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was more likely a result of some other, un- 
known urocess. This situation urovided an 
opportunity to measure the effects of in- 
breeding in a natural setting that would al- 

An Experimental Study of lnbreeding Depression low new animals to become established 

in a Natural Habitat without strong competition from an existing 
resident population (1 5). 
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lnbreeding is known to lead to decreased survival and reproduction in captive populations 
of animals. It is also important to know whether inbreeding has deleterious effects in 
natural habitats. An estimate was made of the effects of inbreeding in white-footed mice, 
Peromyscus leucopus noveboracensis, derived from a wild population. This study dem- 
onstrates that inbreeding had a significant detrimental effect on the survivorship of mice 
reintroduced into a natural habitat. This effect was more severe than the effect observed 
in laboratory studies of the population. 

Inbreeding adversely affects captive ani- 
mals in a number of ways (1-5). However, 
captive animals are not exposed to many of 
the causes of mortality afflicting natural 
populations, such as predation, weather ex- 
tremes. food stress, and euidemic disease. 
Deleterious effects of inbreeding have been 
demonstrated in natural populations of 
plants (6) and a few species of invertebrates 
(7) and fish (a), but the mobility and long 
generation lengths of mammals and other 
tetrapods have made it difficult to estimate 
the effect of inbreedine on survivorshi~ in " 
natural populations of these animals (5). 
This difficultv has led some researchers to 
question whe'ther estimates of inbreeding 
depression made in captive populations can 
be used to predict the effects of inbreeding 
in nature or, indeed, whether natural uou- 

A .  

ulations experience inbreeding depression 
at all (9). Worldwide habitat destruction 
has forced many formerly natural popula- 
tions into captivity for survival [such as the 
black-footed ferret Mustela nigripes ( lo)] ,  
and some captive populations have been 
inbred by necessity (11) .  The continued 
survival of many species depends on captive 
propagation before reintroduction (12), but 
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inbreeding may compromise the fitness of 
reintroduced animals (7). 

We developed a mark-release-recapture 
experiment to measure the effects of in- 
breeding on survivorship in a natural habi- 
tat. White-footed mice, Peromyscus leucopus 
noweboracensis, were collected from an area 
in which they were abundant and were used 
to found a laboratory population (13). In- 
bred and noninbred descendants of the wild- 
caught mice were released back into the field 
site from which the progenitors had been 
captured (Fig. 1) and were surveyed by trap- 
ping (14). A census of the field site in 1990 
before the release resulted in only three cap- 
tures during 1350 trap nights (0.002 mice per 
trap night). In 1988, when the progenitors of 

Fig. 1. Map of field site. Numbers at 
the ends of arrows represent the 
number of mice that were recap- 
tured in the same area in which they 
were originally released. Numbers 
on directional arrows represent 
mice that were recaptured in a dif- 
ferent area from the one in which 
they were released. Numbers on 
the figure sum to 124 because one 
mouse was recorded in all three ar- 
eas. The field site compr~sed non- 
public areas of the Chicago Zoolog- 
ical Park, Brookfield, Illinois. All 
three areas are within a mixed de- 
ciduous forest. The broken l~ne rep- 
resents a fenced boundary be- 
tween forested and nonforested ar- 
eas. Wavy lines are water-depth 
contours. An old ra~lroad bed and 
wooden bridge are indicated by solid 

Of the 786 animals released, 123 (1 5.7%) 
were recaptured at least once (Table 1). 
Mice were recaptured up to eight times for a 
total of 170 recaptures. Some were recap- 
tured as long as 127 days after release, sug- 
gesting that many of the laboratory-bred 
mice became successfully established in the 
natural habitat. The low caDture rate for wild 
mice can partially explain the high recapture 
rate for lab-reared animals. With few resi- 
dent mice to force dispersal from the site, the 
reintroduced population quickly became es- 
tablished. Recapture histories for individual 
mice are available over the Internet (16) or 
from the authors. 

