources, we
used bedding material containing urine cues from single males as described in Kavaliers et al. (1994).
After a female mouse was placed in the start box for 5 min, the barrier was removed, allowing the
mouse access to the two arms of the Y-maze. During the subsequent 10 min, the behavior of the
mouse was videotaped and the time spent in each upstream arm was recorded. "Preference” was
defined as the amount of the time a female spent in one stimulus arm investigating the odor source
divided by the amount of time spent actively in the other stimulus arm. Individual trials were discarded
if a female spent less than 30 s of the 10 min test in the distal end of the stimulus arms (Kavaliers et
al., 1997).

At the end of the experiment, a small piece of tissue was collected from the ear of each individual. The
forceps used to collect tissue samples were cleaned after each use to avoid contamination. Pieces of
tissue were fixed in 100% ethanol and preserved at 4°C until DNA extraction. Genomic DNA was
extracted from each ear tissue sample with the conventional proteinase K/chloroform method
(Sambrook et al., 1989). Polymerase chain reaction (PCR) amplification of MHC class Il genes was
conducted with the primer sets SiSo1&2 (Sommer & Tichy, 1999) and RT1.Ba 390C/RT1.Ba 619NC
(Seddon & Baverstock, 1998). SiSo1&2 amplify a variable segment of intron 2 and exon 3 of DQA1
and RT1.Ba 390C/RT1.Ba 619NC amplify the variable second exon of RT1.Ba, a DQA homologue.
Exon 2 codes for the first extracellular domain (o1) and the antigen recognition site (ARS; Brown et
al., 1988), exon 3 codes for the second extracellular domain (c2). Residues postulated to be involved
in the recognition and binding of the antigens, located in the second exon, show high levels of
polymorphism (Gilinther, 1996; Hughes & Yeager, 1998).

The 25 ul reactions contained 1 pl of extracted genomic DNA (10-100 ng), 5 mM KCI, 1 mM Tris-HCI,
0.11 mM MgCl, (10 x buffer: Amersham Pharmacia Biotech), 0.2 mM dNTPs, 0.5 uM of each primer
and 0.625 units of Red-tag polymerase (Amersham Pharmacia Biotech). The cycling conditions
consisted of 35 rounds of 60s of denaturation at 92°C, 60s annealing at 54°C, and 60s extension at
72°C. A final 5min extension at 72°C followed the last cycle. PCR was performed on a DNA thermal

cycler (Biozym). To verify successful amplification, 5 ul of the PCR product was visualized in ethidium
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bromide-stained 1.5% agarose gels.

2-3 ul of PCR product were mixed with 5-10 ul of denaturating loading dye (prepared after the ETC
manual; ETC Elektophoresetechnik), denaturated for 6 min at 95°C, and immediately chilled on ice
before loading 7ul of the mixture on the SSCP gel. Polyacrylamide gels (15%; CleanGel/36 samples,
ETC Elektrophoresetechnik) were prepared following the manufacturer’'s protocol and run on a
horizontal-cooling electrophoresis system (Pharmacia Biotech). The temperature, power and
acrylamide concentration affected the running time and were optimized in a series of trial runs.
Maximum separation was reached at constant conditions: 200V, 10mA, 10W for 25 min followed by
400V, 30mA, 20W for 4.5h at 15°C.

After separation, the gels were fixed in 10% acetic acid for 40 min, washed with dH,O (3 x 10 min) and
silver-stained using the PlusOne method (Pharmacia Biotech). Genetic differences between alleles

were verified by sequencing homozygous SSCP types from re-amplified double-stranded products.

A test population of 36 wild caught animals from eight different locations in Germany and Switzerland

were genotyped to measure the general variability of the MHC loci in wild populations.

The preference of a female indicated by the odor choice test was analyzed with respect to dissimilar or
similar MHC genotype of the preferred male. MHC genotypes have been determined for 75 individuals
(42 females, 33 males). Some males have been tested twice. Furthermore, a preference for

heterozygous versus homozygous males has been tested.

MHC-reflecting female mate choice decisions in a large outdoor enclosure (see Chapter 5) were also
analyzed, including a total of 24 litters. The fathers of these litters were assigned as the chosen mates
whereas the non-fathers, males resident in the enclosure at the same time as the fathers, were
assumed as the non-chosen mates. Altogether 50 individuals (22 females, 28 males) have been
genotyped.

Linkage disequilibrium was tested based on unbiased estimates of the exact probability values for the
observed combination of alleles calculated with GENEPOP (Raymond & Rousset, 1995). Allele
numbers, expected and observed heterozygosity values were calculated, deviations from Hardy-
Weinberg equilibrium and the frequency of any possible null allele was estimated for each locus using
the program CERVUS (Slate et al., 2000). Significant differences in gene frequencies were tested
through F;s values calculated with FSTAT version 2.9.3.2. (Goudet, 1995) based on Weir & Cockerham
(Weir & Cockerham, 1984).

Results

Variability in both MHC loci was low in the test population with 4 to 5 alleles per locus
and observed heterozygosity ranging from 0.25 to 0.37 (Table 1). No linkage

disequilibrium was detected between the two loci.



CHAPTER 3: MHC AND MATE CHOICE 47

Table 1. Characteristics of MHC loci of a variety of wood mice from different locations

MHC loci Individuals Number of Ho He HW Null allele
typed alleles frequency

DQA SiSo1&2* 36 5 0.25 0.70 *x 0.47

RT1.Ba§ 35 4 0.37 0.64 NS 0.26

* Sommer and Tichy (1999)
§ Seddon and Baverstock (1998)

Ho=observed heterozygosity; He=expected heterozygosity
HW=deviation from Hardy-Weinberg equilibrium
**=high significant; NS=not significant

Data of the test population, odor test group (data not shown) and the enclosure
population produced similar numbers of alleles per locus and allele frequencies
(Table 1, 2).

Microsatellite analyses of 8 different loci were available for the wood mice of the
enclosure (Chapter 6). We compared these data with the two MHC loci. The number
of alleles was in general much higher for the microsatellite loci (10—14) than for the
MHC loci (3—6) and, in contrast to a deficiency of heterozygotes found in the MHC

loci, the microsatellite analyses revealed a surplus of heterozygotes (Table 2).

The estimated frequencies of null alleles for all microsatellite loci were slightly
negative or close to zero, indicating the absence of null alleles (Summers & Amos,
1997). Estimated frequencies of null alleles for the MHC loci were largely positive,
indicating an excess of homozygotes, which could be caused by the presence of a
null allele but also by selection against heterozygous individuals and genetic
subdivision of the population. Null alleles are a common cause of apparent deviations
from Hardy-Weinberg equilibrium, particularly where only a single locus shows a

deviation.
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Table 2. Characteristics of MHC and microsatellite loci of wood mice from the enclosure
DNA [oc Med | almes Mo MW e
DQA SiSo1&2* 47 6 0.40 0.75 * 0.29
RT1.Ba§ 49 3 0.10 0.17 NA 0.24
MSAf-3° 50 13 0.88 0.88 NS -0.01
MSAf-8° 50 12 0.80 0.80 NS -0.01
MSAf-16° 50 10 0.94 0.87 NS -0.04
As-T# 50 11 0.80 0.81 NS -0.01
As-11# 50 14 0.94 0.89 NS -0.03
As-12# 50 13 0.80 0.85 NS 0.03
As-20# 50 11 0.82 0.81 NS -0.01
As-34# 50 12 0.86 0.80 NS -0.04

* Sommer and Tichy (1999)
§ Seddon and Baverstock (1998)

® Gockel et al. (1997)
# Harr et al. (2000)

Ho=observed heterozygosity; He=expected heterozygosity;
HW=deviation from Hardy-Weinberg equilibrium ;
**=high significant ; NS=not significant; NA=not available

Substructuring of populations can occur when family units are localized with low

genetic exchange among these units. F;s values were calculated to provide further

information on population substructuring (Table 3). Values of F;s are negative when

more heterozygotes than expected are present in all groups and positive when more

homozygotes are present (Hartl & Clark, 1997).

Table 3. Population genetic structure evaluated by F statistic (according to Weir
& Cockerham 1984) with FSTAT version 2.9.3.2. (Goudet 1995)

DNA loci Fis P
All (MHC + Microsatellites) 0.040 0.030
MHC 0.439 0.025

Microsatellites -0.018 0.881
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While F;s values for the combination of MHC and microsatellite loci and for the MHC
loci alone differ significantly from 0, F;s values calculated for the microsatellite loci
alone are not significantly greater than 0, indicating that the MHC loci are the driving
force for this result. High F;s values indicate an increase in inbreeding in the
subpopulation and correspond with the significant deviation from Hardy-Weinberg
equilibrium found at these loci.

Corresponding to MHC genotype analyses, males were classified as either “similar”
and “dissimilar” or “homozygote” and “heterozygote” in the odor preference tests.
Similar males shared all MHC class-IlIA alleles with the female whereas dissimilar
males expressed at least one different allele than the female. If both males were
similar to the female or differ equally from her, these tests were not taken into
account. Males were classified as homozygous if only a single allele per locus was
detected at both loci and heterozygous if they were heterozygous at least one MHC
locus. Tests where males were either both homozygous or heterozygous were not
included in the analysis. Females did not prefer the odor of dissimilar males to that of
similar males (Mean time [s] £ SE with dissimilar = 103.6 £ 24.8; mean time with
similar = 119.8 = 25.9; Wilcoxon signed-rank test: n = 22, T = 0.480, P = 0.402)
(Fig. 1a). They also showed no preference for heterozygote males versus
homozygote males (Mean time [s] £ SE with heterozygote = 78.0 £ 20.8; mean time
with homozygote = 137.6 = 54.6; Wilcoxon signed-rank test: n = 9, T = 0.379,
P =0.652) (Fig. 1b).
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Fig. 1. Odor preference of estrous female wood mice for males in a Y-maze test. a,
Mean duration ([s]+ standard error, SE) spent on side of male category with either similar
(identical to female) or dissimilar (different from female) MHC class-IIA alleles; sample
size n = 22. b, Mean duration ([s] + SE) spent on side of male category either
heterozygote (different alleles per locus) or homozygote (one allele per locus) MHC
class-IlA genotype; sample size n = 9.

Female wood mice mate promiscuously within a single estrus period. As a result,
many litters in our enclosure were sired by multiple males. The average number of
alleles at the two MHC loci was calculated for the fathers who contributed the litters
and the surrounding unmated males. Related males were excluded from the
analysis. On average, wood mice female mated with males carrying 2.55 + 0.42
alleles per two loci, whereas the MHC genotype of the non-fathers had a mean of
2.53 £+ 0.33 alleles per two loci. No difference was found in the number of alleles
between the two male categories (paired t-test: t = -0.144, df = 32, P = 0.886).

