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1 Introduction 

1.1 Madagascar 

Madagascar, with a surface area of around 587.000 km², is the fourth largest island in the 

world and is often referred to as a small continent on its own. The diverse topography of the 

island and regional climatological differences result in a basic division of the island into two 

biogeographical zones: The humid east-coast rainforests are separated from the seasonally dry 

deciduous west-coast forests by the central plateau (Fig. 1). These two major zones are 

divided into seven subzones (MARTIN 1972a, 1995, TATTERSALL 1982), each of which 

has distinctive climatic and vegetational characteristics. Early separation from the African 

continent combined with variation in biogeographical zones has resulted in a high degree of 

endemism in the Malagasy fauna and flora as well as in its high biodiversity. Madagascar 

contains one of the world’s most species-rich primate communities with about 40 extant 

lemur species (MITTERMEIER et al. 1994, ZIMMERMANN 1998, GANZHORN et al. 

1999, RASOLOARISON et al. 2000). Even nowadays there are still species to be discovered 

(ZIMMERMANN et al. 1998, THALMANN & GEISSMANN 2000, RASOLOARISON et 

al. 2000). Lemurs are endemic to Madagascar. Due to deforestation and habitat loss caused by 

slash-and-burn agriculture, Malagasy lemurs are highly endangered and most of them face a 

severe threat of extinction (GREEN & SUSSMANN 1990). In 1998, DU PUY & MOAT 

stated that over 80 % of the island has already been stripped of its native vegetation cover and 

plotted the remaining primary forests on a map (Fig. 1). However, latest estimates suggest 

that about 20% of what is on this map has now already disappeared (MOAT, pers. com). A 

detailed knowledge of lemurs, their lifetime reproductive capacity and its relation to 

ecological conditions is required if successful conservation programmes for their protection 

are to be established. To date, however, information on the dynamics of reproduction in 

nature is scarce for most lemur species. 
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Fig. 1. Madagascar, remaining primary vegetation (DU PUY & MOAT 1998, modified). 
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1.2 Male reproductive strategies 

Studies of the variance in reproductive success of both sexes are critical to understand 

demography, genetic structure as well as natural and sexual selection in natural populations. 

In most mammals, males maximise their fitness by siring as many offspring as possible, 

provided that females do not require male assistance to rear offspring (TRIVERS 1972, 

EMLEN & ORING 1977). Males therefore compete intensely for mates which may result in 

different reproductive tactics and strategies, where mating success may vary greatly among 

males. A ‘tactic’ is one of several stated behavioural options (phenotypes) whereas a 

‘strategy’ is a set of rules stipulating which alternative behavioural pattern, of several stated 

options, will be adopted in any situation throughout life (DOMINEY 1984). Strictly speaking, 

a reproductive strategy can only be understood when the reproductive output paired with the 

behavioural pattern is known for the whole reproductive life span.   

If females are a scacre resource males may compete for access to females by direct or indirect 

competition. In contest competition (CLUTTON-BROCK et al. 1982, DEWSBURY 1982, 

VAN HOOFF & VAN SCHAIK 1992) males may compete through physical combats in 

agonistic encounters, where body condition and body weight may play a key function in 

achieving dominance (BERCOVITCH & NÜRNBERG 1996). Dominant males have 

preferential access to limited resources such as sexual partners (WEST-EBERHARD 1975, 

WILSON 1975, CRAIGHEAD 1995). Preferential access to sexually receptive females often 

translates into greater rates of reproductive behaviour (SILK 1987). Greater reproductive 

activity, in turn, has been assumed to result in higher levels of reproductive success 

(COWLISHAW & DUNBAR 1991). But frequent mating in a relatively short time (e.g. when 

many oestrous females are available at the same time) may also result in a decreased quantity 

and quality of the ejaculate and hence in a decreased fertilisation rate (OLDEREID et al. 

1984, AUSTIN & DEWSBURY 1986). 

Relationships between male mating success and male social status have been extensively 

studied (review FEDIGAN 1983). Factors such as morphological traits, body condition and 

age may affect male reproductive success (SPRAGUE 1998). In older males it has been 

suggested that reproductive success may be influenced by possible reduction in fighting 
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ability, change in dominance rank, decline in reproductive function or through complex 

interactions among all these possibilities (TAYLOR et al. 1988, JONES & MENCH 1991). 

Some tactics are differentially expressed according to age. The typical pattern for younger 

males is to adopt “sneak” or submissive tactics while older males are territorial or dominant 

(DOMINEY 1984). Grey seals with high mating success tend to be older males (GODSELL 

1991). In a study of reproductive strategies in the promiscuous soay rams (Ovis aries), 

paternities per ram increased from juveniles to yearlings and then to adults (COLTMAN et al. 

1999). The authors suggested that it may be difficult for young males to defend a female from 

competitors due to their small body size and limited previous breeding experience. On the 

other hand, ageing processes affect physiological functions and thus play an important role for 

their behavioural correlates. It is well recognised that sexual performance in men declines 

steadily from adolescence to old age (VOM SAAL et al. 1994). In macaques, reproductive 

suppression is more likely to arise from a failure to obtain access to sexually receptive 

females than to result from a disruption in endocrine profiles adversely affecting 

spermatogenesis (BERCOVITCH & GOY 1990). 

As low-ranking males are disadvantaged in the access to resources or reproduction (SMUTS 

1987), they may be able to compensate partly by forming long-term alliances (SMUTS 1985, 

NOE 1986, FEH 1999) or short-term coalitions (HARCOURT 1992). The value of male 

alliances with regard to mating success has been reported in a variety of primates (SMUTS 

1987), although in general, alliances are less common in male than in female primates (VAN 

SCHAIK 1996). This is explained by sex specific differences in sexual selection (DARWIN 

1871, EMLEN & ORING 1977): Females should compete mostly for food resources in order 

to rear their offspring successfully, but male reproductive success should be limited by the 

number of receptive females to mate with. Whereas food items can often be shared amongst 

coalition partners without any disadvantage or sometimes may only be exploited by a 

coalition (e.g. co-operative hunting in chimpanzees, BOESCH & BOESCH 1989), a 

fertilisation cannot be shared. Even in multiparous species where paternity may be shared in 

the case of multiple paternity (TEGELSTROM et al. 1991, STOCKLEY et al. 1993, SAY et 

al. 1999), it is still a reproductive disadvantage for a male when he did not sire all progeny of 
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a given female. Male kinship is assumed to contribute most to the development of male bonds 

(GOUZOULES & GOUZOULES 1987, HARCOURT & DE WAAL 1992). 

If the number of associated females is too large to be monopolised and defended, multi-

male/multi-female systems with a promiscuous mating pattern are more likely to evolve 

(CLUTTON-BROCK 1989). In a dispersed promiscuous mating system, intrasexual selection 

may be based on competitive mate searching (scramble competition, WELLS 1977) that is not 

necessarily correlated to body weight (SCHWAGMEYER 1994). Under these circumstances 

mate localisation abilities and sperm competition may be crucial for the reproductive success 

of individual males (FISHER & LARA 1999). Frequent and repeated copulations can be 

expected under these circumstances. This leads to the evolution of large testes in order to 

avoid sperm depletion and therefore to the prevalence of sperm competition (HARVEY & 

HARCOURT 1984, PARKER 1984, MØLLER 1988). In promiscuous mating systems, 

factors such as spatial or temporal mating position of male (SCHWAGMEYER 1988, 1994), 

mating rates (AUSTIN & DEWSBURY 1985, GODFREY & LUNDSTRA 1989) or 

differential sperm quality (THOMSON 2000, WOONINCK et al. 1998) may bias a male’s 

fertilisation rate that may not be correlated with dominance rank.  

Results purely based on behavioural observations of reproductive activity cannot be used for 

estimating reproductive success: The actual patterns of parentage may be inconsistent with the 

observed patterns of reproductive behaviour in mammalian mating systems, and genetic 

identification of effective breeders is required for the accurate determination of reproductive 

success (BIRKHEAD & MØLLER 1995; AMOS et al. 1995; FIETZ et al. 2000; 

HUYVAERT et al. 2000). Therefore, long-term behavioural and genetic studies are necessary 

to assess differences in male breeding success (GIBSON & GUINNESS 1980, PEMBERTON 

et al. 1992, 1999, ALTMANN et al. 1996, COLTMAN et al. 1998, FIETZ et al. 2000, 

HUYVAERT et al. 2000, LEBAS 2001).  

Long-term data are difficult to collect from organisms with reproductive lifespans which 

exceed the lifetime of most research projects, so that most longitudinal studies on age-related 

reproductive success concentrate on species such as fruit flies, Drosophila melanogaster 

(SERVICE & FALES 1993) or sandflies, Lutzomyia longipalpi (JONES et al. 2000). To 

examine changes in male reproductive success over time, paternity data can be classified by 
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the relative years in which the fathers and offspring were sampled. Complicated pattern can 

be expected if most males are sampled either early or late in their careers and if reproductive 

success changes with age (WORTHINGTON WILMER et al. 1999). Within non-human 

primates, few studies deal with age-related effects on male reproductive success due to the 

difficulty of collecting long-term data and the relatively low number of old animals (e.g. 

AUJARD & PERRET 1998). In Barbary macaques, neither dominance rank nor sexual 

activity appeared to be affected by age (KUESTER et al. 1995), whereas prime-aged rhesus 

macaques (9 to 12 year old) enjoy a greater reproductive success than older or younger 

animals (BERCOVITCH 1997). To date, nothing is known about these processes in nocturnal 

primate species, due to difficulties in animal observations and data sampling. 

1.3 Spatial Distribution in relation to reproduction 

The spatial distribution of individuals is not random, as the distribution of limited resources 

can be expected to influence the spatial decisions of each individual (CLUTTON-BROCK & 

HARVEY 1978, VAN SCHAIK & VAN HOOFF 1983, TERBORGH & JANSON 1986). 

1.3.1 Dispersal 

Dispersal of an individual is the movement the animal makes from its point of origin to the 

place where it reproduces or would have reproduced if it had survived and found a mate 

(HOWARD 1960). Dispersal is of great importance in population biology, behavioural 

ecology and conservation. However, obtaining direct estimates from field data on natural 

populations can be problematic (SUMNER et al. 2001). Practical considerations often limit 

the records to some indirect measure such as the distance of the nearest neighbour. 

In some populations, close relatives are so unlikely to meet due to high natural mortality that 

no behavioural mechanism is required to avoid inbreeding (PART 1996). If this is not the 

case, natural selection against inbreeding should favour behaviour that reduces the incidence 

of mating between close relatives (PUSEY & WOLF 1996). Three mechanisms have been 

suggested by which animals reduce inbreeding. One is kin avoidance which involves 

responding differently to kin and non-kin (PUSEY & WOLF 1996). Multiple mating is a 

second mechanism to dilute the impact of related partners (OLSSON et al. 1994). Thirdly, 
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sex-biased dispersal separates siblings of the opposite sex before mating (GREENWOOD & 

HARVEY 1982, PUSEY 1987). In most mammals, predominantly males disperse (review 

GREENWOOD 1980). 

The observation that most mammals only disperse over a distance of a few home range 

diameters suggested that dispersal is costly and that dispersers move only as far as necessary 

(SHIELDS 1982, WASER 1985) in order to improve their reproductive opportunities. 

Mammalian males of polygynous/promiscuous mating systems predominantly disperse as 

juveniles (DOBSON 1982).  

Life history theory predicts that decisions on spatial distribution made by a breeding 

individual should vary with its age for two reasons. First, decisions at one age affect possible 

decisions later in life because of the costs of reproduction (WILLIAMS 1966). Second, the 

optimal tactic at each age may depend ultimately on the age-specific survival probabilities. 

  

1.3.2 Male home range 

An animal’s home range can be defined as that area traversed by an individual in its normal 

activities of food gathering, mating or caring for young (BURT 1943). In dispersed, 

promiscuous species the spatial distribution of receptive females is an important factor 

influencing male spatial decisions and hence, male mating strategies (TRIVERS 1972). The 

number of detectable females is limited by the size of the area that a male can monitor. Under 

these conditions males should increase the size of their home ranges during the mating season 

in order to maximise their mating opportunities. Therefore, home range size can be decisive 

for male mating success (SCHWAGMEYER 1988, 1994, FISHER & LARA 1999). 

Additionally, the home range size can be influenced when entering a new area that differs 

from the spatial experience so far. For example, black rhinoceros have been reported to take at 

least 3 years between translocation and the establishment of their home ranges (ADCOCK et 

al. 1998), which may explain the lack of breeding success in recently translocated males of 

this species (GARNIER et al. 2001).  
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The monitoring of animal movements by radio-tracking provides useful data on the behaviour 

of individuals, particularly those living in dense habitats or having nocturnal habits, as the 

radio signal reduces the need to observe them directly (AMLANER & MACDONALD 1980). 

An increasing number of primatologists have begun using radio telemetry to study the 

behavioural ecology of nocturnal prosimian primates (see review STERLING et al. 2000). 

Radio telemetry has enabled the collection of data on these nocturnal and cryptic prosimians 

that were previously difficult or impossible to obtain otherwise (GURSKY 1998). The 

minimum convex polygon method is the oldest and most commonly used method of home 

range analysis (WHITE & GARROTT 1990) and is recommended when analysing nocturnal 

prosimian ranging behaviour (STERLING et al. 2000). It is assumed that the more radio fixes 

(e.g. location points) that can be obtained for a given study animal, the better the 

interpretation of its home range shape and area (HOUGH 1982). 

The most accurate pattern would reveal daily (i.e. nightly) focal observations or home range 

analyses by telemetry (STERLING et al. 2000), but most commonly, mean capture places are 

used as they are less labour-intensive and because data can be achieved by more or less 

regular capture procedures (reviews HACKETT & TREVOR-DEUTSCH 1982, STERLING 

et al. 2000). 

1.3.3 Evaluating spatial distribution 

Home ranges and activity centres, on which estimates of spatial distribution rely, are often not 

clearly defined (overview KRAUSE 1994). The distance between the first capture locality and 

the next is used most often to distinguish between residents and dispersers (KRAMER et al. 

1995, RONCE et al. 1998, ATSALIS 2000, RADESPIEL et al. 2001a). However, when 

regular trapping data are available this method shows its limits clearly: If animals use a large 

home range area it has to be clarified whether different capture places lie within an animal’s 

normal home range or represent migratory movements. This is especially the case in a species 

where individual home ranges cover large areas, like in primates. The best possible solution 

would be to define the centre of activity of each individual and to use these centres to 

calculate interindividual distances. In this study, for the first time for strepsirrhine primates, 

activity centres should be evaluated by different approaches. 
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Grid trapping has been used to determine small mammal home ranges for almost 50 years. 

The smaller the grid, the more accurate is the estimate of an animal’s location within the study 

site (STERLING et al. 2000). In the absence of a more precise standard calibration, several 

methods for the interpretation of trapping data have been developed, each yielding different 

values (MOHR 1947, MANVILLE 1949, STICKEL 1954, KOEPPL et al. 1975). Moreover, 

it has long been suspected that home ranges as determined by grid trapping may differ from 

true home ranges (CHITTY 1937, MANVILLE 1949, STICKEL 1954, BROOKS & BANKS 

1971). To date, an actual home range is most closely approximated by a telemetrically 

determined home range because radio tracking does not appear to interfere with animal 

movements except during a brief period of adjustment after collaring (HACKETT & 

TREVOR-DEUTSCH 1982, QUIN et al. 1992, STERLING et al. 2000). STERLING et al. 

(2000) reviewed studies on nocturnal prosimians and compared home range data revealed by 

track-, trap- and sleeping site location. They concluded that home ranges calculated from 

trapping data or from sleeping site locations tend to underestimate the size of an animal’s 

range and suggested that tracking provides the most accurate approximation of an animal’s 

true home range size.  

For further analyses it may be problematic when telemetric home range data are only 

available for a small subsample of a population which is only known otherwise by mark-

recapture data. For the small mammal Tamias striatus, HACKETT & TREVOR-DEUTSCH 

(1982) showed that trap-determined home ranges can be used to approximate actual home 

ranges (as determined with radiotelemetry) most precisely using the standard circle with its 

centre at the geometric mean of all capture data. The centre of activity was determined in 

three ways, but unfortunately, without calibrating the centres to each other: First, by the 

location of the burrow (e.g. sleeping site); second, by calculating the geometric mean of 

capture places; and third by the use of telemetry data (HACKETT & TREVOR-DEUTSCH 

1982). To determine the activity centre by simply locating one sleeping site is inaccurate in 

primates, as they may change sleeping sites daily and the total number of locations may cover 

a substantial area that may vary seasonally (WROGEMANN 1992, SCHMELTING 2000, DI 

BITETTI et al. 2000). For nocturnal prosimians, researchers often gather substantial 

information on sleeping site locations and some studies provide home range estimates using 
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only sleeping site data (BEARDER & MARTIN 1980a,b, HARCOURT & NASH 1986, 

SCHWAB 2000). 

1.4 Genetics in the reproductive context 

It is often very difficult to follow the “private lives” of nocturnal mammals in nature and 

impossible to observe a complete mating history of even a single individual. The study of 

DNA polymorphisms has become the method of choice for kinship testing in many species, 

including primates (BRUFORD & WAYNE 1993, GAGNEUX et al. 1999, 2001, GERLOFF 

et al. 1999, GOOSSENS et al. 2000, LAUNHARD et al. 2001). While traditional ethological 

studies have yielded invaluable insights into behavioural aspects of social relationships and 

social organisation in animal populations, molecular markers such as randomly amplified 

polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), and mini- and 

microsatellites have advanced our ability to identify genetically related individuals in 

populations. 

High-resolution genetic markers can provide detailed information about mating systems such 

as how many and which males have fathered offspring, whether or not females mate with the 

same males consistently, whether certain males dominate breeding, the breeding range of 

territorial males, and the extent of inbreeding in populations. Such information illustrates the 

reproductive dynamics of local populations and provides an essential link between population 

genetics and ecology (AVISE 1994, SUGG et al. 1996).  

A number of studies based on DNA fingerprinting for paternity assessment largely support 

the hypothesis that dominant male primates have greater reproductive success than lower 

ranking animals (MARTIN et al. 1992, DE RIUTER & VAN HOFF 1993, ALTMANN et al. 

1996, BERCOVITCH & NÜRNBERG 1996) and that the number of offspring produced by 

males is a function of mating strategies rather than a function of mating frequencies 

(BERCOVITCH 1989, KUESTER et al. 1995, SOLTIS et al. 1997).  

1.4.1 Microsatellites 

Depending upon the length of the motif and the number of copies per locus, repetitive DNA is 

classified as either microsatellite or minisatellite DNA (TAUTZ 1989). Microsatellites are 
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tandem repeats of short (typically less than 300 base pairs) tandemly repeated motifs of 2-5 

nucleotides (HAMADA et al. 1984). They are inherited in simple Mendelian fashion and have 

been found in every organism investigated so far (TAUTZ & RENZ 1984). The Polymerase 

chain reaction (PCR) (SAIKI et al. 1988) has strongly promoted single-locus DNA typing. 

Unlike the minisatellite sequences which are detected in traditional DNA fingerprinting 

methods, microsatellites are amplified by PCR. Non-amplification of certain alleles due to 

substitutions, insertions, or deletions within the priming sites can lead to apparent null alleles 

appearing in population studies (e.g. CALLEN et al.1993, PAETKAU & STROBECK 1995, 

PEMBERTON et al. 1995). Rates of mutation of microsatellites are high compared to rates of 

point mutations which are of the order of 10 –9 to 10 –10. Estimates from pedigree analysis in 

humans suggested a rate of around 10 –3 events per locus per generation (WEBER & WONG 

1993). 

Studies in areas such as relatedness and kinship (MORIN et al. 1994), population genetic 

structure (BRUFORD & WAYNE 1993, FAULKES et al. 1997, WARREN et al. 2000), 

conservation genetics (TAYLOR et al. 1994) and forensics (JEFFREYS et al. 1991, 

BRINKMANN et al. 2001) are now using microsatellites extensively as genetic markers. 

Because of their highly polymorphic nature, relatively simple amplification and typing, 

microsatellites have become the molecular tool of choice in such studies (COOTE & 

BRUFORD 1996). 

1.4.2 Hardy-Weinberg equilibrium  

Hardy-Weinberg equilibrium describes the expected frequencies of genotypes in a population 

under random mating. Most models and programmes assume the genetic data of the 

population under study to be in Hardy-Weinberg equilibrium for further parentage analysis 

(NEFF et al. 2000a,b, MARSHALL et al. 1998, GOODNIGHT & QUELLER 1999, FUNK 

pers. com.). 

Possible causes of deviations from Hardy-Weinberg equilibrium are population substructure 

(POLZIEHN et al. 2000), selection acting on linked loci (e.g. TREFILOV et al. 2000), biases 

towards typing particular genotypes (see own results), a null allele segregating in the 

population (CALLEN et al. 1993, TAYLOR et al. 2000) or a sex-linked locus (MARSHALL 



12 

et al. 1998). 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. A deviation from Hardy-Weinberg equilibrium at a particular locus 

can be an indicator of problems in genotyping that locus. If there is a major problem with 

genotyping a particular locus, it may be better to omit it from simulation and parentage 

analysis (MARSHALL et al. 1998). 

1.4.3 Relatedness analysis 

The concept of inclusive fitness (HAMILTON 1964) was developed as a framework for 

understanding the evolution of behaviours that affect the fitness of individuals other than the 

performer of the behaviour. According to Hamilton’s rule, a behaviour is favoured by 

selection when the fitness ‘costs’ of this behaviour for an individual are lower than the ‘gain’ 

on fitness for the genetically related partners, depending on the degree of relatedness. 

Relatedness may be estimated by path analysis of pedigrees (CANNINGS & THOMPSON 

1981), but the practical difficulties of obtaining accurate pedigrees can make this method 

impossible, especially in wild populations with cryptic mating behaviour. An alternative is to 

use molecular genetic data alone to obtain statistical estimates of relatedness (QUELLER & 

GOODNIGHT 1989). The degree of relatedness is estimated by using population allelic 

frequencies and the genotypes of the two individuals in question to calculate the likelihood 

that this genotype combination could have been produced by a genetical relationship as 

previously hypothesised. 

1.4.4 Parentage analysis 

Parentage analysis at the population level allows the analysis of the evolution of alternative 

reproductive life histories. This can provide data needed to discriminate between opposing 

reproductive strategies (GROSS 1996). Genetic studies can never prove that an individual is 

the father of a particular offspring in a natural population, as it is always possible that another 

male, yet unidentified, might have contributed the necessary genes (KANE 1982). Paternity 

cannot be absolutely determined; rather, potential fathers can be excluded, resulting in a high 

probability of paternity for the possible father (BRINKMANN et al. 2001). Parentage analysis 
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may be based on exclusion analysis, pairwise relatedness values, kinship analysis, maximum-

likelihood analysis or a mixture of two or more of these approaches. 

1.4.4.1 Exclusion analysis 

A simple approach to parentage analysis relies on a process of exclusion. The genotypes of 

candidate parents are compared against the offspring’s genotype in order to identify allelic 

mismatches at one or more loci. In exclusion-based paternity analysis any male that has a 

genotype incompatible with the offspring in question is rejected as the father until one male 

remains as the only possible father (e.g. MORIN et al. 1994, CRAIGHEAD et al. 1995).  

With few candidate fathers and highly polymorphic loci, this process should yield a single 

non-excluded candidate father most of the time. For each offspring it is possible to calculate 

the probability of excluding an arbitrary unrelated candidate father. Problems with this 

method are that more than one male may remain as a candidate, or that the true father may be 

excluded due to typing error or mutation (SANCRISTOBEL & CHEVALET 1997, 

MARSHALL et al. 1998). If all potential sires are available for analysis, paternity testing is 

merely an exclusion exercise. In some instances, however, inclusion of all potential sires is 

impossible. This may be the case, for example, if the population is exceptionally large 

(KRAWCZAK et al. 1993).  

1.4.4.2 Exclusion probability models 

When genetic data are limited, such as when not all candidate parents are available or when it 

is not possible to exclude all but one parent or parent pair, more sophisticated models than 

straight exclusion methods, must be used for paternity analysis (NEFF et al. 2000a,b, NEFF 

2001). Estimating paternity strictly as the proportion of the sample that is compatible with the 

putative father will lead to a systematic bias (overestimate) in success. The alleles of a 

putative father may also be found in other adults and therefore the presence of shared alleles 

does not automatically provide complete evidence of paternity. This can be particularly 

problematic when, for example, calculating the success of alternative reproductive strategies. 

The model developed by NEFF et al. (2000a,b) provides estimates of individual parentage in 

complex mating systems with limited genetic information.  
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In this model the allelic distribution in the breeding population and in the offspring generation 

is taken into account and compared to the genotype of the putative father. Not all candidate 

parents have to be sampled. The model does not provide identification of specific parent–

offspring relationships but instead provides the minimum and maximum proportion of the 

offspring the putative parent is likely to have sired. The knowledge of the proportion of 

offspring descended from the putative father is often sufficient for the evaluation of the 

reproductive success and for revealing possible reproductive strategies. Under these 

circumstances, a positive identification of an individual offspring is not always necessary.  

1.4.4.3 Likelihood analysis 

When genetic data are perfect (e.g. 100% correct), a mismatch at a single locus between an 

alleged father and offspring can be treated logically as a paternity exclusion. However, data 

are often not perfect, so it is unwise to exclude males entirely from paternity on this basis 

(MARSHALL et al. 1998). When screening a large number of markers, some true father–

offspring mismatches are inevitable due to typing error, mutation, or the presence of null 

alleles (PEMBERTON et al. 1995). It is unlikely that genetic data are in practice ever 

determined with 100% accuracy, especially when screening large populations with multiple 

loci. SLATE et al. (2000) considered an error rate of less than 1% as unlikely in a large-scale 

genetic screen. One way around this problem is to use a likelihood-based approach 

(THOMPSON 1975) that can allow for typing errors (MARSHALL et al. 1998) and can 

assign paternity to the most likely male if several males are not excluded (MEAGHER 1986). 

The more advanced these techniques are, the more the non-exclusion is pushed into a 

statistical corner which is worthy of attention (KANE 1982).  

