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ABSTRACT: We describe the development of selected life history traits (infant mortality, litter size) in
a captive primate population and assess the role of resource abundance in observed changes in these
traits. We studied patterns in the long-term development of litter size and infant mortality in the
world captive population of Varecia variegata comprising 2186 ind. registered in the International
Studbook and in the European Regional Studbook over a period of 40 yr. We also collected body
weight data from 98 ruffed lemurs in 14 European zoos. Infant mortality increased significantly over
the study period and from the founder to the F; generation, with a mean litter size of 1.78 in the wild-
born founder generation, compared to 2.14 for the zoo-born generations combined. A litter size of
4 had the highest rate of survival per litter. Female body weight, which we found to increase over the
generations, had a significant positive correlation with litter size, but did not correlate with infant
mortality. We suggest that changes in life history traits of a captive primate population, such as those
in infant mortality and litter size of V. variegata, may be due to altered living conditions in captivity
and that these changes may ultimately lead to a loss of genetic variability. High female body weight
in captivity may indirectly contribute to changes in the demographic structure of a population. Our
results suggest that management tools to control such developments need to be established for use in
coordinated breeding programmes for endangered species.
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INTRODUCTION

Captive populations of wild animals may exhibit the
same low probability of long-term survival as the small
population fragments that exist to an increasing extent
in the wild (Ballou & Foose 1996, Kaumanns et al.
2008). The long-term preservation of animal species in
zoos as reserve and model populations with the poten-
tial for reintroduction into the wild is a primary goal of
captive propagation (Foose 1991, WAZA 2005). Cap-
tive breeding programmes have been established to
manage ex situ populations of endangered species
with defined demographic and genetic structures over
long periods of time. These programmes aim to min-
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imise the loss of genetic variability in the specific pop-
ulations so that they may represent the gene pool of
the founders as closely as possible, if the opportunity
arises for individuals to be reintroduced into the wild
(Foose 1991, Ballou & Foose 1996). In both wild and
captive populations, natural selection non-randomly
influences allele frequencies (Hamrick & Allard 1972,
Frankham et al. 1986). In zoo populations, individuals
possessing phenotypes that are best adapted to captive
conditions will have the highest reproductive success
(Frankham et al. 1986, Carlstead 1996), and selection
processes will be most intense in the first few genera-
tions after the transition from wild to captive environ-
ments (Price 1984).
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Primates are kept in zoos in comparatively large num-
bers (Kaumanns et al. 2000b) and play an important role
in captive propagation programmes. Of the 338 Euro-
pean captive wild animal populations coordinated in
breeding programmes in December 2008, almost a quar-
ter (22.5 %; 76 species) were primates (EAZA 2008). Kau-
manns et al. (2000a) evaluated the development of 30
managed primate populations in European zoos, and
found evidence of large differences in reproductive suc-
cess between females within a species. These findings
imply that ongoing selection specific to the conditions of
captivity may promote inequality in the size of breeding
units and a decrease in effective population size.

Apart from predator pressure, one of the major selec-
tive forces acting on populations of wild primates is food
availability (Wrangham 1987). In response to this pres-
sure, primate species have evolved specific morpholog-
ical, physiological and behavioural adaptations which al-
low them to effectively exploit the food resources in their
habitats (Oates 1987). Altered foraging conditions in
captivity in relation to quality of food, patterns of access
to food, and amount of food consumed not only have
behavioural consequences, but may also cause health
problems such as obesity, which is indeed commonly
seen in captive primates (e.g. Cousins 1972, Walike et al.
1977, Savage et al. 1993, Schwartz et al. 1993, Encar-
nacién & Heymann 1998, Aratjo et al. 2000, Chen et al.
2002, Schmidt 2004, Videan et al. 2007), particularly in
Malagasy lemurs (Schaaf & Stuart 1983, Pereira & Pond
1995, Schwitzer & Kaumanns 2001a, Polowinsky &
Schwitzer 2009, Willis et al. 2009). Terranova & Coffman
(1997) conducted a quantitative study on a large sample
of lemurs and found significant differences in weights
between wild and captive individuals, with 9 species and
subspecies showing obesity rates of between 17 and
95 % in captivity.

