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Abstract This study investigated variation in parental
behavior in old®eld mice (Peromyscus polionotus). Speci®cally, I examined the possibility that parental behavior and probability of litter loss may dier depending
on whether parents are related to one another and,
therefore, whether ospring are inbred. When parents
are related, they share more genes with their ospring
and so may be predicted to invest more in inbred ospring if these ospring do not inherently have a greater
risk of juvenile mortality. Survival of inbred pups did
not dier from survival of outbred pups, and females
tended to exhibit a preference, in the form of enhanced
parental care, for inbred litters. Males did not display
any consistent preferences. Inbred litters were left unattended more often during the immediate post-partum
period than were outbred litters, but this inconsistent
®nding appeared to have a smaller eect than the overall
improved maternal care provided to inbred litters. Females thus appeared to modulate their behavior to a
greater degree than did males depending on characteristics of the litter. Patterns of litter loss indicated that
complete death of litters was independent of litter inbreeding, whereas loss of selected pups in a litter occurred signi®cantly more often when litters were inbred.
Complete and partial loss of litters may be functionally
dierent behaviors that are triggered by dierent cues.
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Introduction
In species with parental care, and especially those with
biparental care, failure of an ospring to survive may
re¯ect a de®cit in the ospring itself, or may re¯ect inadequate care on the part of the parents. Successful reproduction depends both on the individual traits of
several parties ± father, mother, and ospring ± and on
their interactions. That reproductive success is a function of both parental phenotypes and ospring phenotypes has recently been incorporated into population
genetics models (Kirkpatrick and Lande 1989), an area
in which research has typically focused on the ®tness
consequences of genotypes of only a single generation.
When relatives mate and produce inbred ospring,
decreased viability of progeny is often the result. Darwin
(1872) stated in The Origin of Species (sixth edition) that
mating between close relatives ``...almost always leads to
decreased size, weakness, or sterility,'' and that inbreeding is generally avoided in nature. Most commonly, inbreeding depression is measured as the
decrease in the viability of inbred ospring (Ralls et al.
1979; Ballou and Ralls 1982; Ralls and Ballou 1982a,b;
Brewer et al. 1990). In this context, inbreeding depression aects ®tness because inbred ospring, produced
when relatives mate, have a lower probability of survival
than do outbred ospring.
Thus, when an inbred ospring fails to survive, its
death is commonly attributed to an inherent de®cit in
the inbred ospring itself (e.g., through exposure of
deleterious recessive traits that are commonly masked in
outbred ospring). Another possibility, however, is that
death of an inbred ospring may re¯ect altered parental
responsiveness towards inbred ospring.
We might predict that parents should limit their investment in inbred ospring because we might expect
these ospring to inherently have a lower probability of
survival than outbred ospring. On the other hand, we
might instead expect parents to direct more care towards inbred ospring, because parents share a greater
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proportion of genes with their ospring when mates are
related (i.e., when the ospring are inbred), than when
mates are not related to one another. In the case of a
mating between full siblings, for example, parents share
three-quarters of their genes with their ospring. In
contrast, mates that are not related share half their
genes with their progeny. Thus, inbred ospring, if they
are not inherently at higher risk of juvenile mortality,
represent a greater ®tness gain than do outbred ospring. This has been suggested as a possible strategy in
mammalian populations in which inbreeding is unavoidable or in which the costs of migration exceed the
costs of inbreeding (Smith 1979; Chesser and Ryman
1986). Furthermore, if outbred ospring are presumed
to be inherently healthier than inbred infants, outbred
infants may not bene®t from more care, while the
added investment in weak but retrievable inbred infants
may make the dierence between ospring loss and
survival.
In the present study I investigate two aspects of parental behavior in captive old®eld mice, Peromyscus
polionotus. Previously, I demonstrated that litter survival
in this captive population is in¯uenced by levels of parental care, particularly maternal care, and that survivorship of inbred and outbred litters does not dier
(Margulis 1996, 1997a,b). In the present study, I ®rst
address the question of whether parents vary their behavior depending on whether they are related to one
another (i.e., whether their litter is inbred).
Second, I examine a subset of parental behavior that
deserves special attention because of its extreme and
obvious ®tness consequences. Destruction of conspeci®c
young has been reported anecdotally in vertebrate
populations for a considerable time, but only recently
has this behavior, under some circumstances, come to be
viewed as an adaptive response (see for example Hrdy
1979; Packer and Pusey 1983a,b; Mock 1984). Parental
infanticide (destruction of one's own young) is more
unusual, but is not uncommon among small rodents,
particularly in captivity (Brooks 1984). In this context,
parental infanticide is often thought to be a response to
stress (Layne 1968), an eort to ``cut one's losses'' when
the probability of litter survival is low (Clutton-Brock
1991), or to reduce the size of large litters to some optimal, or at least manageable, level (Day and Galef 1977;
Gandelman and Simon 1978). While it was not possible
to distinguish between pup loss due to natural causes
(weak or stillborn pups, lactational failure) and active
destruction and cannibalism of pups, I nonetheless make
an important distinction between loss of a litter in its
entirety, and loss of selected pups within a litter.
If loss of litters in their entirety is a parental response
to stress, we would not expect to see any dierence in the
frequency of complete litter loss for inbred and outbred
litters. Dierent predictions arise when some, but not all
pups in a litter die prior to weaning. When parents are
related, their ospring will be inbred, and might be more
likely to express deleterious recessive traits than would
outbred ospring. However, not all inbred ospring will