Discussion

The test population, consisting of individuals from eight different locations, had
relatively low levels of variability at the two MHC loci investigated (4-5 alleles at each
MHC locus, SiSo1&2 and RT1.Ba). While microsatellite loci were highly variable in
our enclosure population (10-14 alleles per locus), MHC loci had a similarly low
variability as the test population (3—6 alleles per locus). Furthermore, the locus
SiS01&2 deviated significantly from Hardy-Weinberg equilibrium. Possible causes of

deviations from Hardy-Weinberg equilibrium are population substructure (e.g. family
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groups; hybridization between subspecies), selection acting on linked loci, biases
towards typing particular genotypes, a null allele segregating in the population or a
sex-linked locus (Weir, 1996). Population substructure is likely to lead to deviations
from Hardy-Weinberg equilibrium at all loci, whereas other causes of deviation from

Hardy-Weinberg equilibrium are mostly locus-specific.

Although the population in the enclosure might be sub-structured due to relatedness
between selected individuals for this specific analysis, the microsatellite loci of the
same individuals showed a completely different pattern from that of the MHC loci. All
of the 8 microsatellite loci were in Hardy-Weinberg equilibrium. Therefore, the
observed results at the MHC loci are locus-specific. The deficiency of heterozygotes
at the MHC loci could be explained by the presence of null alleles, any allele that
cannot be detected by the assay used to genotype individuals at a particular locus. A
null allele most often occurs due to mutations in one or both primer binding sites,
sufficient to prevent effective amplification of the allele. The occurrence of null alleles
generally also results in a high proportion of individuals that completely fail to amplify
due to the presence of individuals homozygous for the null allele. In this study, no
obvious excess of not amplifying individuals was detected. Another possibility to
explain the observed pattern might be the incapacity of the SSCP system to detect all
alleles. This technique is very sensitive, detecting 99% of single base pair changes
(Lessa & Applebaum, 1993). However, 1% of undetected changes remain. Therefore
the possibility exists that a single allele determined by SSCP running pattern actually
consists of two different alleles, which differ not in their behavior on the gel, but still

differ in sequence.

MHC loci in general have been found to be under balancing selection (Hedrick &
Black, 1997; Meagher & Potts, 1997; Takahata et al., 1992; Seddon & Baverstock,
1999). Balancing selection, owing to factors such as heterozygote advantage,
frequency-dependent selection, or variable selection, maintains variant sequences in
a population (Futuyma, 1997). Interestingly, in our study we find an opposite effect at
the investigated MHC loci. A possible explanation is furnished by Potts et al. (Potts et
al.,, 1994). MHC loci not only have a function in disease resistance but also in
inbreeding avoidance. Wild-derived house mice, experimentally manipulated in levels
of inbreeding and MHC homozygosity and heterozygosity, suffered a fithess decline

associated with inbreeding but not with MHC homozygosity (Potts et al., 1994).
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These data suggest that inbreeding avoidance may be the most important function of
MHC-based mating preferences and MHC homozygosity is not necessarily harmful.

The differences between MHC and microsatellite loci are confirmed by F;s values. An
Fis value of zero indicates a population with panmictic mating; a negative value is
caused by a higher number of heterozygotes than expected and a positive value
suggests population sub-structuring (Wahlund effect). As above, a difference
between MHC and microsatellite loci has been found. Only the MHC loci alone or
MHC loci combined with microsatellites reached significantly positive F;s values, also

indicating that the found effect is MHC locus specific.

Sommer (Sommer & Tichy, 1999) investigated two populations of a Malagasy rodent
(Hypogeomys antimena). While allelic variability of SiSo1&2 was also low in these
populations (2 alleles), both populations were in Hardy-Weinberg equilibrium. There
was at this locus no variation in two southern elephant seal populations (Mirounga
leonina), but high levels of variability were detected at this locus in horse (Equus
caballus) (Slade et al., 1993). A high diversity was found at the other MHC loci
RT1.Ba in Australian bush rat (Rattus fuscipes greyii) populations (Seddon &
Baverstock, 1999), but the variation was substantially reduced on several island
populations. Therefore, the variability of MHC loci depends on the species and the

condition of the population.

Low MHC variability has been explained (1) by low incidence and transmission of
pathogens (Slade, 1992), (2) reduced geographical range and small and declining
population sizes (Ellegren et al., 1996) or (3) reproductive strategy and limited
dispersal (McGuire et al., 1985; Ellegren et al., 1993; Ellegren et al., 1996). In wood
mice, hypothesis (1) seems unlikely because ectoparasites were found on all
captured animals (Musolf, personal observation). Hypotheses (2) and (3) were
investigated by looking at geographic differences in allele frequencies. No
geographic differences were found between allelic distributions in the test population

of wood mice (Table 4).
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Table 4. Allelic distribution of each MHC locus in the test population

Location # of individuals SiSo1&2 alleles RT1.Ba alleles
Schwanden (CH) 3 a A D
Disentis (CH) 3 a A
Pfafers (CH) 2 c,d B
Lengwil (CH) 7 a,b,cdf A,B
Engen (D) 6 a,cd A'B,D
Konstanz (D) 5 a,cdf A B,C,D
Mainauwald (D) 8 a,b,c A, B
Jever (D) 2 a,b A B

[{peei)

Allele “a” of SiSo01&2 is the most common allele all over the different populations, the
same pattern is found for allele “A” and “B” of the RT1.Ba locus. The abundance of
different alleles seems more likely to correlate with the number of individuals per site
than representing a location specific pattern. For a better resolution of allelic

distribution more individuals per sites should be investigated.

All animals derived from non-isolated populations. Dispersal is in general not limited
in this species. In the enclosure dispersal is partially restricted by fences but because
of the occurrence of immigration (Chapter 6), we assume that emigration also was
possible. The promiscuous mating system in general should lead to a higher
variability in alleles. Therefore we reject the hypotheses (2) and (3). In summary,

causes for the heterozygote deficiency at the two MHC loci are unclear.

The results of the two mate choice experiments are surprising. Females did not show
a preference for the odor of a dissimilar or of a similar male. Heterozygosity of the
male also had no influence on female decisions. Furthermore, in the enclosure,
females chose their mates regardless of the number of alleles a male had.

House mice (Mus domesticus) and humans mate disassortatively with respect to
MHC loci and demonstrate no general preference or avoidance of specific MHC
haplotypes (Egid & Brown, 1989; Potts et al., 1991; Wedekind et al., 1995; Ober et

al., 1997). In mice, this preference can be influenced by cross-fostering and the
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dominance rank of males (Egid & Brown, 1989; Eklund, 1999). The results of our
study may be explained by MHC-independent mate choice. Female wood mice are
indiscriminate in choosing mates of different quality (Chapter 2), including the
dominance rank of the male. Instead, they mate multiple times with all males in the
neighborhood confusing paternity and protecting their litters from infanticidal males
(Chapter 4). This effect obviously has stronger impact on female mating behavior
than variation in male traits, possibly including different MHC genotypes.
Furthermore, the lack of preference for MHC genotypes might also be due to an
experimental error in the determination of different MHC alleles caused either by the
presence of null alleles or the insufficiency of detecting all alleles with the SSCP

method.

Previous studies suggested MHC-disassortative mating could be a possible means of
inbreeding avoidance, might be used to increase the MHC heterozygosity (Potts &
Slev, 1995; Penn & Potts, 1999). Focusing on the distinction between similar and
dissimilar MHC genotypes may not be efficient when parasite resistance is important.
In these situations, females should choose partners that maximize the number of
different MHC alleles in their offspring (Penn & Potts, 1999). In female sticklebacks
(Gasterosteus aculeatus), males with many alleles were chosen in mate choice
decisions whereas the similar or dissimilar genotype had no influence (Reusch et al.,
2001). These results were based on the analysis of 6 different MHC class-IIB loci.
The reduced variability and the low number of different loci used in our study on
wood mice could contribute to the lack of preference for males with few or many
different MHC alleles. Further MHC loci should be analyzed to become better insight
in MHC dependent mating patterns.

In addition to MHC proteins, rodent urine also contains a class of proteins, termed
major urinary proteins (MUPs) that bind and release small volatile pheromones. In
wild house mice (Mus domesticus), the combinatorial diversity of expression of MUPs
might be as great as for MHC, and at protein concentrations a million times higher,
might play a particularly important role in the individual recognition mechanism (Hurst
et al., 2001). Therefore, MUPs should be included in mate choice investigation as

well.
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Abstract

Male reproductive success typically increases with the number of mating partners,
but for females, offspring production is generally maximized with far fewer matings.
Nevertheless, females of most species mate with multiple males (polyandry),
although why they do so is unclear. We present for the first time evidence that
polyandry reduces male infanticide by keeping them in the dark about offspring

paternity.

Methods, Results & Discussion

Polyandry is often assumed to be a strategy to increase fertility (Hoogland, 1998),
increasing the genetic variability of offspring (Tooby, 1982), avoiding genetic
incompatibility (Zeh & Zeh, 1996) or inbreeding (Hosken & Blanckenhorn, 1999).
However, females may also mate multiply to confuse the issue of paternity in order to
avoid infanticide by males. For example, it is well known that the risk of violence and
death in human children is greatly increased if they live with males who know that
they are not their genetic fathers (Daly & Wilson, 1988). However, while infanticide
may favor mechanisms that confuse paternity as it has been assumed by Hrdy
(1979), there is no experimental support for the idea that multiple mating leads to
reduced rates of infanticide. We tested if litters of wood mice (Apodemus sylvaticus)
sired by multiple males had a higher chance of survival than litters of a single father.
Previous experiments in the wild (Baker et al.,, 1999) and in an outdoor enclosure
(Bartmann & Gerlach, 2001) showed that many litters were sired by between 2 and 4

males.

For each experiment we introduced 1 female and 3 male wood mice into 4 cages
interconnected by translucent PVC pipes. All animals were sexually inexperienced
but older than 8 weeks and hence sexually mature. We counted the number of
offspring of each female produced across three litters. When infanticidal behavior
occurred all pups of a litter were found dead by bites at the neck or head. The dead
pups were removed from the cage. Tissue samples of these animals as well as of all
potential fathers, the mothers and weaned offspring were collected. To assign
paternity, alleles of all offspring were compared with those of the mother and all
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potential fathers using DNA microsatellites (Harr et al., 2000). Analysis showed that
infanticide happened only in one (11%) out of 9 litters which were sired by multiple
males, but in 19 (53%) out of 36 litters which were sired by only one male (Fishers
exact test, chi’ = 5.06, P = 0.031). Male attacks against pups were occasionally
observed and indicated the attackers were indeed males who had not sired the pups.
It has previously been shown that infanticidal behavior in males decreases
significantly with ejaculation in house mice (Perrigo et al., 1990), and therefore male
infanticidal behavior ceases by the time his own offspring are born three weeks later.