Movement did occur among trapping ar- 
eas and probably into nontrapped areas of 
the field site as well (Fig. 1). Most mice 
were reca~tured within 50 m of the site of 
release. df the 29 mice recaptured on a 
different trauline from their release site. 
10 males and 6 females were inbred and 7 
males and 6 females were noninbred. 
There is no significant effect of sex and 
inbreeding status on the tendency to move 
between areas (goodness of fit test based 
on log-linear models: G = 1.464, P > 0.4, 
with 2 df and expected frequencies calcu- 
lated from the recapture data in Table 1).  
Thus, inbred mice do not move among 
the three release sites at a significantly 

lines. 
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different rate than do noninbred mice. 
We tested for an effect of inbreeding on 

survival by two different methods: a repeat- 
ed-measures analysis of variance (ANOVA) 
of survivorship estimates and a generalized 
maximum likelihood estimation procedure 
for mark-recauture data. In the first method, 
Jolly-Seber estimates of survivorship were 
computed from release-recapture data on in- 
bred and noninbred mice (Fig. 2). Repeated 
measures ANOVA revealed a significant ef- 
fect of inbreeding on the survivorship of 
mice, with the weekly survivorship of inbred 
mice 56% that of noninbred mice on average 
(17) (Fig. 2). The effects on weekly survival 
of sex and time since release were not signif- 
icant (17). 

The effects of inbreeding on the amount 
of body mass lost between the time of re- 
lease and the time of first recauture was also 
tested. We  treated the mass lost by each 
mouse during this period (which varied in 
length among mice) as the dependent vari- 
able, inbreeding status as a fixed effect, and 
time between release and first recapture as a 
covariate in a separate analysis of covari- 
ance for each sex. Inbred males lost body 
mass throughout the experiment, whereas 
noninbred males regained body mass lost in 
the first few days after release [the regres- 
sion coefficient of mass change on the time 
to first recapture for inbred males is -0.108 
2 0.077 (SE) g/day; the coefficient for non- 
inbred males is 0.055 2 0.029; the test of 
the effect of the interaction between in- 
breeding status and time to first recapture 
was F,,,57L = 4.,789 and P = 0.031. In 
females, c ange In mass upon release was 
not affected by inbreeding [the regression 
coefficient for inbreds is 0.005 .+- 0.033, and 
that for noninbreds is 0.046 2 0.062, F(1,57) 
= 0.639, P = 0.431. Inbred mice did not 
differ significantly in body mass from non- 
inbred mice at the time of release (159 
inbred females averaged 21.8 g, 207 nonin- 

Table 1. Sample sizes of mice released and re- 
captured, classified by sex and inbreeding status. 
The proportions of mice that were recaptured did 
not differ between male and female mice (x" 
0.084, 1 df, P = 0.77) or between inbred and 
noninbred mice (x" 0058, 1 df, P = 0.81). 
Differences In survivorship between inbred and 
noninbred mice are revealed by analysis of Jolly- 
Seber survlvorship estimates ( I  7, 19). There were 
seven male and two female wild mlce captured. 

Sex Inbred Noninbred Total 

Mice released 
Male 208 21 2 420 
Female 159 207 366 

Total 367 41 9 786 
Mice recaptured 

Male 32 32 64 
Female 24 35 59 

Total 56 67 123 

bred females averaged 21.4 g [F(1,364) - - 
0.47, P = 0.491, 208 inbred males averaged 
25.9 g, and 212 noninbred males averaged 
25.0 g [F,,,,,,, = 2.26, P = 0.131). A t  24.1 
g, the release-day body mass of males that 
were subsequently recaptured was some- 
what lower, on average, than that for males 
that were never recaptured (25.7 g), but the 

- difference was not significant [F(1,418) - 
3.65, P = 0.061. There was no significant 
difference in body mass at release between 
females that were later recaptured (21.2 g) 
and those that were never recaptured (21.6 
g) [F(1,364) = 0.343, P = 0.541. 

The maximum likelihood analysis al- 
lowed us to test assumptions of equal ease of 
capture of inbred and noninbred mice and to 
relax the assumptions of normal-distribution 
theory inherent in ANOVA approaches. 
We used the general estimation program 
SURGE (18) to calculate iteratively the 
maximum-likelihood estimates of survival 
and recapture  roba abilities and to perform 
likelihood ratio tests (LRT) of significance. 
These tests revealed a significant deleterious 
effect of inbreeding on survival and no sig- 
nificant difference in recapture rates for sur- 
viving inbred and noninbred individuals 
(19). 

Significant differences in survivorship 
cannot be attributed to differential emigra- 
tion of inbred versus noninbred mice (Fig. 
1). The data on body mass at release indicate 
that inbred mice were in as good a condition 
as were noninbred mice when the experi- 
ment began, so inbred mice did not suffer 
high mortality by entering the release popu- 
lation at a disadvantage with respect to fat 
reserves. 