The rational behind likelihood analysis is to take data as a starting point, and to evaluate 

different hypotheses given those data. The likelihood of one hypothesis is always evaluated 

relative to another, and this is called the likelihood ratio (EDWARDS 1972). Given the 

observed genotypes it is possible to calculate a likelihood ratio for each candidate parent (for 

example the likelihood of parentage of that candidate parent relative to the likelihood of 

parentage of an arbitrary unrelated candidate parent), and to compare the likelihood ratios of 

different candidate parents (MARSHALL et al. 1998).  
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Whereas the probability of paternity may never constitute a proof, it is useful information 

which may be considered along side other evidence (KANE 1982, KRAWCZAK & 

SCHMIDTKE 1994, SJERPS & KLOOSTERMANN 1999). The ‘LOD score’ is the log (to 

base e) of the product of the likelihood ratios at each locus, or equivalently the sum of the log-

likelihood ratios at each locus (MARSHALL et al. 1998). A negative LOD score implies that 

the candidate parent is less likely to be the true parent than an arbitrarily randomly-chosen 

individual. Generally this happens when the candidate parent mismatches at one or more loci. 

Negative LOD scores can also occur when the candidate parent and offspring share very 

common alleles at every locus. A LOD score of zero implies that the candidate parent is as 

likely to be the true parent as an arbitrarily randomly-chosen individual. A positive LOD 

score implies that the candidate parent is more likely to be the true parent than an arbitrarily 

chosen individual. The most likely candidate parent is the candidate parent with the highest 

(most positive) LOD score (MARSHALL et al. 1998). In human paternity testing, the 

likelihood ratio is usually called the Paternity Index (KANE 1982). 

1.4.4.4 Simulation models 

While various methods exist for evaluating the likelihood of paternity of each male not 

excluded, interpreting these likelihoods has been difficult, and significance levels are often 

chosen arbitrarily (KRAWCZAK et al. 1993). In order to evaluate the significance of 

assigned paternities, some programmes like Popassign 3.9f (FUNK, Institute of Zoology, 

London) or CERVUS 2.0 (MARSHALL et al. 1998) have implemented simulations that have 

to be modelled in a more or less sophisticated way according to the ecology of the animal 

population in question. The simulation of the program CERVUS 2.0, for example, takes 

account of the number of candidate males, the proportion of males that are sampled, and gaps 

and errors in genetic data (MARSHALL et al. 1998). 

The number of candidate males is the average number of males that are candidates for 

paternity for each offspring. Normally, the number of candidate males can be estimated from 

field data and should include males that are not sampled. A conservative approach considers 

any male observed in a study area who is potentially able to mate with any female in the area 

as a candidate male. The proportion of candidate males sampled is the average fraction of 

candidate males for whom genotype data are available, and may be estimated from field data. 
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The success rates in assigning paternities increase as the proportion of sampled candidate 

males increases and the number of candidate males decreases. Confidence levels can be 

thought of as levels of tolerance of “false-positive” paternities or paternities assigned to males 

who match by chance. The confidence required in paternity inference depends on the type of 

analyses that one wishes to perform. For example, to determine male mating success in a 

population, reasonably accurate estimates could be made using a relaxed confidence of 80% 

(SLATE et al. 2000). 

The more sophisticated the simulation models are, the more problems they can invoke, if no 

precise data are available. If the assumptions required are incorrect, this will result in 

differences between the expected and the observed proportion of revealed paternities and this 

will in turn reduce the power of the results (WORTHINGTON WILMER et al. 1999). 

1.5 The grey mouse lemur 

The nocturnal mouse lemurs (Microcebus spp.) are the smallest primates in the world and live 

in the fine branch niche of the Malagasy forests (MARTIN 1972). They are listed, along with 

other lemurs, in Appendix 1 of CITES (HARCOURT & THORNBACK 1990). Until the 

early nineties of the last century, only two forms were recognised: A grey form from western 

Madagascar (Microcebus murinus, Miller 1777) and a brown form from the east (M. rufus, 

Lesson 1840). In 1994, SCHMID and KAPPELER (1994) found a much smaller and more 

gracile species in the Kirindy forest in central western Madagascar and identified it as the 

pygmy mouse lemur, M. myoxinus (Peters 1852). Recently, a goldenbrown mouse lemur was 

discovered in north-western Madagascar and was described as M. ravelobensis 

(ZIMMERMANN et al.1998). The sympatric species M. murinus and M. ravelobensis differ 

in several aspects of microhabitat usage (RANDRIANAMBININA 1997, 2001, RENDIGS 

1999, EHRESMANN 2000), communication (ZIETEMANN 2000), reproduction 

(SCHMELTING et al. 2000) and in their molecular genetics (PASTORINI et al. 2001). 

RASOLOARISON et al. (2000) described four further mouse lemur species from western 

Madagascar: M. tavaratra, M sambiranensis, M. griseorufus and M. berthae. Based on 

mtDNA sequence analyses, the species found in 1994 in Kirindy (named M. myoxinus by 

SCHMID & KAPPELER 1994) is now M. berthae (YODER et al. 2000) whereas M. 

myoxinus is proposed to range further north. 
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M. murinus (Fig. 2) inhabits the dry deciduous forests from north-western to south-western 

Madagascar in a dispersed multi-male/multi-female system (FIETZ 1999, RADESPIEL 2000, 

SCHMELTING 2000). As their name implies, they have a grey-brownish pelage. Body 

weights average about 60 g, and the total body length from 12 to 13 cm, not including the tail 

of approximately the same length (MARTIN 1973, PETTER et al. 1977, TATTERSALL 

1982, ZIMMERMANN  et al. 1998). For further details and references on the biology of the 

grey mouse lemur see SCHMELTING (2000). PASTORINI et al.’s  (2001) study of mtDNA 

sequence data from populations sampled at Ampijoroa and Kirindy indicates that these two 

populations are distinct M. murinus subspecies. 

M. murinus can be systematically classified as followed (YODER 1997): 

class: Mammalia 

order: Primates 

suborder: Strepsirrhini 

supra family:Lemuroidea 

family: Cheirogaleidae 

genus: Microcebus 

species: M. murinus  

 
Fig. 2. Male M. murinus captured and released in Ampijoroa, north-western Madagascar. 
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1.5.1 Seasonality 

Although they live in the tropics, the life cycle of M. murinus is influenced by the marked 

seasonality of their habitat. PERRET (1997) suggested that longevity may depend on the 

expression of a fixed number of seasonal cycles rather than a fixed number of years. In 

captivity, the potential life span is 12-14 years (PICQ 1992, PERRET 1997). However, the 

50% point of a survival curve (e.g. the median survival rate) is reached after five seasonal 

cycles. Therefore, mouse lemurs are generally regarded as aged individuals after having 

experienced more than five cycles (PERRET 1997, SCHMELTING et al. 2001).  

In Ampijoroa, northwestern Madagascar, neither males nor females undergo prolonged torpor 

phases (SCHMELTING et al. 2000, SCHMELTING 2000) as reported from other sites in 

western Madagascar (PETTER 1978, PETTER-ROUSSEAUX 1980, ORTMANN et al. 1996, 

ORTMANN & HELDMAIER 1997, SCHMID 1997, 1999, SCHMID & KAPPELER 1998). 

The preferred diet and forest layer used by the animals change monthly and seem to depend 

on seasonal changes in the vegetation. It is assumed that mouse lemurs play an important role 

in the pollination of Canthium sp. in the rainy season (SCHMELTING 2000). Analyses of 

male body weights throughout a year in Ampijoroa revealed that they undergo seasonal 

changes. In the dry season, the body weight and testes volume of males increase significantly 

prior to the beginning of the breeding season from June to August, after which they decrease 

until the end of the dry season. With the beginning of the rainy season, the body weights 

increase constantly until February; and at the end of the rainy season they decrease again 

(SCHMELTING 2000).   

1.5.2 Sleeping patterns 

In Ampijoroa, females tend to form sleeping groups (RADESPIEL et al. 1998, SARIKAYA 

1999, EHRESMANN 2000), which have been shown to consist predominantly of close 

relatives (RADESPIEL et al. 2001b).  

Males, on the other hand, most often sleep alone (RADESPIEL et al. 1998, PETERS 1999, 

SCHMELTING 2000). They show clear seasonal tactics in choice of sleeping sites, which 

may be due to seasonal changes in the habitat, predation pressure and/or parasitic load 
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(SCHMELTING 2000). In the dry season, males are more than twice as likely to sleep in 

holes than in open and unprotected sites. In Ampijoroa males have preferred sleeping sites, to 

which they may return up to 27 times. At the end of the dry season male sleeping groups 

(without any female members) were observed more than 30 times. Only resident males slept 

together more than once and it was assumed that these individuals might be related to each 

other (SCHMELTING 2000). However, the degree of relatedness between males sharing 

sleeping sites remained unresolved. In the rainy season approx. 90% of the sleeping sites 

chosen were situated in the open foliage. On more than half the days during the rainy season 

the animals remained in a sleeping site for a maximum of one or two days only 

(SCHMELTING 2000).  

1.5.3 Reproduction 

The mating season in grey mouse lemurs is photoperiodically induced (PETTER-

ROUSSEAUX 1980) and starts in northwestern Madagascar in Mid-September, the second 

half of the dry season (RADESPIEL 2000, SCHMELTING et al. 2000). Their mating system 

is characterised as promiscuous (RADESPIEL 1998, FIETZ 1999, SCHMELTING 2000, 

SCHMELTING et al. 2000). The mating season is noticeable in males by an increase in testes 

volume prior to the temporary swelling in prooestrous females and the opening of the vulva in 

oestrous females (PERRET 1977, GLATSTON 1979, RADESPIEL 1998, SCHMELTING 

2000). Sexual size dimorphism was not found in the wild (ZIMMERMANN et al. 1998). 

Males generally have larger home ranges than females (RADESPIEL 1998, EHRESMANN 

2000). Male home range sizes increase significantly during the mating season. Home ranges 

overlap extensively both between and within the sexes, and spatial exclusion could not be 

observed (SCHMELTING 2000). All data concerning size dimorphism, testis size, spatial 

distribution, and post-copulatory mechanisms conform with the predictions of sexual 

selection theory relating to promiscuous mating, with males exhibiting scramble competition 

(SCHMID & KAPPELER 1998, RADESPIEL 1998, 2000, FIETZ 1999, SCHMELTING 

2000).  

It was previously known that mouse lemur females housed under laboratory conditions could 

breed twice annually (M. murinus, ANDRIANTSIFERANA et al. 1974) or enter even three 

times into oestrus during a breeding season (M. rufus, WROGEMANN et al. 2001). Infant 
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development is rapid with a 6-7 week period of lactation (MARTIN 1972b, GLATSTON 

1979). Captive studies on grey mouse lemurs have shown that offspring of one season are 

already sexually mature by the following mating season and can reproduce successfully 

(PERRET 1982a). In the field, individuals four months or older cannot be reliably classified 

into different age classes (EHRESMANN 2000). In the first field study on M. murinus, 

MARTIN (1972b) postulated based on capture data near Morondava in western Madagascar, 

that there might be a post-partum oestrous leading to a second peak of births from January to 

March, but until recently, no evidence had been found in the wild of this: EBERLE & 

KAPPELER (1999) emphasised that the mating season of the species in western Madagascar 

(Kirindy) was limited to only four weeks per breeding season. Furthermore, the breeding 

season of M. murinus in Kirindy did not start before mid-October (EBERLE pers. com., 

FIETZ 1995, 1998, ZIMMERMANN 1998) in contrast to Ampijoroa where the first oestrous 

females were found in mid-September (RADESPIEL 1998, SARIKAYA 1999, 

EHRESMANN 2000).  

Systematic mark-recapture studies over two successive years, as well as focal animal 

radiotracking studies from July 1998 until March 1999 in my field study (SCHMELTING 

2000) provided the first evidence for two distinct mating seasons with correlated birth seasons 

within one breeding season in free-living grey mouse lemurs. Females showed a post-partum 

oestrus and conceived successfully during lactation (SCHMELTING et al. 2000). Each 

mating season is correlated with an increase in testis size and male home range size, 

indicating an active search for mates (SCHMELTING 2000). After this time period, 

reproduction ceases and females remain seasonally anoestrous until the next mating season. 

Contest competition and scramble competition were assumed to be equally likely because of 

home range overlap and observed agonistic encounters between males when encountering an 

oestrous female. Thus, sperm competition might be decisive for reproductive success. 

Population data on male M. murinus testicular sizes of in Ampijoroa, as measured on a 

monthly basis over a year (SCHMELTING 2000), indicated that none of the males was 

sexually inhibited as described in former laboratory studies (SCHILLING et al. 1984, 

SCHILLING & PERRET 1987, but see for the contrary LINDEMANN 1996). In contrast to 

the laboratory studies, where spermatogenesis and hence the increase of testis size was 
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suppressed in subordinate males, all males captured in the field showed an increased testicular 

volume prior to breeding season. There was no correlation between home range size and testis 

volume prior to or within the breeding season (SCHMELTING et al. 2000, SCHMELTING 

2000).  

In captivity, males may establish a hierarchy for priority of access to receptive females 

(PERRET 1992). Aged male mouse lemurs had priority access to oestrous females mainly 

because of a strong behavioural inhibition in young competitors. It was hypothesised by 

AUJARD and PERRET (1998) that, in wild mouse lemurs, the effect of age on sexual 

competition would be less pronounced because the monopolisation of females is difficult for 

males due to the high synchronisation of oestrus among females. Furthermore, wild males 

may not survive six to seven breeding seasons due to the high predation pressures (e.g. 

GOODMAN et al. 1993, HAWKINS 1998). However, from one breeding season to the next, 

a male may gain further experience on the location of receptive females and should have a 

higher chance than a younger male to obtain successful fertilisations by maintaining exclusive 

access to females during crucial periods. In captivity, male fertility peaks at around four to 

five years; in females it also peaks at this age, but remains relatively high throughout adult life 

(GLATSTON 2001). In captivity, age specific mortality also differs between the sexes, 

markedly increasing in males above six to seven years of age but gradually increasing 

throughout life in females (GLATSTON 2001). Microsatellite markers for this species as a 

tool for the determination of reproductive success in the wild have recently been developed to 

assess relatedness within a population in northwestern Madagascar (RADESPIEL et al. 

2001c).  

MARTIN (1972b) was the first to propose a model of the social system, reproductive 

strategies and life history traits in grey mouse lemurs. The theory of ‘population nuclei’ 

played a key role in his model. In these population nuclei only a few central (e.g. dominant) 

males monopolise access to female groups, while peripheral males living on the fringes of and 

between such nuclei are excluded from breeding. The peripheral males will be juvenile and 

weaker adults with lower body weights than central individuals. Since then, several other 

attempts have been made to clarify the social and mating systems of the grey mouse lemur 

(overview SCHMELTING 2000). 
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Based on long-term behavioural and demographic data for the population of M. murinus in 

Ampijoroa, a new model of reproductive strategies in male grey mouse lemurs was recently 

developed (Fig. 3, SCHMELTING 2000). According to this model, females tend to be 

philopatric whereas males migrate as juveniles as an inbreeding avoidance mechanism 

(RADESPIEL et al. 2001b). Immigrating males have to establish their own home ranges and 

explore this new area. As newcomers they may lack detailed knowledge of the spatial 

distribution of valuable resources such as special feeding places or receptive females. 

Therefore, non-resident (e.g. young, immigrant) males have a smaller home range than 

resident males that have already established a mental map of the area. In this model, no spatial 

exclusion occurs in accordance with recent studies (SCHMID & KAPPELER 1998, FIETZ 

1999, RADESPIEL 2000, SCHMELTING et al. 2000), but in contrast to the model of 

hypothesised ‘population nuclei’ by MARTIN (1972b). 

Home range
resident 
male 

Home range 
non-resident 
              

Female successfully sired by resident

Other f

 
Female successfully sired by non-resident

emales living in that area
 

 
Fig. 3. Model of an experience-dependent reproductive strategy in male M. murinus 
(SCHMELTING 2000). 

As females should not be monopolisable in a dispersed promiscuous mating system, all males 

should have access to females and a chance to mate successfully with them. Nevertheless, 

should males with larger home ranges have access to more females (SCHWAGMEYER 1994, 
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FISHER & LARA 1999), they should mate more frequently and with more females than 

males with smaller home ranges. However, frequent mating within a short time can lead to 

reduced sperm quality and quantity, and can therefore result in a decreased fertilisation rate 

(AUSTIN & DEWSBURY 1986). Consequently males, that mate only with a few females 

should have a higher fertilisation rate. Therefore, the reproductive success of resident (e.g. 

older) males should be ‘diluted’ because of new immigrant males’ reproductive activity. This 

‘dilution effect’ should further decrease the risk of inbreeding. In most primate studies, the 

most important impact factor influencing access to receptive females and hence reproductive 

success is assumed to be male body weight as a sign of physical strength (CLUTTON-

BROCK 1984, VAN SCHAIK 1996). In contrast to these assumptions, body weight should 

not play a major role for the reproductive output of a successful male grey mouse lemur in 

this model. 

 

1.6 Aims of this study  

It is necessary to use genetic markers to assess the extent to which male behaviour in 

reproductive context reflects genetic paternity in a natural population in order to test given 

hypotheses on reproductive strategies based purely on field observations. The purpose of the 

following study is to investigate sociobiological aspects of male reproductive strategies of the 

promiscuous M. murinus, by combining long-term behavioural and demographic data with 

molecular genetic data for paternity analysis using the microsatellite technique. With these 

tools, the hypothesised model of experience-dependent reproductive success in male M. 

murinus (SCHMELTING 2000) will be evaluated. The results should reveal for the first time 

for a free-living nocturnal primate how behaviour and reproductive activity are related to male 

reproductive success by using the grey mouse lemur as a model. To achieve this goal, the 

following approaches are performed: 

1. Reproductive tactics of individual males on the behavioural level are analysed using field 

data on reproductive biology of this species such as telemetry and mark-recapture data and 

hypotheses deduced from sexual selection theory. 
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2. Reproductive success on the genetic level is assessed using newly available techniques 

such as microsatellite markers and recently developed computer programmes for 

parentage analyses, and their significance is critically evaluated for characterising 

reproductive strategies. 

3. Behavioural and genetical data sets are combined to characterise reproductive tactics and 

are discussed how they fit to current socioecological models. 
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2 Material and methods 

2.1 Ecology 

2.1.1 Study site 

The study was conducted in the dry deciduous forest in the Réserve Forestière d’Ampijoroa 

(16°19’ S, 46°48’ E, approx. 200 m above sea level) in north-western Madagascar (Fig. 1). 

The climate is characterised by a hot and humid rainy season from November to April and a 

cool, dry season from May to October (SCHMELTING 2000). The study area was located in 

a 130.000 ha nature reserve that includes two protected areas: The forest reserve Réserve 

Forestière d’Ampijoroa and the nature reserve Réserve Naturelle Intégrale de 

l’Ankarafantsika (JENKINS 1990). The study site « jardin botanique A » (JBA, 30.63 ha), 

near the forestry station of Ampijoroa, was surrounded by forest and mouse lemurs could also 

be observed in adjacent areas (Fig. 4). A rectangular trail system in the study site allowed 

access for capture and telemetry.  

Fig. 4. Study site JBA near the forest station Ampijoroa. 
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Apart from the two mouse lemur species M. murinus and M. ravelobensis, at least six 

additional lemur species exist in the study area: The nocturnal species Cheirogaleus medius, 

Lepilemur edwardsi and Avahi occidentalis; two cathemeral species Eulemur fulvus fulvus 

and Eulemur mongoz; and the diurnal Propithecus verreauxi coquereli (MITTERMEIER et 

al. 1994, ZIMMERMANN et al. 1998).  

Of the nine snake species living in the Ankarafantsika area (GLAW & VENCES 1994), the 

known predators of mouse lemurs (GOODMAN et al. 1993) Ithycyphus miniatus, Sanzinia 

madagascariensis (GLAW & VENCES 1994) and Acrantophis madagascariensis (own 

observations), are found in Ampijoroa. The latter two taxa belong to the family of Boidae. 

The endemic viverrid Cryptoprocta ferox, a demonstrated predator of Microcebus ssp. in 

Kirindy (western Madagascar, HAWKINS 1998) was present in Ampijoroa as well (own 

observations). Two of the three owl species in Ampijoroa (LANGRAND 1990), Tyto alba 

and Asio madagascariensis, are known to be predators as well (GOODMAN et al. 1993). 

2.1.2 Period of field study 

Long-term field data of mark-recapture procedures were available for six successive years 

from August to October 1995, September to November 1996, May to November 1997, May 

1998 to April 1999, and August 1999 to November 2000. During my own ten month stay in 

Ampijoroa from July 1998 to April 1999, additional data on the behavioural ecology of 12 

radiocollared males were collected and analysed (SCHMELTING 2000). 

2.1.3 Capture and Recapture 

A total of 320 individuals (210 males, 110 females) was captured between 1995 and 2000 in 

regular trapping procedures. Monthly mark-recapture procedures were carried out in each of 

the six years. Between 1995 and 2000, each mark-recapture procedure consisted of three 

capture nights (90-100 traps per night), resulting in a total of 13,932 traps placed on a total of 

146 nights on the 30.6 ha of JBA. In 1996 and 1997 an additional 1,647 traps (in 28 nights) 

were placed in a surrounding strip of forest (200 m wide, ca. 25 ha in size) in order to gain 

better range estimates for peripheral animals. In 1998, additional traps were placed at a trail 
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between  the east side of JBA and the camp at the forest station and ten more individuals (3 

males, 7 females) were captured there (ZIETEMANN 2000).  

Traps were baited with pieces of banana and were installed in JBA roughly every 50 m (about 

3-8 m from trail crossings at 1-2 m above the ground) using the existing rectangular trail 

system. Early in the morning the traps were checked and the locality of each capture site of a 

mouse lemur was noted. In the camp each captured individual was marked with a 

subcutaneously transponder injected (Trovan Small Animal Marking System, Telinject, 

Römerberg, Germany) that allowes lifelong identification. A small (1-2 mm2) tissue biopsy 

was taken from one or both ears for additional marking and later subsequent genetic analyses. 

The mouse lemurs were sexed and their reproductive state was determined (according to 

BÜSCHING et al. 1998). In the early evening of the same day they were released at their 

capture sites. During capture periods from December to April, when females were lactating, 

the procedure started at 2 a.m. and females were measured at their capture site so that they 

could be released before dawn.  

2.1.4 Spatio-temporal distribution of focal males 

For information on reproductive ecology a detailed study from July 1998 to April 1999 was 

undertaken in which individually known radiocollared male grey mouse lemurs were followed 

and observed according to ALTMANN (1974). 

2.1.4.1 Focal males 

From July 1998 to April 1999, 12 males of M. murinus were fitted with 2.5 g radiocollars 

(TW-4-button cell tags, Biotrack, Wareham, U.K.) for a detailed study using radiotelemetry 

and focal animal observations (according to ALTMANN 1974, RADESPIEL 1998, PETERS 

1999; for details, see SCHMELTING 2000). Criteria for radiocollaring a male were the 

capture site of the individual and the assumed birth cohort of the male. The capture site should 

be located in the eastern part of the study site because of the additional fine grid system in this 

area that facilitated the follow-up of the animals. Males of the 1998 birth cohort as potential 

first year breeders were radiocollared and resident males that were known by mark-recapture 

data from previous years. 
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Tab. 1. Radiocollared M. murinus males 
Male ID Birth cohort radiocollared Transmitter failure Radiocollar off 

75-95 ‘95 16/07/1998 From 24/03/1999 29/03/1999
125-96 ‘96 21/07/1998  From 27/03/1999 29/03/1999
111-96 ‘96 21/07/1998 From 01/12/1998 Not possible
007-97 ‘97 19/07/1998 From 23/03/1999 29/03/1999
55-97 ‘97 16/07/1998 From 21/03/1999 29/03/1999
26-98 ‘98 22/08/1998 02/11 – 10/12/1998 Not possible
78-98 ‘98 16/07/1998 from 23/03/1999 Not possible
68-98 ‘98 16/07/1998 23/01 – 26/02/1999 29/03/1999
94-98 ‘98 19/07/1998 From 16/12/1998 Not possible
84-98 ‘98 21/07/1998  17/11/1998
52-98 ‘98 19/07/1998  20/08/1998

110-96 ‘96 03/02/1998 01/03 – 18/03/1999 29/03/1999

First column, first 10 individuals in bold letters: long term data of at least four months 
radiotelemetry available.  

For 10 of the 12 radiocollared males, long-term data on sleeping sites, home range sizes and 

focal observations for at least four months were available (Tab. 1). These were five males first 

captured in 1998 and five resident males, known from previous years. Three males had a 

constant low body weight (two first captures, one resident) and four males had a constant high 

body weight (four residents) in regard to the average body weight of all captured males during 

all capture procedures were the male was captured from July 1998 to April 1999. The body 

weight of the remaining three males varied in relation to the average body weight: In some 

capture periods is was below, in others it was above the average. 

2.1.4.2 Home ranges 

Radiotelemetry (according to RADESPIEL 1998) was used to determine the home ranges of 

the focal males. Sizes and location of home ranges were determined telemetrically using the 

triangulation method (WHITE & GARROTT 1990). The animals were triangulated four to 

nine nights continuously from dusk till dawn. On each night, each individual was located once 

every 30 to 60 min, by taking two bearings from different intersections of the marked and 

measured trail system, resulting in 49 locations on average per animal per month. Locations 

(x and y co-ordinates) were calculated with the computer software “TRACKASC”; written by 

A. GANZHORN. Monthly home range sizes were then calculated using the computer 
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programme RangesV (KENWARD & HODDER 1996), using the minimum-convex-polygon 

method (KENWARD & HODDER 1996) and correspond to 100 % polygons. As male home 

range sizes increased twice a year, during the two breeding periods in September and 

November (SCHMELTING 2000, SCHMELTING et al. 2000), long term home ranges per 

male over the whole triangulation period were calculated. On average, 323 locations per 

individual were available to determine the long term home range of a male. 

2.1.4.3 Sleeping sites 

Sleeping sites of focal males were located daily using telemetry. Localisation was complete 

when the animal could be seen or detected with the transponder reading device (Trovan). In 

total, 1244 (427 of them different) sleeping sites were determined and characterised from July 

1998 until the end of March 1999 for the focal males (SCHMELTING 2000). Sleeping sites 

were plotted on a map of JBA for each individual. A minimum-convex polygon that was 

drawn around the outlying sleeping sites, was defined as the sleeping site area of an individual 

male.   