We suggest a similar mechanism here.

Female wood mice re-mate immediately after giving birth. Killing the litter reduced the
gestation duration of females significantly (from 27.2 days to 23.6 days; ANOVA,
F=34.6, P =0.0001). Therefore, infanticidal males can potentially mate sooner with
the mother of the killed pups than they would have otherwise, and hence increase
their reproductive success over their short life span of just a few months. Males are
apparently not able to differentiate between their own pups and those sired by other
males. To avoid killing their own pups they accepted the whole litter.

Finally, because females losing a litter which was sired by a single male are
significantly more likely to re-mate with multiple males than if their first litter survived
(Fisher exact test, chi’ = 6.2, P = 0.028), polyandry appears to be an active female

strategy to avoid infanticide.

We anticipate that avoidance of infanticide will help explain the evolution of female
promiscuous matings in many species. For example, it has been suggested human
females developed hidden estrous so they can confuse paternity, and as a
mechanism to facilitate monogamous pairbonds inducing males to stay close to the
female at all times since males can never know when ovulation will occur. It may also
serve as a means of protecting females and offspring from the attacks of cuckolded
males. Whatever the case, avoidance of infanticide is an important driving force in
the evolution of many mating systems and should be considered in mating pattern

investigations.
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The wood mouse (Apodemus sylvaticus) widely distributed in European forests and
bush land is an interesting model animal to study the evolution of social behavior and
mate choice. In this context we were interested in the dynamics of the genetic
structure of a population over several years that might indicate clustering of kin
groups and recruitment of subadults. Mitochondrial DNA studies revealed little
variation in this species (Gerlach, unpublished results) and stressed the need for the
development of microsatellite markers to accurately assess and monitor genetic
variation and changes. In this study we describe the identification of highly variable
microsatellite markers, which will provide a powerful tool for the investigation of the
genetic structure of wood mice populations. DNA from muscle tissue from an
individual of Apodemus sylvaticus was extracted as described in Sambrock et al.
(1989) using the conventional proteinase K/chloroform method. Genomic DNA was
digested with the restriction enzyme SAU3A | and electrophoresed in a 0.8% agarose
gel (Rassmann et al., 1991). DNA fragments were excised and purified from a range
of 400 to 900 bp. A size-selected library was constructed by ligating the DNA
fragments into the vector pUC 18 (Pharmacia) following the manufacturer's
recommendations. Plasmids were transformed into electrocompetent Escherichia coli
XL-1 Blue cells by electroporation (E. coli pulser, Bio-Rad) and grown on agar plates.
Approximately 20000 recombinant plaques were blotted on Hybond N+ nylon
membranes (Schleicher and Schull) and were screened using digoxygenin labelled
dinucleotide (GT), and (GA), using standard hybridization techniques (Schlotterer,
1993). Forty-eight positive clones which showed a signal on the X-ray film after
chemiluminescence detection (CSPD) were sequenced using the ABI PRISM dye
terminator cycles sequencing-ready reaction kit (following the recommendations of
the manufacturer) and analyzed with an ABI PRISM 377 automated sequencer. Eight
dinucleotide repeats (Table 1) could be revealed and primer sets were designed with
the help of the program OLIGO (National Biosciences Inc., Version 4.0). They
amplified repeatably and were polymorphic within a population of 30 individuals.
These animals were live-trapped at different localities near Konstanz, Southern
Germany. Before releasing the animals pieces of tissue were collected from the ear,
fixed with 100% ethanol and preserved until DNA extraction.

Allelic variability and heterozygosity of the loci was determined with DNA extracted
from tissue samples of wood mice according to standard protocols (Sambrook et al.,
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1989) with proteinase K treatment. PCR amplification (Saiki et al., 1988) was carried
out in a DNA thermal cycler (Biozym) in 10 pl of reaction mixture including about 10—
100 ng of template DNA, 0.2 mM dNTP, 0.5 uM of each primer, ddH,O, 1 x PCR
buffer (Amersham Pharmacia Biozym, 50 mM KCI, 1.1 mM Mg,Cl, 10 mM Tris-HCI),
and 0.25 units of Red-tag polymerase (Amersham Pharmacia Biozym). 25 PCR
cycles were performed: denaturation at 94°C for 1 min, annealing for 1 min
(temperatures listed in Table 1) elongation at 72 °C for 1 min and a final elongation
step for 10 min. 2 pl PCR product were applied to a 60 cm long 6% denaturing
polyacrylamide gel, blotted onto positively charged nylon membrane, detected by
probing with GA/GT oligonucleotides labeled with the DIG system (Boehringer
Mannheim) and visualised by chemiluminescence (CSPD) according to the supplier's
protocols (Boehringer Mannheim) (Schlétterer, 1993). The genotypic independence
between loci was tested, based on unbiased estimates of the exact probability values
for the observed combination of alleles calculated with GENEPOP (Raymond &
Rousset, 1995). No linkage disequilibrium was detected. Allele numbers, unbiased
expected and observed heterozygosity values were calculated using the program
GENETIX (Belkhir et al., 1997) shown in Table 1. Observed heterozygosity ranged
from 0.74 to 0.97 and number of alleles per locus was relatively high with 7 to 15
different alleles. Amplification was tested for all primer sets for the second, sympatric
living species Apodemus flavicollis (Table 2), which is closely related to A. sylvaticus
(Martin et al., 2000). Only three out of 6 primers developed from A. sylvaticus DNA
amplified PCR-products in A. flavicollis. Although number of alleles found in A.
flavicollis (11) was similar to A. sylvaticus different allelic patterns were observed in
A. flavicollis and observed heterozygosity (0.58 — 0.71) was slightly less than that of
A. sylvaticus. These preliminary results indicate the potential utility of microsatellite
DNA markers in future studies of populations substructuring and gene flow in wood

mice.
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Table 1. Microsatellite loci in wood mice, Apodemus sylvaticus. Size range refers to the
observed PCR product sizes. Number of alleles was determined from 30 individuals. Animals
were caught at different places in the wild and therefore were assumed to be unrelated. (Na:
number of alleles, Ho: observed heterozygosity, Hg: unbiased expected heterozygosity, Ta:
annealing temperature). The sequences were submitted to Genbank (acc: accession
numbers)

Locus Size Repeat Na Ho He Ta(°C) primer sequence (5'-3')

acc range in clone

As-7 114 (GT)o 10 074 081 478 F:CAGGTCTTATTCTTCCAGTTA
AF246520 R: ACAATTGATTAAATTGGAACC
As—11 248 (GT)2s3 15 097 0.90 50.5 F: GGAAGTTTAGTGGTCTGGTG
AF246521 R: GATCAGGATTTCCTAGAAAGAA
As—12 249  (TG)2(GA) 14 073 088 536 F:TGTCAGGTCTCAACAGTAGG
AF246522 R: CTGTTTGGAGTTGTTGTTCTG
As-20 144 (GT)2s 11 084 0.86 55.0 F: CAGGTGAACACCCTCCCATAA
AF246523 R: AGCCACAGAGCCAATAAGAAG
As-27 138 (AG)10 7 0.85 0.86 55.0 F: TGATTTGACCCTATGAG CAG
AF246525 R: CCCACACCACATGCCATACAC
As-34 150 (AC)g 12 084 084 471 F:CCAGAAGTATGCTGTGGTTTT

AF246526 R: TTAAGAATGACTAAGGATCAG




CHAPTER 5: MICROSATELLITE PRIMERS 62

Table 2. Microsatellite loci in yellow necked mice
(Apodemus flavicollis). Cross-species amplification
was tested with 24 individuals from different places
near Konstanz, southern Germany, — indicates that
primers did not amplify PCR products

Locus Na Ho He
As-7 11 0.58 0.87
As-11 - - -
As-12 11 0.61 0.88
As-20 11 0.71 0.89
As-27 - - -
As-34 - - -
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Abstract

The study of a wood mouse (Apodemus sylvaticus) population in a 400m? enclosure
over 32 months confirmed the high frequency of multiple paternity in this species as
82% of litters were sired by 2-3 males. Inbreeding avoidance and/or avoidance of
infanticide of males by confusing paternity are discussed as causes for multiple
matings by females. Increased body weight significantly increased the reproductive
success of males whereas females’ reproductive success depended significantly on
the time spent in the enclosure. In connection with the stay in the enclosure the
quality of nest sites played a major role in female reproduction. Here we demonstrate
the first evidence for territory/nest site inheritance in female wood mice under semi-
natural conditions. Females who inherited the maternal territory had a higher
reproductive success than other females in the enclosure. Although remaining in the
mother’s territory results in reproductive suppression of the daughters, the possibility
of inheriting a high quality territory may exceed the delay to first reproduction,

especially when territory availability is low.

Introduction

The social structure of a species can be described by the spatial and genetic
relationship between the individuals. Dispersal influences the genetic structure of a
population, resulting in variably sized kin clusters within which special social
behaviors may evolve. Philopatry will favor the evolution of cooperative traits

between members of the sedentary sex (Greenwood, 1980).

In mammals females tend to remain at or near their natal site (Greenwood, 1980).
Philopatry should lead to an increase in relatedness between neighboring breeding
females if young females become sexually mature near their mothers and sisters. A
correlation between geographic distance and relatedness has been shown in
meadow voles (Microtus pennsylvanicus) (Sheridan & Tamarin, 1986). Matrilines,
groups of related females, have been found in Richardson's ground squirrels
(Spermophilus richardsonii) (van Staaden et al., 1994), yellow-bellied marmots
(Marmota flaviventris) (Armitage & Schwartz, 2000), and gray-sided voles

(Clethrionomys rufocanus) (Ishibashi et al., 1997). In some species matrilines are
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only found at specific times in the year (McShea & Madison, 1984; Kawata, 1990;
Pusenius et al., 1998) or at critical population densities (Lambin & Krebs, 1991a).
Kinship between females in bank voles (Clethrionomys glareolus) (Mappes et al.,
1995) and Townsend'’s voles (Microtus townsendii) (Lambin & Krebs, 1993) leads to
substantial overlaps in the home ranges without decreasing the reproductive success
of these females. Breeding success is higher in kin groups as well (Lambin & Krebs,
1993; Mappes et al., 1995; Solomon & French, 1997).