The abundance of food resources may directly influ-
ence the reproductive output of a population (Pereira
1993, Richard et al. 2000, Ratsimbazafy et al. 2002, Louis
et al. 2005, Vasey & Borgerson 2009). For instance,
Pereira (1993) found that semi-captive ring-tailed lemurs
Lemur catta increased the proportion of multiple births
from just above 0 under low food provisioning (1.0 kg
Chow per 40 ind.) to >40 % under high food provisioning
(7.6 kg Chow and fruit per 40 ind.). A group of wild L.
catta at the Berenty Reserve, Madagascar, which the
author (Pereira 1993) used for comparison, had ~2 to 3 %
incidence of multiple births. Wild Varecia variegata in
the Manombo Forest, Madagascar did not reproduce at
all for at least 3 yr after a cyclone had destroyed ~50 % of
the woody vegetation in the forest (Ratsimbazafy et al.
2002). Similar observations were made on V. rubra in the
Masoala National Park, also Madagascar, by Vasey &
Borgerson (2009). These results are not only compatible
with the assumption that food is a selection factor, but

also indicate that on a proximate level, it has the poten-
tial to modify the demography of a primate population
within a short time span.

Lemurs, with their high reproductive output and
short generation times, provide a good opportunity to
study the effects of resource abundance on population
dynamics. Such processes are challenging to study in
the wild since one would need to collect data from
several generations (Prout 1969, Dunbar 1985); how-
ever, captive populations can be used as models since
demographic and other relevant data are available over
several generations and long periods of time for some
species. Results of such studies can be of value to in situ
conservation, allowing predictions to be made regard-
ing small and fragmented, managed populations. The
captive propagation programme for the ruffed lemur
Varecia variegata, which is used as the model species
in the present study, is probably the largest of any pri-
mate species. The European Regional Studbook alone
counted 731 living individuals of 3 subspecies at the
end of 2002 (Schwitzer & Kaumanns 2004).

Here, we investigate infant mortality and litter size
in the captive population of black-and-white ruffed
lemurs over 4 decades and 5 generations. We analyse
the development of these life history traits in reference
to female body weight. Body weight is regarded as a
factor that may trigger changes in individual reproduc-
tive output over time, thus possibly inducing changes
in some life history parameters in the long run. With
the present study, we aim to provide materials for the
critical evaluation and improvement of the way in
which ex situ conservation programmes for primates
are currently being run.

MATERIALS AND METHODS

Data from the International Studbook (Porton 1997) as
well as from the European Regional Studbook for the
ruffed lemur (Schwitzer & Kaumanns 2001b), referring to
2186 Varecia variegata (1054 males, 854 females, and
278 ind. of unknown sex), were entered into the software
package SPARKS 1.42 (Scobie 1997) and analysed for in-
fant mortality and litter size. This yielded a sample of 987
litters from 268 females, comprising a total of 2061 in-
fants. Demographic analyses were conducted using DE-
MOG 4.2 (Bingaman-Lackey & Ballou 1997). For the
analyses of litter size and infant mortality across gener-
ations, the generation to which an individual belonged
was determined using its descent in the female line (e.g.
an offspring from a mother belonging to the 3rd genera-
tion was assigned to the 4th generation, regardless of
which generation the father belonged to). Infant mortal-
ity was defined as an infant dying before it was fully
weaned, i.e. within the first 5 mo of its life (Hick 1984).
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The female ruffed lemurs in this sample were nor-
mally kept in breeding pairs or small family units (i.e.
pairs with their offspring). Keeping conditions for
ruffed lemurs in European zoos did not change over
time.

Body weights of 25 Varecia variegata and 18 V. rubra
were taken at the zoos in Cologne, Mulhouse and
Miinster using a Sartorius ISI 20 scale (Sartorius AG) to
a precision of 10 g. Additionally, body weight data for
40 V. variegata and 15 V. rubra were received from
14 European zoos via a questionnaire sent to 110 insti-
tutions participating in the European Endangered
Species Programme (EEP) for ruffed lemurs. The latter
weights were taken over a period of ~10 yr. A 1-way
ANOVA and subsequent F-test did not reveal signifi-
cant differences in body weight, litter size or infant
mortality between the V. variegata and V. rubra in our
sample; thus analyses of the effects of female body
weight on litter size and infant mortality were carried
out using the data from both Varecia species to
increase sample size. A more detailed analysis of the
V. rubra population will be presented elsewhere.