2.1.4.4 Centre of activity  

Centres of activity should be determined for two reasons: First, inter-individual distances can 

be calculated. Second, the degree of migratory movement of an individual can be evaluated 

when long-term data are available. There are several ways to define an animal’s centre of 

activity. It could be assessed by determination of the centre of a telemetrically determined 

home range, by mean capture places or by encompassing daily sleeping sites. In each case, the 

area covered by the animal’s activity can be expressed as a minimum-convex polygon. The 

centre of this kind of polygon can be determined geometrically. Therefore, the home range or 

sleeping site data have to be converted on a geographical map. 

The centre of a minimum-convex polygon was defined as the centre of gravity of the polygon 

and was calculated as follows: 

1. Conversion of the convex polygon into a co-ordinate system (x- and y-axis) and 

determination of the outer edges (x- / y-co-ordinates). 
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2. Division of the polygon into multiple triangles, each with x-/y-coordinates for each angle 

(x1, y1), (x2, y2) and (x3,y3) and calculation of the surface (S) for each triangle by 

S = (1/2) * ( (x2 - x1) * (y3 - y1) - (x3 - x1) * (y2 - y1) )  . 

3. The triangle balance co-ordinates (T) for x and y are determined by  

Tx = 1/3 * (x1 + x2 + x3) 

Ty = 1/3 * (y1 + y2 + y3)  

4. For more than one triangle per convex polygon, this results in a list of triangle balance co-

ordinates (Tx, Ty) and surface areas (S). The weighted mean of the triangle balance co-

ordinates XS resp. YS (weighted with regard to surface areas) is then calculated by 

XS = ∑ (xi * Si) / Si   and 

YS = ∑ (yi*Si) / Si.  

5. The equation for the x- and y-co-ordinates XS resp. YS of the centre of gravity of the 

convex polygon is then:  

XS = (1/( ∑ Si total)) * ( S(1) * Tx(1) + S(2) * Tx(2) + S(n-1) * Tx(n-1) )  

YS = (1/(∑ Si total)) * ( S(1) * Ty(1) + S(2) * Ty(2) + S(n-1) * Ty(n-1) ) 

whereas 1 stands for the first triangle, 2 for the second triangle etc. 

2.1.4.4.1 Mean capture sites 

Mean capture localities could be determined in two ways: Geometrically and arithmetically. 

For the more computing intense, geometric approach, each capture site was marked on a map. 

Over a given period, a minimum-convex polygon was drawn around the outer most capture 

localities, marking the potential area covered by a given individual. The centre of this polygon 

is determined according to the formulas given above. This results in a mean capture site 

which is the geometric centre of the area, covered by an animal’s capture sites regardless to 

the frequency of being trapped in a certain area. 
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The second and less computationally intensive method is the arithmetical approach. X- and y-

co-ordinates are assigned to each capture locality (available from a geographical exact map of 

the study area). These are listed and averaged for each animal. The co-ordinates represent the 

arithmetic mean of an individual’s capture sites. By this approach, the resulted mean capture 

site is weighted to a core area predominantly used: If an animal uses predominantly a specific 

area, it should be more likely that it will enter in a trap set in this specific area. Hence, the co-

ordinates of these capture sites should be overrepresented in the analysis and therefore 

influence the arithmetically determined mean capture sites.  

Mean capture sites for all captured individuals were determined arithmetically for each year, 

as migratory movements could result in yearly changes. In addition, the geometric means of 

their capture sites were calculated for the ten focal males. 

2.1.4.4.2 Centre of home range and sleeping site area 

For the ten focal males, the home range centres and the centres of sleeping site areas were 

determined geometrically according to the equation for minimum-convex polygons. Most 

information is included in the telemetrically determined home range.  The calculation of the 

centre of activity by this approach is therefore assumed to give the most precise information. 

In order to evaluate the degree of superposition of the centres of activity determined by 

different approaches, the distances between the home range centre, the mean capture site 

(geometrically and arithmetically determined) and the centre of the sleeping site area were 

compared for the ten focal males.  

2.1.4.5 Access to females 

Long term home ranges for at least four months were available for ten focal males between 

July 1998 and March 1999. These home ranges should be evaluated with regard to access to 

females. Therefore data on females’ locations from the same year as the corresponding male 

home ranges were needed. Data on locations and sizes of female home ranges from the 

equivalent period were not available and so the arithmetic means of female capture localities 

of the period from May 1998 to April 1999 were determined. Only mean capture sites of 

females that reached sexual maturity in 1998 (e.g. females of the 1998 birth cohort or older), 
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were plotted on a map. The long term home range of each male was then plotted on the map 

as well. It was assumed that males have had access to females with their mean capture sites 

located within the telemetrically determined long term home range of the male.  

In order to evaluate the capacity of males to find and mate successfully with females that are 

not located in the vicinity of a male’s centre of activity, maximum distances between revealed 

father-mother-offspring triads or father-female offspring dyads were evaluated because of the 

following reasons: As females tend to be philopatric (RADESPIEL et al. 2001), the mother, 

even if not captured, should be found close to the mean capture locality of her female 

offspring. The male that sired the female offspring should have had a home range that reached 

at least the borders of the putative mother’s home range (that should be juxtaposed more or 

less with the female offspring’s home range because of philopatry). The shortest distance for a 

potential sire was then the distance between the mean capture site of the male and the 

(assumed) mean capture site of the female minus the distance between the female’s capture 

site and the outer limit of her home range. For a circular home range with the mean capture 

locality in its centre, the distance to the home range border is the radius r which can be 

calculated by: 

r = √ S/∏ 

where S is the surface of the home range. SARIKAYA (1999) found a median female home 

range of 1.35 ha (minimum 0.98 ha; maximum 2.08 ha). The radius for this average putative 

female home range was 65 m. The shortest distance a potential father would have to cover to 

be a successful sire, would then be the distance between the mean capture localities of a 

father-female offspring dyad minus 65 m. 

2.1.5 Spatio-temporal composition of the population 

2.1.5.1 Population size 

Estimates on population size and density are needed for the paternity analyses done by 

CERVUS 2.0. If these values are known, the number of candidate fathers (e.g. effective 

breeders) and the proportion sampled can be calculated which in turn is needed for the 

simulation model.  
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The study area was surrounded by forest and mouse lemurs could also be observed in adjacent 

areas, thus the study population was assumed to be open (fluctuations occurring as a 

consequence of emigrations, immigrations and deaths). I calculated the population density 

according to the Jolly-Seber method (KREBS 1989) on the basis of the capture period from 

May 1998 to April 1999, where captures were carried out monthly for a complete year for the 

first time (for details, see SCHMELTING 2000). For comparison, the Minimum Number of 

Animals (MNA method) present in the study area was calculated (PETRUSEWICZ & 

ANDREZEJEWSKI 1962). This method assumed that animals caught before and after but not 

during a given capture procedure, were present at that period as well. This number of “cryptic 

animals” was therefore added to the number of captured animals within a given capture 

period.  

2.1.5.2 Survival analysis 

A survival analysis is needed when evaluating age-related effects on reproductive success and 

effects of age-dependent dispersal. The Kaplan-Meier method is a statistical technique that 

allows the calculation of the probability of a particular outcome given the duration of follow-

up. It makes maximum use of all data on a cohort, including those members that are lost to 

follow-up. Although the technique owes its origin and name to vital status (death versus 

survival) it can be used to examine the distribution of time to the occurrence of any 

dichotomous outcome (KRAMER 1988). The first requirement is a clear definition of the 

starting point. The time from this starting point to the event (death, last capture of the 

individual, etc.) is calculated for each individual. The data of all individuals are ranked 

beginning with the shortest time to the next event (“death”). The so-called instantaneous 

“survival” rate pt  at time t can be calculated by 

pt  = 1 - qt   

where qt  is the so called “death” rate: 

qt  = dt / r t  

with dt = Number of deaths or events at time t 
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and rt = Number at risk at death or events at time t. This includes all individuals known to be 

alive just prior to time t and is thus equal to the number known to be alive at t plus the number 

of deaths (events) at t.  

The cumulative survival rate St is obtained by multiplying pt  by the instantaneous survival 

rates at all previous times. 

St = (pt1) (pt2) ... (pti) 

Because St values were computed for exact times, survival curves based on the Kaplan-Meier 

method showed abrupt drops (“steps”) in percent survival corresponding to the times at which 

the events actually occurred in the cohort (KRAMER 1988). 

I have made the following assumptions for this study: As the starting point for an individual 

in the survival analysis of grey mouse lemurs in JBA, I defined December of the year prior to 

its first capture as the assumed birth month. For obviously adult individuals that were 

captured in the first months of 1999, December 1997 was assigned as the birth month. By this 

assumption, the ninth month of survival in the study site was September, the beginning of the 

breeding season in Ampijoroa. One year later, at month 21, the next breeding season started 

etc.  

For subsequent analyses, I assumed that only the percentage of the population that was 

recaptured (e.g. “survived”) was present in the study site. The animals not recaptured 

(“deaths”), were assumed to have disappeared from the study site, either due to predation or to 

migration. The last capture was assumed to be the latest survival time in the study site. By 

doing this, one should keep in mind that the ‘death’ rate may be highly overestimated. 

2.1.5.2.1 Recapture rates of juveniles 

Only individuals with up to three months of age could be identified as subadult animals on the 

basis of their body condition (low body weight, juvenile habitus; EHRESMANN 2000). 

These individuals were called proven juveniles. As the birth season in Ampijoroa lasts from 

December until the beginning of March (SCHMELTING et al. 2000), only individuals 

captured in the first months of a year could clearly be identified as juveniles. Only in 1999 
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and 2000 capture procedures were undertaken starting in the first months of the year.  The 

capture history of the identified juveniles of these years were followed until November 2000 

and a survival analysis after the Kaplan-Meier method was performed. The last capture was 

assumed to be the latest survival time in the study site, if no other deaths data were known.  

2.1.5.2.2 Assignment to birth cohorts 

Trapped individuals were assigned to an assumed birth cohort according to their first year of 

capture. Obviously adult individuals that were captured between January 1999 and the 

beginning of April 1999 were assigned to the birth cohort of the previous year 1998.  

By definition, animals assumed to be born in December were assigned to the birth cohort of 

the following year, as the first year of their definite presence in the study site after weaning: 

For an example of classification, see table 2. 

Tab. 2. Example of assignment to birth cohorts 
First capture Age class Assumed birth month Birth cohort 

Sep 1998 Adult Dec 1997 1998 
Feb 1999 Adult Dec 1997 1998 
Feb 1999 Juvenile Dec 1998 1999 

The members of the birth cohorts 1995 to 1998 were used for the analysis of long-term 

recapture rates from 1995 to 2000. These were a total of 220 (139 males, 81 females) 

individuals. The captured population of 1995 was regarded as potential parents for the 

individuals of the following years. They were not regarded as offspring, since previous 

capture data were lacking that would have allowed differentiation among different 

generations. Unmarked individuals from 1996 to 1999 were defined as offspring generations 

and moreover considered as potential parents for animals of the following capture 

generations, e.g. birth cohorts.  

2.1.5.2.3 Cryptic animals 

Some animals may not be captured, due to individual differences in catchability 

(SCHMELTING 2000), although they may still live in the study site. I called these animals 

‘cryptic’ individuals. To elucidate the number of the ‘cryptic’ individuals, the capture data of 

1995 to 2000 were analysed and the MNA method (PETRUSEWICZ & ANDRZEJEWSKI 
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1962) was used. Animals that were captured before and after a specific capture period but not 

within this period were assumed to be alive in the study area. Further it was assumed that 

there was no difference in catchability between the first and following years of an animal’s 

life. The time span between two birth cohorts was chosen as an interval of possible non-

capture although the animal was still present in study site. By choosing this interval, the 

number of individuals that were assigned to an incorrect later birth cohort could be calculated.  

2.2 Genetics in the reproductive context 

From 1995 to 1999 a total of 254 grey mouse lemurs captured in Ampijoroa were genotyped 

with 8 polymorphic microsatellite markers. One juvenile was captured in January 2000 and a 

tissue sample was gained as well. Hence, this results in a total of 255 M. murinus sampled 

between 1995 and 2000 of whom tissue samples were available for further analyses. 

2.2.1 Microsatellite analysis 

The ear biopsies were stored in 1ml Queen’s lysis buffer (SEUTIN et al. 1991) for up to ten 

months at ambient temperatures in the field and at 4°C for up to four years prior to extraction. 

DNA from tissue samples taken from  255 (154 males, 101 females) individuals were 

extracted by U. Radespiel and myself using a DNA Extraction Kit for tissue (Qiagen 

DNEASY®  Kit, Qiagen, U.K.). 

Eight nuclear microsatellite loci (m2, m3, m7, m8, m9, m10, c1p3, L1) developed by 

RADESPIEL et al. (2001, for m2 to c1p3) and MERENLENDER (1993, for L1) (Tab. 3) 

were amplified for each sample. All primers were labelled with fluorescent dyes (5’-FAM, 5’-

TET or 5’-HEX) in order to detect the fragments on the ABI 377 Sequencer (Perkin-Elmer).  

For the Polymerase Chain Reaction (PCR), 1-2 µl of extracted DNA in a 10�l reaction 

volume containing 1-1.5mM MgCl2, buffer (final concentration: 20mM Tris-HCL (pH 8.4) 

and 50mM KCl or 1xPARR buffer (Cambio)), 225�M of each dNTP, 0.1-0.3�M of each 

primer and 0.25U of Taq DNA Polymerase (Gibco Life Technologies) was used. The PCR 

was carried out in a GeneAmp 9700 Perkin-Elmer thermocycler using the following 

procedure: An initial denaturation of 4 minutes at 94°C was followed by 36 cycles of 30s at 

94°C, 20-30s at 48-55°C, 30s at 72°C, and a final extension at 72°C for 7 min. 
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Tab. 3. Characteristics of the eight used microsatellite loci 
Locus Motif Primer sequence (5’ to 3’) Annealing 

temp. (°C)
Size range 
(bp) 

Accession 
No. 

C1P3 (TC)26 
F: AGCCGAACACATTTCAGAGG 
R: GTAGTCACACCTGGGCTTGG 50°C 205-261 AF280079 

M2 (GA)18 
F: TTAACAGGGCCTTCTCCTCAC 
R: AATTGCCCAGTCCACACCT 53°C 142-172 AF280080 

M3 (GA)18 
F: AGCCTCACTGTTTCAGTTGTGT 
R: GGCAGGAAATGTCATCTGG 55°C 93-149 AF280081 

M7 (CT)4CC(CT)15 
F: AGTACCTAAGCCTGCCATTT  
R: GTAGTACAGTACCTAGAGCAACCAC 50°C 241-259 AF280082 

M8 (TC)18 
F: CAGTTGGTGAATGGGCTAGG 
R: GAGACCATAATGCTGCAAGTAACC 55°C 130-198 AF280083 

M9 (TC)24 
F: TCTGTCTCATGCCTCTTTGCT 
R: GGGTGTGAAAGACATTACTCACAG 50°C 149-193 AF280085 

M10 
(CTTT)3CTT 
(CTTT)2CTGT 
(CTTT)13 

F: GGGCTCCAATAGAGGCAATAA 
R: CTCCAGCCTAGCCAACAGAG 50°C 115-152 AF280084 

L1 (TG)11 
F: GCTAGGACATAGCAGGGGC 
R: ATGATAATGATTAATGCGTGA 48° 192-204  

F: Forward primer, R: Reverse primer, bp: base pair 

 

 

The PCR products were loaded on a 4.5% Acrylamid gel (Fig. 5). Pouring and running of 

mircosatellite gels were performed according to the procedure of CIOFI et al. (1998). One 

primer of each pair was labelled with a fluorescent dye. The dyes allowed the separated 

fragments to be detected and sized on an ABI 377 Sequencer. A TAMRA size standard was 

used to estimate the size of the microsatellites and included amplified products of following 

lengths: 25, 50, 75, 139, 150, 160, 200, 250 300, 340, 350 base pairs. When the size ranges 

and dyes of two microsatellite loci did not overlap, multiloading on the gel was performed. As 

a control, each PCR and each gel contained one blank probe, e.g. PCR product without DNA.  
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Fig. 5. Example of an acrylamid gel. PCR products of 32 individuals (lanes 1-32) are loaded 

for two  different gene loci (amplified by two different primer pairs) . Primer C1P3: Green 

dye. Primer M3: Blue dye. Lines 33 and 34: Allelic leader for C1P3. Line 36: Blank control. 

TAMRA size standard: Red dye. The allelic distribution of each locus can be seen. Note lane 

26 for M3: An example for a rare allele. 

To reduce the likelihood of amplification artefacts, null alleles or ‘stutter bands’ that could be 

mistaken as true alleles, each homozygous or unclear sample was re-amplified at least twice. 

Analysis was performed using ABI PrismTM, GENESCANTM ANALYSIS 2.0 and 

GENOTYPERTM 1.1 software (Fig. 6). Of 255 individuals, 103 were genotyped by myself for 

the eight microsatellite loci, including 8 animals that were also genotyped by a colleague (U. 

Radespiel) without knowing the previous results. As there was a 100% compliance for these 

animals in all loci, the two data files were merged together, resulting in a total of 255 

genotyped individuals. 
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Fig. 6. Sample section of the transformed data of the gel in Fig. 5. Allelic information at the 

gen locus amplified by the primer pair M3 for five individuals (lane 23 to 27 on the gel). Data 

were analysed and scored with GenotyperTM . Remark lane 26: The rare allele seen in Fig. 5 

pops up at 145 base pairs (144.60). 

2.2.2 Allele frequencies 

Allele frequencies, observed and expected heterozygosities, tests of Hardy-Weinberg 

equilibrium and null allele calculations were performed using CERVUS 2.0 (MARSHALL et 

al. 1998), a Windows® based computer programme. In the CERVUS allele frequency 

module, deviations from Hardy-Weinberg equilibrium were assessed using a chi-square 

goodness-of-fit test, which compares observed genotype frequencies with expected genotype 

frequencies calculated from allele frequencies assuming Hardy-Weinberg equilibrium. 

CERVUS 2.0 also estimates the frequency of any null allele segregating at each locus,  using 
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an iterative algorithm based on the difference between observed and expected  frequencies of 

homozygotes. In the absence of a null allele, the estimated frequencies  will be close to zero, 

and may be slightly negative (negative values imply an excess of observed heterozygotes). 

Loci with high null allele frequencies (0.05 or more)  should be excluded from parentage 

analysis (Marshall et al. 1998). All data of loci that did not deviate significantly from Hardy-

Weinberg equilibrium were included for further analysis.  

CERVUS 2.0 can be downloaded from http://helios.bto.ed.ac.uk/evolgen. 

The allele frequencies were analysed by CERVUS 2.0  and the results were tested for Hardy-

Weinberg equilibrium. In total, 31.229 alleles were typed and assigned for the 255 

individuals. This analysis revealed that the marker C1P3 was not in Hardy-Weinberg 

equilibrium and showed an excess of null allele frequency estimate (Tab. 4). The observed 

heterozygocity (H(O) = 0.661) deviated from the expected one (H(E) = 0.88) to a large 

extend. This marker was excluded from further analyses. 

Tab. 4. Allele frequency analysis by CERVUS 2.0  
Locus k N Hets Homs H(O) H(E) PIC Excl(1) Excl(2) HW Null freq

L1 5 254 141 113 0.555 0.526 0.449 0.141 0.262 NS -0.0323
M3 15 255 224 31 0.878 0.846 0.829 0.535 0.7 NS -0.0199
M7 3 255 53 202 0.208 0.239 0.223 0.028 0.12 NA 0.0644
M8 29 254 233 21 0.917 0.918 0.911 0.717 0.835 NS -0.0001
M9 18 254 227 27 0.894 0.91 0.901 0.687 0.815 NS 0.0091

M10 23 255 236 19 0.925 0.924 0.918 0.732 0.845 NS -0.0016
M2 9 255 157 98 0.616 0.635 0.604 0.243 0.426 NS 0.0114

C1P3 21 251 166 85 0.661 0.88 0.867 0.61 0.759 ** 0.1437

K = number of alleles per locus. N = Number of individuals typed for the locus. Hets = 

Heterozygotes. Homs = Homozygotes. H (O) = observed heterozygocity. H (E) = expected 

heterozygocity. PIC = polymorphic information content. Excl(1) = Exclusionary power first 

parent. Excl(2) = Exclusionary power second parent. HW = Hardy-Weinberg equilibrium test. 

Null freq = Null allele frequency estimate 

The number of alleles per locus ranged between 3 alleles for M7 and 29 different alleles for 

the highly polymorphic locus M8.  

 

http://helios.bto.ed.ac.uk/evolgen
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Following general parameters were obtained: 

Mean number of alleles per locus:  14.57 

Mean proportion of individuals typed: 0.998 

Mean expected heterozygosity:  0.714 

Mean polymorphic information content: 0.691 

Total exclusionary power (first parent): 0.993041 

Total exclusionary power (second parent): 0.999468 

2.2.3 Relatedness of male sleeping partners 

From the beginning of October to the end of November 1998 a total of 16 males was found 

sleeping together at least once in a sleeping site. Up to three individuals used one sleeping site 

simultaneously (SCHMELTING 2000). To investigate the relatedness of these individuals, 

QUELLER & GOODNIGHT (1989) relatedness values were calculated for sleeping partners 

based on observed allele frequencies (GOODNIGHT & QUELLER 1999) using the program 

Kinship 1.3.1. It was tested whether these males were siblings (full or half siblings) or 

unrelated. In Kinship 1.3.1, a hypothesis about pedigree relationship using two variables, rp  

and rm, is specified. These variables define the probabilities that individuals in the pair share 

an allele by direct descent from their father or mother, respectively. If the hypothesised 

relationship is that of full siblings, both r-values are 0.5. If the hypothesis is half siblings 

sharing a mother but not a father, rp  is 0 and rm  is 0.5. Given a hypothesis, Kinship 1.3.1 

uses the r-values, the population allele frequencies, and the genotypes of the two individuals 

under consideration to calculate the likelihood that this genotype combination could have 

been produced by the relationship as specified. Kinship 1.3.1 calculates a likelihood for two 

such hypotheses, the primary hypothesis and a null hypothesis, and reports the ratio between 

them (primary/null). The simulation routine with 10.000 cycles was used to generate pairs of 

individuals using the hypothesis settings and the allele frequencies of the data set in memory 

and determines the ratio needed to reject the null hypothesis with p = .05, .01 and .001.  
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Kinship 1.3.1 is available for downloading at http://www.bioc.rice.edu/~kfg/GSoft.html 

2.2.4 Determination of the reproductive success by different programmes 

For each assumed offspring, all males belonging to a previous year’s birth cohort were 

included as candidate fathers. For paternity assignments, different approaches using different 

programmes were combined. These programmes included:  

�� exclusion analysis (Findsire, Popassign 3.9f, Paternity models by NEFF et al. 2000a,b) 

�� maximum-likelihood analysis (CERVUS 2.0) 

�� kinship analysis (Kinship 1.3.1, Popassign 3.9f) 

�� pairwise relatedness values (Popassign 3.9f) 

2.2.4.1 Findsire 

The program Findsire has emerged from a large scale paternity testing project performed on 

the rhesus macaque colony of Cayo Santiago (NÜRNBERG et al. 1998) and is based on 

simple exclusion analysis. The software allows the identification of mothers or sires by means 

of comparing a large number of potential parents, typed at single locus DNA markers, with a 

given infant or parent-infant dyad.  Males with genotypes that exceed a defined number of 

allelic mismatches with the potential offspring are excluded from parenthood whilst those not 

excluded are included for further analysis. A likelihood ratio is calculated that uses the allelic 

distributions in the population, genetic information from the offspring, the mother (if 

available) and the sole information that a certain male is not excluded from parenthood. 

Therefore, all males with the same number of permissible mismatches and the same quantity 

of loci typed, receive the same likelihood ratio, ignoring their specific allelic profile. The 

programme was originally computed for ongoing projects to save resources as not all 

individuals had to be genotyped at all loci. The programme has therefore its data limits, where 

all individuals are already typed and both parents are unknown. In my analysis, Findsire was 

used to exclude males from paternity that had more than two allelic mismatches with a given 

offspring, as this is a common exclusion criterion in human forensics (BERARD et al. 1993, 

KRAWCZAK, pers. com.). 

Findsire can be downloaded at: http://archive.uwcm.ac.uk/uwcm/mg/download 
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2.2.4.2 Cervus 2.0  

In CERVUS 2.0, a maximum-likelihood analysis is conducted. This programme was used to 

calculate paternity inference likelihood ratios. In CERVUS 2.0, the likelihood ratio is the 

likelihood that the candidate parent is the true parent divided by the likelihood that the 

candidate parent is not the true parent, given the observed genotypes. Cervus calculates 

likelihood ratios, taking account of possible typing errors at a rate to specify the likelihood of 

parentage of each candidate parent relative to that of some arbitrary individual. The overall 

likelihood ratio for each candidate parent is calculated by multiplying the likelihood ratios at 

each locus. The programme generates a statistic delta (�), defined as the difference in positive 

log likelihood ratios (LOD) between the top two candidate fathers. If only one candidate 

father with a positive LOD score exists, his � score equals his LOD score.  

CERVUS 2.0 uses a simulation based on the observed allele frequencies, taking into account 

typing error rates and incomplete sampling, to determine the statistical significance of the � 

value generated for each paternity. I assumed an error rate of 1%, which is commonly chosen 

for large data samples of wild populations (COLTMAN et al. 1996, 1998, MARSHALL et al. 

1998, CONSTABLE et al. 2001, GARNIER et al. 2001). This error rate represents scoring 

errors due to such events as misreading a gel, transcribing a number incorrectly, or some error 

at the level of PCR. In addition to the observed allele frequencies, the simulation takes 

account of the number of candidate parents, the proportion of candidate parents sampled, 

completeness of genetic typing and estimated frequency of typing error to create and modify 

genotypes selected at random under Hardy-Weinberg assumptions. 10.000 cycles were run in 

the simulation to determine the statistical significance of �. 