What advantages does an animal receive if it decides to stay? Dispersing may be
dangerous: new territories must be conquered, predation pressure is increased and
food availability is insecure. On the other hand, living in a kin cluster has various
costs as well. As inbreeding decreases fertility and survival of offspring (Ralls et al.,
1986; Charlesworth & Charlesworth, 1987) inbreeding depression is assumed to be a
cost of staying in the proximity of relatives. In marmots (Marmota) the cost of sociality
(offspring staying with their parents after weaning) is reproductive suppression
(Armitage, 1999). However, this reproductive loss is partially compensated by
increased survivorship and alloparental care and subordinate adult marmots may
also reproduce or succeed to territorial status (Armitage, 1999). Often the puzzling
behavior of helping is observed (see Emlen, 1991; Solomon & French, 1997; Stacey
& Koenig, 1990, for reviews). Here individuals forego opportunities to reproduce and
help others to breed. Kin selection with the gain of indirect benefits (Hamilton, 1964)
may result in a selective advantage to (related) helpers and direct benefits may also
be important. Helpers may benefit by gaining protection and feeding benefits in the
established territory (Gaston, 1978; Taborsky, 1984; Taborsky, 1985), by increasing
the probability of mate or territory acquisition (Reyer, 1980; Queller et al., 2000), and
by increasing the probability of their survival through group augmentation (Taborsky,
1984; Brown, 1987).

The cooperatively breeding cichlid fish Neolamprologus pulcher must pay with help in
order to remain protected in the family group and may ultimately inherit the natal
territory (Balshine-Earn et al., 1998). In Columbian ground squirrels, the daughters
inherit maternal nest sites (Harris & Murie, 1984) that may help them become more
easily established and reproduce successfully.

Not only territory inheritance but also rank inheritance could be an important criterion

in the decision to stay. Many species of Cercopithecines (Primates) exhibit a
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matrilineal dominance system in which a female inherits her mother's rank (or
acquires her genealogical rank) (de Waal, 1977; Walters, 1980; Datta, 1983;
Horrocks & Hunte, 1983; Chapais, 1988).

In addition to helping cooperative breeding may also serve as an alternative strategy
to dispersal. Communally nesting house mouse females (Mus musculus domesticus)
suffer lower rates of reproductive suppression (Kénig, 1994) and infanticide (Manning
et al., 1995), and exhibit more efficient energy balance in converting food into milk
and/or milk into offspring growth (Konig, 1993) compared to single nesting females.
Kin were also preferred as nesting partners in this species (Manning et al., 1992) and
kin groups received higher reproductive success compared to groups of unrelated

females (Konig, 1994) suggesting inclusive fitness benefits to communal nursing.

In wood mice (Apodemus sylvaticus), breeding females have mutually overlapping
homes ranges (Wilson et al., 1992), but kinship between neighboring females has not
been demonstrated. No sex specific dispersal tendencies have been found in wood
mice (Schulte, 1997). In yellow-necked mice (Apodemus flavicollis), a closely related
species, a tendency for association of kin in winter and spring has been shown with

the analysis of the mtDNA control region (Rosakis, 1999).

Telemetry studies on wood mice have revealed communal use of nest sites of
reproductive females under natural conditions (Wilson et al., 1992). In an enclosure
experiment, communal nests with litters of two different females were identified
(Bartmann & Gerlach, 2001). Gerlach and Bartmann (2002) investigated the
reproductive success of breeding units of two wood mouse females with different
degrees of relatedness with respect to costs and benefits each member has
experienced. In contrast to findings in the closely related house mouse where
communal breeding improved lifetime reproductive success (Konig, 1994), no such
effect could be found in wood mice. Rather, at least one or both females had to pay
for this cooperation in terms of less weaned own offspring and/or more investment by
nursing the offspring of the partner. Based on these results, solitarily breeding should
be preferred in wild wood mice. Under harsh environmental conditions such as low
nest site availability and food limitation other advantages may support cooperative
breeding. Under these circumstances, daughters always could increase their

inclusive fitness by helping their mothers to wean offspring.

The mating system is an important factor determining the social structure of a
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species. Wood mice are considered as promiscuous (Bartmann & Gerlach, 2001);
one litter could be sired by multiple males and the siblings could be half-sibs. The
degree of relatedness within one litter could therefore be as low as between litters of
different females with the same group of fathers. This low degree of relatedness all

over the population probably influences kin related behaviors.

The variance in individual reproductive success is also correlated with the mating
system. While typical mammalian polygyny is expected to increase the variance in
individual reproductive success of males, monogamy should have a reverse effect,
ensuring an equal share of reproduction among males and females in a population.
Promiscuity in wood mice led to equal individual reproductive success (Bartmann &
Gerlach, 2001), although a large male advantage was found which was explained

with sperm competition.

The aim of this study is to investigate a wood mice population under semi-natural
field conditions in a large enclosure. Genetic analyses of field data have failed to
clarify the mating system and the social structure of this species. Our enclosure is
large enough to prevent cage artifacts but small enough to enable recording of all
animals. We are especially interested in female breeding behavior. We tested the
following question: Is there any incidence of social behavior among wood mice

females in the wild? If so, what benefits does a female gain by being social?

Methods

We studied a semi-natural wood mice population in an outdoor enclosure from May 1997 until
December 1999. The 400 m’ large enclosure was situated in the forest near the University of
Constance. The enclosure was fenced with 1 m metal sheets, which were dug 0.5 m in the ground to
limit escapes of captive wood mice. However, immigration of strange individuals occurred in low

numbers throughout the whole study.

Food pellets were offered at five sites in the enclosure ad libitum. Ten nest boxes each with two
connecting tubes were dug 0.5 m in the ground as well. Wood mice visited and used these boxes

often but no breeding took place in the artificial nests.

We established a breeding population with 5 male and 5 female wood mice in May 1997 using the F1
generation from various lines of wild caught wood mice breeding in our laboratory. Mice were
individually marked by tattooing the tail with a color code (Hugo, 1990). Mice were trapped weekly in

live traps (Luna mouse traps, DeuFa Neustadt/Inn, Germany). Body weight, breeding condition and
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the location of the animals were recorded. Newly appearing animals were sexed, weighted and
marked as well. Before release, a small piece of tissue was collected from the ear of each individual.
The forceps used to collect tissue samples were carefully cleaned after each use to avoid

contamination. Pieces of tissue were fixed in 100% ethanol and preserved at 4°C until DNA extraction.

Genomic DNA was extracted from each ear tissue sample with the conventional proteinase
K/chloroform method (Sambrook et al., 1989). Polymerase chain reaction (PCR) amplification and
genotyping were conducted as described in part by Harr et al. (Harr et al., 2000) for 8 microsatellite
loci: MSAf-3, MSAf-8, MSAf-16, As-7, As-11, As-12, As-20, As-34. The PCR products were separated
on polyacrylamide sequencing gels, blotted on to a positively charged nylon membrane, stained with
digoxygenin-labeled GA or GT oligonucleotides (Boehringer Mannheim) and visualized by
chemiluminescence (CSPD) by means of X-ray-sensitive film according to the supplier's protocols
(Boehringer Mannheim). The alleles found at the loci were numbered according to their basepair

length.

Allele frequencies were calculated and parentage analyses were performed using CERvVUS 2.0
(Marshall et al., 1998). When using the allele frequencies found within our enclosure population, we
have a total exclusion power for the combination of all 8 loci for the first parent of 0.996 and for the

second parent of 0.999.

We assumed that 80% of candidate males were sampled, 100% of loci were typed, and a 1% rate of
typing error. The simulation program within CERvVUS 2.0 was used to estimate the critical difference in
log-likelihood scores between the most likely and second most likely candidate parent for assignment
of parentage at a level of 95% and 80% confidence. The analyses presented here are based on
relaxed (80%) statistical confidence, which is reasonably accurate determining mating success (Slate

et al., 2000), although 61% of paternity analyses were determined with 95% confidence.

Results

The number of individuals in the enclosure during the 2.7 years ranged from 1 to 20
animals (Fig. 1) with high numbers in summer and autumn and low numbers in winter
and spring. Juveniles and subadults were found primarily in late summer to early
winter. Immigrants were found in late summer to early autumn or in early spring. No
winter reproduction was found. In spring and summer 1999 the number of animals
was comparably low (Fig.1). This followed long lasting and heavy rainfalls, which
caused the extreme flooding of Lake Constance and also led to very humid

conditions in the enclosure.
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Fig. 1. The number of trapped wood mice per month in the enclosure starting in May
1997 ending in December 1999. The categories adult, subadult and juvenile were
determined by weight: juvenile <14 g, subadult 14 g <x >18 g, adult > 18 g. Individuals
with no genetic relationship with the enclosure population have been classified as
immigrants.

No difference was found between the number of females and males trapped in the
enclosure in the seasons spring, summer, autumn and winter (Wilcoxon signed-rank:
df =11, T = 0.464, P = 0.484). When the different age categories (juvenile <14 g,
subadult 14 g <x >18 g, adult >18 g) were considered individually no difference in
presence between the sexes was found (Wilcoxon signed-rank: df = 11; T, ,= 0.162,
Piw = 0.250; Tsup = 0.600, Psyp = 0.805; Tagur = 0.949, Pagur = 0.965). Although
altogether more males (n = 71) than females (n = 49 females) were trapped during

the study.

The 8 microsatellite loci were characterized using the 122 individual wood mice:
49 females, 71 males and 2 unsexed baby mice (Table 1). No locus contained an
excess of homozygotes or deviated from Hardy-Weinberg equilibrium. The overall

probability of exclusion for the set of 8 loci used in the parentage analyses was
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calculated in CERvVUS 2.0 using the actual allele frequency data for the 122 mice. The
probability of exclusion was 0.996 for the first parent and 0.999 for the second parent

(assuming that the first parent was assigned correctly).