necessarily express detrimental traits. Thus, if loss of
pups, possibly due to failure of parents to invest in them
or actual destruction of pups, is an adaptive response on
the part of the parent, we would expect death of some
but not all pups in a litter to occur more often when
litters are inbred. If we ®nd no dierence in the occurrence of total litter loss for inbred and outbred litters,
but more frequent partial loss of inbred litters, this
would support the contention that these two types of
litter loss are quite dierent behaviors that may be responses to dierent cues.

Methods
Subjects
Two subspecies of the old®eld mouse, Peromyscus polionotus, were
subjects of this study. This nocturnal species is believed to be
monogamous, and both parents contribute to the care of the young
(Smith 1966; Foltz 1979, 1981; D. Gubernick and C. Dold,
unpublished work). P. polionotus subgriseus were captured from the
Ocala National Forest in north-central Florida in 1990. P. polionotus rhoadsi were captured near the town of Lake Placid, Florida
in 1990 and 1991 (Lacy et al. 1996). Captive stocks of both populations have been maintained at Brook®eld Zoo, and have been
the subject of intensive genetic study by Lacy and co-workers
(Brewer et al. 1990; Lacy 1992; Lacy et al. 1996). As part of ongoing genetic analyses, detailed pedigrees of all animals have been
maintained by Dr. Robert Lacy. I could therefore determine the
inbreeding coecients of all animals in the present study, as well as
of their prospective ospring. Subjects were sixth through eighth
generation captive-born. All wild-caught founders were assumed to
be unrelated to one another.
Experimental design
The study group consisted of 165 Peromyscus polionotus subgriseus
pairs and 167 P. p. rhoadsi pairs, divided into eight experimental
groups based on maternal inbreeding, paternal inbreeding, and the
inbreeding coecient of future litters, if produced (Table 1). For
the purposes of experimental design, I considered animals with inbreeding coecients greater than 0.1 to be inbred. This breeding

Table 1 Experimental design and sample sizes. Numbers in parentheses are the number of pairs in each category that produced litters
[i inbred ( f > 0.1) (range 0.1010±0.5859), o outbred ( f £ 0.1)
(range 0±0.0980)]
Experimental groups
Maternal Paternal
Litter
P.p. subgriseus
inbreeding inbreeding inbreeding
n
i
i
o
o
o
o
i
i

i
i
o
o
i
i
o
o

i
o
i
o
i
o
i
o

21
20
21
21
20
20
21
21

(8)
(13)
(11)
(11)
(11)
(8)
(14)
(14)

165 (90)

P.p. rhoadsi
n
22
21
20
22
21
20
21
20

(15)
(10)
(18)
(15)
(16)
(15)
(15)
(13)