CERVUS 2.0 was chosen because of its power of modelling the simulation and flexibility in 

assigning an error rate, the proportion of possible fathers sampled, the proportion of primers 

used for genotyping and its use of the � statistic to determine the most likely paternal 

candidate. The CERVUS 2.0 program is also reported to be robust in discriminating between 

close relatives as possible fathers (MARSHALL et al. 1998). 
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2.2.4.2.1 The Delta criterion 

In Cervus 2.0, Delta (�) is calculated for a large number of simulated parentage tests. Then 

the distribution of � for tests in which the most likely candidate parent was the true parent,  is 

compared with the distribution of � for tests in which the most likely candidate parent was not 

the true parent. During parentage analysis, the significance of individual � scores  was 

estimated by comparing them against the �-distributions obtained by the simulation. Relaxed 

confidence was set at 80% and strict confidence at 95%. If a confidence level of 80% is 

chosen, the simulation will compare �-distributions to find the critical value, for which 4 out 

of every 5 � exceeding that value come from the �-distribution for true parents. Only 1 out of 

every 5 � exceeding that value come from the �-distribution for most likely candidate parents 

that are not true parents. The critical value of � is also be referred to as the Delta criterion.  

2.2.4.2.2 Success rate 

The simulation predicts the likely success of parentage analysis using the Delta criteria 

calculated by the simulation. This is an estimate of the power of the loci to resolve parentage. 

Unless loci are highly variable, or the number of candidate parents is small, the power is often 

surprisingly low, and there will almost always be a trade-off between the number of parentage 

assignments and their accuracy. The estimated success rate was compared with the observed 

success rate. 

2.2.4.2.3 Number of candidate parents  

The estimation of the number of candidate fathers and the proportion of candidate fathers 

sampled is a major problem when no precise data are available. The number of candidate 

fathers is the number of adults that could plausibly have sired a given offspring. Usually this 

will be all breeding males in a given breeding season, some of which may be unsampled. 

Therefore, an assumption of the population size and the proportion of unsampled individuals 

is needed.  

Data from May 1998 to April 1999 where continuous monthly mark-recapture procedures 

were performed, were used to get an assessment. In this period, a total of 93 adult individuals 
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(59 males, 34 females) were captured and sampled in JBA and its proximity (SCHMELTING 

2000). The calculated population density using the Jolly-Seber method ranged from 75 

animals/km² in the rainy season to 148 animals/km² in the dry season. No significant 

deviation from an even sex ratio (1:1) was observed during any month of the year 

(SCHMELTING 2000). The monthly capture rate of the studied population was calculated for 

each sex by the proportion of observed to expected captures (calculated by the Jolly-Seber 

method) under the assumption of an equal sex ratio. The assumed overall proportion of 

sampled individuals with regard to the total population was obtained from the average 

proportion of individuals sampled per month.  

The average proportion of sampled males with regard to the estimated number of males 

(calculated by Jolly-Seber method) in the population at a given month, was used as the 

proportion of sampled candidate fathers when running the simulation. The number of 

effective breeders was obtained from adding the proportion of assumed unsampled candidate 

fathers to the total number of adult males captured during May 1998 and April 1999. 

The estimated number of effective breeders was compared to the population density 

calculated by the Jolly-Seber method in September (SCHMELTING 2000), when the 

breeding season started. 

2.2.4.3 Popassign 3.9f 

Popassign 3.9f is a Macintosh based programme developed by S.M. Funk, Institute of 

Zoology, London. It uses a combination of exclusion analysis, pairwise relatedness values and 

kinship analysis. Exclusion probabilities are calculated for combined loci according to 

CHAKRABORTY et al. (1988). They are calculated for offspring-mother and offspring-

father pairs and include only those loci that have been scored for each dyad. Popassign 

implements QUELLER & GOODNIGHT’S (1989) estimators for pairwise relatedness. 

Kinship analysis is performed according to GOODNIGHT & QUELLER (1999), and tests 

whether kinship between the individuals of a dyad is significant given the observed data and 

an underlying hypothesis. It compares the probability of a primary (= true) hypothesis (H1) 

with the probability of a null hypothesis (H0), and expresses this comparison as a LOD score. 

In Popassign 3.9f, the LOD score is: 
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LOD = log(prprimary hypothesis – prnull hypothesis) = log(prprimary hypothesis) – log(prnull hypothesis). 

Note: This is not the same LOD score as in CERVUS, though the rationale is the same. 

Dyads of animals are simulated with given kinship relationships as specified in H0. Then, 

dyads are simulated with given kinship relationships under H1. The probabilities that the 

genotypes of simulated dyads follow the prediction of H0 and H1 are estimated and a LOD 

score is calculated for each simulated dyad. In the case of parentage analysis, the primary 

hypothesis was parentage (one allele of the offspring comes from the mother or the father; i.e.  

in Goodnight & Queller’s notation: Rm=1.0 and Rp=0.0 for mother-offspring dyads or Rm=0.0 

and Rp=1.0 for father-offspring dyads). The null hypothesis may be that the animals are 

unrelated (Rm=0.0 and Rp=0.0) or have a kinship relation other than paternity. Using non-

relatedness as H0 was quite conservative and therefore the suggestion of S. Funk was 

followed, i.e. H0 proposes an uncle relationship between the offspring and the animal tested 

as a possible father in case of paternity analysis (Rm=0.0 and Rp=0.5). So, the hypotheses 

chosen were: H1 : father–offspring pair, r = 0.5;  H0 : uncle–offspring relationship, r = 0.25. 

In order to determine the critical LOD scores, 10.000 Monte Carlo simulations were made. 

The distribution of the LOD scores defines a critical value for the test statistics under the 

given alpha = 1%, 5% and 10%. The assumed proportion of loci mistyped was the same as for 

CERVUS 2.0  with 1% typing errors. The maximum number of allelic mismatches between 

candidate fathers and offspring was set at 1 as proposed by S.M. Funk (pers. com) to account 

for possible typing errors. One major advantage of Popassign 3.9f  is that it automatically 

generates two candidate parents (father-mother) for  each offspring tested and furthermore 

identifies the allelic mismatches not only within each dyad (father-offspring, mother-

offspring) but also between the assumed triads and the relatedness of the two candidate 

parents. This triad approach is important, as both candidate parents could share an allele a at a 

locus, for which the offspring was heterozygote ab, but neither of the putative parents could 

have had contributed the allele b to the offspring’s genotype. If there were more than 2 allelic 

mismatches in a triad between candidate parents and offspring, this triad was excluded from 

parentage. 



47 

2.2.5 Body weights of successful breeders 

Body weight can express body condition that in turn might influence the reproductive success 

especially in mating systems with contest competition. In order to evaluate the influence of 

body weight on reproductive success, all successful breeders identified by one of the 

programmes CERVUS 2.0 or Popassign 3.9f were included in further analyses. As the body 

weights of male M. murinus showed seasonal and even monthly changes (SCHMELTING 

2000), the body weights of successful breeders was classified into three categories:  

�� Body weight always below the average body weight of all males captured at the same time 

�� Body weight always above the average body weight of all males captured at the same time 

�� Body weight varying with regard to the average body weight of all males captured at the 

same time (e.g. sometimes above, sometimes below the average). 

The proportion of each category with regard to the total number of successful breeders was 

then evaluated in order to determine in how far body weight might influence male 

reproductive success. 

2.2.6 Reproductive success per offspring generation 

Positive identification of the genetic offspring is not always necessary. For the evaluation of 

reproductive success and different reproductive strategies, knowledge of the proportion of 

offspring sired by the putative father is often sufficient (NEFF 2001). NEFF et al. (2000a, b) 

developed a model to determine the proportion of the next generation individuals (NGIs) 

genetically sired by the putative father without having to sample all possible fathers or 

offspring. The model is based on an exclusion analysis and requires microsatellite data from 

the putative father and the sample of NGIs and an estimate of the frequency of the putative 

father’s allele within the breeding population (e.g. all individuals that could have contributed 

to the birth cohort of the NGIs). In a promiscuous breeding population with random mating 

with respect to the marker alleles at each locus, multiple males and females may contribute 

their genes to a sample of NGIs, but the alleles may also be found in other adults, and 

therefore the presence of shared alleles does not itself provide complete evidence of paternity. 
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The expected proportion of the NGIs that were genetically compatible with the putative father 

(ngdad) was calculated from the proportion produced by the putative father (Pat), the 

proportion produced by other parents (1 – Pat) and the proportion of these NGIs that were 

expected to be genetically compatible with the putative father just by chance (NGdad):  

ngdad = Pat + (1 – Pat) NGdad 

This equation can be solved for Pat, providing an equation to calculate the paternity of the 

putative father: 

Pat = (ngdad  - NGdad) / (1 – NGdad) 

NGdad was calculated from the breeding population allele frequencies as followed 

    L 
NG  = ∏ (2Fdad
   l=1 

l
dad ( 1 - Fl

dad) + (Fl
dad)2) 

 
         L 
           = ∏ (Fl

dad ( 2 - Fl
dad)) 

   l=1 

whilst the variables were: 

Fl
dad = Frequency of the alleles in the putative father’s genotype at locus l. If the putative 

father was homozygous for the allele a then Fl
dad = Pla ; otherwise if he was heterozygous for 

alleles a and b then Fl
dad = Pla + Plb. 

L = number of loci used to generate the multilocus genotypes 

Pla = Frequency in the population of allele a at locus l. 

With this model, a subset of genetic markers that have greatest resolving power specific to 

each putative parent could be identified, thereby increasing the efficiency of the analysis in an 

ongoing project where not all loci for all individuals have been typed yet.  

In order to classify the sampled individuals from Ampijoroa into a breeding population and 

NGIs, the animals were pooled with regard to their assumed birth cohorts. With this approach 

individuals of the birth cohort 1997 were NGIs of the animals of the birth cohorts 1995 and 

1996 that comprised the breeding population of the year 1996. All three birth cohorts 
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comprised the breeding population of 1997 for the birth cohort 1998 that was assigned as 

NGIs in the year 1998. This resulted in a pool of four breeding populations (1 = birth cohort 

1995; 2 = birth cohorts 1995 and 1996; 3 = birth cohorts 1995 to 1997; 4 = birth cohorts 1995 

to 1998) and corresponding NGIs.  

A first screening for male reproductive success was performed for the four loci with the 

greatest resolving power for a specific male in a breeding population. For this individually 

chosen subset of markers for each male, NGdad (the expected proportion of NGIs that is 

genetically compatible with the putative father by chance) ranged between 0.1% and 3%. All 

males without a positive ngdad in the first screening were excluded from following analyses. 

For the remaining males in further analyses, I included all genotyped loci that were in Hardy-

Weinberg equilibrium. As it is a computationally intense procedure, the Pat of a male on 

NGIs was only calculated when the male had a proven chance of contributing to the next 

generation; i.e., if a male was captured at least once in the year before the birth cohort (e.g. 

the assumed NGIs). Some males had a positive Pat in at least one year and  were captured in 

more than one year. For these males the most-likely estimate and the expected estimate for 

Pat and the corresponding upper and lower 95% confidence intervals were calculated by the 

DOS-program “2sexpat”, developed by B.D. Neff, Cornell University, U.S.A., and listed by 

year. 

2.2.7 Age related reproductive success 

Successful breeders, assigned by CERVUS 2.0  or Popassign 3.9f  were grouped according to 

the breeding season in which a successful insemination was assumed (first breeding year after 

the first capture, second year after the first capture etc.). To investigate the possibility of age 

related reproductive success, the actual number of successful breeders per age group in each 

programme was related to the estimated long term survival rate of males in JBA. 
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2.3 Statistics 

Apart from the statistical methods already mentioned for each programme used in the genetic 

analysis, the following programmes were used: The Kaplan-Meier method was computed by 

SAS-PLUS 4.0. For all other calculations, STATISTICA (Statsoft 1995) was used. 

Differences in long term home range sizes between resident and first captured males were 

assessed by the Mann-Whitney U-test. A Spearman rank order correlation was performed for 

correlating of male home range size and female capture localities per male home range (see 

Sokal & Rohlf (1980) for all statistical procedures). 
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3 Results 

3.1 Spatio-temporal distribution of focal males 

3.1.1 Activity centres of the males 

3.1.1.1 Male home range sizes 

Male home range sizes were determined monthly for up to ten focal males by telemetry from 

July 1998 to March 1999. Male home ranges reached their largest extent during the breeding 

season (SCHMELTING et al. 2000). The males had the largest home ranges in September 

(mean 2.97 ha) and November (mean 2.54 ha) and the smallest in March (mean 0.7 ha). The 

sizes increased significantly in the two mating seasons (September and November) and 

decreased afterwards (Fig. 7). 
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Fig. 7. Seasonal changes in male home range sizes 

Over a nine month study period, the sizes of long term home ranges ranged between 2.48 ha 

and 7.73 ha per male (median 5.22 ha). For each male, telemetric data of at least four months 

were available. The calculation of a male home range size is based on 203 to 402 

telemetrically determined locations per individual (Tab. 5). For all but one male (male 26-98) 

home range estimates of both breeding periods were available for the estimate of long term 

home range sizes. The largest monthly home range is on average only 67% (range 40% to 
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88%) of the size of the long-term home range of a male. The location of each home range is 

marked on a map of JBA (Fig. 8 – 14). 

Tab. 5. Male long-term home range size over a nine month study period in comparison to the 
largest monthly home range size in a breeding season. 

Male ID Long term home range 
size in ha N locations Largest monthly home range size, 

% in regard to long term home range 
75-95 5.00 383 88% 
111-96 5.44 252 77% 
125-96 5.76 402 79% 
007-97 6.43 397 58% 
55-97 7.73 351 43% 
26-98 2.48 303 75% 
68-98 6.20 321 56% 
78-98 3.86 373 85% 
84-98 2.61 203 40% 
94-98 2.69 249 68% 

N locations: Number of locations per individual, on which the calculated long-term home 

range size is based. 
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Fig. 9. Male home ranges (males 75-95 and 007-97) with centres of activity in relation to mean female capture sites.
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Fig. 10. Male home ranges (males 78-98 and 26-98) with centres of activity in relation to mean female capture sites.
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Fig. 12. Male home range (male 125-96) with centres of activity in relation to mean female capture sites.

= Home range centre
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Fig. 11. Male home ranges (males 55-97 and 94-98) with centres of activity in relation to mean female capture sites.
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Fig. 13. Male home ranges (male 111-96) with centres of activity in relation to mean female capture sites.

= Home range centre

= Mean capture site (arit.)

= Mean capture site (geo.)
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Fig. 14. Male home ranges (male 84-98) with centres of activity in relation to mean female capture sites.
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3.1.1.2 Sleeping site areas 

A total of 1244 (427 different) sleeping sites was determined and characterised from July 

1998 until the end of March 1999 for the focal radiocollared males (SCHMELTING 2000). 

No spatial exclusion occurred within sleeping site areas as sleeping site areas overlapped to a 

great extent (Fig. 15). Some sleeping sites were used by several males (for details, see 

SCHMELTING 2000). 
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3.1.1.3 Synthesis of behavioural and capture data  

There are several ways to determine an animal’s centre of activity. Whereas the determination 

of the home range centre or the centre of a sleeping site area requires data from radiocollared 

individuals, mean capture sites can be calculated either arithmetically or geometrically for a 

large number of  animals.  

For the data of ten focal males, the arithmetically and geometrically determined mean capture 

sites are on average relatively close together (median = 17.5 m; min = 5 m; max = 85 m). The 

median distance between the home range centre and the arithmetically determined mean 

capture site was 35 m (min = 10 m; max = 85 m). The geometrically determined mean capture 

site was on average farther away from the home range centre (median = 42.5 m; min = 0; max 

= 85 m) than the arithmetically determined one. The centre of the sleeping site area was 

generally close to the corresponding home range centre (median 32.5 m; min = 5 m; max 80 

m). Overall, each centre of activity was located in close proximity to each other (median 

distance 35 m; min = 0 m), although occasionally large distances between centres were found 

(max = 100 m) (Tab. 6). 

Tab. 6. Median distances in m between the centre of the home range, mean capture site 
(arithmetical and geometrical) and central sleeping site of radiocollared males. 

 Valid N Median Minimum Maximum Lower Quartile Upper Quartile
HR – CSm 10 35 m 10 m 85 m 25 m 55 m 
HR – CSg 10 42.5 m 0 m 80 m 35 m 50 m 
HR – SS 10 32.5 m 5 m 80 m 20 m 55 m 
CSm - CSg 10 17.5 m 5 m 85 m 10 m 35 m 
HR/CSm/CSg/SS 60 35 m 0 m 100 m 20 m 55 m 
HR = Centre of home range. CSm = Mean capture site, arithmetical determined. CSg = Mean 
capture site, geometrically determined. SS = Centre of sleeping place area 

For a visual impression of the spatial distributions of males and females, the activity centres 

for each focal male were marked on a map together with the location of the telemetrically 

determined home range and mean female capture sites in the corresponding year (Fig. 8 - 14). 
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3.1.2 Home range size and residency 

The focal males could be divided into two classes: Resident males, captured at least once per 

year in two different years and non-resident males captured for the first time. On average, the 

home ranges of resident males (N = 5, median = 5.76 ha) were more than twice as large as the 

home ranges of non-residents (N = 5, median = 2.69 ha; Fig. 16). Resident males had 

significantly larger long term home ranges than non-residents (Mann-Whitney U Test; N1, N2 

= 5, Z = 1.98, p < 0.05). 
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Fig. 16. Male home range sizes over a 9 month period with respect to residency 

3.1.3 Home range size and access to females 

Home range sizes and access to females, as measured by mean female capture sites within a 

male’s home range, showed a significant positive correlation (Fig. 17). The larger a male’s 

home range was, the more receptive females could be found in it (Spearman Rank Order 

Correlation, N = 10, R = 0.81, p <0.005). Fig. 17 shows that all males with small home ranges 

containing fewer female capture sites are non-residents that were captured in 1998 for the first 

time in JBA. 



59 

female capture sites = 3.162+1.26*home range size
correlation: R = 0.807373
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Fig. 17. Correlation between male home range sizes and number of mean capture sites for 

females. 

3.2 Spatio-temporal composition of the population 

3.2.1 Population size 

The calculation of the population size is based on the capture data from May 1998 until April 

1999. The largest population size with 45 animals in JBA was calculated (Jolly-Seber 

method) in September at the beginning of the breeding season; the smallest population size 

was found in the middle of the rainy season (SCHMELTING 2000), with 23 individuals 

(MNA method) in January (Tab. 7). 

Tab. 7. Population size of M. murinus in JBA (30.63 ha) from August 1998 until March 1999, 
calculated by the MNA- and the Jolly-Seber method after monthly capture procedures. 

 CI Aug Sep Oct Nov Dec Jan Feb Mar
MNA method 35 39 39 29 26 23 25 26 

Jolly-Seber method 
 

37 45 41 32 30 31 31 35 
Lower 33 35 37 26 23 17 22 23 Confidence interval 

Jolly-Seber  Upper 42 48 45 35 33 40 36 42 
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The population density varied between 75 – 127 (MNA Method) resp. 98 – 148 (Jolly-Seber) 

animals per km² (Tab. 8). 

Tab. 8. Population density of M. murinus per km².  
 Aug Sep Oct Nov Dec Jan Feb Mar

MNA method 114 127 127 95 85 75 82 85 
Jolly-Seber method 122 148 135 106 98 101 102 113 

 
 

3.2.2 Survival analysis 

From August 1995 to November 2000, a total of 320 individual grey mouse lemurs (210 

males, 110 females) were captured in the study site. 

 

3.2.2.1 Recapture rates of adults from 1995 to 2000 

For individuals of the assumed birth cohorts 1995 to 1998, long-term recapture (“survival”) 

rates were analysed including all available recapture data up to November 2000. The 

recapture rates from 1995 to 2000 were analysed separately by sex to reveal possible sex-

specific recapture rates.  

Male recapture 

Of 139 males that were assigned to the birth cohorts 1995 to 1998, 61% were recaptured in 

the study site reaching sexual maturity (assumed to be at nine months of age, when their 

potential first breeding season started). One year later, when their second breeding season 

started (at an assumed age of 21 months), only 23% of the males could be recaptured. This 

value decreased to a recapture rate in JBA of 14% in the third and 6% in the fourth breeding 

season (Tab. 9). The latest recapture until which a male was regularly captured in the study 

site was six years so far. 
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Tab. 9. Male recapture rate at the study site from 1995 to 2000. 
t (Months) rt (N) dt (N events) St (survival) std.err lower 95% CI upper 95% CI 
4 139 1 99% 1% 98% 100% 
5 138 9 93% 2% 89% 97% 
6 129 5 89% 3% 84% 95% 
7 124 4 86% 3% 81% 92% 
8 120 22 71% 4% 63% 79% 
9 98 13 61% 4% 54% 70% 
10 85 29 40% 4% 33% 49% 
11 56 5 37% 4% 29% 46% 
12 51 3 35% 4% 27% 43% 
13 48 2 33% 4% 26% 42% 
16 46 2 32% 4% 25% 40% 
17 44 1 31% 4% 24% 40% 
18 43 2 29% 4% 23% 38% 
19 41 2 28% 4% 22% 37% 
20 39 5 24% 4% 18% 33% 
21 34 2 23% 4% 17% 31% 
22 32 5 19% 3% 14% 27% 
29 27 2 18% 3% 13% 26% 
31 25 2 17% 3% 11% 24% 
33 23 3 14% 3% 10% 22% 
34 20 4 12% 3% 7% 18% 
35 16 4 9% 2% 5% 15% 
43 12 3 6% 2% 3% 12% 
45 9 1 6% 2% 3% 11% 
46 8 1 5% 2% 2% 10% 
47 7 2 4% 2% 2% 9% 
55 5 1 3% 1% 1% 8% 
56 4 2 1% 1% 0% 6% 
59 2 1 1% 1% 0% 5% 
72 1 1 0% NA NA NA 

CI: Confidence interval. NA: not available.  
Coloured rows: Beginning of the potential breeding seasons in a male’s life 

Female recapture 

During the first two breeding seasons, the recapture rates of females in JBA were close to 

those of the males (62% female recapture rate after nine months, 27% female recapture rate in 

the second breeding season). In the following third breeding season the female survival rate in 

JBA was with 7% only half that of the males (Tab. 9 and Tab. 10). The latest recapture until 

which a female was recaptured  in the study site was nearly four years (46 months). 
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Tab. 10. Female recapture rate at the study site from 1995 to 2000 
t (Months) rt (N) dt (N events) St (survival) std.err lower 95% CI upper 95% CI 
4 81 1 99% 1% 96% 100% 
5 80 1 98% 2% 94% 100% 
6 79 2 95% 2% 90% 100% 
7 77 3 91% 3% 85% 98% 
8 74 10 79% 5% 71% 88% 
9 64 14 62% 5% 52% 73% 
10 50 16 42% 5% 32% 54% 
11 34 3 38% 5% 29% 50% 
12 31 2 36% 5% 27% 48% 
14 29 1 35% 5% 26% 47% 
15 28 1 33% 5% 24% 45% 
16 27 2 31% 5% 22% 43% 
19 25 1 30% 5% 21% 41% 
21 24 2 27% 5% 19% 39% 
22 22 6 20% 4% 13% 31% 
23 16 1 19% 4% 12% 29% 
24 15 2 16% 4% 10% 26% 
26 13 1 15% 4% 9% 25% 
29 12 1 14% 4% 8% 24% 
31 11 2 11% 3% 6% 21% 
32 9 2 9% 3% 4% 18% 
33 7 1 7% 3% 3% 16% 
34 6 1 6% 3% 3% 14% 
36 5 1 5% 2% 2% 13% 
41 4 1 4% 2% 1% 11% 
43 3 1 2% 2% 1% 10% 
44 2 1 1% 1% 0% 9% 
46 1 1 0 NA NA NA 

CI: Confidence interval. NA: not available. Coloured rows: Beginning of the breeding 

seasons. 

Overall, the long term survival rate in the study site is slightly higher for males than for 

females (Fig. 18), while it is nearly equal in the first two years of life. The survival curve 

decreases particularly significantly in both sexes, between the first and the second breeding 

season. The median survival time (e.g. the time to loss of 50% of the individuals from the 

study site) for both sexes is ten months only. 
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Fig. 18. Survival analysis of male and female grey mouse lemurs with median survival time 

(MST) in JBA 1995 to 2000 . 

3.2.2.2 Sampled proportion of a breeding generation 

From August 1998 to March 1999, the observed monthly number of captured individuals 

separated by sex was compared to the expected number calculated by the Jolly-Seber method 

and then the proportion of captured individuals was determined. The estimated overall 

proportion of sampled individuals in relation to the total population was obtained from the 

average proportion of sampled individuals. (Tab. 11).  

From May 1998 to April 1999 where continuous monthly mark-recapture procedures were 

performed a total of 93 adult individuals (59 males, 34 females) were captured and sampled in 

JBA and its proximity (SCHMELTING 2000). 

With regard to an estimated proportion of 63% males and 53% females sampled, a total of 

158 individuals (94 males, 64 females) is assumed to build the pool of potential parents of the 
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offspring captured in the study site JBA. This number was used for the simulation using 

CERVUS 2.0. 

Tab. 11. Estimated proportion of individuals sampled in relation to the breeding population. 

Month Obs. 
males 

Obs. 
females Exp. JS 1:1 Proportion sampled males Proportion sampled females

Aug 17 15 19 89% 78% 
Sep 18 10 23 78% 43% 
Oct 20 16 21 95% 76% 
Nov 14 8 16 88% 50% 
Dec 10 8 15 67% 53% 
Jan 4 3 16 25% 19% 
Feb 5 9 16 31% 56% 
Mar 5 9 18 28% 50% 

Mean    63% 53% 

Obs. males = Number of captured adult males in the monthly capture period. Obs. females = 

Number of captured adult females in the monthly capture period. Exp. JS 1:1 = Expected 

number of individuals per sex, calculated by the Jolly-Seber method with an even sex ratio. 

3.2.2.3 Recapture rate of juveniles 

In total, only 21 proven juveniles were captured (18 in the first months of 1999, 3 in the first 

months of 2000). Five of the trapped individuals were females, 17 were males. A definitive 

date of death could be determined for none of these animals, so the last capture was assumed 

to be the latest survival time in the study site (Tab. 12). 