Table 1. Characteristics of loci used in paternity analysis of wood
mice juveniles conceived in 1997-1999

Ho=0bserved heterozygosity; He=expected heterozygosity

Microsatellite  Individuals  Number of Ho He
loci typed alleles

MSAf-3* 122 13 0.828 0.865
MSAf-8* 122 14 0.836  0.804
MSAf-16* 122 10 0.834  0.854
As-78§ 122 12 0.811 0.789
As-11§ 122 15 0.893  0.890
As-12§ 122 14 0.820  0.837
As-20§ 122 11 0.762  0.764
As-34§ 122 14 0.828  0.781

* Gockel et al. (1997)
§ Harr et al. (2000)

During the whole study 16 wood mice (7 males and 9 females) were introduced from
the lab in the enclosure. Of the reminding 106 new animals trapped in the enclosure
a mother was assigned to 91 (86%) and a father was found for 90 (85%). For 15
animals no mother and father was identified. These animals were considered as
unrelated immigrants in the enclosure. Males (n = 13) immigrated significantly more
often than females (n = 2) (chi® = 4.09; df = 1; P = 0.0431). Only 20% of immigrants
became established in the enclosure. The occurrence of immigration per month (n =
32) was not influenced by the actual population size in the enclosure but significantly
depended on the season and the population size crossed with the season (ANOVA:
Fseason = 7.590, df = 11, Pseason = 0.004; Fpop-size = 0.828, df = 1, Ppop-size = 0.400;
Fseason*Pop-size = 6.882, df = 11, Pseason*pop-size = 0.056). No difference between years
was found (chi*=1,2; df = 2; P> 0.5).
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The offspring could be organized in 34 litters; mean litter size was 2.8 offspring
(range: 1-6). 12 single offspring litters and 22 litters consisted of 2—6 offspring. 82%
of litters with more than a single offspring were sired by more than one male (2-3
males). Inbreeding was determined in three cases: a sister-brother mating, a mother-
grandchild mating and a mother-nephew mating. In two cases also an unrelated male

sired partially the litter.

Individual reproductive success of adult females (n = 18) and males (n = 30) ranged
between 0 and 24 offspring produced per female and between 0 and 10 offspring per
male. On average, female had 5.1 + 6.5 offspring and males had 2.5 + 2.8 offspring.
A significant difference in the variance of the reproductive success was found
between sexes with females having a higher variance than males (Levene test for
unequal variances, F;4 = 16.4, P = 0.0002). The most successful female weaned
26% of all offspring (8 litters with together 24 pups), whereas the most successful
male sired 11%. The difference in variance between the sexes remains significant
(Levene test for unequal variances, F745= 14.1, P = 0.0005) with the removal of the

female with the most reproductive success.

A possible relationship between reproductive success of animals, body weight and
time they spent in the enclosure was analyzed. The weight was taken at the age of
approximately two months, at which stage animals were considered as adults and
becoming sexually mature. In this way, introduced animals from the lab can be
compared with wild born animals and female pregnancy had no influence on weight
yet.

Females had a mean body weight of 21.6 + 3.5 g and they stayed on average
5.1 £ 4.8 months in the enclosure. Whereas female body weight had no influence on
the number of offspring a female produced (ANOVA, df =1, F = 0.06, P = 0.81), the
stay in the enclosure is highly significant and positively correlated with the number of
produced offspring (df =1, F=35.17, P < 0.0001).

Male wood mice had a mean weight of 23.7 + 4.5 g and were trapped in the
enclosure on average for 3.3 £ 2.6 months. In this sex, while the residence did not
influence the produced offspring (ANOVA, df =1, F = 0.27, P = 0.61) body weight
had a significantly positive effect (df = 1, F = 14.50, P = 0.0007).

No significant difference between male and female body weight was found
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(chi’=3.63; df=1; P = 0.06).

Matrilineal structures of breeding females were found in the enclosure (Table 2).

Table 2. Wood mouse females’ presence in the enclosure from May 1997 to December
1999. Dark gray boxes indicate non-reproductive stages, light gray boxes indicate
reproduction. Numbers within boxes stand for offspring produced. With females W1-W5 the
experiment started, W2 and W3 were sisters, al well as W4 and W5. W6/W7, W8/\W9 were
later introduced from the lab, both sister pairs. All other females are the F1—-F2 generation
of these animals, numbers stand for origin. W10 was an immigrant female, no parents could
be found with the microsatellite analysis

1997 1998 1999
FemalelM J J ASOND|J FMAMJ JASOND|IJFMAMJ JASOND

We considered females who were adults when released in the enclosure or female
offspring who reached adulthood in the enclosure. From the five introduced females
W1-W5 in 1997 only three reproduced successfully. Daughters remained in the
enclosure and reproduced as well. The most successful female W4.2 (numbers stand
for the origin of the female), a daughter of W4, recruited five daughters (W4.2.1—
W4.2.5) who either bred together with the mother in 1998 or in the following year
when the mother died. Newly introduced animals from the lab W6-W9 had variable
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success in breeding. Females of the most successful matriline produced on average
8.44 + 7.40 offspring whereas the females of the other matrilines gave birth to
average 1.67 + 3.24 (ANOVA: df=1; F=6.33, P = 0.02).

Only three to four females bred concurrently in the enclosure even when more

females were available for breeding (Table 2).

The area of most frequent trapping places of each female was recorded. Whereas
some females shared the same area, others showed no overlap at all. The
introduced sisters W4 and W5 were trapped at the same location: underneath a small
outbuilding, which presumably protects underlying nest sites from rain. Mice
occupied this location throughout the entire study and we considered it as the most
optimal nest site of the enclosure. The other introduced females W1-W3 settled at
different places. Three daughters were recruited. W3.1 took over the area of her
mother W3 after her mother disappeared/died. W4.1 and W4.2 stayed as well in the
area of their mother and W4.1 reproduced in parallel with her mother although no
weaned offsprings were trapped (Fig. 2). Only W4.2 survived the winter and started
reproduction in 1998. Some of her daughters resettled and reproduced in different
areas (W4.2.1 and W4.2.2) whereas some stayed at the same location but did not
reproduce parallel with their mother (W4.2.3, W4.2.4, W4.2.5). Introduced females
(W6-W29) either disappeared immediately after release (W6, W7) or showed partially
overlapping areas with resident females but were never trapped around the optimal
nest site (Fig. 3). Only three females survived to 1999: W4.2.4, W4.2.5 and WS;
W4.2.4 remained at the optimal site, W8 remained at her territory and W4.2.5 moved
to a new location to breed. W10 appeared as an immigrant female from the wild
(Fig. 4).
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Fig. 2. The area of most frequent trapping of each resident female in 1997 in the
enclosure indicated by colored circles.
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Fig. 3. The area of most frequent trapping of each resident female in 1998 in the
enclosure indicated by colored circles.
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Fig. 4. The area of most frequent trapping of each resident female in 1999 in the
enclosure indicated by colored circles.
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Discussion

The structure of the investigated population in the enclosure was comparable with
already known population dynamics in wood mice (Bergstedt, 1965; Flowerdew,
1972; Flowerdew, 1974; Montgomery et al., 1991; Canova et al., 1994; Schulte,
1997); low numbers in spring and summer and increasing numbers in late summer,
autumn and winter. Deviations from the typical cycle could be correlated with weather
conditions and/or food availability (Bengtson et al., 1989; Montgomery et al., 1991;
Flowerdew, 2000; Flowerdew & Ellwood, 2001). Because food was offered ad
libitum, weather conditions were regarded as the influencing factor. The availability of
dry nest places therefore seems to have a strong impact on wood mice reproductive

SUCCeSS.

Winter reproduction has been found in wood mice under good food conditions (Diaz
et al., 1993). In the lab, wood mice breed throughout the year (Musolf, personal
observation). However, there temperature and light conditions stay constant. The fact
that in our population no winter reproduction is found could be due to insufficient food
or nest site availability. If winter reproduction is genetically determined, the breeding

lines of our lab might be randomly picked from non-winter outdoor breeders.

With the microsatellite analyses a high degree of multiple paternity was found in the
enclosure population. Multiple paternity is recorded more and more often in natural
populations as well in small mammals like deer mice (Birdsall & Nash, 1973), rats
(McClintock et al., 1982), shrews (Stockley et al., 1993), meadow voles (Berteaux et
al., 1999), and in different species of ground squirrels (Boellstorff et al., 1994; Foltz &
Schwagmeyer, 1989; Hanken & Sherman, 1981; Hoogland, 1998; Murie, 1995).
Baker et al. (1999) recorded multiple paternity in three out of 6 litters from wild
trapped wood mouse females and Bartmann and Gerlach (2001) detected 85%
multiple sired litters for wood mice in a large cage system. The mating system in
wood mice could therefore considered as promiscuous, females mate with several
males within one estrous period and males try to access as many females as
possible (Bartmann & Gerlach, 2001). Infanticide could be prevented by confusing
paternity with multiple mating of the females (Agrell et al., 1998). In a lab experiment
we observed that wood mice females mate more often multiple times in the presence

of infanticidal behavior of males and these multiply-sired litters survived better than
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single sired litters (Chapter 4). In the wild, where males and females have
overlapping home ranges (Lambin & Krebs, 1991b; McShea & Madison, 1984;
Wilson et al.,, 1992) and females have contact to several males, multiple mating

seems to be a good strategy to prevent pups from infanticide.

It has been found that multiple mating may also be a means of inbreeding avoidance
in shrews (Stockley et al., 1993). In our enclosure, often related wood mice males
were around (33-64% of resident males were related to a least one of the resident
females) and inbreeding took place three times. In two-third of the cases, females
mated multiple times so we conclude that inbreeding avoidance could a possible

advantage of multiple mating in wood mice as well.

Female body weight had no influence on the number of offspring they produced. This
is in accordance with the study of Bartmann & Gerlach (2001) but it is in contrast to
studies on other species, for example in house mice, where larger females have
higher reproductive success (Gerlach, 1990; Gerlach, 1996). In our study the length
of a wood mouse female’s stay in the enclosure significantly influenced reproductive
success. The longer a female was present the more offspring she reproduced.
Therefore for wood mouse females it is necessary to have an established territory to
be more successfully in breeding and weaning offspring. In Peromyscus maniculatus
borealis the habitat of the nest site appeared to be important for the reproductive
success of females as well (Sharpe & Millar, 1991). The stay in the enclosure for
wood mice females could be connected with the availability of sufficient nest sites. In
offering artificial nest boxes we tried to increase the availability of nest sites, but
although these boxes were visited often they were never used for breeding.
Obviously successful nest sites have additional criteria, which the artificial boxes did
not fulfill. Maybe owning a good nest site not only improves the reproductive success

but the survival of mother herself.

In contrast, there was no correlation between the length of a male’s stay in the
enclosure and the number of sired offspring. But heavier males were more
successful than lighter males. Weight often corresponds with high social rank in most
small mammals (Wolff, 1985b; Horne & Ylonen, 1998; Qvarnstrom & Forsgren, 1998)
and is generally agreed that dominant animals gain higher access to mates, which
causes a disproportionate mating success among dominant males (Dewsbury,
1982b). However, female wood mice did not choose their mates according to body



CHAPTER 6: SOCIAL STRUCTURE 79

weight or dominance (Chapter 2). In meadow voles (Microtus pennsylvanicus) it was
also found that body mass played only a secondary role in driving female
preferences (Berteaux et al., 1999). The higher reproductive success of heavier
males may be related to ejaculate size, with larger males producing larger ejaculates
(Gage et al.,, 1995; Simmons et al.,, 1996) or a higher frequency of copulating
(McClintock et al., 1982) both transferring a larger number of sperm, which is the
important determinant of success during sperm competition in mammals (Ginsberg &
Huck, 1989).