167 (117)
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design allowed me to separate the eects of inbreeding on the parent
from inbreeding on the litter. In no case were littermates paired.
Pairs were housed in standard polycarbonate mouse cages, and
received mouse chow and water ad lib. They were maintained on a
12:12 light cycle, with the light phase beginning at 0600 hours CST.
Red lights (40 W) provided dim illumination during the dark
phase. All subjects were at least 55 days of age at the time of
pairing. Pups were weaned at 20 days of age, ear-punched for identi®cation, and weighed. Gestation is believed to be 23±24 days
(Smith 1966). P. polionotus usually undergoes a post-partum estrus,
thus females typically produce another litter within a week of the
removal of a weaned litter (inter-litter interval = 28.8  0.34 days
[mean  SE], n  618 inter-litter intervals in the present series of
studies). I separated pairs at the weaning of the third litter, or by
120 days if no litter was present at that time or if the pair failed to
breed entirely. A pair could thus produce a maximum of four litters
during the course of the study, with the male present for the rearing
of up to three litters.
The main analysis included data on all litters (excluding ®rst
and last litters, which were analyzed separately) from the 207 pairs
that reproduced and for which both parents were present during
the period of parental care (n  352 litters). Because the two subspecies did not exhibit signi®cant dierences in parental behavior,
the data were pooled. Where possible, when data were available for
more than one litter per pair, I averaged the data to yield a single
value for each pair. As is common in mammals, parental behavior
and litter viability diered between ®rst versus subsequent litters
(e.g., Wang and Nowak 1994). I therefore present results for ®rst
litters (n  189 litters) separately. In addition, because the study
design resulted in females rearing their ®nal litter without their
mate present (n  203 litters), these litters too, were analyzed separately, and I refer to them for comparisons. The main report as a
whole therefore, derives from the 352 litters from 207 pairs, unless
otherwise indicated.
Data collection
To facilitate identi®cation of subjects during behavioral observation, I dyed one member of each pair with black hair dye several
days before pairing (Clairol Nice Ôn Easy hair dye). In half the pairs
I dyed the male, and in half the female. This dye has been used on
this and related species with no apparent eect on behavior (D.
Gubernick, personal communication; S. Margulis, personal observations). I used a Psion palm-top computer to record the data,
and all behavioral observations were conducted without observer
knowledge of inbreeding level of subjects, or the relationship of
pair members to one another.
Peromyscus litters are usually born during daylight hours, i.e.
during the inactive period (Layne 1968). Beginning 20 days after
pairing (4±5 days before any litters would be expected), I checked
cages for the presence of litters between 0900 hours and 1100 hours
each morning, and again in the late afternoon. Upon discovery of a
litter, I noted initial litter size and litter number, and conducted a
20-minute focal observation (Altmann 1974) of the parents and
neonates. Behaviors recorded included contact with pup, nuzzling,
carrying pup, and nest-building (see ethogram in Margulis 1996).
An unpublished pilot study indicated that the amount of time that
parents spent in contact with pups, and number of nuzzles pups
received during the immediate post-partum period, were positively
associated with pup survival for primiparous pairs (M. Glymour,
unpublished work). After 10 min, I added cotton nesting material
to the food hopper, and collected an additional ten minutes of data.
All pairs that were given cotton built nests by the end of the light
period, although not all pairs did so during the 10-min observation
period. During the second 10 min of observation, I recorded total
time spent nest-building, as well as the latency to begin nestbuilding. Only litters containing at least one live pup at the time of
observation (i.e., the litter had not been completely lost), were included in the behavioral analyses.
Based on casual observations suggesting that nest quality was a
good indicator of litter survival, I evaluated nest quality beginning