Only the weights of adult females (>2 yr of age; Hick
1984) of known age that had produced offspring by the
time of weighing were used for analyses. Where an
animal was weighed more than once, the mean value
was taken. Females known to have been pregnant at
the time of weighing were excluded from analyses.
The possibility of pregnancy of some females in the
dataset acquired through the questionnaire could not
be excluded (available data did not provide reliable
information on pregnancies); however, neither Schaaf
& Stuart (1983) nor Terranova & Coffman (1997) found

differences in captive lemur body weights among
seasons, which suggests that differences in weight
between pregnant and non-pregnant females of these
seasonally breeding species may not be significant.

For all statistical analyses, the software package
SPSS 7.5 (Statsoft) was used. Non-parametric Mann-
Whitney U-tests were performed to test for differences
in: infant mortality and litter size between generations,
infant mortality between different litter sizes, and litter
size between females of different body weight cate-
gories. Linear regression analyses were carried out to
show changes in infant mortality over the years and
changes in female body weight over the generations.
Pearson correlations were used to test the relationships
between female body weight and infant mortality as
well as litter size. The level of significance was set to
p < 0.05. When 0.05 < p < 0.1, a trend was reported.

RESULTS
Demographic analysis
Litter size

Mean litter size of the black-and-white ruffed lemur
population from 1969 until 2000 was 2.09 + 0.25 (SD) (n
= 9087 litters from 268 females). Litters consisting of
only one offspring comprised 29.9%, twins 38.6 %,
triplets 25.4 %, quadruplets 5.0%, and quintuplets
1.1% of the total. The proportion of larger litters (>2
infants) increased over the generations, whereas the
proportion of singletons and twins decreased (Fig. 1).
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Fig. 1. Varecia variegata. Proportions of litters with sizes of 1, 2, 3, 4, and >4, in different generations (Founder to F,) of the world
captive population (n = 913 litters, comprising a total of 1922 infants; see 'Results: Demographic analysis' for statistics)
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Differences between the generations were however
insignificant (Mann-Whitney U-test: p > 0.05; 2-tailed).
Whereas the wild-born founder generation had an
average litter size of 1.78, the average litter size for
zoo-born generations F; to F, was 2.14.

Infant mortality

Mean annual infant mortality in the Varecia varie-
gata world captive population was 32.3% (range: O to
66.7 %), while total infant mortality was 36.6 %. Infant
mortality showed a significant increase over the years
(linear regression: B = 0.7; p < 0.01; Fig. 2).

Table 1 shows the mean proportion of infant mortal-
ity and the mean number of surviving offspring per lit-
ter for a given litter size. The number of survivors per
litter increased from a litter size of 1 to a litter size of
4 and then decreased again. The differences in the
number of survivors per litter between 2 successive lit-
ter sizes were significant (Mann-Whitney U-test: litter
size 1-2: U = 29230, p < 0.01; 2-3: U = 29297.5, p <
0.01; 3-4: U=4119, p < 0.01; 2-tailed), but not the dif-
ference between a litter size of 4 and a litter size >4
(Mann-Whitney U-test: p > 0.05; 2-tailed).

The numbers and proportions of surviving infants,
infant mortality, and the proportions of males born
over the generations are shown in Table 2. Infant mor-
tality increased from the founder to the F; generation
and then stagnated, whereas the proportion of males
born (irrespective of their survival) slightly decreased

Table 1. Varecia variegata. Captive world population: num-
ber of infants, infant mortality, and number of surviving
infants per litter for litter sizes of 1 to >4 (mean + SD; n = 987
litters comprising a total of 2061 infants; see ‘Results: Infant
mortality’ for statistics). DNS = did not survive

Litter Infants DNS DNS (%) Survivors litter™!
size

1 295 119 40.3 +£49.0 0.60 = 0.49

2 762 270 354 +£42.0 1.29 + 0.84

3 753 262 34.8 +38.1 1.96 +1.14

4 196 68 34.7 £ 36.4 2.61 +1.45
>4 55 36 65.5 +34.2 1.73 +1.71

from the founder to the F, generation (although not
significantly; Mann-Whitney U-test: p > 0.05; 2-tailed).
The difference in the proportion of surviving infants
(i.e.in infant mortality) between the founder and the F;
generation was significant (Mann-Whitney U = 150;
0.01 < p < 0.05; 2-tailed), but differences between the
other generations were not.