In this study a significant higher variance in reproductive success was found in wood
mouse females. This did not correspond with the finding of equal individual
reproductive success of wood mice in a large cage experiment (Bartmann & Gerlach,
2001) and the expectation of equal variance in promiscuous mating systems. But
wood mice are promiscuous as also indicated by the occurrence of multiple
paternities in this study. No sex-dimorphism was found; both sexes did not differ
significantly in body weight, which is also a hint for a monogamous or promiscuous
mating system. A possible explanation may be provided by nest site availability as
the most important factor influencing female reproductive success whereas the
male’s reproductive success is independent of these resources and therefore

moderately divided among them.

One matriline was most successful in the enclosure. We suggest two possible
explanations for this: either these females are the best adapted for the environment
they have to deal with in the enclosure compared to the other breeding lines from our
lab or initial territory selection was random and the one with the best territory of the
enclosure became the most successful one. The daughters inherited the territory and
therefore had also a reproductive advantage over the other females inhabiting minor

territories in the enclosure.

Territory quality is the best predictor of the group’s reproductive success as has been
shown in Tamarin native hens (Gallinula morterii) (Goldizen et al., 1998). Expansion
of family lines was dependent on the number of high-quality territories nearby
(Putland & Goldizen, 2001). Koenig and Mumme (Koenig & Mumme, 1987) analyzed
the survivorship of lineages in the acorn woodpecker. They found that lineages
persisted longer when on higher-quality territories and concluded that territory
inheritance may be an important benefit of group living in that species. Actually we
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found territory inheritance in female wood mice several times in our enclosure. Four
females inherited the nest site of their mother, one of them bred parallel without any

success, and three were tolerated in their mothers’ territory but did not breed.

We did not find strong evidence for a kind of helper system. Wood mice females were
able to discriminate between own pups and pups of mothers, sisters and unrelated
females (Gerlach & Bartmann, 2002) relating their nursing effort in a communal nest
strongly to the age of their own pups and reducing it almost entirely when all own
pups were Killed. It is not known if non-breeding wood mice staying at their familiar
nest site help their mothers with the new litter. One possible aspect could be

thermoregulation or nest defense while the mother is away.

Communal nesting and breeding alone is not advantageous for wood mice females
(Gerlach & Bartmann, 2002) but under nest site limitation a mother should accept a
daughter who has no other chances for reproduction. Under harsh ecological
conditions this makes it necessary to save time and energy even communal breeding
sisters would gain benefits compared to singly breeding females. Maybe this has
been the basis for the communal breeding of the sister pair W4 / W5 at the start of
the experiment. However, we only could determine the communal use of a location
and not directly the communal breeding. Increase in survivorship and higher
reproductive success gives an indication why it could be better for females to be
philopatric and carry the cost of reproductive suppression in the beginning of their
life. In yellow-bellied marmots (Marmota flaviventris) (Armitage & Schwartz, 2000) the

mortality of dispersing yearlings is significantly higher than that of yearling residents.

Montgomery and colleagues (1997) determined that resident females inhibit
reproductive activity in immigrant wood mouse females. In the investigated enclosure
4 females were released at different times where other females (3—6) were already
established. While two of the introduced females successfully reproduced, their
reproductive output was much lower than that of the resident females (2 compared to
3—-24 offspring) and they stayed just a month in the enclosure. The two immigrant
females from the wild did not establish and breed at all. Three of 15 immigrant males
were able to settle in the enclosure and were as successful in siring offspring (4-6)
as resident males. In a study on an open grid on meadow voles (Microtus
pennsylvanicus) Pugh and Tamarin (1991) determined that immigrant males tended

to live longer than resident males but this did not result in significantly greater
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reproductive success of immigrants. Immigrants appear to be as fit as residents and
they can be as successful as the residents if they can establish themselves in their
new home range. Clearly in this study the immigrant females had no chance to
establish in good territories because these were already occupied by the breeding

females and their daughters.

To summarize our results: We found strong evidence that female daughters benefit
by staying in the territory of their mothers by inheriting their nest site resulting in
higher reproductive success in the wild. The nest site availability was the most
important factor influencing reproductive success of females indicated by a

correlation of the reproductive success with the stay in the enclosure.

The high occurrence of multiple paternity in wood mice litters confirms the

promiscuous mating system.



GENERAL DISCUSSION

The major findings of this thesis can be summarized as follows. The primary focus of
this work has been on mate choice in female wood mice (Apodemus sylvaticus). For
the first time, | could show that female wood mice are able to recognize kin and
actively avoid inbreeding. Furthermore, females are surprisingly indiscriminate in
choosing mates of different quality such as body weight, dominance and, very
unusually, MHC genotype. Multiple mating occurs frequently and | showed that
females use this behavior as a counter-strategy against infanticidal males. Females
generally avoid each other, indicating competition for resources. Under limited
resources (measured as nest site availability), | found a novelty in female wood mice

social behavior: inheritance of the mother’s territory.

Female mate choice in wood mice

Kin recognition and inbreeding avoidance?

Understanding recognition systems is important to developing and testing
hypotheses about such diverse topics in evolutionary biology as mate choice and
nepotism. Kin recognition, the ability of an organism to determine genetically related
individuals, is an important ability, especially with regard to social behavior. While
mating with kin should be avoided to prevent inbreeding and the resulting harmful
effects (Ralls et al., 1986; Charlesworth & Charlesworth, 1987) kin should be sought
out as recipients of assistance to increase the donor’s inclusive fithess (Hamilton,
1964).

In Chapter 1, | studied the ability of wood mouse females to identify kin in mate
choice decisions. Results demonstrated that the estrus stage of the female had a
significant impact on her behavior, indicating that actually a distinct mate choice
behavior exists. Estrous females preferred odors of unfamiliar unrelated males to the
odor of brothers with whom they had no previous contact. Different recognition
mechanisms exist and all are based on learning (Tang-Martinez, 2001). Recognition
by association and by phenotype matching are the two most widely accepted
mechanisms of kin discrimination (Holmes & Sherman, 1983). On the basis of my

result it appears that familiarity with the male was not the crucial factor in these tests
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of odor preference. These data suggest that wood mouse females might recognize
unfamiliar kin using phenotype matching. From the odor preference shown in this
study, | would predict that, given a choice, females should avoid mating with brothers
and perhaps other related individuals. In addition, a form of inbreeding barrier or
inbreeding avoidance between siblings was suggested by the fact that littermates,
when kept together after weaning, reproduced in only 5-10% of all cases after
reaching adulthood whereas almost 100% of unfamiliar unrelated couples bred

(Musolf, personal observation).

Phenotype matching may be based on comparisons between the odor of novel males
and either the female’s own phenotypic odor template or that of familial conspecifics
(littermates or mothers). Odor templates might be formed by cues from the major
histocompatibility complex (MHC) gene products (Apanius et al., 1997; Jordan &
Bruford, 1998). Alternatively, rodent urine also contains a class of proteins, termed
major urinary proteins (MUPs) that bind and release small volatile pheromones. In
wild house mice (Mus domesticus) the combinatorial diversity of expression of MUPs
might be as great as that of MHC, and, with protein concentrations a million times
higher than MHC, MUPs might also play an important role in the individual

recognition mechanism (Hurst et al., 2001).

My experiments did not differentiate between self-matching or familial imprinting in
female mating decisions. The ability to self-match is controversial (see Alexander,
1991; Sherman et al., 1997). In the non-social, promiscuous golden hamster
(Mesocricetus auratus) self-matching is used in mate choice decisions (Mateo &
Johnston, 2000). Considering the high degree of multiply-sired litters and the
promiscuous mating system in wood mice (Baker et al., 1999; Bartmann & Gerlach,
2001) self-matching would also be an appropriate mechanism for differentiation

between individuals of different genetic relatedness in wood mice.

In less social species that are likely to encounter unfamiliar individuals that may or
may not be their relatives, the discrimination between kin and non-kin based on
genetic relatedness through comparison of a conspecific’'s phenotype with a known
kin phenotype is assumed to be particularly useful (Halpin, 1991). To evaluate if
sociality of a species plays a role in determining the mechanism involved in avoiding
mating with relatives, | have compared these results with those of previous studies

on female mate choice in rodents.
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The role of familiarity versus phenotype matching can be determined by odor choice
tests or by mate choice tests asking females to differentiate between
familiar/unfamiliar and related/unrelated odors or individuals. In social rodents, two
species (Peromyscus leucopus (Grau, 1982; Keane, 1990); Mus domesticus (Gilder
& Slater, 1978; Egid & Lenington, 1985; Lenington & Egid, 1985; Winn & Vestal,
1986; Dewsbury, 1988; Potts et al., 1991) were shown to use phenotype matching
while in five others, differentiation was based on familiarity (Peromyscus maniculatus
(Hill, 1974), Microtus ochrogaster (Gavish et al., 1984; DeVries et al., 1997), M.
canicaudus (Boyd & Blaustein, 1985), M. mandarinus (Fadao et al., 2000),
Heterocephalus glaber (Clarke & Faulkes, 1999)). Exclusive use of familiarity could
be shown in three species (Microtus mandarinus (Fadao et al., 2000), M. canicaudus
(Boyd & Blaustein, 1985), Heterocephalus glaber (Clarke & Faulkes, 1999)), while

only the house mouse was shown to use both mechanisms (Yamazaki et al., 1988).

Fewer studies are available for species with reduced sociality. In the golden hamster
(Mesocricetus auratus) (Mateo & Johnston, 2000) and in the cactus mouse
(Peromyscus eremicus) (Dewsbury, 1982a) females used both phenotype matching
and familiarity, while meadow vole females (Microtus pennsylvanicus) (Salo &
Dewsbury, 1995) and montane voles (M. montanus) (Berger et al., 1997), were
shown to use familiarity while the role of relatedness was not studied. In contrast to
previous studies, our results show that female wood mice use phenotype matching.
Therefore, it appears that both mechanisms can be used in less social rodent

species.

Social rodents generally use familiarity and not phenotype matching while both
mechanisms seem to be used in less social species. This contradicts the assumption
that phenotype matching should be more important in less social species. Obviously,
sociality of a species per se does not allow a good prediction for which kin

recognition mechanism is used in mate choice decisions.