on the day following the birth of the litter (day 1), and subsequently on days 2, 5, 10 and 20. Speci®cally, litters were more likely
to survive when nests were high (i.e., were completely covered on
top and extended to the lid of the cage), and when less than half the
cage ¯oor was covered by nesting material. In an eort to quantify
this phenomenon, I evaluated nest quality on a scale of 1±4, with 1
being a poor nest (low, covering more than half of the cage ¯oor),
and 4 a nest of high quality (maximal height, covering less than half
of the cage ¯oor). Nest height and area were measured to the
nearest 0.5 cm. All nest measurements were approximate, and were
made from outside the cage, in order to minimize disturbance to
the litter. I assessed 751 nests.
In order to obtain a broad picture of activity throughout the
whole 20-day period of parental care, I made twice-weekly scans on
all 207 pairs that produced at least one litter. Because Peromyscus
are nocturnal, I collected these behavioral data when the animals
were active, during the lights-o period. In addition to the red
lights, I used a miner's headlamp ®tted with a red ®lter during these
nocturnal observations. I carried out scan samples (Altmann 1974)
for 1 h, with scans at 15-min intervals. On each scan, I collected
three types of data: ®rst, whether the members of the pair were in
contact, second, whether one or both pair members were in the nest
with the pups (when pups were present), and ®nally, the activity of
the two adults (see Margulis 1996 for complete ethogram). If parents were in the nest, it was not possible to observe their behavior. I
assumed that (1) a parent in the nest was in contact with the litter;
and (2) both parents simultaneously in the nest were in contact with
the litter and with each other. Occasional nest-checks, during which
I parted the cotton suciently to see into the nest, con®rmed that
this was so. In order to pool data that were collected on females
that may or may not have been pregnant (with their post-partum
litter) during observations, and may have been caring for litters of
varying age (0±20 days), I ®rst ascertained that neither litter age
(0±20 days old) nor stage of pregnancy signi®cantly aected female
behavior. Raw data were converted into per cent time each subject
spent engaging in each behavior (active, inactive, nest-building,
carrying pup; see Margulis 1996 for complete ethogram), per cent
time in contact with mate, and per cent time in nest with pups,
when pups were present. Per cent time spent in nest, in contact with
pup, and inactive were highly correlated with one another (r ranged
from 0.91 to 1.0). Therefore, I analyzed only per cent time in nest.
Data analysis
I used nonparametric statistics (Kruskal-Wallis test, SAS
NPAR1WAY procedure, SAS 1988b) to evaluate the eect of parental relatedness (i.e., litter inbreeding) on parental behavior
(proportion of time spent in contact with pups, nest-building,
carrying pups, and frequency of pup-nuzzling). When appropriate,
I calculated means for each pair (n  207 pairs that produced litters). I used survival analysis to examine the eect of litter inbreeding on latency to begin nest-building (Kalb¯eisch and
Prentice 1980; SAS LIFETEST procedure, SAS 1988a). Survival
analysis is applicable to failure-time data, such as is typically found
in biomedical research (Kalb¯eisch and Prentice 1980). The endpoint of failure-time data is time until an event occurs. Such studies
will include subjects who have not ``failed'' (i.e., have not reached
the endpoint) at the end of the study period, or who have been
removed from or left the study before its end. Unlike most statistical techniques, survival analysis allows these incomplete values to
be included in the analyses as ``censored'' data. In the present
study, the endpoint in question is the onset of nest-building. Censored data arose from pairs that failed to begin nest-building by the
end of the 10-minute observation period. In order to analyze the
eect of inbreeding on nest quality using logistic regression, I rescored the subjective nest quality rating dichotomously as 0, lowquality, for nests rated as quality = 1 or 2, and 1, high quality, if
the quality rating was 3 or 4. I then performed logistic regression
(Hosmer and Lemeshow 1989; SAS LOGISTIC procedure, SAS
1990) to assess the eect of litter inbreeding on nest quality.
Logistic regression ®ts data to models of the form: P  eabx =
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1  eabx , in which P is the probability of the response variable
(i.e., viability or nest quality), x is the predictor variable(s) (litter
inbreeding), and a and b are ®tted regression coecients. The signi®cance of each predictor variable is tested using a Wald X 2 statistic, comparing the model with and without the predictor variable
(SAS LOGISTIC procedure, SAS 1990).
I included all litters in the analyses of litter loss. Only rarely
were parents observed in the act of killing pups; more commonly,
partially eaten pups were found in the cage. Therefore I could not
distinguish between pups that were killed by parents and pups that
died and were then eaten. Of a total of 870 litters, 357 litters were
fully or partially lost. Of these, 237 litters from 135 pairs were fully
lost, and 120 litters from 83 pairs were partially lost. In order to
control for the tendency of some pairs to repeatedly lose litters, I
used the pair, and not the litter, as the unit of analysis. A pair
could, in theory, be represented in both the complete and partial
loss categories, but only a single time in each. A pair that completely lost two litters and partially lost one litter for example, would
be represented a single time in each of the two loss categories. I
used chi-square tests to evaluate dierences in the frequency of
partial and complete litter loss when litters were inbred (i.e., when
parents were related), and when litters were outbred (parents were
not related). This was done for all litters, and repeated excluding
®rst litters and last litters. I evaluated litter loss patterns for ®rst
and last litters separately for comparative purposes.