Eifects of female body weight

The mean body weight of 98 captive ruffed lemurs
from 14 European zoos was 3933 + 852 g, ranging from
2940 to 8000 g. There was no significant difference
in body weights between males and females (males:
3938 + 776 g, females: 3926 + 933 g; 1-way ANOVA:
p > 0.05; F=0.0).
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Fig. 2. Varecia variegata. Number of births (bars) and relative infant mortality () of the world captive population from
1969-2000 (n = 987 litters, comprising a total of 2061 infants; linear regression: B=0.7; p < 0.01)
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Although there was a trend of increasing
body weights of female ruffed lemurs with
increasing generation, this trend was not
significant (linear regression: B=153.0; p >

Table 2. Varecia variegata. Numbers of litters, infants, and surviving
infants, and the proportions of males born, surviving infants, and infant
mortality over 5 generations of the world captive population (n = 913 litters
comprising a total of 1922 infants; see ‘Results: Infant mortality’ for statistics)

0.05; Fig. 3).
Litters Infants Males Surviving Surviving Infant
(%) infants  infants (%) mortality (%)
Female body weight and litter size Founder 82 146 54.1 119 81.5 18.5
Fy 181 375 50.4 248 66.1 33.9
Mean litter sizes were plotted against the F, 267 542 45.7 344 63.5 36.5
body weights of females (Fig. 4). The positive Fs 209 468 46.2 252 60.3 39.7
. . . F, 174 391 43.3 239 61.1 38.9
correlation between mean litter size and fe-
male body weight was significant (Pearson
correlation: r=0.3; 0.01 < p < 0.05; 1-tailed).
Fig. 5 shows the difference in mean litter size for 9000
2 categories of females: those weighing below 4000 g
(the upper limit of the body weight range of wild 8000 °
female Varecia given by Vasey 2003), and those S
weighing >4000 g. Heavier females had significantly = 7000 +
larger litter sizes than leaner ones (2.58 + 0.74 > 2.09 + '57
0.42; Mann-Whitney U = 46; p < 0.05; 2-tailed). Q 60007 20330 ° o
§ 5000 - o o
m
Female body weight and infant mortality A =
4000 - 2 o
o
The relationship between female body weight and 3000 4 8 E i
infant mortality is shown in Fig. 6. The correlation
between the variables was not significant (Pearson 2000 . . . . .
correlation: r = 0.3; 0.07 > p > 0.05; 1-tailed). 0 1 2 3 4 5 6
Generation

DISCUSSION

In the present study, we investigated changes in
infant mortality and litter size over time and genera-
tions in the world captive population of black-and-
white ruffed lemurs. Hypothesising that food resource
abundance is a factor that may trigger changes in
reproductive output (Pereira 1993, Richard et al. 2000,
Ratsimbazafy et al. 2002, Louis et al. 2005, Vasey &
Borgerson 2009), we looked at possible relationships
between female body weight (as an indirect measure
of food abundance) and litter size as well as between
body weight and infant mortality (as measures of
reproductive output; Weigler et al. 1994).

A few studies that analysed ruffed lemur reproduc-
tive output with regard to litter size, either in a single
institution (Shideler & Lindburg 1982, Hick 1984, Ras-
mussen 1985, Brockman et al. 1987, Weigler et al.
1994), or in the world captive population from the cor-
responding studbook records (Noble et al. 1990) were
published in the 1980s and 1990s. The results of these
studies are predominantly compatible with ours, but
some deviate slightly from our findings as discussed in
the following. Since the dataset used in this study