Tab. 12. Recapture rate of proven juveniles at the study site from 1999 to 2000 
Month N N event survival std.err lower 95% CI upper 95% CI 

1 21 2 90% 6% 79% 100%
3 19 1 86% 8% 72% 100%
4 18 10 38% 11% 22% 66%
8 8 1 33% 10% 18% 61%
9 7 2 24% 9% 11% 51%

19 5 2 14% 8% 5% 41%
20 3 1 10% 6% 3% 36%
21 2 1 5% 5% 1% 32%
23 1 1 0% NA NA NA
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A sex specific analysis was not undertaken because of the small sample size. At least 33% of 

the juveniles reached sexual maturity (at least 8 months of age) in the study site. The median 

survival time (e.g. the time to loss of 50% of the juveniles from the study site) was four 

months (Fig. 19). 

 
Fig. 19. Recapture rate (___) of new individuals at the study site with confidence bands (..... ) of 
lower and upper confidence interval. 

3.2.3 Probability of juvenile first capture 

Detailed information and a large sample size of proven juveniles are needed in order to 

answer the question of the time of an individual’s first capture. Only 18 animals identified as 

juveniles could be trapped in spring 1999. In the capture period from August to December 

1999, 47 individuals were captured, 21 of them known animals from previous years. Of the 26 

newly captured individuals, 4 were marked juveniles from the capture periods in the first 

months of the same year. Hence, at least 15.4% of the newly captured individuals were 

juveniles from the same year. Two of the juveniles marked in spring 1999 were only 

recaptured between August and December 2000, together with 53 newly captured animals. 

That means that 3.6% of the individuals first captured in the second half of the year were 

more than 18 months old. 
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3.2.4 Cryptic animals 

A total number of 236 different individuals (149 males, 87 females) was captured in the study 

site and its surroundings from 1995 to 1998. The capture data of these animals from 1995 to 

2000 were analysed to reveal the number of ‘cryptic’ individuals. These are individuals that 

were not captured at a particular period of life, although still alive. Seven individuals were 

only captured in the first and the third year of their ‘capture career’ but were missed in the 

second year. One female was only captured in 1997, 1998 and 2000, but not in 1999. In total, 

eight animals first captured between 1995 and 1998 were cryptic for one year between 1995 

and 2000. In the study site, where capture procedures were performed regularly in each year, 

no animal appeared to be ‘cryptic’ for more than one year. One male, first captured in the 

proximity of JBA, was only recaptured two years later, when traps were set for the second 

time in this area. 

3.2.5 Mean capture sites of the population from 1998 to 1999 

The arithmetically determined mean capture sites of all individuals captured between May 

1998 and April 1999 were plotted on a map (Fig. 20). Including the animals from extra 

trapping nights, this resulted in 110 mean capture sites (70 males, 40 females). The capture 

sites were relatively evenly distributed over the study site. Only in the western part there were 

some larger patches without mean capture sites. Traps were set on the cross points of the grid 

paths in JBA. The map shows that in the eastern part, where most capture places were located, 

the grid system is denser, with distances of less than 50 m between cross points, resulting in a 

higher trap density. In the western part the distance between cross points is often more than 

100 m (Fig. 21 and Fig. 22). When the study site is divided virtually in a western and in an 

eastern part (marked by a trail from North to South) it can be seen that the sex ratio in the 

western part  is more biased towards the males than the sex ratio is in the eastern part: In the 

western part, 73% of the captured individuals were males (27 males, 10 females) whereas in 

the eastern part 59% were males (43 males, 30 females). That means that overproportinal 

more males than females were captured in areas where the inter-trap distances were longer 

than usual.  
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Fig. 21. Mean capture sites of males during the  period May 1998 to April 1999 in relation to the grid system. 
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Fig. 22. Mean capture sites of females during the period May 1998 to April 1999 in relation to the grid system. 
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3.3 Relatedness of male sleeping partners 

Starting from October, focal males could be found to use the same sleeping sites with other 

males at the same time in a total of 33 sleeping site controls.  A total number of 16 males was 

found that shared simultaneously a sleeping site with one or two other males. Only resident 

males known from previous years slept more than once together (Tab. 13; for details, see 

SCHMELTING 2000).  

Tab. 13. Frequency of sleeping sites used simultaneously of  M. murinus males 
(SCHMELTING 2000). 
ID.N° 111-96 153-96 114-96 110-96 125-96 34-97 123-97 55-97 113-98 109-98 78-98 68-98 ?♂
78-98 1     1   1 1 1   1 
68-98        1      
26-98       1       
55-97         1  1 1   
007-97      7        1 
111-96  5 1 2 13   1  1   
125-96 13 4 2     1  1   
?♂ = unknown males 

Males that slept at least once together from October to November 1998 were tested for 

relatedness (Tab. 14). The r values of these males were tested against the whole data set for 

significance. None of the two primary hypotheses (r1 = full siblings or r2 = half siblings) 

could be accepted with significance for any of the given male dyads, i.e., none of the sleeping 

groups of males investigated consisted of full siblings or half siblings. 

Tab. 14. Relatedness values (r) of M. murinus males that slept together at least once. 
ID.N° 111-96 114-96 110-96 125-96 34-97 123-97 55-97 113-98 109-98 78-98 68-98 
78-98 -0.083   0.021   -0.105 -0.295 -0.025   
68-98       0.113     
26-98      0.104      
55-97        0.015  -0.105 0.113 
007-97     -0.428        
111-96  -0.286 -0.276 -0.186    0.207  -0.083  
125-96 -0.186 0.059      -0.146  0.021  
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Reproductive success of a male sleeping partner was detected only once: The programme 

Popassign 3.9f identified the offspring 002-99 to be sired by the male 125-96 whereas for all 

other sleeping site partners no progeny was detected in the sampled offspring generation (see 

results 3.4.2: Paternity by Popassign 3.9f ). 

3.4 Reproductive success 

For paternity assignment, the two programmes CERVUS 2.0 and Popassign 3.9f were used, 

because of their different approaches to data analysis. 

3.4.1 Paternity by CERVUS 2.0 

In order to generate a delta statistic criterion as a measure of probable paternity, the following 

parameters were used in the CERVUS 2.0 simulation: 

Cycles (number of offspring):                10,000 

Number of candidate fathers:                 94 (see results sampled breeding generation) 

Proportion of candidate parents sampled:    0.63 (see results sampled breeding generation) 

Proportion of loci typed:                     0.998 (see allele frequency analysis) 

Proportion of loci mistyped:                 0.010 

The simulation calculated a Delta criterion for a relaxed confidence of 1.11 which was used to 

identify paternities. In this simulation, a success rate of 23% in revealing father-offspring 

dyads was estimated, with relaxed confidence (Tab. 15). 

Tab. 15. Delta LOD and success rate of revealed paternities by simulation with 10.000 cycles 
Level Confidence(%) Delta Criterion Simulation tests Estimated success rate 
Strict 95 1.99 715 7% 

Relaxed 80 1.11 2317 23% 
Unresolved   7683 77% 

 

Paternities with a � of more than 1.11 (i.e. LOD difference between the most likely father and 

the second most likely father) yielded a the likelihood ratio (LOD score) for a given father-

offspring dyad between 2.53 and 5.30 (Tab. 16). The arithmetic mean capture places that were 

available of father-offspring dyads are projected on a map of JBA for visualisation (see 

Appendix I). 
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Tab. 16. Identified paternities, calculated by CERVUS 2.0. 
Offspring sex cohort Dad cohort O-CP loci compared Mismatches LOD delta LOD 

108-97 f 97 001-95 95 7 1 3.44 1.18
77-96 m 96 004-95 95 7 1 3.44 1.48

111-98 f 98 010-95 95 7 0 5.03 2.51
C76 f 98 19-95 95 7 2 2.98 1.17

004-96 m 96 35-95 95 7 2 3.92 1.67
63-97 m 97 35-95 95 7 1 4.17 1.31

001-97 f 97 44-95 95 7 0 3.98 2.03
118-96 f 96 68-95 95 7 0 3.34 1.70

80-97 m 97 72-95 95 7 1 3.99 1.49
81-97 m 97 72-95 95 7 2 2.63 1.11

006-97 m 97 74-95 95 7 0 3.73 2.22
44-97 f 97 75-95 95 7 0 3.85 1.14

005-99 f 99 75-95 95 7 0 4.46 2.33
50-97 f 97 008-96 96 7 1 4.22 1.55

112-98 f 98 008-96 96 7 0 5.30 2.75
22-99 m 99 106-96 96 7 2 2.76 1.16
29-99 m 99 110-96 96 7 2 2.84 1.14

125-97 f 97 115-96 96 7 0 3.94 2.53
13-97 m 97 115-96 96 7 1 2.71 1.33

127-97 m 97 115-96 96 7 1 3.88 1.16
C58 f 98 115-96 96 7 1 4.65 1.37

66-98 m 98 121-96 96 7 0 4.08 1.59
83-97 f 97 132-96 96 7 0 4.00 1.94
53-97 m 97 135-96 96 7 2 2.94 1.11

107-97 f 97 136-96 96 7 0 2.72 1.42
54-97 m 97 145-96 96 7 0 4.20 1.53
58-97 m 97 150-96 96 7 0 2.93 1.52
17-97 m 97 156-96 96 6 0 3.28 1.33
67-97 m 97 81-96 96 7 2 2.53 1.31

012-99 f 98 81-96 96 7 0 4.34 1.32
97-98 f 98 007-97 97 7 0 5.11 2.12
76-98 f 98 010-97 97 7 0 3.53 1.44
19-99 m 99 124-97 97 7 0 3.45 2.03

011-99 f 99 124-97 97 7 1 3.13 1.41
108-98 f 98 30-97 97 7 0 3.85 1.74

87-98 f 98 30-97 97 7 0 3.88 1.55
23-98 f 98 36-97 97 7 0 4.70 2.71

cohort = year, in which the individual was assumed to reach sexual maturity (birth cohort). O-CP loci 
compared = Number of loci compared between offspring and candidate parent. Mismatches = Number of 
alleles, which did not match between offspring and candidate parent. LOD = Likelihood ratio H1/H0 

 

By definition, out of a sample of 255 genotyped grey mouse lemurs from Ampijoroa, 203 

individuals could have been offspring as they were captured from 1996 onwards. CERVUS 

2.0  identified 38 individuals as offspring of candidate fathers in the sampled population with 



72 

less than 3 allelic parent – offspring mismatches and a � LOD of at least 1.11. For these  38 

offspring, 29 putative fathers were found in total. For the 103 remaining candidate fathers no 

reproductive success could be determined. The observed success rate of 19% for identified 

paternities (38 out of 203) is only slightly lower than the expected success rate (23%) 

predicted by the simulation, suggesting that the assumptions required for the assessment of 

the candidate males in the system go aside with reality. Of the 38 assigned offspring, 44.7% 

(N = 17) were males. Among the identified breeders, individual males had a total of one to 

four offspring throughout their presence in the study area. The time interval between father 

and identified offspring ranged between one and four breeding seasons, i.e. both non-resident 

and resident males reproduced. However, none of the males first captured in 1998 was among 

the successful breeders of the year 1999 whereas in previous years also males captured the 

first time were identified to have contributed to the next generation. The maximum of 

offspring sired by an individual male within one breeding season was three. Three other males 

were identified to have sired two offspring within one breeding season whereas the remaining 

25 males were identified to be fathers of a single offspring within one season.  

3.4.2 Paternity by Popassign 3.9f 

The likelihood ratio used in Popassign is different from the one used in CERVUS 2.0, as the 

critical LOD from the H0 (kinship relation other than paternity) was generated by a Monte 

Carlo simulation with 10,000 cycles based on the given allele frequencies. The critical LOD 

for a significance level at a given alpha was 10% = 1.906, 5% (*) = 2.168, 1% (**) = 2.588. 

Of the sample of 203 possible offspring from Ampijoroa, Popassign 3.9f identified 54 

individuals as offspring of a candidate father in the sampled population. For these offspring, 

38 candidate fathers were found. For four offspring, two possible father–offspring dyads were 

found (coloured cases in Tab. 17). These dyads were not included in the following analyses, 

but are listed in Appendix II and Tab. 17 in order to present the complete information.  
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Tab. 17. Assigned paternities, revealed by Popassign 3.9f (for legend see following page) 
Offspring Sex O co DAD D co loc exc which(bp) Pexc relat ±jn.SE log sign 

55-97 m 97 001-95 95 7 0  0.995 0.704 0.015 2.286 * 
80-98 f 98 001-95 95 7 0  0.995 0.607 0.015 2.217 * 
35-99 f 99 001-95 95 7 0  0.996 0.500 0.012 2.135 10% 
77-96 m 96 004-95 95 7 1 M8(4) 0.994 0.466 0.028 2.019 10% 
78-96 f 96 006-95 95 7 1 M3(4) 0.987 0.498 0.031 1.967 10% 
96-96 f 96 17-95 95 7 0  0.993 0.770 0.023 2.321 * 
44-97 f 97 17-95 95 7 0  0.997 0.481 0.022 1.909 10% 

135-96 m 96 35-95 95 7 1 M9(4) 0.983 0.606 0.028 1.953 10% 
001-97 f 97 44-95 95 7 0  0.999 0.544 0.014 2.651 ** 
35-99 f 99 64-95 95 7 0  0.996 0.438 0.011 1.988 10% 

118-96 f 96 68-95 95 7 0  0.997 0.484 0.008 2.456 * 
94-96 m 96 70-95 95 7 0  0.993 0.519 0.016 2.167 * 

110-98 f 98 70-95 95 7 0  0.998 0.644 0.030 2.450 * 
009-99 f 99 70-95 95 7 1 M8(10) 0.996 0.447 0.026 2.029 10% 
80-97 m 97 72-95 95 7 1 M8(6) 0.995 0.376 0.032 1.939 10% 

006-97 m 97 74-95 95 7 0  0.994 0.660 0.024 2.422 * 
86-97 m 97 74-95 95 7 0  0.999 0.367 0.012 2.068 10% 
44-97 f 97 75-95 95 7 0  0.997 0.601 0.022 2.376 * 

005-99 f 99 75-95 95 7 0  0.997 0.684 0.022 2.581 ** 
50-97 f 97 008-96 96 7 1 M3(18) 0.997 0.466 0.038 2.118 10% 

112-98 f 98 008-96 96 7 0  0.983 0.746 0.024 2.510 * 
58-98 f 98 106-96 96 7 0  0.996 0.487 0.012 2.083 10% 

010-99 m 99 114-96 96 7 0  0.996 0.397 0.015 1.980 10% 
125-97 f 97 115-96 96 7 0  0.992 0.413 0.014 2.118 10% 
32-97 f 97 119-96 96 7 0  0.997 0.517 0.019 1.909 10% 
66-98 f 98 121-96 96 7 0  0.997 0.587 0.022 2.630 ** 

002-99 m 98 125-96 96 7 1 M2(2) 0.996 0.365 0.034 1.937 10% 
86-97 m 97 126-96 96 7 0  0.999 0.569 0.019 2.396 * 
45-97 f 97 126-96 96 7 0  0.998 0.557 0.021 1.943 10% 
65-98 f 98 126-96 96 7 0  0.997 0.515 0.018 2.113 10% 
83-97 f 97 132-96 96 7 0  0.996 0.751 0.020 2.593 ** 

117-98 f 98 132-96 96 7 0  0.992 0.631 0.025 1.906 10% 
122-97 f 97 135-96 96 7 1 M10(3) 0.980 0.622 0.035 2.298 * 
107-97 f 97 136-96 96 7 0  0.997 0.531 0.019 2.007 10% 
121-97 f 97 136-96 96 7 0  0.993 0.497 0.020 1.908 10% 
54-97 m 97 145-96 96 7 0  0.994 0.414 0.011 2.525 * 
77-98 m 98 148-96 96 7 0  0.997 0.544 0.022 2.011 10% 
58-97 f 97 150-96 96 7 0  0.997 0.405 0.015 2.009 10% 

009-97 f 97 77-96 96 7 0  0.985 0.400 0.010 2.504 * 
012-99 f 98 81-96 96 7 0  0.994 0.756 0.016 2.623 ** 
110-98 f 98 94-96 96 7 0  0.998 0.583 0.022 2.055 10% 
122-97 f 97 95-96 96 7 0  0.980 0.526 0.018 2.208 * 
97-98 f 98 007-97 97 7 0  1.000 0.581 0.021 2.984 ** 
76-98 f 98 010-97 97 7 0  0.996 0.611 0.021 2.197 * 
52-98 m 98 123-97 97 7 0  0.997 0.484 0.019 2.148 10% 

C78 f 98 123-97 97 7 0  0.992 0.536 0.012 2.005 10% 
19-99 m 99 124-97 97 7 0  0.996 0.364 0.007 2.275 * 
87-98 f 98 30-97 97 7 0  0.985 0.560 0.015 2.428 * 

108-98 f 98 30-97 97 7 0  0.983 0.515 0.017 2.348 * 
23-98 f 98 36-97 97 7 0  0.999 0.622 0.017 2.999 ** 
82-98 f 98 82-97 97 7 0  0.994 0.434 0.027 2.064 10% 
29-99 f 99 82-97 97 7 1 M3(8) 0.999 0.317 0.036 1.960 10% 
14-99 m 99 82-97 97 7 0  0.995 0.473 0.016 1.943 10% 
51-98 m 98 86-97 97 7 0  0.999 0.382 0.012 2.076 10% 
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Legend for Tab. 17 of the previous page: 
 
Sex = Sex of the offspring.  
O co = Offspring’s birth cohort; year, in which the offspring is assumed to have reached 
sexual maturity.  
D co = Dad cohort; year, in which the potential father is assumed to have reached sexual 
maturity. loc = Number of loci compared between offspring and candidate parent.  
exc = Number of alleles which do not match between offspring and candidate parent. which 
(bp) = Name of loci which have exclusions and the minimum distance in bp between  a 
possible parent’s allele and the offspring’s alleles.  
Pexc = Individual exclusion probability according to CHAKRABORTY et al. (1988) of a 
single unrelated candidate parent from parentage of a given offspring.  
relat = observed relatedness offspring – parent according to GOODNIGHT & QUELLER 
(1999).  
±jn.SE = jack-knifing standard error for Goodnight & Queller relatedness.  
log = LOD score; log(probabilityprimary hypothesis – probabilitynull hypothesis). 
sign = Significance level of critical LOD from H0; * = 5%, ** = 1%. 
Coloured cases = two possible candidate fathers are found. 
 

After this correction, 34 fathers were assumed to have sired 50 offspring that could have been 

captured in the study site. For the 98 remaining candidate fathers no reproductive success 

could be determined. Hence, potential fathers were found for 24.6% of the 203 genotyped 

individuals captured between 1996 and 2000. Of the 50 assigned offspring, only 32% (N = 

16) were males. Among the identified breeders, individual males had a total of one to three 

offspring throughout their presence in the study area. The time interval between father and 

identified offspring ranged between one and four breeding seasons, i.e. both non-resident and 

resident males reproduced. However, none of the males first captured in 1998 was among the 

successful breeders of the year 1999 whereas in previous years also males captured the first 

time were identified to have contributed to the next generation. Six males were identified to 

be fathers of two offspring within one breeding season whereas the remaining 28 males were 

identified to have sired a single offspring within one season. The arithmetic mean capture 

sites of all father-offspring dyads are projected on a map of JBA to show the spatial 

distribution of the relationships (see Appendix II). 
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3.4.3 Paternities by CERVUS 2.0 and Popassign 3.9f 

The paternity results of the two different programmes were compared to each other and only 

father–offspring dyads revealed by both programmes independently were considered for 

further analysis on spatial distribution. Twenty one father – offspring dyads with 19 assigned 

fathers were identified by both programmes. Thus for 8.2% only of the 203 possible offspring 

the same potential father was found by both programmes, in contrast to 19% resp. 24.6%. 

Thirty three percent (N = 7) of the 21 offspring were males.  

3.5 Spatial access of genetic fathers to offspring and genetic mothers 

3.5.1 Distance to genetically determined offspring 

The analysis of the distance to genetically determined offspring is based on the overlapping 

paternity results of CERVUS 2.0  and Popassign 3.9f (Fig. 23). For one dyad (father 132-96 

and offspring 83-97) no data on mean capture sites were available and it is therefore missing 

in the map. The median distance between the mean capture site of a putative father and its 

offspring identified by either of the programmes was 200 m (min = 0 m, max = 597 m). For a 

father-male offspring dyad (father 72-95 and male offspring 80-97) a distance of 597 m 

between the mean capture sites was measured. For one father–female offspring dyad (father 

115-96 and female offspring 125-97) a distance of 596 m was calculated. These were the two 

longest distances for any dyads. As females tend to be philopatric the distance between a 

father and a putative mother can be calculated. The putative longest distance for a male to 

mate with a receptive female was therefore 531 m, calculated by 596 m (distance between the 

male centre of activity and the female centre of activity) minus 65 m, as the radius of an 

assumed average female home range (SARIKAYA 1999). 
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3.5.2 Access to genetically determined mothers 

Popassign 3.9f detected nine father-mother-offspring triads (Tab. 18). None of the triads 

showed any allelic mismatches except one (putative parents 132-96 and 83-98 and the 

assumed offspring 117-98), where the alleles of the two loci M9 and M10 did not fit this 

constellation. Furthermore, the putative parents were related with R = 0.751, indicating that 

this dyad had a kinship relation rather than two unrelated parents. This group was identified in 

the paternity analysis of Popassign 3.9f as well, as a father – female offspring dyad (Tab. 18). 

Therefore, this triad was excluded from further analysis. Two of the remaining eight offspring 

were males. For one triad, no complete capture site data were available. The location of the 

remaining seven triads were plotted on a map (Fig. 24).  

Tab. 18. Assigned father-mother-offspring triads by Popassign 3.9f 
Offspring Dad Mum L E Pexc R o/m SE log Sig E2 excl P R d/m 
m86-97 126-96 133-96 7 0 0.999 0.575 0.019 2.372 * 0  0.999 0.121 
m55-97 001-95 118-96 7 0 0.995 0.567 0.030 2.084 10% 0  0.995 0.215 
f80-98 001-95 118-96 7 0 0.995 0.482 0.010 2.168 * 0  0.995 0.215 
f44-97 17-95 23-95 7 0 0.997 0.626 0.020 2.293 * 0  0.997 0.171 
f82-98 82-97 009-97 7 0 0.994 0.449 0.008 2.244 * 0  0.994 -0.067
fC78 123-97 149-96 7 0 0.992 0.596 0.016 2.024 10% 0  0.992 0.045 
f001-97 44-95 155-96 7 0 0.999 0.521 0.019 2.016 10% 0  0.999 0.160 
f012-99 81-96 120-96 7 0 0.994 0.597 0.023 1.998 10% 0  0.994 0.168 

f117-98 132-96 83-97 7 0 0.992 0.758 0.020 2.322 * 2  M9 
M10 0.992 0.751 

L = Number of loci compared between offspring and candidate mother 
E = Number of alleles which did not match between offspring and candidate mother. Pexc = 
Individual exclusion probability according CHAKRABORTY et al. (1988) of a single 
unrelated candidate mother from parentage of a given offspring. 
R o/m = observed relatedness offspring – mother according GOODNIGHT & QUELLER 
(1999). 
SE = jack-knifing standard error for Queller & Goodnight relatedness. 
log = LOD score; log(probabilityprimary hypothesis – probabilitynull hypothesis). 
Sig = Significance level of critical LOD from H0; * = 5%, ** = 1%. 
E2 = Number of alleles, which does not match between candidate father and candidate 
mother. excl = Name of loci which have exclusions 
P = Individual exclusion probability according to JAMIESON & TAYLOR (1997) of a single 
unrelated candidate parent pair from parentage of a given offspring. 
R d/m = observed relatedness father – mother according GOODNIGHT & QUELLER 1999. 
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The distances between the mean capture sites of the putative parents ranged between 17 m 

(male 82-97 and female 009-97) and 524 m (male 001-95 and female 118-96 for offspring 80-

98) with a median distance of 140 m (male 44-95 and female 155-96). The median distance 

between the mean capture sites of a putative mother and her offspring was 121 m (mother 

155-96 and female offspring 001-97) with a range from 0 m (mother 118-96 and female 

offspring 80-98) to 564 m for a male offspring (male 86-97) and his putative mother (female 

133-96). One mean capture site of a female offspring (female 012-99) was located 522 m 

away from the mean capture site of her putative mother (female 120-96). 

3.5.3 Paternal access and male migration 

Data on the capture sites of the male 001-95 are available from 1995 to 1998 (Fig. 25). Each 

successive year, the mean capture site was located farther away from the original site in 1995. 

The mean capture site in 1998 was 473 m  distend from the mean capture site in 1995. In 

three consecutive years, 1997 to 1999, one offspring per birth cohort was assigned to the male 

001-95. In 1996, the male was identified to have sired the male offspring 55-97. The mean 

capture site of the mother 118-96 was 296 m distend from the mean capture site of the father 

001-95 in 1996. Using Popassign 3.9f, the female 80-98 was identified as a full sib of the 

male offspring 55-97 with its mother in closest proximity (Fig. 24). The female offspring 80-

98 was assumed to belong to the following birth cohort one year later. It is assumed that the 

male sired two female offspring 80-98 and 35-99 in 1997 resp. 1998. The mean capture sites 

of 001-95 in 1997 and 1998 were located at the western limit of JBA. However, the mean 

capture sites of the two female offspring identified were closer to the putative father’s former 

mean capture sites of the year 1995 and 1996 in the north-eastern part of JBA than to his 

recent mean capture sites. The putative father 001-95 is assumed to have sired the female 

offspring 35-99 in the breeding season 1998. The distance between the mean capture site of 

the female offspring and the mean capture site in 1998 of 001-95 was 424 m. The distance 

between the identified mother of female offspring 80-98 (mother 118-96; her mean capture 

site was located at the same co-ordinates) and the putative father 001-95 was 524 m. 
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3.6 Body weights of successful breeders  

 

The monthly body weight of each of the 43 successful breeders (revealed by CERVUS 2.0 or 

Popassign 3.9f) was compared  to the median male body weight of each capture period in 

which the breeder was captured as well. Depending on the interval between first and last 

capture of an individual, 1 to 17 comparisons per breeder were made (Tab. 19). No clear 

pattern with regard to body weight and reproductive success could be determined. Whereas in 

10 males the body weight was above the median in all compared capture periods, in 19 males 

it was always below the median. The body weight of the remaining 14 breeders could not be 

classified, as in some capture periods it was below the median and in others above. 