Results
Parental behavior diered signi®cantly toward inbred
and outbred litters during the immediate post-partum
period, but not during the nocturnal scans conducted
throughout the twenty days of parental care. During the
immediate post-partum period, dams nuzzled inbred
pups signi®cantly more often than they nuzzled outbred
pups (Kruskal-Wallis test, X 2  5:75, df  1, P < 0:02),
and they spent signi®cantly more time carrying inbred
pups (X 2  13:06, df  1, P < 0:0003). Sires spent signi®cantly more time in contact with outbred pups than
inbred pups (X 2  4:25, df  1, P < 0:04). Inbred litters
were left unattended signi®cantly more often than were
outbred litters (X 2  4:92, df  1, P < 0:03). Sires rarely
spent time in contact with their litters when their mate
was not also in contact with the litter (sires were in
contact with their litters without their mate for only
2.9% of the 10-minute post-partum observation; dams
were in contact with their litters without their mate 24%
of the time) (Fig. 1).
Dams had signi®cantly shorter latencies to begin
nest-building when litters were inbred (survival analysis,
X 2  4:88, df  1, P < 0:03). Sire latency did not dier
for inbred and outbred litters (X 2  1:98, P < 0:16)
(Fig. 2). Previously, I found that maternal inbreeding
in¯uences behavior (Margulis 1996, 1997b). When inbreeding coecient of the parent is also taken into account (i.e., whether parents were themselves inbred),
inbred dams with inbred litters had signi®cantly shorter
latencies to begin nest-building (inbred dams: X 2  7:22,
df  3, P < 0:007, n  73 outbred litters, 90 inbred litters; outbred dams: X 2  0:29, df  3, P < 0:6, n  89
outbred litters, 100 inbred litters). In contrast, outbred
sires had signi®cantly shorter latencies when their litters
were inbred (outbred sires: X 2  4:56, df  3, P < 0:03,

Fig. 1 Parental behavior towards inbred and outbred litters during
the post-partum period. Upper panel: seconds (out of 600) dam and
sire spent in contact with pup. Middle panel: number of times dams
and sires nuzzled pups, and number of seconds (out of 600) dams
spent carrying pups (sires were observed to carry pups too rarely to
be analyzed). Lower panel: Seconds (out of 600) that both parents
spent together in contact with the litter, and seconds that litters
were left unattended by both parents. *P<0.05; **P<0.003

n  79 outbred litters, 100 inbred litters; outbred sires:
X 2  0:26, df  3, P < 0:6, n  83 outbred litters, 90
inbred litters).
I found no dierences for dams in any of the behaviors described above during the post-partum period
for ®rst litters based on whether mates were related (i.e.,
litters were inbred). Sires however, spent signi®cantly
more time nest-building following the birth of ®rst litters
when litters were inbred (X 2  5:65, df  1, P < 0:02).
Dam latencies to begin nest-building did not dier for
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Table 2 Results of analysis of total and partial cannibalism of
litters. Data are presented for all litters, as well as broken down for
®rst litters, litters in which the male was not present at the time of
parturition, and litters after the ®rst litter in which both parents
were present. Because some pairs had a tendency to repeatedly
cannibalize litters, each pair that cannibalized a litter, rather than
each litter that was cannibalized, was used as the unit of analysis
(note: if each litter is used as an independent data point, the results
for partially cannibalized litters are strengthened, whereas no
change is seen for fully cannibalized litters)
Inbred
litters

Outbred X2
litters

72

63

0.60 >0.1

First litters only
(94 pairs)
Litters without male present
(30 pairs)
Remaining litters
(82 pairs)
Partially cannibalized litters:
All litters (83 pairs)

45

49

0.17 >0.5

19

11

2.13 >0.1

43

39

0.20 >0.5

51

32

4.35 <0.05

First litters only
(29 pairs)
Litters without males present
(35 pairs)
Remaining litters
(45 pairs)

19

10

2.79 <0.1

22

13

2.31 >0.1

31

14

6.40 <0.025

Fully cannibalized litters:
All litters (135 pairs)

Fig. 2 Latency to begin nest-building by dams and sires. Those
subjects that failed to begin nest-building at the end of the 10minute observation period were included as ``censored'' observations (33% of dams, 52% of sires)