Fig. 3. Varecia variegata. Body weights of females from differ-
ent generations (n = 27; linear regression: B = 153.0; p > 0.05)
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includes all those of the previous works, and provided
that historical studbook data have been recorded cor-
rectly, we assume that differences in results concern-
ing the total captive population may be due to the
smaller sample sizes of the earlier investigations.
Litters of zoo-born ruffed lemurs comprised on aver-
age 2.14 infants, whereas litters of wild-born captive
individuals had a mean size of only 1.78. Reliable esti-
mates of mean litter size of wild female ruffed lemurs
are difficult to obtain since infants that die soon after
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Fig. 5. Varecia variegata. Litter sizes of captive females
weighing <4000 (n = 12) and 24000 g (n = 15), respectively
(mean + SD; n = 27; Mann-Whitney U = 46; p < 0.05; 2-tailed)
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birth may not always be found by the observer (see
Morland 1990). Unlike in captive ruffed lemurs, rear-
ing of offspring in 2 consecutive years by wild females
appears to be uncommon (Morland 1990, Merenlender
et al. 1998, Rakotondratsima & Kremen 2001, Vasey
2007). Although the annual mean female reproductive
output (surviving offspring) was as low as 0.58 in Mor-
land's (1990) study and even lower in the study of
Merenlender et al. (1998), in most cases the animals
probably gave birth to twins (Morland 1990). This still
seems to be reflected in the pattern of litter sizes in the
captive population (see also Brockman et al. 1987), but
the proportion of litters >2 has increased over the gen-
erations. However, contrary to the findings of Noble et
al. (1990), these increases were not determined to be
either continuous or significant.

In our study, contrary to the findings of Shideler &
Lindburg (1982) at San Diego Zoo, survivorship was
associated with litter size in that significantly more
infants per litter survived in litters of 4 than in litters of
any other size. This result, together with the aforemen-
tioned trend towards larger litters, suggests that the
conditions in captivity for Varecia variegata probably
support a higher litter size than those in the wild habi-
tat, and that the proportion of females producing larger
litters increases in the first zoo-born generation. This
supports the assumption that proximate factors such as
the quality of food and the absence of predation have
already influenced female reproductive output at an
early period of the population’s history. This is in accor-
dance with Price's (1984) suggestion that selection
processes will be most intense in the first few
generations after the transition from wild to captive
environments.

Surprisingly, infant mortality was lowest in litters of
4. Combined with the fact that mean litter size showed
an increase over the generations, one would also
expect infant mortality to show a general decline. In
contrast, our results show an increase in infant mortal-
ity over the course of the study period. This is surpris-
ing, especially when we consider the fact that the
keeping conditions in zoos (hygiene, veterinary care)
have greatly improved since the early 1960s. The trend
of continuing high infant mortality also seems to apply
to other captive primate populations (Kaumanns et al.
2008). Analyses of data on apes as well as on Saguinus
oedipus and Macaca silenus show the same general
direction (Kaumanns et al. 20004, 2004, Kohnen 2002).

In Varecia variegata, infant mortality increased sig-
nificantly from the founder to the F; generation, sug-
gesting that a considerable proportion of the individu-
als' capability to successfully produce and rear
offspring may have been lost with the transition from
the wild-born to the first zoo-born generation of
lemurs. This loss of individual capability may have
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been due to the probable lack of opportunity for zoo-
born ruffed lemurs to grow up in a totally species-
typical social and physical environment (Schwitzer &
Kaumanns 2001b). In addition, the conditions in cap-
tivity may have had adverse effects on the immune
system of the animals, as a preliminary analysis of
lemur infant deaths from one institution revealed that
64.7 % of all deaths with known causes (11 out of 17)
were due to infectious diseases (Schwitzer et al.
unpubl. data; but see Brockman et al. 1988).

With reference to ex situ management programmes
for endangered species, the findings of this study,
which partly contradict previous expectations, strongly
suggest that assessment of the breeding performance
of a population should include the analysis of as many
relevant variables as possible, in order to determine
the contribution of the various 'subunits’ of the repro-
ductive system to possible breeding problems.

According to Hume (1995), nutrition is a predomi-
nant factor controlling reproductive rate and resis-
tance to diseases in natural animal populations.
Although other factors may play a role, animal popula-
tion density is likely to be ultimately controlled by food
resources (Lack 1954, cf. Hume 1995). In species pro-
ducing litters, litter size is likely to be a regulatory
mechanism to ensure maximum reproductive output
under variable environmental conditions in the wild
habitat (e.g. resource availability during the birth and
weaning seasons) (Jaquish et al. 1996, Balko & Under-
wood 2005). If a high level of nutrition increased repro-
ductive output, the body weight of females should
show a positive correlation with the mean litter size of
these females. Moreover, if the survivability of off-
spring increased with higher food abundance, infant
mortality and female body weight should show a neg-
ative correlation. We did not use total reproductive
output per female for correlation with body weight, as
a reliable quantification was not possible with the
dataset in hand (e.g. it was not possible to tell if a
female that did not have offspring in a certain year had
had the opportunity to mate in the preceding breeding
season).