To  determine whether this population of 
Perornyscus was unusually sensitive to the 
effects of inbreeding, we computed lethal 
equivalents from the observed mortality rates 
of mice that were maintained in the lab. 
Lethal equivalents are calculated from the 
regression of survivorship on the inbreeding 
coefficient (20) and are used as a measure of 
the severity of inbreeding depression. The 

range of lethal equivalents with respect to 
juvenile survivorship for captive mammalian 
populations has been estimated as - 1.36 to 
30.32, with a median value of 3.14 per dip- 
loid genome (4). For rodents, the reported 
range is -0.14 to 15.2, with a median value 
of 1.15 (4). For the Peromyscus population 
used in the release exueriment, we estimated 
0.45 lethal equivaleits per diploid genome 
for survival in the lab from birth to weaning 
at 20 days of age (survivorship of 188 non- 
inbred mice = 0.879 2 0.022, survivorship 
of 146 inbred mice = 0.822 .+- 0.028). Ap- 
parently, the severity of inbreeding depres- 
sion experienced by this population in a 
captive environment is low or moderate 
when compared to species of rodents and 
other mammals for which similar calcula- 
tions have been made. 

The calculated regression of the 3-week 
survival of released adult mice suggests that -- 
the inbreeding load for adult survival in a 
natural habitat [12.64 lethal equivalents, cal- 
culated from a mean survival estimate of 
0.194 2 0.126 for six groups of noninbred 
mice (males and females from three release 
batches) and a mean survival estimate of 
0.040 It- 0.082 for six groups of inbred mice] 
was much larger than that for juvenile sur- 
vival in the laboratory. This result suggests 
either that the inbreeding load in natural 
habitats is more severe than in the lab or 
that the load is greater in adults than in 
iuveniles. However, the mortalitv rate in the 
iaboratory for mice of the same' age as the 
reintroduced mice is low for both inbred and 
noninbred individuals (for example, of 1561 
mice weaned in the lab, 4 died in the 3 
weeks after weaning). Greater severity of 
inbreeding depression in natural environ- 
ments than in laboratory environments has 
also been reported in land snails (7). 

We have shown that inbreeding is relat- " 

ed to survivorship in a population that has 
been reintroduced to a natural habitat, with 
survivorship reduced for inbred mice. This 
result, together with the continual weight 
loss in inbred male mice after release, sug- 

Fig. 2. Survivorship of inbred and 1.4 
noninbred mice over 10 weeks. 
Solld diamonds represent the mean a 1.2 

survivorship values for noninbred 2 
I ,o 

mice and open circles represent 
values for inbred mice. Bars repre- ' 
sent standard errors of the esti- 

$ O8 

mates. Symbols and error bars are 
slightly offset to show the area of 0.4 
overlap. Non~nbred animals had - - 

higher survivorship than inbred ani- 0.2 
mals during all six time intervals. 
The ratio of inbred survivorshlp to 0.0 

noninbred survivorshlp is 0.558 2 
I 2 3 4 5 6 7 8 9 1 0 1 1  

0.121, averaged over the six estl- Weeks after release 

mates shown. None of the survivorship estimates from single t~me periods differ s~gnificantly between 
inbred and noninbred indiv~duals. When the estimates are used as repeated measures of survlvorship for 
groups of inbred and noninbred individuals, the overall difference is statistically significant [see (1 7)]. 
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ragggfina 
gests that this population is adversely affect
ed by inbreeding when released into a nat
ural habitat. The deleterious effects of in
breeding, as measured by lethal equivalents, 
were much more severe in the natural envi
ronment than in the captive environment. 
These results have been obtained for a pop
ulation in which, compared to other mam
malian populations, the effects of inbreeding 
in captivity are not particularly severe. Such 
experiments that are conducted in a natural 
environment are needed to address concerns 
about the applicability to natural popula
tions of laboratory-based estimates of the 
effects of inbreeding. Unfortunately, the fate 
of many populations lies in people's ability 
to propagate them in captivity and then 
reintroduce them into a habitat representa
tive of that of their ancestors. Even if the 
period of captivity is brief, inbreeding and 
other consequences of captive management 
can have a profound effect on the success of 
reintroduction efforts. 
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