It is becoming more and more evident that both mechanisms may co-exist and can
be demonstrated under different experimental conditions (Kareem & Barnard, 1982;
Hepper, 1983; Porter et al., 1983; Heth et al., 1998; Todrank et al., 1999). Some
rodents use one recognition mechanism for mate choice; in social interactions they
were able to use the other mechanism (Heth et al., 1998; Todrank et al., 1999). And

a recent study has criticized these studies as that the discriminative tests are
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designed in a way that biases the result towards familiarity (Todrank & Heth, 2001).

It was clearly shown in this study that female wood mice were able to recognize their
kin. With this important ability they were able avoid inbreeding even with unfamiliar
related males.

Mate choice criteria

The avoidance of kin is just one component of mate choice decisions. Other
expression of female preferences might be due to variations in male quality. Even if
males do not provide any parental care, females still benefit from high quality males
with regard to ‘good genes’ conferring greater fithess on the female’s offspring
(Mgller & Alatalo, 1999). In Chapter 2, the influence of different male characteristics
such as body weight and dominance rank on female preference was tested. Female
wood mice did not prefer heavier males although they showed a slight tendency to
choose the heavier of two males as weight difference between them increased.
Dominance of one male over the other had also no influence on female choice.
Although females avoided the combined odor of a pair, they did not differentiate
between the odor of a solitary male and a male already paired with another female;
therefore, they did not copy pairing behavior of another female. Finally, and in
contrast, to previous studies on other small mammals (Desjardins et al., 1973), we
did not find any relationship between body weight, social dominance, and urination

patterns in male wood mice.

The lack of female preference for heavier and/or dominant males is surprising as
female wood mice are capable to discriminate between different mating partners
based on odor cues (Chapter 1) and small mammals females are often able to
discriminate between males according to their social status and generally prefer
dominant males as mating partners. Apps et al. (1988) and Novotny et al. (1990)
showed that the quality of urinary odors of subordinate male house mice was
influenced by hormonal changes resulting from long-term social subordination.
Differences in urine quality from dominant and subordinate males can be detected by
female house mice (Hurst, 1990; Rich & Hurst, 1998), bank voles (Clethrionomys
glareolus) (Hoffmeyer, 1982; Horne & Ylonen, 1996), hamsters (Mesocricetus
auratus) (White, 1986) and brown lemmings (Lemmus trimucronatus) (Huck et al.,
1981; Huck & Banks, 1982). Shapiro and Dewsbury (Shapiro & Dewsbury, 1986)
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found female preference for dominant males as mates in the prairie vole (Microtus
ochrogaster) based on odor contact alone and in real matings. However, females of
the promiscuous montane vole (M. montanus) show no preference with regard to
male dominance (Shapiro & Dewsbury, 1986) as has been found in meadow voles
(M. pennsylvanicus) (Berteaux et al., 1999). Agrell (1997) found that female field
voles (M. agrestis) preferred dominant males when density was low but showed no
preference when male density was high, suggesting that female preference may be
context rather than species dependent. Therefore, the mating system and the
population density might influence female mate choice preferences also in wood
mice?

In the current study, females avoided the odor of a pair, perhaps using odors to avoid
nest sites potentially defended by other females, a pattern seen in house mice (Hurst
& Nevison, 1994). Clearly, female wood mice can and do use at least some odor
cues to differentiate between males including the subtle differences involved in

determining relatedness.

A possible explanation is that, in contrast to other species of voles and mice,
preference for heavier or dominant males is absent in female wood mice. This could
also explain why male wood mice do not express differences in scent marking
behavior according to their body weight or dominance rank known from male house
mice (Mus musculus). House mice exhibit a clear rank-dependent urination pattern
with increased marking by dominant males and decreased marking by subordinates
(Desjardins et al., 1973).

The mating system might be the crucial factor in explaining differences in female
preferences. House mice live in family groups dominated by a single male who sires
most of the offspring. Even the odor of a foreign male can cause fetal resorption or
abortion (Bruce, 1960). In contrast, female wood mice are solitary and mate with
several males within one estrus period both in the field and in enclosures (Baker et
al., 1999; Bartmann & Gerlach, 2001). Faced with multiple males, the female may not
be able to afford herself the luxury of selecting one partner when non-mated males
are infanticidal (Chapter 3). Thus, avoidance of infanticide might outweigh the
benefits of mating with heavier or dominant males exclusively. While females do
select against closely related males (Chapter 1), it is not known if such closely related
males are less infanticidal, a notion that would be suggested by consideration of
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inclusive fitness.

The relationship between relatedness and infanticide is an interesting remaining
question. It also remains to be analyzed if females discriminate against clearly
inferior males, e.g. recognizing strains of pathogens and parasites. Recognizing
these attributes might be under stronger selection pressure than preferring males of
higher body weight or dominance. In this case, females are assumed to mate with

males with complementary alleles at crucial immune-coding loci.

The results of these odor choice tests indicate that the earlier results that heavier
males had a higher reproductive success than lighter males are not based on female
odor preference for heavier males. In promiscuous mating systems, the higher
reproductive success of heavier males might be caused by factors different from or in
addition to female choice. Heavier males could have more or better sperm. They
could also have access to females for a longer period or at the most propitious time
(Schwagmeyer & Parker, 1987) as shown in rats (McClintock et al., 1982) and bats
(Hosken, 1998) when timing of insemination is important in determining fertilization
success. In meadow voles (Microtus pennsylvanicus), where females also show no
preference for heavier males, male body mass has a significant influence on the
number of copulations performed by males (Berteaux et al., 1999). Here, females did
not distribute copulations evenly among males, preferring the heavier male with

increasing difference between the body masses between the males.

Mate choice and MHC

Further mate criteria are provided by variation at MHC loci. Assuming that
immunocompetence is enhanced by variable MHC loci and kin share a high
frequency alleles at these high polymorphic loci, MHC-disassortative mating is
predicted as a means to increase the fitness of the progeny and avoid inbreeding. In
Chapter 3, female mate choice in wood mice was investigated with respect to MHC
genotype in laboratory odor tests and in an enclosure population. Two MHC loci have
been analyzed, SiSo1&2 and RT1.Ba, both with low levels of variation in wood mice
compared to other species (Slade et al., 1993; Seddon & Baverstock, 1999).
Astonishingly, in this study, females did not show a preference for the odor of a
dissimilar or a similar male. Heterozygosity of the male also had no influence on

female decisions. Furthermore, in the enclosure, females chose their mates
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regardless of the number of alleles a male had. In summary, neither the females in
the odor test nor the females in the enclosure exhibited a MHC-dependent
preference. This is in contrast to findings in house mice (Mus domesticus) and
humans, who mate disassortatively with respect to MHC loci and demonstrate no
general preference of avoidance of specific MHC haplotypes (Egid & Brown, 1989;
Potts et al., 1991; Wedekind et al., 1995; Ober et al., 1997). Non-disassortative
mating often correlates with frequent spontaneous abortions or prolonged
intergestational intervals in mice, humans and pigtailed macaques (Warner et al.,
1991; Jin et al., 1995; Ober, 1995; Knapp et al., 1996). The results of our study may
be explained by MHC-independent mate choice. Female wood mice are
indiscriminate in choosing mates of different quality (Chapter 2), including the
dominance rank of the male. Instead, they mate multiple times with all males in their
neighborhood confusing paternity and protecting their litters from infanticidal males
(Chapter 4). This effect clearly has a stronger impact on female mating behavior than
variation in male traits, possibly including variation in MHC genotypes. While the lack
of preference for MHC genotypes might also be due to an experimental error in the
determination of different MHC alleles caused either by the presence of null alleles or
the insufficiency of detecting all alleles with the SSCP method, the consistency of

results across both MHC loci warrants further investigations.

Interesting insights are gained from a comparison of eight neutral markers
(microsatellites) with the genes for MHC. Whereas all neutral markers are in Hardy-
Weinberg equilibrium, the two MHC loci exhibit significant heterozygote deficiencies.

The causes for this effect should be investigated further.

Focusing on the distinction between similar and dissimilar MHC genotypes may not
be sufficient when parasite resistance is important. In these situations, females
should choose partners that maximize the number of different MHC alleles in their
offspring (Penn & Potts, 1999). In female sticklebacks (Gasterosteus aculeatus),
males with many alleles were chosen in mate choice decisions whereas the similarity
of the male genotype to the female had no influence (Reusch et al., 2001). These
results were based on the analysis of 6 different MHC class-IIB loci. The reduced
variability and the low number of different loci used in our study on wood mice could
contribute to the lack of preference for males with few or many different MHC alleles.

Further MHC loci should be analyzed to become better insight in MHC dependent
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mating patterns.

Multiple mating: a counter-strategy to infanticide?

Infanticide among mammals is a widespread phenomenon with no general
explanation. In Chapter 4 of this study, | focus on the behavioral strategies used by
females to avoid major losses in reproductive success by males committing
infanticide. There is a clear reproductive advantage for male wood mice to Kill
strange offspring because following infanticide the female’s gestation duration is
significantly shortened (from 27.2 days to 23.6 days; ANOVA, F = 34.6, P = 0.0001).
Therefore, infanticidal males can potentially mate more quickly with the mother of the
killed pups than they would have otherwise, and hence increase their reproductive
success over their short life span of just a few months. Males are apparently not able
to differentiate between their own pups and those sired by other males. To avoid
killing their own pups they accept the whole litter. In the presence of a mixed litter,
the level of infanticide is significantly reduced from 53% to 11% (Fishers exact test,
chi?=5.06, P = 0.031).

Female counter strategies to infanticide include aggression, female choice of
dominant males, and promiscuity to confuse paternity as defense against males.
Counter-strategies to infanticide not only have the potential to affect the behavior of
individuals (e.g. aggression, spacing and mate choice), but may also have
consequences for the shaping of mammalian mating systems.

As has been already shown in Chapter 2 wood mouse females do not prefer
dominant males. Dominant males are considered better defenders of territory, nest
site and/or offspring (Huck et al., 1982; Reich et al., 1982; vom Saal & Howard, 1982;
Nelson, 1994). In wood mice, males and females neither cohabit exclusively the
same territory nor is the male involved in parental care or the defense of the female’s
nest. Therefore, the dominance rank of a male per se does not provide any benefit
for the female. In contrast, the female potentially has to deal with several males
visiting her home range (Tew & Macdonald, 1994). Female mammals often use
aggression to keep males away from their nest sites (Elwood & Ostermeyer, 1984;
vom Saal, 1984; Montgomery & Gurnell, 1985; Wolff, 1985a). However, intersexual

territoriality is generally rare in mammals and wood mouse females might be not
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effective in keeping males from their nest sites because they are slightly smaller than
males. Even if females are effective in limiting male access to their nest, females with
post-partum estrus (the estrus immediately after have given birth) must associate
with at least one potentially infanticidal male during the time when her pups are most
vulnerable.