Tab. 19. Weight classes of breeders and number of comparisons 
Body 
weight* N Median number 

of comparisons Minimum Maximum Lower Quartile Upper Quartile

above 10 1.5 1 17 1 5 
below 19 1 1 7 1 3 
variable 14 2 1 8 2 6 

Body weight*: Monthly body weight in relation to the monthly median of all captured males 

at the same time. Below/above: Body weight always below or above of each monthly median 

of all captured males. Variable: Body weight varied, could not be classified with regard to the 

previous criteria. 

3.7 Experience-related reproductive success 

3.7.1 Reproductive success per offspring generation 

The approach by NEFF et al. (2000a,b) was used to calculate the reproductive success of a 

male for a specific birth cohort (“next generation”). Thus, the reproductive success is the 

assumed proportion of the offspring of a birth cohort sired by a specific father. All 132 males 

belonging to the birth cohorts between 1995 and 1998 were tested for a group of four loci as 

genetic data on their putative offspring generations (1996 – Jan. 2000) were available. Each 

group of loci was specifically chosen for each male with regard to the highest resolution 

power for that male. All non-contributers were excluded from further analyses. After the 

second step in the analysis which employed all seven loci for the remaining males, 38 males 
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were identified as potential contributors to the next generation individuals (NGIs) in their first 

breeding season (Appendix III). Eighteen males were likely to have sired offspring in their 

second year in JBA and four males to have reproduced successfully in their third year of life 

in the study site. Three males that were at least four years old were assumed to have fathered 

offspring. Thirty three males of the 38 potential first year breeders were captured only in one 

year, hence the contribution to the NGIs was only determined for that year. Twenty one males 

with positive reproductive success in at least one year were captured in two or more different 

years. Only in five cases males did have a lower estimate of reproductive success in a given 

year, than in the previous year. Three of these males were recaptured in the following year 

and had an even higher estimate than two years before (Tab. 20). In all other cases the 

estimate increased constantly per year. The highest estimates of reproductive success were 

calculated for males in their fourth breeding season who had been captured in four successive 

years.  

Tab. 20. Estimate of reproductive success per year of successful breeders (as determined by 
2sexpat program) that were captured in more than one breeding season. 

Male birth cohort 1st year 2nd year 3rd year 4th year 
75-95 95 5.5% 5.1% 0.0% 14.3% 
44-95 95 3.8% 3.5%   
74-95 95 3.7% 6.8%   
001-95 95 0.0% 6.8% 3.9% 8.6% 
19-95 95 0.0% 3.5%   
72-95 95 0.0% 3.5% 0.0% 5.8% 
010-95 95 0.0% 0.0% 3.8%  
106-96 96 0.0% 7.5%   
126-96 96 0.0% 5.7%   
140-96 96 0.0% 3.9%   
81-96 96 0.0% 3.9%   
121-96 96 0.0% 3.9%   
119-96 96 0.0% 3.9%   
008-96 96 0.0% 3.8% 5.7%  
114-96 96 0.0% 0.0% 5.8%  
30-97 97 7.6% 5.8%   
36-97 97 5.7% 0.0%   
82-97 97 3.9% 5.8%   
55-97 97 0.0% 5.8%   
010-97 97 0.0% 5.8%   
108-97 97 0.0% 5.8%   

Coloured cases: Lower confidence interval is lower than that of the previous year. For details 
on estimates, confidence intervals, NGdad and ngdad  of all breeders, see Appendix III. 
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3.7.2 Relationship between age and reproductive success 

Because of the indications of age-related success in male grey mouse lemurs deriving from 

the model of NEFF et al. (2000a,b), the identified paternities by CERVUS 2.0 and Popassign 

3.9f were arranged separately according to the breeding seasons in a male’s life. In Tab. 21, 

the results of the arrangement of CERVUS 2.0 data is shown. 

Tab. 21. Reproductive success by breeding season, revealed by CERVUS 2.0. 
Dad ID 1st year 2nd year 3rd year 4th year 
001-95  f108-97  
004-95 m77-96  
010-95  f111-98  

19-95  fC76  
35-95 m004-96 m63-97  
44-95 m137-96 f001-97  
68-95 f118-96  

72-95  m80-97
m81-97  

74-95  m006-97  
75-95  f44-97 f005-99 

008-96 f50-97 f112-98  
106-96  m22-99  
110-96  m29-99  

115-96 
f125-97 

m127-97 
m13-97 

fC58  

121-96  m66-98  
132-96 f83-97  
135-96 m53-97  
136-96 f107-97  
145-96 m54-97  
150-96 m58-97  
156-96 m17-97  

81-96 m67-97 f012-99  
007-97 f97-98  
010-97 f76-98  

124-97  f011-99
m19-99  

30-97 f108-98 
f87-98  

36-97 f23-98  
∑ Male breeders 17 11 4 1 
Breeding classes Non-residents Residents 
∑ Male breeders 17 16 

F = female offspring, m = male offspring (all individuals with their ID). 
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This revealed that of all successful breeders identified by CERVUS 2.0, 17 males sired 

offspring in the year of their first capture. Eleven males reproduced successfully in their 

second breeding season and four in the third breeding season. One male in his fourth year in 

the study area sired year an offspring. When the results of the longitudinal study are converted 

into a horizontal scale, it shows that in absolute numbers, first-year captured (e.g. non-

resident) males and resident males contribute equally to the next generation: In CERVUS 2.0, 

17 non-resident males opposite 16 resident breeders (experienced two to four breeding 

seasons). 

These numbers were compared with the survival rates at JBA calculated by the Kaplan-Meier 

method (Tab. 22). The comparison showed that males surviving longer (e.g. reached a higher 

age class), had a higher chance of reproducing successfully. Although the absolute number of 

successful breeders is lower in the higher age classes, one has to keep in mind the survival 

rate of male mouse lemurs at Ampijoroa. Whereas only 21% of non-resident males 

contributed to the next generation in their first season in the study site, in the subsequent age 

classes almost half of the assumed male population reproduced successfully (44-50%). 

Tab. 22. Survival rate in relation to reproductive success, revealed by CERVUS 2.0  
 1st season 2nd  season 3rd season 4th  season 

N total of captured males 132 99 63 32 
Survival until breeding season 61% 23% 14% 6% 
Candidate fathers 81 23 9 2 
Identified male breeders 17 11 4 1 
% breeders per age class 21% 48% 44% 50% 
 

By means of Popassign 3.9f, 21 males were identified as having reproduced in the year of 

their first capture. Fourteen males sired offspring in their second breeding season and three in 

the third breeding season. Two males that reached the fourth year contributed to the next 

generation of that year (Tab. 23). When the results of the longitudinal study are converted into 

a horizontal scale, it shows that in absolute numbers, first-year captured (e.g. non-resident) 

males and resident males contribute equally to the next generation: In Popassign 3.9f, 21 non-

resident males opposite 19 resident breeders (experienced two to four breeding seasons). 
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Tab. 23. Reproductive success by breeding season, revealed by Popassign 3.9f. 
DAD 1st year 2nd year 3rd year 4th year

001-95  m55-97 f80-98
004-95 m77-96 
006-95 f78-96 

17-95 f96-96 
35-95  m135-96
44-95  f001-97
68-95 f118-96 
70-95 m94-96 f009-99
72-95  m80-97

74-95  m006-97
m86-97

75-95  f005-99
008-96 f50-97 f112-98
106-96  f58-98
114-96  m010-99
115-96 f125-97 
119-96 f32-97 
121-96  f66-98
125-96  m002-99

126-96 m86-97 
f45-97 f65-98

132-96 f83-97 f117-98

136-96 f121-97 
f107-97 

145-96 m54-97 
148-96  m77-98
150-96 f58-97 

77-96 f009-97 
81-96  f012-99

007-97 f97-98 
010-97 f76-98 

123-97 m52-98 
fC78 

124-97  m19-99

30-97 f87-98 
f108-98 

36-97 f23-98 

82-97 f82-98 f29-99
m14-99

86-97 m51-98 
∑ Male breeders 21 14 3 2 

Breeding classes Non-residents Residents 
∑ Male breeders 21 19 

F = female offspring, m = male offspring (all individuals with their ID). 
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Again, these numbers were compared to the survival rates in JBA calculated by the Kaplan-

Meier method (Tab. 24). The same trend was seen as with CERVUS 2.0 paternities, although 

the proportions were not identical. Males that reached an older age class were more likely to 

reproduce successfully than newly immigrant males.  

Tab. 24. Survival rate in relation to reproductive success, revealed by Popassign 3.9f  
 1st season 2nd  season 3rd season 4th season 

N total of captured males 132 99 63 32 
Survival until breeding season 61% 23% 14% 6% 
Candidate fathers 81 23 9 2 
Identified male breeders 21 14 3 2 
% breeders per age class 26% 61% 33% 100% 
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4 Discussion 

4.1 Evaluation of the used methods: The ‘uncertainty problem’ 

The study on reproductive tactics of male grey mouse lemurs in their natural habitat was 

confronted with two major problems: First, how can parameters be estimated that cannot be 

measured by definition? In other words, how large is the proportion of unsampled individuals 

and what might be its impact on the following analyses? Second, how can long term 

individual movements be determined, if only a limited numbers of fixed locations (e.g. 

trapping data) are available for the vast majority of the population? In the subsequent analyses 

these questions have to be considered when trying to interpret the given results. 

When searching the literature for references that face the same general problem as I did with 

the analysis of reproductive tactics of free-living grey mouse lemurs, I ended up in quantum 

mechanics: “The more precisely the position is determined, the less precisely the momentum 

is known in this instant, and vice versa” (HEISENBERG 1927, the uncertainty principle). 

This relation has profound implications for such fundamental notions as causality and the 

determination of the future behaviour of an object. HEISENBERG’s analysis showed that 

uncertainty, or imprecision, always turned up if one tried to measure the position and the 

momentum of a particle at the same time. In the most extreme case, absolute precision of one 

variable would entail absolute imprecision regarding the other. In my study there is always a 

trade-off between the maximal precision in one parameter such as the locations of the animals 

and the impact this measurement will have for future behaviour such as dispersal, mate 

searching, survival etc. Unfortunately, it is not possible to get 100% precise data to confirm 

significantly all relevant assumptions needed for the analyses of reproductive tactics of male 

M. murinus in north-western Madagascar. And, even more unfortunate, it seems that we are 

still far away from detecting an equivalent to the “Planck’s constant” for the social system of 

free living mouse lemurs.  

Hence, all “uncertainties” that might arise from the methods used in this study have to be 

critically reflected before discussing the results and drawing conclusions on reproductive 

tactics in male grey mouse lemurs. 
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4.1.1 Assessment of demography 

In open populations with dense habitat that do not allow easy access to the studied species, 

there is always the question of the actual population size and thus, the percentage of sampled 

individuals (BULL & COOPER 1999).  

4.1.1.1 Jolly-Seber method 

A significant source of error in the demographic estimate of density may occur when using 

the Jolly-Seber method to estimate population size, then dividing by area to calculate density 

(SUMNER et al. 2001). The presence of peripheral individuals at the boundaries of the study 

area may induce a strong heterogeneity of capture which may, in turn, have a strong effect on 

the robustness of population size estimation (CAROTHERS 1973). In my study, although 

assuming an even sex ratio (SCHMELTING 2000), overproportinal more males than females 

were captured in areas where the inter-trap distances were longer than usual. This fact has to 

be considerated and is discussed later.  

A distance sampling method (e.g. BUCKLAND et al. 1993) that is not based on recapture of 

individuals would be more appropriate for some species, but as it relies on sighting and 

distinction of individuals from a distance, it is not really an alternative method to trapping 

data in a cryptic species such as the grey mouse lemur. The transsect census method has also 

been used to estimate the population density in mouse lemurs (GANZHORN 1988) but this 

method is not applicable in an area like Ampijoroa, where two sibling species occur (e.g. 

ZIMMERMANN et al. 1998). For mouse lemurs, in a continuous area of forest, there does 

not seem to be a method available to estimate population size and density accurately, so the 

most appropriate approach will be the Jolly-Seber method (RADESPIEL 1998, 

EHRESMANN 2000, SCHMELTING 2000). 

4.1.1.2 Mark-recapture procedures 

The mark–recapture data and focal observations (SCHMELTING 2000) have indicated that 

not all the individuals were captured within the area. That means that we may have lost some 

precision in our estimators (e.g. SUMNER et al. 2001). The failure of capturing all 

individuals may have different causes: a) Loss of individuals from the trap population due to 
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emigration cannot be distinguished from b) loss due to simple avoidance of traps nor c) loss 

due to predation or d) other causes of death. Since predation on mouse lemurs is high 

(GOODMAN et al. 1993, HAWKINS 1998), this factor certainly accounts for the lack of 

recapture of some individuals. On the other hand, patterns in the trap data such as trends in 

disappearance can suggest a specific activity such as emigration. However, for none of these 

assumptions population based precise data are available and in the near future we cannot 

expect these data to come up. To get these data, at first all mouse lemurs living in a closed 

population (for instance on a (forest-)island) must be known individually which is unrealistic 

for the capture methods currently available. Distinction between the above mentioned factors 

cannot be made reliably unless every individual is followed and equipped with a radio-collar 

individually. Radiocollaring is not feasible for a complete population but previous studies on 

a smaller number of radio-collared individuals have shown that all three factors can be 

relevant (RADESPIEL 1998, SCHMELTING 2000). 

4.1.1.3 Centre of activity 

A sleeping site and a trapping site may provide one location point per animal per day, while 

radio tracking allows one to gather location points for a focal animal during the whole night. 

This suggests that tracking should provide the most accurate approximation of an animal’s 

true home range size. In order to determine a centre of activity for each individual, I 

investigated in how far centres of sleeping site areas, trapping sites and home range areas 

correspond to each other and may be juxtaposed. For focal males, I determined mean capture 

sites by a geometrical and an arithmetical approach. If the two mean capture sites of an 

individual were located in closest vicinity of each other this should indicate that the animal 

used all areas of its estimated home range evenly.  

I found indeed, that the arithmetically and geometrically determined mean capture sites were 

on average relatively close together (median = 17.5 m), which implies that the males used the 

traps randomly without clear preferences for particular trap areas. Furthermore, the calculated 

mean capture sites were found on average close to the centre of the corresponding 

telemetrically determined home range. Likewise, the centre of the sleeping site area was in 

general in nearest neighbourhood of the other location centres (home range, mean capture 

sites) of an individual. Therefore, the centres of activity, determined either by trapping, by 
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radiotelemetric determined home ranges or by daily sleeping site controls of radiocollared 

males seem to reflect the real centre of activity of an individual grey mouse lemur. Because of 

the coincidence of all three methods these findings suggest that the centre of trapping sites of 

an animal as the least labour intense approach provided a good approximation of the activity 

centre and thus may be used for assessing the spatial-temporal distribution of individuals 

within the population.  

If no radiotelemetric data are available for males, an estimated circular home range of an 

average size may be drawn around the mean capture sites of males to assess their access to 

females. Although this approach might include a certain bias since not all individuals may 

have completely circular-shaped home ranges, it may be a solution to gather information on 

inter-individual distances on a population level. Thus, inter-individual distances may be 

calculated on the basis of mean capture sites between individuals in order to interpret 

molecular genetic results on relatedness. 

4.1.1.4 Dispersal pattern 

Although mouse lemurs are solitary foragers, they do not occupy exclusive home ranges but 

demonstrate a high degree of spatial overlap (RADESPIEL et al. 1998, SCHMELTING 

2000). During the mating seasons, males increase their home ranges significantly. However, 

before and after the mating seasons the home ranges are located in the same area 

(SCHMELTING 2000). This ranging behaviour does not express dispersal since the males did 

not change the location of their long-term home ranges, but also returned to former sleeping 

sites and former home range locations (SCHMELTING 2000). Because of these findings it is 

problematic to assume dispersal based only on the analysis of capture data of a few months of 

a year. I suggest that dispersal patterns should only be interpreted when long term data of at 

least two years are available. For each year the centre of activity should be determined and the 

distance evaluated. The best would be to use two comparable study periods of sufficient time. 

If it is assumed that a male does not explore exactly the same area of his home range in the 

first mating season of the first year as in the first mating season of the second year (e.g. a male 

is not found exactly in the same area every year in September but might range in this area in 

the second mating season starting in November) the following protocol should be used: 

Preferably data of two whole seasonal cycles should be compared. If not possible, long term 
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data on mean capture places should either include capture procedures only outside the 

breeding season in both years or they should include both mating seasons within one breeding 

season (SCHMELTING et al. 2000). 

4.1.2 Assessment of genetic affiliations and paternities 

Recent advances in genetics permit paternity exclusion in multi-male primate groups, at least 

in theory. In practice, however, problems of applying the new molecular methodologies to 

natural populations arise. These include difficulties of acquiring tissue samples from free-

ranging animals (MORIN & WOODRUFF 1992, GOOSSENS et al. 1998) or uncertainties in 

evaluating population sizes (WORTHINGTON WILMER 1999, BULL & COOPER 1999). 

4.1.2.1 Survival analysis 

In this study, the date of the last capture was assumed to be the latest time of survival at the 

study site. This approach might lead to an underestimate of the real survival time at the study 

site: I have found that one male sleeping partner, already marked in previous years, was not 

recaptured, although still living in the study site (SCHMELTING 2000). However, because 

there are no alternatives for getting more precise data under the given circumstances, this 

survival time estimate was taken as a basis for calculating genetic affiliations with regard to 

survival probabilities. 

Because of the small sample size of proven juveniles, a statistical powerful analysis of sex 

specific survival rates for juveniles could not be performed. A limited trapping area may be 

problematic when judging the probability of juvenile first capture. As animals might migrate 

over a distance larger than the actual trapping grid (RADESPIEL et al. in prep.), the 

percentage of dispersers of the disappeared fraction could not be evaluated. At least 15.4% of 

individuals first captured prior to the breeding season could be classified as proven juveniles 

of the corresponding year based on morphometric measurements and juvenile habitus. 

However, as the grid system may not cover the whole dispersal range, it may be likely that a 

large proportion of the new captured animals consists of immigrant individuals born in the 

same year. My study suggests that only 3.6% of the proven juveniles were cryptic animals. 

However, more data on juvenile mark-recapture are needed in order to confirm that 
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individuals captured for the first time in their life belong to the birth cohort of the same year. 

In practice, it is extremely difficult, not to say impossible to get detailed information on 

juveniles and their survival and dispersal. Young mouse lemurs grow rapidly which means 

that they reach adult size within about three to four months (GLATSTON 1979, 

EHRESMANN 2000). Thus, only a short time window allows the data collection necessary to 

identify proven juveniles. However, this time window coincides with the period of low 

trapping success (SCHMELTING et al. 2000, SCHMELTING 2000). Hence, although the 

“follow-up times” might be shorter than the real survival time, these data can still reveal 

trends in longevity and sex different survival times. 

4.1.2.2 Sampling methods for genetic information 

New methods of non-invasive genotyping to study free-ranging animals offer the potential to 

characterise reproductive patterns in organisms that are difficult to observe without disturbing 

them (CONSTABLE et al. 1995, TABERLET et al. 1996, 1999, GOOSSENS et al. 1998). 

An important application of non-invasive genotyping is the use of shed hair, faeces, or 

wadges (discarded, chewed food material containing buccal cells) as DNA source in order to 

examine paternity and mating patterns in wild primate species (MORIN et al. 1994, 

GAGNEUX et al. 1999, GERLOFF et al. 1999. BORRIES et al. 1999). But in small bodied 

species foraging solitary such as in mouse lemurs, these non-invasive sampling methods such 

as genotyping individuals from faeces (REED et al. 1997, GOOSSENS et al. 2000) are not 

applicable due to the problems of finding enough amounts of these materials in the natural 

habitat. Therefore, the used mark-recapture procedure was the method of choice in this study. 

4.1.2.3 Power and limits of paternity analyses 

By applying the microsatellite technique for the determination of genetic affiliations, one of 

the expectations at the beginning of this study was that it should be possible to find the fathers 

for the majority of the offspring of the population in order to characterise differences in the 

reproductive success of the males. However, only a lesser amount of paternities could be 

determined with a certain accuracy. For paternity analysis I applied two programmes, 

CERVUS 2.0 and Popassign 3.9f. The allele frequency analysis calculated by CERVUS 2.0 

revealed an exclusionary power for the first parent of more than 99%. This represents the 
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average probability of excluding a single randomly-chosen unrelated individual from 

parentage at all analysed loci. Therefore, the markers themselves can be considered to be 

highly specific and sufficient for parentage analysis (MARSHALL et al. 1998).  

In most mammals that were studied for male reproductive strategies, the genetic mother is 

known (COLTMAN et al. 1999, TAYLOR et al. 2000). This is especially the case for species 

with long weaning and long generation times such as primates (KRAWCZAK et al. 1993, 

ALTMAN et al. 1996). Quite often, even a social father is known (due to behavioural 

observations of consortships). Thus, only the genetic paternity has to be verified (FIETZ et al. 

2000, NEFF et al. 2000a,b, NEFF 2001). If neither parent is known, the allele descended from 

the true candidate parent can only be unambiguously identified at loci that are homozygous in 

the offspring. As a rule of thumb, at least twice as many loci are required if the parentage 

analysis is to be carried out without information on the other parent, compared with parentage 

analysis when one parent is known, to achieve the same success rate at a given level of 

confidence (MARSHALL, pers. com.). However, in free ranging mouse lemurs no pedigrees 

can be reconstructed by observations or trapping without severe interference like catching 

mother and offspring out of the sleeping nest and sampling all individuals (MARTIN 1972b, 

1973). Disturbances on the nesting site always induced that the inhabitors left their nest and 

did not use it in the following time (RADESPIEL 1998, SARIKAYA 1999). Furthermore, it 

may have induced the mother to abandon her litter. Since these procedures could have 

affected the survival, I decided to stand aside for the population’s benefit. However, the 

application of the  programmes used in this study allowed this decision as even without 

knowing the genetic mother paternity and reproductive success could be derived, although the 

success rate in identified paternities was reduced. 

Because many of the males that we sampled may have sired offspring outside the study area, 

the lower and upper end of the reproductive success estimates might not be accurate. As 

Popassign 3.9f also allows parentage analysis where a parent pair combination is tested for 

each offspring, inter-individual distances between mating partners can be estimated. The 

longest distance between two mating partners was about 520 m, based on data of the putative 

father and the putative mother. This distance exceeds already the length of one side of the 

trapping grid system. A low success rate in identified paternities might be explained by the 
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fact that the grid system is too small for the breeding range of this species: Many offspring 

might have been sired outside the grid system or emigrated farther than the outer boundary of 

the grid system and were not captured or, the other way round, may immigrated into the grid 

system whereas their fathers ranged outside the study site. 

The approach by NEFF et al. (2000a,b) does not account for any erroneous mismatches and 

may therefore be problematic in a large genetic screening. A simulation model developed by 

MARSHALL et al. (1998) evaluated the power of the allelic markers given the population 

and ecological conditions. In both paternity programmes (Popassign 3.9f and CERVUS 2.0) 

no paternity was identified for most of the sampled males (N = 98 resp. 103). The majority of 

those that were successful breeders (N = 34 resp. 29) was identified as having sired only one 

offspring per breeding season (N = 28 resp. 25). Under the condition of the allelic 

distribution, the assumed number of effective breeders and the proportion of sampled 

candidate males, the simulation model in CERVUS 2.0  calculated an expected success rate of 

resolved paternities of 23%, whereas the observed success rate was 19%. As the expected and 

observed values are close together this is an indication that the assumptions made in the 

simulation might go along with reality. Hence the number of effective breeders is about 94 

males whereas only 63% of them is sampled by mark-recapture procedures. In Popassign 3.9f 

an expected estimate on the success rate cannot be calculated, the observed success rate was 

24.6%.  

An increase of accuracy in the identification of father-offspring dyads is achieved by using 

both paternity programmes simultaneously. This approach on the other hand, reduces the 

success rate of identified paternities to 8.2%. However, even with a lower success rate 

conclusions on reproductive behaviour and its impact to reproductive success can still be 

made. Although the overall conclusions that can be derived from each programme are the 

same, the results may differ on the individual level.  

This may be explained by the different animal models for which each programme was 

originally developed. CERVUS 2.0 was developed and first tested for a red deer population 

(Cervus elaphus) on the island of Rum, Scotland, where a total of 1168 individually 

monitored deer have been typed at up to eleven different molecular genetic markers 

(MARSHALL et al. 1998). Because of the amount of data, typing errors were inevitable and 
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therefore the exclusion approach was not considered. The identification of the total number of 

potential breeders was not a real problem on the island, as the large animals could be easily 

identified, especially during breeding seasons. Like for Popassign 3.9f, there was no real 

problem in identifying the mother of the offspring. Popassign 3.9f, on the other hand, was 

developed and tested for the spotted hyena, Crocuta crocuta, an highly endangered African 

carnivore (FUNK pers. com.). As the sample size was limited, typing errors were a minor 

problem due to running multiple analyses on microsatellite gels of an individual’s genotype. 

In general, all individuals that might have contributed to the progeny were known and could 

be sampled because of the exclusive territories of the animal groups. Therefore, a less 

sophisticated simulation model was needed. The model of NEFF et al. (2000a,b) finally 

derived from the breeding system of the bluegill sunfish (Lepomis macrochius) where the 

offspring may be from multiple females that have spawned with in general five to six males 

from different life histories (cuckolder and parental). Only the resident parental male provides 

care for the developing eggs and fry in his nest. Spawning often involves multiple males and 

females in a single nest and results in several thousand of embryos of mixed parentage being 

raised by a single parental male. Here, only the percentage of offspring from the nest derived 

from the parental male is of main interest, as cuckholder males generally cannot be captured 

to determine their genotype profile. Therefore only a small proportion of the offspring is 

genotyped for a few loci that provides the most information on paternity of a given male; 

hence, the typing error rate could be reduced.  