®rst litters (X 2  0:42, df  1, P < 0:35). However sires
had signi®cantly shorter latencies for ®rst litters when
their litters were inbred (X 2  4:11, df  1, P < 0:04).
Nest quality on the day following parturition was
signi®cantly worse when litters were inbred (logistic regression, Wald X 2  6:36, df  1, P < 0:01). By day two,
and on all subsequent nest assessments, nest quality did
not dier for inbred and outbred litters.
A total of 135 pairs completely lost at least one of
their litters (n  237 litters). Pairs that were related to
one another (i.e., litters were inbred) were no more likely
to lose their entire litters than were unrelated pairs
(X 2  0:6, df  1, P > 0:1). This pattern was consistent
for ®rst litters, litters in which only the female was
present, and all other litters (Table 2).
Partial litter loss occurred signi®cantly more often
when pairs were related (litters were inbred) than when
pairs were not related (X 2  4:35, df  1, P < 0:05).
This dierence remained signi®cant when ®rst litters,
and litters in which the sire was not present, were excluded (X 2  6:40, df  1, P < 0:025), and approached
signi®cance for ®rst litters alone (X 2  2:79, df  1,
P < 0:1). The dierence was not signi®cant for litters in

P

which only the dam was present (X 2  2:31, df  1,
0:1 < P < 0:5), although the trend was in the same direction (Table 2).
The initial litter size of litters that experienced loss of
some, but not all pups, did not dier from the initial
litter size of litters that did not experience any pup loss
(mean  SE = 4.53  0.14 pups for litters with no
loss, 4.36  0.06 pups for litters with partial loss). Signi®cantly fewer pups survived to weaning in litters in
which some pups were lost (3.56  0.09) than in litters
that experienced no pup loss (4.36  0.06). I found no
dierences in the initial size of outbred and inbred litters
(4.21  0.06 for outbred litters; 4.21  0.07 for inbred
litters).

Discussion
Female old®eld mice tended to exhibit improved parental behavior during the immediate post-partum period when the females were related to their mates and
their litters were therefore inbred. In contrast, male behavior was less variable, with males tending to show
either no dierence, or worse parental care towards inbred litters (Table 3). Previously, I reported that dams
performed more parental behavior during the immediate
post-partum period than did sires, and female behavior
signi®cantly aected pup survival to a greater degree
than did male behavior (Margulis 1996, 1997b). Thus
de®cits in male parental behavior do not put litters at
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Table 3 Summary of results, indicating direction of response. A
plus (+) indicates that the behavior was directed more often towards litters in that inbreeding category, a minus ()) less often. An
equal sign (=) indicates no dierence. Because a shorter latency to
begin nest-building is the preferred behavior, + and ) are not used
in this category
Behavior

Inbred litters Outbred litters

Mother nuzzles pup
Mother carries pup
Mother in contact with litter
Father in contact with litter
Litter unattended
Mother's latency to begin
nest-building
Father's latency to begin
nest-building
Nest quality on day 1
Nest quality after day 1
Complete litter loss
Partial litter loss

+
+
=
)
+
shorter

)
)
=
+
)
longer

=

=

)
=
=
+

+
=
=
)

increased risk. Additionally, and surprisingly, I found
that inbred pups were as likely to survive as outbred
pups, and in the P. p. rhoadsi subspecies, were signi®cantly more likely to survive (Margulis 1996, 1997a).
The results of the present study, indicating that females
tend to show improved parental care when their ospring are inbred, are consistent with these earlier ®ndings. They further suggest that females modulated their
behavior to a greater degree than did males, based on
whether their litters were inbred.
One inconsistent ®nding, however, was that inbred
litters were left unattended signi®cantly more often
during the immediate post-partum period than were
outbred litters. Despite this ®nding, these litters nevertheless did not exhibit any decreased survival probability
(Margulis 1997a). Females may have left litters unattended for a variety of reasons during this brief 10minute period, including increased activity prior to beginning nest-building, occasional chasing of the mate, or
retrieving scattered pups. The improved maternal care
directed towards inbred litters has a greater impact on
litter survival, and appears to be a more signi®cant
®nding than the increased tendency for inbred litters to
be left unattended.
When parental inbreeding level is overlaid on the
inbreeding status of the litter, inbred females exhibited
shorter latencies to begin nest-building when their litters
were inbred, whereas inbred males had longer latencies
when their litters were inbred. These results too, are in
agreement with previous ®ndings in which inbred females showed a tendency to exhibit slightly improved
parental care behaviors, whereas inbred males exhibited
signi®cantly poorer nest-building than did outbred
males (Margulis 1996).
Females appear to respond to dierences in pup
quality or survival probability to a greater degree than
do males. This may be so for several reasons. First, females have greater certainty of parentage than do males,
even in monogamous species. Some low level of extra-