The occurrence of infanticide in the lab where food and nest sites are not restricted
and therefore no reason exists for the female to commit infanticide herself suggests
that wood mouse females are not able to protect their litter entirely from intruding
males as has also been shown by Wilson (1993a)

Therefore females must rely on an alternative counter-strategy to infanticide. A
common feature in species in which male infanticide is prevalent is for females to
mate promiscuously with all males in the vicinity to confuse paternity (O'Connell &
Cowlishaw, 1994; Wrangham, 1997). Males that have copulated are generally
inhibited from Kkilling pups for the time period in which their young would be
vulnerable to infanticide. In white-footed mice (Peromyscus leucopus), it has been
shown that males were inhibited from Kkilling pups for about 35 to 40 days after
copulation, the time equal to gestation and nursing for this species (Cicirello & Wolff,
1990). Similar results were found for laboratory (vom Saal & Howard, 1982) and wild
mice (Soroker & Terkel, 1988), and Mongolian gerbils (Meriones unguiculatus)
(Elwood, 1977).

The use of multiple mating as a mechanism to generate uncertainty of paternity to
deter infanticide has been proposed for many species (see Agrell et al., 1998), but
direct support for this hypothesis is limited. Chapter 4 provided the first evidence that
wood mouse females actually use multiple mating to reduce their risk of exposure to
male infanticide. Single sired litters were more often the victim of infanticide than
multiply-sired litters and, after the occurrence of infanticide, females were significantly
more likely to mate with multiple males than if their first litter survived. Polyandry

appears to be an active female strategy to avoid infanticide.

The avoidance of infanticide helps to explain the evolution of female promiscuous
matings in many species. Female multiple mating may also serve as a means of
protecting females and their offspring from the attacks of cuckolded males. Whatever
the case, avoidance of infanticide is an important driving force in the evolution of
many mating systems and should be the topic of further investigations.
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Microsatellite markers

Microsatellite markers provide a powerful alternative for investigations of population
structure compared to previous methods such as allozyme analyses or other DNA
analyses such as multilocus DNA fingerprinting, RAPD-PCR techniques (rapid
amplified polymorphic DNA), and RFLP (restriction fragment length polymorphism).
Even when allozyme variation is low, microsatellite loci may be highly polymorphic
(Hughes & Queller, 1993). Other advantages to this PCR-based approach are the
slight amounts of DNA needed for the analysis, the low size of the microsatellite loci
(rarely larger than 300 bp) and reproducible and unambiguous results because a
single diploid individual has at most two alleles at a single microsatellite locus.
Microsatellite loci often provide a higher degree of resolution for elucidating
relationships between closely related taxa (Bowcock et al., 1994) and within familial
groups (Amos et al., 1993) and are particularly useful for evaluating mating success.

In this study, 6 new microsatellites for the wood mouse (Apodemus sylvaticus) were
found. Observed heterozygosity ranged from 0.74 to 0.97 and number of alleles per
locus was relatively high with 7 to 15 different alleles. No linkage disequilibrium was
detected; all loci are independent of each other. | have chosen 5 of them on the basis
of easy and clear readability of different alleles on the gel. Combined with three
microsatellites previously developed for the yellow-necked mouse (Apodemus
flavicollis) (Gockel et al., 1997) that also amplify in wood mice, | used a set of 8 highly
polymorphic microsatellites that made it possible to resolve family structures and/or

paternity of offspring even when test animals were closely related.

Social behavior among female wood mice in the wild

Chapter 6, details a three-year observational study of a semi-natural population of
wood mice. Date concerning population level and fluctuations throughout the year
showed no deviation from natural populations, confirming the application of the
gained insights of this study to natural wood mice behavior.

With the microsatellite analyses a high degree of multiple paternity was found in the
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enclosure population. Multiple paternity is recorded more and more often in natural
populations as well in small mammals (Birdsall & Nash, 1973; Hanken & Sherman,
1981; McClintock et al., 1982; Foltz & Schwagmeyer, 1989; Stockley et al., 1993;
Boellstorff et al., 1994; Murie, 1995; Hoogland, 1998; Berteaux et al., 1999). Baker et
al. (1999) recorded multiple paternities in three out of 6 litters from wild-trapped wood
mouse females and Bartmann and Gerlach (2001) found that 85% of wood mice
litters were multiply sired in a large cage system. The results from this study confirm
the previous findings and additionally make clear that multiple mating seems to be a
general behavioral pattern of wood mice and not a cage artifact or a random effect in
the wild. The mating system of wood mice should be considered as promiscuous.
Females mate with several males within one estrus period and males try to access as
many females as possible. Advantages of this behavior such as infanticide avoidance

are discussed above.

Female body weight in the enclosure had no influence on the number of offspring
they produced, which is in accordance with the study of Bartmann & Gerlach (2001).
These results are in contrast to other studies, for example in house mice, where
larger females had higher reproductive success (Gerlach, 1990; Gerlach, 1996). The
important factor for wood mice female reproduction is the period of stay in the
enclosure. The longer a female was present in the enclosure the more offspring she
reproduced. Therefore, for wood mouse females it appears necessary to become
established and own a territory in order to be more successful in breeding and
weaning offspring. In Peromyscus maniculatus borealis, the habitat of the nest site
appeared to be important for the reproductive success of females as well (Sharpe &
Millar, 1991). The stay in the enclosure for wood mice females could be connected
with the availability of sufficient nest sites. Maybe owning a good nest site not only

improves the reproductive success but the survival of the female herself.

Nest site availability appeared to be the crucial factor for female reproductive
success. Food was offered ad libitum and therefore could not be the restricting
element. Throughout the whole experiment only four females bred parallel although
more females were living in the enclosure at the same time. This indicates that
breeding is somehow restricted and might be due to limited nesting space and/or
reproductive suppression by the established females. That wood mouse females are

capable to suppress reproduction in other females has been shown in a previous
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study (Montgomery et al., 1997).

Which opportunities does a wood mouse female have when she reaches sexual
maturity at an age of approximately 8 weeks and with a life expectancy of, on
average, 6 to 8 months? Either she conquers an own territory and as a result she is
able to reproduce or she stays in her mother’s territory, possibly suffers from
reproductive suppression, or breeds communally with the mother or helps the mother
with breeding and finally inherits the territory. Solitary breeding offers the best fitness
opportunities and therefore should be preferred (Gerlach & Bartmann, 2002).
However, if all available sites are occupied, a female might improve her fithess by
breeding in the same territory as her mother, although her reproductive success is
lower than solitarily breeding females (Gerlach & Bartmann, 2002). In the enclosure a
mother and daughter bred parallel at the same location on a single occasion, and, in
this case the daughter produced no weaned offspring. Therefore | assume that

communal breeding is not a common pattern in wood mouse females.

In this study on wood mice females a further advantage of staying with the mother
has been identified: territory inheritance. Females of one matriline were significantly
more successful than female of other matrilines. The founder of this matriline became
established in the best territory of the enclosure and daughters and granddaughters
who inherited this territory also had exceptionally reproductive success. Staying in a
familiar territory, although it might be combined temporarily with a decrease in

reproduction, offers a successful alternative if nest sites are limited.

Conclusions

Wood mice live semi-socially in open habitats such as the edges of the forest,
clearings in deciduous and mixed forest, garden and parks (Niethammer & Krapp,
1982). Compared to house mice, whose environment in general is restricted to a
certain area (e.g. storehouse, barn, attic, cereal ricks) (Berry, 1981) which can be
better controlled, wood mice are not able to avoid other individuals crossing their
territories; males might not have the capability to guard their mates and prevent

mating with other males entirely, and females might not be able to defend their nest
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sites from disturbing conspecifics. This is especially important at high population
densities. Schulte (Schulte, 1997) found peak densities with 80 individuals/ha in the
forest. Other species (bank voles, yellow-necked mice) cohabit the same area
supplementary reaching similar densities and competing also for food and nest sites.
In such an environment males are not able to provide material benefits such as
exclusive food resources or nest sites and, in addition, females have to deal with

intruding conspecifics and other species that might be infanticidal.

To summarize the results from the studies of this thesis, the following picture of wood
mice behavior can be drawn. Wood mouse males follow the widespread pattern to
mate with any available female to improve their reproductive success. They also gain
reproductive increase by Kkilling offspring of other males. Infanticide by males
provides a strong selection pressure on the development of counter-strategies by
females. In wood mice, female promiscuity seems to be a successful tool to protect
offspring by confusing paternity. Males are not able to identify foreign offspring in a

litter they have only partially sired and therefore accept the whole litter.

The lack of female preference for distinct male traits (e.g. body weight, dominance,
MHC genotype) and the lack of support for signal of male dominance and body
weight in urination pattern can be explained against this background of promiscuous
mating. Females will mate with all males in the vicinity if non-mating males are
infanticidal. Therefore no selection pressure is provided by female mate choice on
the evolution of specific male characteristics and, for males, it is of no use to
advertise dominance ranks in any way if they are not a target for female choice,
especially, when signaling is costly (Gosling et al., 2000). However, male traits such
as body weight might nevertheless be correlated with other important characteristics
such as the production of more or better sperm (sperm competition), or the access to
females for a longer period or at the most propitious time, which might explain why it
is that heavier males sire more offspring even without female choice for heavier

males.

Selection against inbreeding is a strong driving force in the evolution of female mate
choice. In accordance with the promiscuous mating system, the semi-social behavior
and the resulting similar degree of relatedness within a litter of half-sibs and between
litters of different females sired of the same group of fathers, a kin recognition system

based only on familiarity would not be adequate. In wood mouse females, the use of
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phenotype matching as kin recognition mechanism has been shown and kin have
been avoided in mate choice decisions. Promiscuity itself also provides further help
to reduce inbreeding as has been shown in common shrews (Stockley et al., 1993)

and might be also helpful in wood mice.

Besides mate choice decisions, another aspect influences female reproductive
success. This study revealed that the property of a nest site of good quality is very
important for the female’s fithess. Females prefer to breed solitarily which was also
supported by the odor tests in Chapter 2 where females avoid the odor of another
female. At the same time, if space is limited for daughters, the opportunity to remain
in their natal territory and hopefully inherit it, provides an alternative strategy

compared to never having a chance to breed.

The behavioral patterns of this semi-social woodland species highlight the flexibility
of rodents in adapting to different environmental conditions. Wood mice lack stable
family and mating bonds and/or territory defense but are equipped with sufficient
behavioral mechanisms to avoid inbreeding and increase reproductive success. This
may increase their capacity for colonization and may partially explain their

widespread distribution.
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