None of the programmes takes into account all of the conditions I faced when treating the 

question of reproductive success in grey mouse lemurs. As we are missing a gold standard 

such as the true and proven paternities in this free-ranging population of M. murinus it is 

impossible to judge which programme might be the best for the determination of paternities 

and pedigrees in this cryptic species. However, the conditions under which CERVUS 2.0 and 

Popassign 3.9f were developed seem to correspond mostly to the circumstances we found in 

wild M. murinus. Both programmes have their advantages and disadvantages depending on 

the data and information one has got about the population in question. For given data, the 

quantity of resolved paternities is always negatively correlated to the accuracy and the 

rejection of false-positives. If a maximum on certainty of paternities is demanded, both 

programmes should be used together, disregarding the decreased success rate of determined 
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paternities. The results of my study indicated, that a much larger pool of sampled males is 

needed to resolve more paternities. However, no alternative models are currently available to 

increase the power without decreasing the accuracy of parentage analyses in free-ranging 

mouse lemurs; thus, these programmes were used. 

4.1.3 Synthesis 

There is always a trade-off between the researcher’s wish for precise data and the animal 

welfare. For example, in a study on the promiscuous tammar wallabies (Macropus eugenii), 

where unambiguous paternity should be established, a proven maternity was needed. 

Therefore, the mothers were captured, restrained, blood sampled and the pouch young that 

were still attached to teats inside the maternal pouch were removed and ‘sacrificed’ in order to 

process DNA fingerprinting based on fresh liver tissue (EWEN et al. 1993).  

Without any doubt, sampling a greater number of individual mouse lemurs would improve the 

success rate of revealed paternities to a certain extent. However, given the considerable 

difficulty of getting samples for genetic analyses of a mother-offspring dyad proven by 

behavioural observations it is unlikely that we will soon resolve the question of migration and 

clear paternity with 100% certainty. Furthermore, the degree of disturbance and interference 

this would require would be unacceptable for threatened species like lemurs (MITTERMEIER 

et al. 1992, 1994, ROWE 1996). Therefore a “certain uncertainty” in the data set and the 

conclusions has to be accepted when trying to illuminate reproductive success and 

corresponding tactics of free-living male M. murinus.  

4.2 Demography of the studied population 

In captivity, the median survival time for M. murinus is five years (corresponding to five 

breeding seasons, PERRET 1982b, 1997) which coincides with the onset of most chronic 

diseases (PERRET 1982b, SCHMELTING et al. 2001). This median survival time classifies 

the older individuals as to be aged individuals. In the field, the median survival time for adult 

mouse lemurs is only ten months which coincidences with the ending of the first mating 

season and the end of the dry season. Following this definition, individuals in the wild that 

have experienced one breeding season are aged individuals. 
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The median survival time for juveniles (e.g. the time until at least 50% of the juveniles were 

present at the study site) was four months. Only 33% of proven juveniles could be recaptured 

in the study site after they had reached sexual maturity. As males are the predominantly 

dispersing sex (RADESPIEL et al. 2001) they should face a higher risk of death at time of 

dispersal. This is due to the risks of entering a previously unknown area, not yet knowing the 

occurrence and location of specific predators or the location of limited resources such as safe 

sleeping sites (RADESPIEL et al. 1998) or feeding sites. However, in practice no distinct 

differences in sex specific survival rates at the assumed age of primary dispersal between four 

to seven months could have been observed, indicating that no sex specific predation risk in 

subadults is apparent at the beginning of the dry season. This might be explained by a 

seasonally influenced life cycle of the predators, because most predators (large body sized 

snakes like boids; fossas) have been observed predominantly shortly before and during the 

rainy season (own observations). However, further investigations on life histories of predator 

species are needed. 

A study on wild rabbits, Oryctolagus cuniculus, revealed that about 40% of all adult 

individuals died between the end of their first and the beginning of their second reproductive 

season (VON HOLST et al. 1999). This rate is about twice as high as in subsequent years. 

This high mortality rate was not caused by predation as it occurred all year. Food shortage 

was also excluded as a mortality factor. Rather than starvation, the main cause of death was 

determined as diarrhoea associated with extended inflammatory processes of the 

gastrointestinal tract and loss of body weight. The inflammatory processes are most likely 

caused by intestinal coccidiosis. Therefore it was believed that stress responses associated 

with reduced immunocompetence trigger susceptibility to this disease (MYKYTOWYCZ 

1962, VAN KRUININGEN 1995). These stress responses were probably induced by the 

aggressive interactions among the individuals (VON HOLST et al. 1999).  

For free-ranging mouse lemurs, food shortage can be excluded as cause of death at the 

beginning of the rainy season because of the high abundance of new nutritional sources such 

as insects (SCHMELTING 2000). On the other hand, an increased mortality at this time of 

year due to predation have to be considered. At the beginning of the rainy season the 

abundance of predators might be increased as well as their metabolic rates (e.g. due to 
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reproduction) which in turn results in a higher predation risk especially for un-experienced 

(young) mouse lemurs. Diseases that occur as a consequence of a reduced 

immunocompetence that in turn may be derived from stress responses to social interactions 

have to be considered (PERRET 1982b). This risk may be increased especially during the 

breeding season as agonistic encounters can be observed more frequently (SCHMELTING 

2000).  

Long-term data of mark recapture procedures were available for six consecutive breeding 

seasons. In the mouse lemurs’ life table the survival rate constantly declined but without any 

extreme step declines as at the age of ten months. As our results show so far, males may 

experience six breeding seasons in the wild. Females on the contrary, could be only 

recaptured for up to four breeding seasons. This is in contrast to the presented life history 

concept and the conclusions generally derived from the findings of sex specific dispersal: 

Dispersal which is commonly seen as a potentially life threatening risk (GREENWOOD 

1980) cannot explain the sex differentiated survival rate, since females are the putative 

philopatric sex (RADESPIEL et al. 2001b) but seem to face an even higher risk of death. A 

more likely explanation may be the costs of reproduction (TRIVERS 1978, CLUTTON-

BROCK & GODFRAY 1991). High fecundity and reproductive success in females should 

also result in a decreased life expectancy in subsequent years. For mammals, lactation costs 

are considered to be the most important factor for the vitality of females in subsequent years 

(e.g. CLUTTON-BROCK et al. 1982, 1983, 1996). As females generally rear two litters 

within one relatively short breeding season (SCHMELTING et al. 2000), this may have a 

certain impact for survival under harsh natural conditions (SCHMELTING 2000). 

Furthermore, females might have a greater risk of being located by predators as they form 

stable sleeping groups over a long time period (RADESPIEL et al. 1998, SARIKAYA 1999) 

and use less sleeping sites than males (e.g. SCHMELTING 2000). Co-operative breeding 

might lead to a higher risk of being detected by predators, although in general, it is assumed 

to be advantageous (RADESPIEL 1998, SARIKAYA 1999). But even when rearing alone, a 

female with its offspring in a leaf nest might be an easier target for a predator than a single 

male sitting in open foliage ready to escape to any direction (SCHMELTING 2000).  



99 

4.3 Population size and its implication for conservation projects 

The population density calculated by Jolly-Seber changed seasonally with highest densities at 

the beginning of the breeding season and lowest densities during the rainy season 

(SCHMELTING 2000). Several different explanations are plausible. One reason might be a 

seasonally changing predation pressure as most snakes as putative predators (GOODMAN et 

al. 1993) seem to be active at the beginning of the rainy season (own observations). Another 

reason for low recapture rates might be the seasonally changing nutrition availability in 

Ampijoroa: With the beginning of the rainy season the food abundance increased rapidly (in 

the form of insects) and remained on a high level due to nectar and fruits during the rest of the 

rainy season (SCHMELTING 2000). This might have reduced the attraction of traps baited 

with bananas. Finally the changing ranging behaviour with regard to the preferred forest layer 

used during the rainy season might have caused a reduced catchability: Traps were set in a 

height of 1–2 m, whereas males predominantly used the upper forest layers at this time of the 

year (SCHMELTING 2000). If one or a mixture of these explanations caused the seasonal 

changes in capture rates still needs to be investigated. 

The largest population size in JBA was determined at the beginning of the breeding season in 

September with 45 individuals that were assumed to live in the study site of a size of 30.63 

ha. This resulted in a population density of 148 individuals per 100 ha (Lower and upper 

confidence interval: 114 to 157 individuals). However, for the simulation in CERVUS 2.0 a 

breeding population of about 158 individuals (94 males, 64 females) was determined for the 

offspring captured in JBA. If both values (45 individuals living in JBA; a breeding population 

of 158 animals that contribute to the offspring of JBA) are assumed to be equally likely, this 

can be interpreted as follows: Not only the adult animals of JBA should be candidate parents 

for offspring captured in JBA, but also individuals from surrounding forests areas of JBA. By 

an assumed population density of 1.48 individuals per ha and a breeding population of 158 

animals, this population should cover an area of about 106 ha. If a surrounding forest strip of 

240 m is added to JBA this results in a forest area of 106 ha. It can be evaluated in how far 

this hypothesised breeding range may reflect the actual breeding pattern by using data derived 

from focal observations in the study site (SCHMELTING 2000). 
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The largest male home range was 4.5 ha and could be determined during the breeding season 

in September (SCHMELTING 2000). The diameter of a circular home range with a size of 

4.5 ha is 240 m, calculated by  

2r = √ S/∏ 

where r is the radius and S is the surface of the home range. The home range diameter is 

exactly the size of the virtually added surrounding forest strip which is needed to sustain a 

breeding population of 158 individuals by a population density of 1.48 animals per ha.  

Furthermore, during focal observations it could be observed that males, although having a 

centre of activity in JBA, intensively used adjacent areas during the breeding season as well 

(SCHMELTING 2000). The same overall ranging pattern can be expected for males living in 

the adjacent areas of JBA: They should be able to enter JBA in the same manner as males 

from JBA do enter their home ranges, since no spatial exclusion occurs (RADESPIEL 1998, 

EHRESMANN 2000, SCHMELTING 2000). Focal observations further revealed that males 

may have even larger home ranges than telemetrically determined during the breeding season 

(SCHMELTING 2000). These findings indicate that males living in the adjacent forest areas 

of JBA might have access to females in JBA. They might have mated with them and hence 

may have contributed to the progeny captured in JBA.  

During a 12 month capture period (from May 1998 to April 1999) there was no significant 

monthly change from an even sex ratio was determined (SCHMELTING 2000). However, 

more males than females (63% males versus 37% females; SCHMELTING 2000) were 

captured per year, which might be due to a sex specific catchability and differences in home 

range sizes between males and females (RADESPIEL 1998, PETERS 1999, SARIKAYA 

1999, EHRESMANN 2000): A male with a centre of activity outside the trapping grid may 

still be able to enter a trap because of his large home range, whereas a female with an activity 

centre close to that of the male has no chance to face a trap because her home range does not 

overlap the trapping grid. As a consequence, males that lived just outside the study area 

before the onset of the mating season, might have access to traps in the edge areas of the study 

area during the mating season. Females that lived just outside the grid system might have 

offspring that migrate to the study site.  
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Data on population size from 1995 to 2000 showed that the population in the 30 ha plot of 

JBA remained stable throughout the last five years (RADESPIEL 1998, EHRESMANN 2000, 

SCHMELTING 2000) with a population size between 23 and 45 individuals of M. murinus. I 

assume, however, that an area much larger than 30 ha is needed to maintain this population 

because mouse lemurs ranging in an area of more than 1.1 km² were able to contribute 

genetically to this population. In Ampijoroa, an open population without spatial exclusion 

between individuals exists, hence, the ‘periphery’ of a study site is at the same time a centre 

of a population. Hence, protection and conservation of sufficient large primary forest areas are 

urgently needed if lemur species shall be preserved from extinction. 

4.4 Significance of male sleeping groups 

In the present study, males were found to form uni-sex sleeping groups of two to three 

sleeping partners in particular periods of the year, although in general, males predominantly 

slept alone in frequently changing sleeping sites. Only resident males slept more than once 

together with the same sleeping partner (up to 16 times, SCHMELTING 2000). As sleeping 

group members interacted affiliatively by trill calls or allogrooming, it was assumed that these 

associations were not random and that male sleeping partners knew each other 

(SCHMELTING 2000).  

To date, most data are available for female sleeping groups. These were mostly found in tree 

holes and it has been argued that these holes offer protection from predators and bear 

thermoregulatory advances which may be crucial for survival and the successful rearing of 

offspring (PERRET 1998, RADESPIEL et al. 1998, SCHMID 1998). Social groups may offer 

some additional advantages: Females may co-operate in the rearing of their offspring as well 

as in the defence of high-quality sleeping sites against other individuals if these sites are 

limited. For male sleeping associations the thermoregulatory aspect seemed to be very 

unlikely as the sleeping associations only occurred at the time of year, at which highest 

temperatures were measured (SCHMELTING et al. 2000). Thus, as males do not provide 

parental care, co-operative rearing behaviour neither can be considered. The defence of high-

quality sleeping sites against other individuals might play a role since also agonistic 

encounters between males had been observed during focal observations (SCHMELTING 

2000). Whether or not the simultaneously used sleeping sites provide better protections from 
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predators has to be further investigated as information on predators are sparse. However, the 

only case of predation was observed in two co-sleeping males in their sleeping site where one 

male was killed at this event (SCHMELTING 2000). Another explanation would be that at 

this time of year the parasitic load might be increased. Therefore co-operation should be 

advantageous as increased allogrooming rates might reduce the parasitic load. Whether or not 

the increased allogrooming rate (SCHMELTING 2000) is correlated to a parasitic load has 

still to be investigated.  

To achieve tolerance and co-operation, the conflict over reproductive interests has to become 

subordinate to other interests. This is generally achieved more easily in genetically related 

than in unrelated individuals (VAN HOOFF & VAN SCHAIK 1994) as kin co-operation may 

enhance the inclusive fitness of an individual even if the individual does not reproduce 

(CLUTTON-BROCK 1989). 

RADESPIEL et al. (2001b) found that members of female sleeping groups were genetically 

related to each other: Groups consisted mostly of mother-daughter and sister dyads which was 

explained by female philopatry and a greater chance of offspring survival when co-operative 

rearing occurred. Genetic data on female relatedness revealed that opportunistic co-sleeping 

between completely unrelated females never occurred (RADESPIEL et al. 2001). Hence, I 

hypothesised that the male sleeping partners were genetically closely related to each other and 

that group formation was a result of kin selection (SCHMELTING 2000). Interestingly, for 

none of the male sleeping groups any kin relation could be assessed. Thus, kin-selection 

which favours male associations and co-operative behaviour in anthropoid primates (VAN 

HOOFF & VAN SCHAIK 1992, 1994) does not explain the associations of male groups in 

grey mouse lemurs. Therefore, other mechanisms than kin selection might be responsible for 

the formation of male groups. An age-related aspect seems to be relevant in male M. murinus. 

Only resident males with similar breeding experience (as expressed in years present in JBA) 

could be found together for more than one time.  

Male associations may also result in a higher reproductive success in specific males 

(PACKER & PUSEY 1982, GERHT & FRITZELL 1998, FEH 1999). In the present study 

however, reproductive success in the next generation following the formation of male bonds 

was detected only once: The offspring 002-99 was identified to be sired by the male 125-96 
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whereas for all other male sleeping partners no progeny was detected in the sampled offspring 

generation. The relevance of male sleeping groups in M. murinus has to be further 

investigated. The lack of sufficient data might also be due to the rare occurrence of this 

phenomenon which was found only in a specific time of the season and hence was not at all, 

or not in this large extent (RADESPIEL 1998), observed in former studies because of a 

different study period or an insufficient number of radiocollared males. 

4.5 Spatial distribution of males and access to females 

Resident males had significantly larger long-term home ranges than non-resident, newly 

captured males. The home range size was positively correlated to the number of female 

capture places in this home range. The size of the largest home range during one mating 

season reached only 71% on average of the long-term home range (range 40-88%). Therefore, 

long-term home ranges were larger than monthly evaluated home ranges which indicated that 

males may prefer different areas of their home ranges in different periods of the year. My 

results showed for the first time that the size of male home ranges seems to depend on age, 

implying the importance of spatial and social experience for reproductive success. 

Furthermore, the home range size might be crucial for access to females as shown by the 

positive correlation of home range size and the number of mean female capture sites.  

Knowledge about the dispersal pattern of nocturnal lemur species, most of which live in 

dispersed social systems, is sparse due to observational difficulties. Females generally gain 

more from being philopatric and males may gain more from dispersal (PACKER 1979, 

GREENWOOD 1980). Recent studies suggested that also in grey mouse lemurs, 

predominantly males are the dispersing sex whereas females tend to be philopatric 

(RADESPIEL et al. 2001b).  

Although in total, in each year 63-69% of the captured individuals were males (RADESPIEL 

1998, EHRESMANN 2000, SCHMELTING 2000), both programmes used for paternity 

analysis (Popassign 3.9f and CERVUS 2.0) identified only a male proportion of 32% 

(Popassign 3.9f) resp. 44% (CERVUS 2.0) among the putative offspring. This is a further 

indication for sex biased dispersal where males predominantly disperse as juveniles: If a male 

sired females in his home range and the female offspring did not migrate, the philopatric sex 
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is captured predominantly in the vicinity of the mother. If the dispersing sex emigrates farther 

than can be measured by grid trapping, the dispersers are out of range and no paternity can be 

derived. 

In this study, a case report of male migration and reproductive success was illustrated. From 

1995 to 1996, the mean capture places of the male 001-95 were located at the eastern part of 

JBA, where he was assumed to have sired the offspring 55-97 with mother 118-96 in 1996. In 

1997 and 1998 then, the mean capture places of this male were determined at the western 

limit of JBA. However, there were still two female offspring (80-98 and 35-99) located in the 

eastern part of JBA that were identified to be sired by 001-95 in 1997 and 1998, respective. 

The offspring 80-98 was identified to be a full sibling to 55-97. Two explanations for this 

pattern of spatial distribution of related animals are possible. First, the identified offspring 

were cryptic animals and had not been captured before although present at the study site. In 

this case, the male sired the two offspring in 1996, when his centre of activity was still closer 

to the activity centre of the mothers. Second, the male 001-95, first located in the north-

eastern part of JBA explored western areas and migrated. His activity centre shifted to the 

north-western part of JBA in 1997 and 1998. At this time, the male experienced already one 

to three breeding season, and was hence an older male. As revealed in the analyses of focal 

observations and telemetry, older males had larger home ranges than newly captured males. 

Thus, throughout the years, the male 001-95 established a mental map of the spatial 

distribution of females. Based on his experience, the male returned about 520 m back to 

where former mating partners were located and mated successfully. 

I suggest that the explanation based on experience and home range enlargement is more likely 

than the explanation of cryptic trapping behaviour because of the following findings: When 

analysed the mark-recapture data of 236 individuals, only very few animals (N = 8) had been 

cryptic for one season, and no animal was found to be cryptic for two seasons, when trap 

procedures took place regularly. No animal was observed to be cryptic for more than one year 

in the trapping grid. Considering these results, the first explanation seems to be less likely 

because then the female offspring 35-99 should have been cryptic in the trapping grid for two 

seasons before its first capture, a circumstance that never could be detected in the whole 

population. Thus, if the putative father returned towards his former activity centre to sire this 
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offspring, it is also likely that he returned and mated with a previous mating partner, the 

female 118-96, and sired the female offspring 80-98. Furthermore, the crossed distances (424-

524 m) for this male to the mating partner are in the range of maximal long-term home range 

diameters (male 75-95; 421 m) or inter-individual distances between confirmed father-

offspring dyads. The longest distance of a revealed father–female offspring dyad was nearly 

600 m which is about the distance between the farthest east and the farthest west point of the 

study site.  

If considering only father–offspring dyads identified by both programmes, the travel distance 

between the mean capture site of a putative father and his offspring was on average 200 m. 

This implies an average circular home range size of a male of about 3.1 ha during the mating 

season, under the assumption that the offspring was captured near the activity centre of its 

mother. This approach can be criticised as all acting partners (father, mother, offspring) are 

not fixed on a location like plants where seed dispersal is easy to evaluate (e.g. GODOY & 

JORDANO 2001) but move in space and hence may migrate. However, the average home 

range size of focal males determined by telemetry in the mating season was 2.97 ha 

(SCHMELTING 2000), which is very close to the assumed home range size calculated by 

inter-individual distances (based on parentage analysis) between mean capture sites. The 

longest distance crossed by a male in order to mate with a receptive female was calculated as 

about 530 m, based on data of the putative father and the offspring. The longest distance 

between two locations within a long term home range was about 421 m (male 75-95). Based 

on focal observations, it is suggested that males may have an even larger home range than 

telemetrically determined (SCHMELTING 2000). Taking this into account, the longest 

distance crossed to achieve a successful mating does seem to be quite realistic. Altogether, the 

results of my study showed that males may cross long distances of more than 500 m in order 

to access receptive females. However, in general active mate searching might be concentrated 

to a distance of up to 200 m. 

4.6 Genetically determined reproductive success 

In the present study, no clear pattern with regard to body weight and reproductive success 

could be determined. Whereas in 10 successful breeders the body weight was above the 

median body weight in all compared capture periods, it was always below the median in 19 
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other breeders. The body weight of the remaining 14 breeders could not be classified, as it 

was below the median in some capture periods and above in others. My findings contradict 

the predictions based on laboratory studies or purely behavioural studies, that reproductive 

success in male mouse lemurs might be linked to body weight (PERRET 1992, 

LINDEMANN 1996, FIETZ 1995, 1999, SCHMID & KAPPELER 1998, PETERS 1999). 

For the first time, this study provides evidence that reproductive success in free ranging male 

M. murinus is not related to body weight. Data are limited to five years of reproduction, but 

indicate that no reproductive monopolisation occurred by a few males siring the majority of 

offspring. Hence no evidence was found for the hypothesis of a strong component of contest 

competition in free living M. murinus, where dominance should be based on body condition 

and weight. 

When using the model developed by NEFF et al. (2000a,b), an age-related effect in 

reproductive success could be determined. Individuals that were captured in more than one 

breeding season in the study site and were identified to have contributed to an offspring 

generation, were generally assumed to sire the more offspring the longer they had been 

captured in this area. With increasing age, the reproductive success increased. The few males 

that were still present in the study site at their fourth breeding season showed highest rates of 

reproductive success in this age class. These findings correspond to analyses of captivity data, 

where males tend to be most successful within an age of four to five years (GLATSTON 

2001). Interestingly, the male with the highest contribution to the offspring generation of 

1999 was a male who was followed also during focal observations during both mating seasons 

in 1998. This male (male 75-95) had the highest rate of socio-positive interactions with other 

conspecifics (1.2 interactions per hour) and furthermore was observed to have encountered 

more females (N = 6) than any other focal male (N = 10) (SCHMELTING 2000).  

When arranging the results of CERVUS 2.0 and Popassign 3.9f, where individual dyads are 

identified, in the same manner like in the model mentioned above, no age related increase of 

reproductive success could be determined like measured with the approach by NEFF 

(2000a,b). The maximal number of offspring per year for a male was three (father 115-96; 

assigned by CERVUS 2.0), whereas the majority of successful breeders were assigned only to 

one offspring per year. When using both programmes none of the successful breeders had 
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more than one offspring per year. This indicates that females are not a resource monopolisable 

by only a few males but that scramble competition (WELLS 1977) is more likely to take 

place. This is in accordance with hypotheses made recently in field studies based on 

reproductive behaviour alone (FIETZ 1999, RADESPIEL 2000, SCHMELTING 2000).  

On the other hand, when categorising successful breeders, the older age classes (e.g. 

experienced two to four breeding seasons) were overrepresented with regard to their 

abundance when adjusted to the survival rates (e.g. COLTMAN et al. 1999). When the results 

of the longitudinal study were converted into a horizontal scale, it showed that in absolute 

numbers, first-year captured (e.g. non-resident) males and resident males contributed equally 

to the next generation: In CERVUS 2.0, 17 non-resident males opposite 16 resident breeders 

(experienced two to four breeding seasons); in Popassign 3.9f, 21 non-resident males opposite 

19 resident breeders. Hence I conclude that the progeny of a birth cohort might be descended 

evenly from non-resident and resident males. Per birth cohort, no monopolisation could be 

detected by any class of males, as most successful breeders were identified to have sired only 

up to three offspring per breeding season. If only the overlapping results are respected that 

derived from both programme analyses, no male had more than one offspring per breeding 

season. However, as males are able to sire offspring even when they are already considered to 

belong to the aged fraction of the population, the life time reproductive success may be 

strongly depend on survival. This is in accordance with the concepts of evolutionary biology 

that current reproduction can be increased only at the expense of future survival or fecundity 

(TRIVERS 1978). 

4.7 Reproductive tactics of male grey mouse lemurs:  A synthesis of behavioural, 

demographic and genetic data sets 

Mating systems describe the ways in which individuals of both sexes interact for the purpose 

of reproduction, and are best viewed as the consequence of the reproductive strategies of 

individuals rather than population or species characteristics (CLUTTON-BROCK 1989). 

Since the earliest primate behaviour studies in the 1930s (ZUCKERMANN 1932) researchers 

have attempted to identify male characteristics that contribute to reproductive success. Not 

only basic biological factors (e.g. sperm production) but also social factors have been 
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suggested to influence the likelihood that a given male will sire offspring (CLUTTON-

BROCK & HARVEY 1978, CLUTTON-BROCK et al. 1982, DEWSBURY 1982). 

When relating the behavioural, demographic and genetic results of this study to each other it 

appears that male grey mouse lemurs follow an experienced-dependent reproductive strategy 

that might be called a ‘safer-sex strategy’. This strategy is in accordance with the recently 

proposed mating system of grey mouse lemurs (FIETZ 1999, RADESPIEL 1999, 

SCHMELTING 2000) where scramble competition and sperm competition takes place. Males 

maximise their life time reproductive success when siring as many females as possible. Active 

mate searching, large home ranges, and superior sperm quality and quantity are crucial for 

male reproductive success. However, according to present life history concepts, this should 

result in higher costs in the more active males; such costs may include increased risk of 

predation due to their higher locomotory activity (DONÁZAR & CEBALLOS 1989), 

increased mortality caused by chronically elevated metabolic rates (TRIVERS 1978), 

increased stress effects (PERRET 1982b) due to agonistic encounters (SCHMELTING 2000), 

and testosterone-induced suppression of immune functioning (ZUK 1994).  