pair copulation may occur in natural populations (Foltz
1981). Thus females have more to gain by investing more
in parental care than do males. Second, females have a
greater metabolic investment in litters than do males,
and are expected to invest in pups in such a way as to
maximize their probability of survival. Under some circumstances, this may mean investing in some, but not all
pups in a litter. The results of the partial litter loss
analyses are in agreement with this assumption. Mus
musculus females for example, selectively cannibalize
small pups (Gandelman and Simon 1978), which presumably have a lower probability of survival. Finally,
both males and females will share more genes with their
ospring when they are related to their mates (although
males will, in the wild, still face the question of paternity
certainty), and might therefore be expected to invest
more in their litters than unrelated mates.
The litter loss rates observed in the present study
(27% of litters were completely lost) are consistent with
overall loss rates observed for Peromyscus polionotus
(18±26%) during long-term demographic monitoring in
the Brook®eld mouse colony (R. Lacy, personal communication). Comparable data from other captive colonies
are limited. Rood (1966) reported litter loss rates of 37%
for P. polionotus in a captive colony at Michigan State
University. Whether litter loss rates are higher in the
Brook®eld colony than in other Peromyscus colonies
cannot be determined from the present data. However,
even within the Brook®eld colony, loss rates varied
considerably among species, and among subspecies.
Further, because reproductive failure is a key variable
under investigation in the Brook®eld colony, pairs that
fail to breed or consistently lose litters are not removed
from the breeding program, as they might be in colonies
whose primary function is to produce animals.
Complete loss of litters was independent of litter inbreeding, whereas partial litter loss occurred signi®cantly more often among inbred litters than outbred
litters. This leads to the conclusion that these two types
of pup loss may be triggered by dierent cues and may in
fact have quite dierent mechanisms. Complete litter
loss ± i.e., complete loss of one's reproductive eort ±
may in fact be an aberrant behavior in P. polionotus, or a
behavior induced by social stress or other extrinsic factors characteristic of captivity, and is likely independent
of pup quality or viability. In contrast, partial litter loss
may be at least in part a response to dierences in pup
quality or behavior. These ®ndings, together with the
observed dierences in parental behavior towards inbred
and outbred litters, suggest that parents may be able to
detect dierences among individual pups in a litter and
may be ceasing investment in or perhaps actively destroying those pups that exhibit de®cits, causing these
pups to be poor competitors or to fail to perform behaviors that elicit appropriate parental responses.
While I cannot con®rm with the data presented here
that inbred pups are more likely to exhibit abnormalities
or de®cits of some kind, the long-term genetic studies on
these captive populations suggest that inbred individuals
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are more likely than outbred animals to express deleterious traits, such as lower weaning mass (Brewer et al.
1990; Lacy et al. 1996) and greater ¯uctuating asymmetry in skeletal measurements (R.C. Lacy, G. Alaks
and A. Walsh, unpublished work). In addition, inbred
individuals may experience de®cits that are not measurable until adulthood, such as reduced fertility (Margulis and Altmann 1997).
The ability to extrapolate from the present ®ndings to
other mammalian species must await the collection of
additional data on both captive and wild populations.
However, the potential applicability of this research to
captive breeding programs, or interventive management
of wild populations in which inbreeding is often unavoidable, may be substantial. Death of inbred ospring
may be attributed not only to the expression of deleterious recessive alleles in inbred individuals, but also to
variations in parental responsiveness towards ospring.
First, the tendency for studies to focus on neonatal and
juvenile mortality as indicators of the occurrence of
inbreeding depression ignores the interaction between
ospring behavior and parental response. Second,
parents may modify their behavior based on cues that
they receive from their ospring. Lacy et al. (1996)
found that inbred P. polionotus litters exhibited greater
within-litter variance in pup weight, suggesting greater
within-litter heterogeneity in pup quality when litters are
inbred, perhaps leading to greater within-litter variation
in parental responsiveness. Finally, parents may be selectively rearing those ospring with the best prognosis
for long-term survival. Unlike complete loss of a litter,
the death of some but not all pups in a litter ± presumably those with a low probability of survival ± may
be an adaptive response on the part of the parent (e.g.,
Gandelman and Simon 1978). Thus, arti®cial attempts
to hand-rear ospring that have been rejected by parents
may in fact reduce the overall ®tness of the captive
population by perpetuating deleterious genes and promoting poor parental behavior. While the general applicability of the present ®ndings must await further
investigation, it is nonetheless important to recognize
and continue to examine the role that the parent-ospring interaction may play in survival of a litter.
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