The results showed that for both Varecia species
combined (data from both species were used so as to
increase the sample size for female body weight),
female body weight was significantly positively corre-
lated with litter size. There was, however, no correla-
tion between female body weight and infant mortality,
although a trend of increasing female body weight
over the generations was apparent. These findings are
compatible with those of a number of studies on other
species, which also found relationships between repro-
ductive output and nutrition (e.g. Rhine et al. 1988,
Pereira 1993, Jaquish et al. 1996, Adler & Beatty 1997,
cf. Wright 1999, Richard et al. 2000, Ratsimbazafy et al.

2002, Vasey & Borgerson 2009). For instance, Jaquish
et al. (1996), who studied genetic and environmental
influences on litter size in 3 species of callitrichids, sug-
gested that litter size is influenced more by environ-
mental conditions than by heredity, speculating that
larger litters are primarily a reaction to abundant food
resources. K6hnen (2002), in her study of population
development in a captive colony of cotton-top tamarins
Saguinus oedipus, also speculated that the increase in
litter size in the study population over the years was
related to a high level of nutrition. Like some lemur
species, callitrichids can produce litters of >1 offspring.
Primate species with the potential to produce litters
may regulate reproductive output in adaptation to
environmental conditions by adjusting litter size,
rather than by adjusting inter-birth intervals or size of
the infant, as species with single births may do.

In lemurs, the influence of nutrition on reproduction
has rarely been researched in detail. Pereira (1993), in
his study on the seasonality of growth rate and adult
body weight in semi-captive Lemur catta, found that
the proportion of twin births increased by >40 % under
a regime of high food provisioning. Other studies
found that in some years, wild lemur groups had more
surviving infants than in other years or did not repro-
duce at all (e.g. Morland 1991a,b, Sauther 1998,
Richard et al. 2000, Ratsimbazafy et al. 2002, Louis et
al. 2005, Vasey & Borgerson 2009), although both
actual food intake and reproductive output are difficult
to measure accurately in the wild. In addition, Schaaf &
Stuart (1983) suggest a negative effect of obesity on
reproductive performance in captive Eulemur mongoz,
but do not support this claim with data.

In the present study, we investigated the complex
interrelations between body condition, expressed as
female body weight, and population dynamics para-
meters such as litter size and infant mortality in cap-
tive lemurs. For the first time, we related data on the
development of a very large captive primate popula-
tion to body weight data. Our results show that body
condition, and thus nutrition, is an important factor in
the management of small populations under altered
conditions; it also has the potential to promote
changes in population dynamics and, in the medium
term, to enhance the loss of genetic variability by
increasing the reproductive output of certain genetic
lines, thus promoting inequality in family sizes. Diets
for animals in captivity thus need to be closely moni-
tored with regard to their nutrient and, specifically,
their energy content. If zoo populations are kept as
reserve populations that may some day need to be
reintroduced into the wild, these populations should
be managed in a way that preserves as much of the
original genotypic and phenotypic variability as pos-
sible (Kaumanns 1994).
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Further studies should focus on the proximate mech-
anisms of food intake regulation in lemurs, as well as
on the physiological mechanisms that relate e.g.
female body weight to litter size. More body weight
data as well as data on food intake, both from wild and
captive lemurs, need to be collected systematically to
increase sample size for future studies.

CONCLUSIONS

Captive populations of primates, although managed
in coordinated breeding programmes, may show
unwanted changes in population dynamics after only a
few generations. This can ultimately result in loss of
genetic variability.

Changes, such as those shown here with regard to
infant mortality and litter size, may be due to condi-
tions in captivity not resembling those in the respective
species’ wild habitats, thus promoting alterations in the
adaptive phenotype after a short time span. One such
condition may be high resource abundance.

Zoo populations should be continuously analysed for
eventual changes in their dynamics over time or gener-
ations, and management tools to cope with such devel-
opments need to be established.
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