By following the ‘safer-sex strategy’, males reduce these costs to an appropriate level 

depending on the individual experience. The above mentioned risks can be reduced by a lower 

exploratory and locomotory activity, when experience on spatial distribution of predators 

and/or receptive females is still lacking. Furthermore, less mating frequencies and 

opportunities may reduce in turn stress-related effects on mortality. As no monopolisation of 

females occur all male may sire offspring, regardless their experience or body conditions. 

However, when males reproduce successfully, in most cases only a single offspring per 

breeding season is identified to be descended from a putative father. Thus, in this strategy, 

males are able to maximise their life time reproductive success only when they reproduce in 

each breeding season and avoid early death. This strategy is in contrast to a ‘no-risk-no-fun 

strategy’, where males try to optimise their life time reproductive success by siring as many 

females as possible as soon as they are sexually mature, regardless the risk of early death. If a 

male’s total number of offspring is overrepresented in an offspring generation, this might be 

an indication for a ‘no-risk-no-fun strategy’. However, in none of the years such a bias in 

favour of a successful breeder was observed neither with CERVUS 2.0 or Popassign 3.9f. 
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Following the ‘safer sex strategy’, two possible reproductive tactics exist. In the beginning, 

the ‘safer’ males should follow a ‘greenhorn tactic’: New male immigrants tend to be 

inexperienced subadult individuals. Their tactic is to establish only a small home range which 

is explored extensively to reduce unexpected risks as encountering large numbers of 

predators. During their first breeding season the non-residents enlarge only slightly their safe 

home ranges. If females are located in these home ranges, the males may have the chance to 

mate with those females, as females cannot be monopolised by any males through contest 

competition in this dispersed multi male/multi female neighbourhood (RADESPIEL 2000). 

As a further predation avoidance strategy sleeping sites are changed daily in crucial periods of 

the year, especially during the rain season (SCHMELTING 2000).  

Once survived the first year of life, the risk of death, although constantly present, decreases 

for these individuals, as they are already more experienced with regard to potential predation 

risks or other effects (e.g. immuno-response to stress related infectious diseases). When males 

survive until their second breeding season, they switch from the ‘greenhorn tactic’ to a 

reproductive tactic that might be called the ‘old hand tactic’: Resident males increase their 

home range to a greater extent in comparison to the first year as they have already established 

a mental map of their home range and the spatial distribution of receptive females. Thus, they 

might gain access to more females. They do not monopolise access to females and they still 

follow the ‘safer sex strategy’ as no increased number of individual offspring derived from 

older males could be determined. This might also due to the possible ‘dilution effect’ in 

fertilisations under mating conditions, where an intensive sperm competition takes place 

(AUSTIN & DEWSBURY 1986). Hence, the male that survives the longest, has the best 

chance to gain the greatest life time reproductive success. The results of the behavioural 

ecology underline the assumptions made for the age- and experience related model on the 

social system of grey mouse lemurs. However, without the molecular genetic methods it 

would have been impossible to determine reproductive success in the wild and hence evaluate 

the relevance of the derived models. Despite certain ‘uncertainties’ that might be difficult to 

quantify, combining molecular and demographic methods such as presented here may help to 

overcome the implied difficulties in analysing and revealing reproductive tactics in free living 

populations of nocturnal primates. 
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5 Summary 

The purpose of this study is to investigate socio-biological aspects of male reproductive 

tactics and strategies of the promiscuous M. murinus, by combining long-term behavioural 

and demographic data with molecular genetic data for paternity analysis using the 

microsatellite technique. The results should reveal for the first time for a free-living nocturnal 

primate how behaviour and reproductive activity are related to male reproductive success by 

using the grey mouse lemur as a model. 

From 1995 to 2000, a total of 320 (210 males, 110 females) different individuals were 

captured in a study site of approx. 30 ha in the dry deciduous forest of Ampijoroa, north-

western Madagascar, using the mark-recapture method. The calculated population density 

ranged between 75 animals/km² in the rainy season and 148 animals/km² in the dry season. 

No significant deviation from an even sex ratio (1:1) was observed during any month of the 

year. The survival curve decreased particularly significantly in both sexes, between the first 

and the second breeding season. The median survival time for both sexes was ten months 

only. Overall, the long-term survival rate in the study site was slightly higher for males than 

for females, while it was nearly equal in the first two years of life. Males were recaptured 

until an age of at least six years whereas females were lastly recaptured with an assumed age 

of about four years. 

For ten radiocollared males long-term data on home ranges and sleeping sites of more than 

four months could be gathered from July 1998 to April 1999. Male home ranges reached their 

largest extent during the two mating seasons starting in September and November within the 

breeding season. The sizes of long-term home ranges ranged between 2.48 ha and 7.73 ha per 

male (median 5.22 ha). The largest monthly home range was on average only 67% of the size 

of the long-term home range of a male. The male home range size within each mating season 

seemed to be related to the spatial experience of a male. Resident males had significantly 

larger long term home ranges with an average size of more than the double of the home 

ranges of non-residents. Home range sizes and access to females, as measured by mean 

female capture sites within a male’s home range, showed a significant positive correlation. 

The larger a male’s home range was, the more receptive females could be found in it. 
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A total of 1244 (427 different) sleeping sites were determined. No spatial exclusion occurred 

within sleeping site areas. At the end of the dry season male sleeping groups (without any 

female participation) were observed 33 times. A total number of 16 males was found that 

shared simultaneously a sleeping site with one or two other males. Only resident males slept 

together more than once. For none of the males any kin-relatedness could be determined.  

Of a total number of 255 grey mouse lemurs tissue samples were available. These individuals 

were genotyped and further analyses concerning reproductive success and relatedness were 

performed based on seven polymorphic microsatellite markers. By the use of the CERVUS 

2.0 programme (MARSHALL et al. 1998), 38 individuals were identified as offspring of 29 

candidate fathers. Therefore, observed success rate of identified paternities was 19%. With the 

Popassign 3.9f programme (FUNK, Institute of Zoology, London), 34 fathers were assumed 

to have sired 50 offspring. Hence, candidate fathers were found for 24.6% of the potential 

offspring. For 8.2% only of the 203 potential offspring the same candidate father was found 

by both programmes. The median distance between the mean capture site of a putative father 

and its offspring revealed by either of the programmes was 200 m. Popassign 3.9f detected 

nine father-mother-offspring triads. The distances between the mean capture sites of the 

putative parents ranged between 17 m and 524 m with a median distance of 140 m. The 

median distance between the mean capture sites of a putative mother and her offspring was 

121 m. When using both programmes, none of the successful breeders had more than one 

offspring per year. Both, non-resident and resident males reproduced. No correlation between 

body weight and reproductive success could be determined. The longer a male survived the 

higher the chance was to reproduce successfully. Thus, it is assumed that males who survived 

the longest, had the best chance to gain the greatest life time reproductive success. 

The results of this study indicated for the first time, that male M. murinus develop an 

experienced-dependent reproductive strategy. Following this ‘safer sex strategy’, two 

alternative reproductive tactics exist: A ‘greenhorn tactic’ or an ‘old hand tactic’, depending 

on a male’s experience.  
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6 Zusammenfassung 

Barthel Schmelting 

Reproduktionstaktiken von Grauen Mausmaki-Männchen (Microcebus murinus, J.F. Miller 

1777) in Nordwest-Madagaskar. 

Ziel dieser Studie ist es, die soziobiologischen Aspekte von männlichen 

Reproduktionstaktiken und –strategien des promisken M. murinus zu untersuchen. Hierbei 

wurden Langzeitdaten zum Verhalten und Demographie mit molekulargenetischen Daten zur 

Vaterschaftsanalyse unter der Verwendung der Mikrosatellitentechnik verbunden. Die 

Ergebnisse sollen erstmals aufzeigen, wie in einer nachtaktiven, freilebenden Primatenart 

Verhalten und Fortpflanzungsaktivitäten zum Reproduktionserfolg in Bezug stehen, wobei als 

Modell der Graue Mausmaki verwendet wird. 

Von 1995 bis 2000 wurden insgesamt 320 (210 Männchen, 110 Weibchen) verschiedene 

Individuen mit der Fang-Wiederfangmethode in einem ca. 30 ha großen Untersuchungsgebiet 

im laubabwerfenden Trockenwald von Ampijoroa (Nordwest-Madagaskar) gefangen. Die 

berechnete Populationsdichte schwankte zwischen 75 Tieren/km² in der Regenzeit und 148 

Tieren/km² in der Trockenzeit. In keinem Monat wurde eine signifikante Abweichung von 

einem ausgeglichenen Geschlechterverhältnis (1:1) beobachtet. Die Überlebensrate 

verminderte sich in beiden Geschlechtern besonders stark zwischen der ersten und zweiten 

Fortpflanzungszeit; die mediane Überlebenszeit betrug nur zehn Monate. Insgesamt gesehen, 

war im Studiengebiet die Langzeit-Überlebensrate der Männchen gegenüber der der 

Weibchen leicht erhöht, während sie in den ersten zwei Lebensjahren nahezu ausgeglichen 

war. Männchen wurden bis zu einem Lebensalter von mindestens sechs Jahren 

wiedergefangen, während Weibchen letztmals mit einem angenommenen Alter von etwa vier 

Jahren gefangen wurden. 

Für zehn mit Peilsendern ausgestattete Männchen konnten zwischen Juli 1998 und April 1999 

Langzeitdaten über mindestens vier Monate zu Aktionsräumen und Schlafplätzen gewonnen 

werden. Die Aktionsräume der Männchen erreichten ihre größte Ausdehnung während der 

zwei Paarungszeiten (beginnend im September und November) innerhalb der 
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Reproduktionszeit. Die Größe der Langzeit-Aktionsräume schwankte je nach Männchen 

zwischen 2,48 ha und 7,73 ha (Median 5,22 ha). Der größte monatliche Aktionsraum betrug 

im Mittel nur 67% der Größe des Langzeit-Aktionsraumes. Die Aktionsraumgröße der 

Männchen während jeder Paarungszeit scheint mit der räumlichen Erfahrung eines 

Männchens zusammenzuhängen. Residente Männchen hatten mit im Durchschnitt mehr als 

doppelt so großen Aktionsräumen als nicht-residente Männchen signifikant größere 

Aktionsräume. Aktionsraumgrößen und Zugang zu Weibchen, gemessen an der Anzahl der 

mittleren Fangorte der Weibchen innerhalb eines männlichen Aktionsraumes, waren 

signifikant positiv korreliert. Je größer ein männlicher Aktionsraum war, desto mehr rezeptive 

Weibchen konnten in ihm gefunden werden. 

Insgesamt wurden 1244 (427 verschiedene) Schlafplätze bestimmt. In den Schlafplatzgebieten 

trat keine räumliche Ausgrenzung auf. Am Ende der Trockenzeit wurden 33 Mal männliche 

Schlafgruppen (ohne Weibchenbeteiligung) beobachtet. Insgesamt wurden 16 Männchen 

gefunden, die gleichzeitig einen Schlafplatz mit einem oder zwei anderen Männchen teilten. 

Nur residente Männchen schliefen mehr als einmal zusammen. Für keines der Männchen 

konnte eine Verwandschaftsbeziehung festgestellt werden. 

Von insgesamt 255 Grauen Mausmakis standen Gewebeproben zur Genotypisierung zur 

Verfügung. Basierend auf den Daten von sieben polymorphen Mikrosatelliten-Markern 

wurden weitere Analysen hinsichtlich des Reproduktionserfolges und der 

Verwandschaftsbeziehungen durchgeführt. Mit dem CERVUS 2.0 Programm (MARSHALL 

et al. 1998) wurden 38 Individuen als Jungtiere von 29 Vätern identifiziert. Die beobachtete 

Erfolgsrate von identifizierten Vaterschaften betrug daher 19%. Mit Hilfe des Popassign 3.9f 

Programms (FUNK, Institute of Zoology, London) wurden 34 Väter gefunden, die insgesamt 

50 Jungtiere gezeugt hatten. Es wurden daher für 24,6% der potentiellen Nachkommen 

mögliche Väter gefunden. Nur für 8,2% der 203 potentiellen Nachkommen wurde derselbe 

Vater mit beiden Programmen gefunden. Die mediane Distanz zwischen dem mittleren 

Fangplatz des Vaters und dem seines Nachkommens (identifiziert mit jedem der beiden 

Programme) betrug 200 m. Popassign 3.9f deckte neun Vater-Mutter-Nachkommen-Triaden 

auf. Die Distanzen zwischen den mittleren Fangplätzen der mutmaßlichen Eltern bewegten 

sich zwischen 17 m und 524 m, bei einer medianen Distanz von 140 m. Die mediane Distanz 
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zwischen dem mittleren Fangplatz der mutmaßlichen Mutter und dem ihres Nachkommens 

betrug 121 m. Bei gleichzeitiger Verwendung beider Programme hatte keines der reproduktiv 

erfolgreichen Tiere mehr als einen Nachkommen pro Jahr. Sowohl residente als auch nicht-

residente Männchen pflanzten sich fort. Es konnte kein Zusammenhang zwischen 

Körpergewicht und Reproduktionserfolg festgestellt werden. Je länger ein Männchen 

überlebte, desto größer war seine Chance sich erfolgreich fortzupflanzen. Daher wird 

angenommen, daß Männchen, die am längsten überleben, die beste Chance haben, den 

größten Lebenszeitreproduktionserfolg zu erlangen. 

Die Ergebnisse dieser Studie geben erstmals Hinweise darauf, daß Männchen von M. murinus 

eine erfahrungsabhängige Reproduktionsstrategie verfolgen. Innerhalb dieser ‘Safer Sex 

Strategie’ existieren zwei alternative Reproduktionstaktiken: Eine ‘Greenhorn Taktik’ oder 

eine ‘Alte-Hasen Taktik’, welche abhängig sind von der Erfahrung eines Männchens.  
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10 Appendix III 

 
Tab. 25. Reproductive success of successful breeders (as determined by 2sexpat program) for 
each offspring generation. 
Male  Offspring 1996 Offspring 1997 Offspring 1998 Offspring 1999

NGd  0.6% 0.7% 0.8%
ngd   3 of 57 (0,0526)  1 of 51 (0,0196)  2 of 33 (0,006) 

MostLike 0.0% 4.7% 1.2% 5.3%
Expected  6.8% 3.9% 8.6%
95 CI L  2.0% 1.0% 2.0%

001-95 

95 CI H  14.0% 10.0% 20.0%
NGd 1.1%  
ngd  1 of 53 (0,0189)  

MostLike 0.8%  
Expected 3.7%  
95 CI L 1.0%  

004-95 

95 CI H 10.0%  
NGd 6.6%  
ngd  2 of 53 (0,0377)  

MostLike -3.0%  
Expected 5.5%  
95 CI L 1.0%  

005-95 

95 CI H 13.0%  
NGd 3.4%  
ngd  2 of 53 (0,0377)  

MostLike 0.4%  
Expected 5.5%  
95 CI L 1.0%  

006-95 

95 CI H 13.0%  
NGd 6.2%  
ngd  2 of 53 (0,0377)  

MostLike -2.6%  
Expected 5.4%  
95 CI L 1.0%  

009-95 

95 CI H 13.0%  
NGd  0.6% 
ngd   1 of 51 (0.0196)  

MostLike 0.0% 0.0% 1.4% 
Expected  3.8% 
95 CI L  1.0% 

010-95 

95 CI H  10.0% 
NGd 0.6%  
ngd  1 of 53 (0,0189)  

MostLike 1.3% 0.0% 0.0% 
Expected 3.7%  
95 CI L 1.0%  

011-95 

95 CI H 10.0%  
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NGd 4.3%  
ngd  2 of 53 (0,0377)  

MostLike -0.6%  
Expected 5.4%  
95 CI L 1.0%  

17-95 

95 CI H 13.0%  
NGd  0.4%  
ngd   1 of 57 (0.0175)  

MostLike 0.0% 1.4% 0.0% 
Expected  3.5%  
95 CI L  1.0%  

19-95 

95 CI H  9.0%  
NGd 0.6%  
ngd  1 of 53 (0,0189)  

MostLike 1.3%  
Expected 3.7%  
95 CI L 1.0%  

21-95 

95 CI H 10.0%  
NGd 2.0%  
ngd  1 of 53 (0,0189)  

MostLike -0.1%  
Expected 3.7%  
95 CI L 1.0%  

25-95 

95 CI H 10.0%  
NGd 1.4%  
ngd  2 of 53 (0,0377)  

MostLike 2.4%  
Expected 5.5%  
95 CI L 1.0%  

33-95 

95 CI H 13.0%  
NGd 1.2%  
ngd  1 of 53 (0,0189)  

MostLike 0.7%  
Expected 3.7%  
95 CI L 1.0%  

34-95 

95 CI H 10.0%  
NGd 0.8%  
ngd  1 of 53 (0,0189)  

MostLike 1.1% 0.0%  
Expected 3.7%  
95 CI L 1.0%  

35-95 

95 CI H 10.0%  
NGd 2.5%  
ngd  1 of 53 (0,0189)  

MostLike -0.6%  
Expected 3.7%  
95 CI L 1.0%  

36-95 

95 CI H 10.0%  
NGd 1.1% 0.5%  
ngd  1 of 53 (0,0189)  1 of 57 (0.0175)  

MostLike 0.8% 1.2%  
Expected 3.8% 3.5%  
95 CI L 1.0% 1.0%  

44-95 

95 CI H 10.0% 9.0%  
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NGd 0.8%  
ngd  3 of 53 (0,0566)  

MostLike 4.9%  
Expected 7.3%  
95 CI L 2.0%  

64-95 

95 CI H 15.0%  
NGd 0.7%  
ngd  1 of 53 (0,0189)  

MostLike 1.2%  
Expected 3.7%  
95 CI L 1.0%  

65-95 

95 CI H 10.0%  
NGd 0.5%  
ngd  1 of 53 (0,0189)  

MostLike 1.4% 0.0%  
Expected 3.7%  
95 CI L 1.0%  

68-95 

95 CI H 10.0%  
NGd 0.5%  
ngd  1 of 53 (0,0189)  

MostLike 1.4%  
Expected 3.7%  
95 CI L 1.0%  

70-95 

95 CI H 10.0%  
NGd  1.0%  0.9%
ngd   1 of 57 (0.0175)   1 of 33 (0.0303) 

MostLike 0.0% 0.8% 0.0% 2.1%
Expected  3.5%  5.8%
95 CI L  1.0%  1.0%

72-95 

95 CI H  9.0%  15.0%
NGd 0.1% 0.1%  
ngd  1 of 53 (0,0189)  3 of 57 (0.0526)  

MostLike 1.8% 5.2%  
Expected 3.7% 6.8%  
95 CI L 1.0% 2.0%  

74-95 

95 CI H 10.0% 14.0%  
NGd 1.9% 1.0% 0.9% 0.8%
ngd  2 of 53 (0,0377)  2 of 57 (0.0351)  0 of 51 (0.0000)  4 of 33 (0.1212) 

MostLike 2.0% 2.5% -0.9% 11.5%
Expected 5.5% 5.1% 1.4% 14.3%
95 CI L 1.0% 1.0% 0.0% 5.0%

75-95 

95 CI H 13.0% 12.0% 6.0% 27.0%
NGd  0.9% 1.0%
ngd   1 of 51 (0.0196)  1 of 33 (0.0303) 

MostLike  0.0% 1.0% 2.0%
Expected  3.8% 5.7%
95 CI L  1.0% 1.0%

008-96 

95 CI H  10.0% 15.0%
NGd  0.7%  
ngd   2 of 57 (0.0351)  

MostLike  2.9%  
Expected  5.1%  
95 CI L  1.0%  

77-96 

95 CI H  12.0%  
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NGd  0.2% 
ngd   1 of 51 (0.0196)  

MostLike  0.0% 1.8% 0.0%
Expected  3.9% 
95 CI L  1.0% 

81-96 

95 CI H  10.0% 
NGd  0.7% 
ngd   3 of 51 (0.0588)  

MostLike  0.0% 5.3% 0.0%
Expected  7.5% 
95 CI L  2.0% 

106-96 

95 CI H  16.0% 
NGd   0.1%
ngd    1 of 33 (0.0303) 

MostLike  0.0% 0.0% 2.9%
Expected   5.8%
95 CI L   1.0%

114-96 

95 CI H   15.0%
NGd  0.5% 0.0% 
ngd   2 of 57 (0.0351)  

MostLike  3.0%  
Expected  5.1%  
95 CI L  1.0%  

115-96 

95 CI H  12.0%  
NGd  1.5% 
ngd   1 of 51 (0.0196)  

MostLike  0.5% 
Expected  3.9% 
95 CI L  1.0% 

119-96 

95 CI H  10.0% 
NGd  0.7% 
ngd   1 of 51 (0.0196)  

MostLike  0.0% 1.3% 0.0%
Expected  3.9% 
95 CI L  1.0% 

121-96 

95 CI H  10.0% 
NGd  0.7% 
ngd   2 of 51 (0.0392)  

MostLike  3.2% 
Expected  5.7% 
95 CI L  1.0% 

126-96 

95 CI H  13.0% 
NGd  0.2%  
ngd   1 of 57 (0.0175)  

MostLike  1.6%  
Expected  3.5%  
95 CI L  1.0%  

132-96 

95 CI H  9.0%  
NGd   
ngd   

MostLike  0.0%  
Expected   
95 CI L   

135-96 

95 CI H   
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NGd   
ngd   

MostLike  0.0%  
Expected   
95 CI L   

136-96 

95 CI H   
NGd  0.2% 
ngd   1 of 51 (0.0196)  

MostLike  1.7% 
Expected  3.9% 
95 CI L  1.0% 

140-96 

95 CI H  10.0% 
NGd  0.3%  
ngd   3 of 57 (0.0526)  

MostLike  5.0%  
Expected  6.8%  
95 CI L  2.0%  

145-96 

95 CI H  14.0%  
NGd  2.3%  
ngd   1 of 57 (0.0175)  

MostLike  -0.5%  
Expected  3.5%  
95 CI L  1.0%  

150-96 

95 CI H  9.0%  
NGd   
ngd   

MostLike  0.0%  
Expected   
95 CI L   

156-96 

95 CI H   
NGd  1.5% 
ngd   1 of 51 (0.0196)  

MostLike  0.5% 
Expected  3.9% 
95 CI L  1.0% 

006-97 

95 CI H  10.0% 
NGd  0.9% 
ngd   1 of 51 (0.0196)  

MostLike  1.1% 0.0%
Expected  3.9% 
95 CI L  1.0% 

007-97 

95 CI H  10.0% 
NGd   1.4%
ngd    1 of 33 (0.0303) 

MostLike  0.0% 1.6%
Expected   5.8%
95 CI L   1.0%

010-97 

95 CI H   15.0%
NGd  0.3% 0.3%
ngd   3 of 51 (0.0588)  1 of 33 (0.0303) 

MostLike  5.6% 2.7%
Expected  7.6% 5.8%
95 CI L  2.0% 1.0%

30-97 

95 CI H  16.0% 15.0%
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NGd  1.8% 1.9%
ngd   2 of 51 (0.0392)  0 of 33 (0.0000) 

MostLike  2.2% -1.9%
Expected  5.7% 2.4%
95 CI L  1.0% 0.0%

36-97 

95 CI H  13.0% 10.0%
NGd  0.4% 
ngd   1 of 51 (0.0196)  

MostLike  1.5% 
Expected  3.9% 
95 CI L  1.0% 

39-97 

95 CI H  10.0% 
NGd  2.4% 
ngd   1 of 51 (0.0196)  

MostLike  -0.4% 
Expected  3.9% 
95 CI L  1.0% 

53-97 

95 CI H  10.0% 
NGd   0.5%
ngd    1 of 33 (0.0303) 

MostLike  0.0% 2.6%
Expected   5.8%
95 CI L   1.0%

55-97 

95 CI H   15.0%
NGd  1.0% 
ngd   1 of 51 (0.0196)  

MostLike  1.0% 
Expected  3.9% 
95 CI L  1.0% 

66-97 

95 CI H  10.0% 
NGd  1.3% 
ngd   1 of 51 (0.0196)  

MostLike  0.7% 
Expected  3.9% 
95 CI L  1.0% 

67-97 

95 CI H  10.0% 
NGd  1.7% 1.8%
ngd   1 of 51 (0.0196)  1 of 33 (0.0303) 

MostLike  0.3% 1.3%
Expected  3.9% 5.8%
95 CI L  1.0% 1.0%

82-97 

95 CI H  10.0% 15.0%
NGd  0.1% 
ngd   1 of 51 (0.0196)  

MostLike  1.9%  
Expected  3.9% 
95 CI L  1.0% 

86-97 

95 CI H  10.0% 
NGd   1.8%
ngd    1 of 33 (0.0303) 

MostLike  0.0% 1.3%
Expected   5.8%
95 CI L   1.0%

108-97 

95 CI H   15.0%
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NGd  0.2% 
ngd   1 of 51 (0.0196)  

MostLike  1.8% 
Expected  3.9% 
95 CI L  1.0% 

123-97 

95 CI H  10.0% 
NGd   0.5%
ngd    1 of 33 (0.0303) 

MostLike   2.5%
Expected   5.8%
95 CI L   1.0%

52-98 

95 CI H   15.0%
NGd   0.3%
ngd    3 of 33 (0.0909) 

MostLike   8.8%
Expected   11.4%
95 CI L   3.0%

78-98 

95 CI H   24.0%
NGd   0.1%
ngd    2 of 33 (0.0606) 

MostLike   6.0%
Expected   8.6%
95 CI L   2.0%

003-99 

95 CI H   20.0%
NGd = (value of NGdad from Neff et al. 2000a) 
ngd = (value of ngdad from Neff et al. 2000a) 
MostLike = (most likely paternity estimate calculated using the two-sex paternity model (eq. 
2) in Neff et al. 2000a) 
Expected = (expected paternity estimate calculated following the Appendix of Neff et al. 
2000b and Neff et al. 2001; this value provides an unbiased estimate of a putative parent’s 
paternity given the correct prior probability distribution) 
95 CI L = (lower bound of the 95% confidence interval for the expected paternity estimate) 
95 CI H = (upper bound of the 95% confidence interval for the expected paternity estimate) 
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