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Abstract

During the summer breeding season, free-living meadow voles do not engage in paternal care. However, in fall when female territoriality
declines, social nesting and breeding activity may overlap and adult males nest with females and young. In the laboratory, meadow voles
housed under short day (SD) lengths exhibit more and better quality paternal care than those housed under long day (LD) lengths. This
observation is commensurate with the hypothesis that SD paternal care may increase fitness by decreasing pup mortality during colder
months. However, SD males also demonstrate variability in paternal care. We hypothesize that this variability may be due to male fertility
status; SD infertile males, incapable of siring offspring, should be less likely to care for pups than fertile males, for whom paternal care may
confer fitness benefits. The goal of this experiment was to determine whether paternal behavior differed between fertile LD males, fertile SD
males (i.e. males that were gonadally photoperiod-unresponsive to SD lengths), and infertile SD males (i.e. males that were gonadally
photoperiod-responsive to SD lengths), as indexed by paired testes weights and behavioral evaluation. Fertile SD males exhibited
proportionally more paternal behavior than infertile SD males or fertile LD males, which did not differ from each other. Fertile SD males also
exhibited paternal behavior faster, spent more time in contact with pups, and engaged in longer and more frequent bouts of pup-directed
grooming and huddling than either infertile SD males or fertile LD males. Collectively, these data suggest that photoperiod and fertility status
may interact to exert both inhibitory and permissive control over the expression of paternal behavior in adult meadow voles. © 2002 Elsevier

Science Inc. All rights reserved.
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1. Introduction

During the summer primary breeding season, female
Microtus pennsylvanicus (meadow voles) are territorial,
and reproductive males are rarely found in field nests with
females or seen caring for young [1]. However, during the
colder months of the year, meadow voles, like other small
rodents [2], live communally to conserve heat. In some
autumn populations, social nesting and breeding activity

* Corresponding author. Department of Psychiatry and Behavioral
Sciences, Stanford University School of Medicine, 1201 Welch Road,
MSLS P104, Mail Code 5485, Stanford, CA 94305-5485, USA. Tel.: +1-
650-725-6639; fax: +1-650-498-7761.

E-mail addresses: kjparker@stanford.edu (K.J. Parker),
terrilee@umich.edu (T.M. Lee).

! Also a corresponding author. Tel.: +1-734-936-1495; fax: + 1-734-
763-7480.

overlap in time, and scrotal males may be found nesting
with a lactating female and her young [3,4]. During mild
winters, reproductive activity may continue [5,6], but under
low temperatures, reproduction ceases and nesting constel-
lations consist of ascrotal males, nonlactating females, and
juveniles [7].

Parental investment theory [8] predicts that during sum-
mer months the expression of paternal behavior in meadow
voles should be rare, as under most conditions (when
maternal care suffices), males of this predominantly poly-
gynous species can best maximize reproductive success by
seeking copulations with multiple mates, rather than selec-
tively investing in one female and her offspring. However,
under some ecological conditions, selective investment in a
mate and paternal provisioning might confer increased fit-
ness for reproductive male meadow voles [9]. For example,
under low-density populations, selective affiliation with a
known breeding female may secure postpartum matings
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when mates are scarce, and during the colder months of the
year, the presence of the male in the nest may increase
offspring survivorship by ensuring adequate thermoregula-
tion of the litter.

Although no field research has tested the prediction that
free-living reproductive meadow voles may initiate facultat-
ive paternal behavior in fall, other typically nonpaternal
rodents engage in facultative care under similar circum-
stances (Peromyscus maniculatus [10]; Marmota caligata
[11]; P. leucopus [12]; Phodopus sungorus [13]). Research
on captive meadow voles also supports the assertion that
under long, summer day lengths (LD) and short, fall day
lengths (SD), photoperiod is a powerful regulator of the
amount and quality of paternal behavior in meadow voles
[14]. Specifically, more adult SD males exhibit paternal
behavior than adult LD males, and SD males engage in
retrieval, contacting, grooming and huddling of pups sig-
nificantly more often and for longer durations than their LD
male counterparts.

Although photoperiod has a permissive effect on paternal
behavior expression, SD males show greater variability than
LD males in whether or not they engage in paternal care
[14]. One possible explanation for this phenomenon is that
fertile SD males may be ‘primed’ to engage in paternal
behavior in fall and winter nesting constellations, whereas
infertile SD males, incapable of siring offspring, may be less
likely to paternally respond to pups. From an adaptive level
of analysis, such behavioral differences would be consistent
with whether the male may have fathered the pups in the
nest. Thus, the goal of this experiment was to determine
whether fertile LD males, fertile SD males (i.e. males that
were gonadally photoperiod-unresponsive to SD lengths),
and infertile SD males (i.e. males that were gonadally
photoperiod-responsive to SD lengths) differed in paternal
behavior expression (as indexed by paired testes weights
and behavioral evaluation).

2. Methods
2.1. Subjects

Subjects, derived from wild-caught voles indigenous to
Northwestern Pennsylvania and Southwestern New York,
were born to breeding pairs housed under LD lengths (14 h
light/day) in an established colony at the University of
Michigan. Weanling meadow vole pups were removed from
the dam and sire at 19 days of age and housed alone in either
LD or SD (10 h light/day) conditions. Subjects (total N=67;
n=31 LD males, n=36 SD males) were housed in poly-
propylene cages (26.67 x 21.59 x 13.97 cm) on pine shaving
bedding with food (Purina mouse chow #5015) and water
available ad libitum. Animal rooms were maintained at
21+2 °C with low ambient noise conditions. Subjects
remained so housed until the beginning of the experimental
procedure (11—13 weeks of age).

2.2. Paternal behavior testing

As described previously [14,15], each sexually and
parentally inexperienced male was placed in a novel poly-
propylene cage (48.26 x 26.67 x 20.32 cm) with fresh bed-
ding. Males were allowed to become familiar with the new
environment for 5 min, and then a 2—5-day-old alien pup
was introduced to the opposite end of the cage from the male.
Each test was conducted during the lighted phase of the light
cycle and was videotaped for 10 min with a Panasonic
camera and wide-angle lens on a time lapse VCR. An
experimenter was always present during the test. If any male
was overtly aggressive to a pup (causing pup vocalization or
injury), the pup was immediately removed from the cage and
the test terminated. Attacked pups were rarely injured, and
consequently, they were returned to the home cage and reared
normally by the parents (personal observation).

2.3. Testes removal and classification

Immediately following paternal behavior testing, study
animals were sacrificed. Both testes were removed, placed in
2 ml of saline, and weighed on plastic weigh boats. SD and
LD testes weights were coded as categorical variables.
Previous research in our laboratory and others [16,17] has
shown that testes weight is a reliable indicator of the
presence or absence of spermatogenesis, and hence, fertility,
in meadow voles. Grady and Lee (unpublished data) also
found significantly higher testosterone concentrations in
males with testes weights >600 mg (1.90 £0.21 ng/ml) than
males with testes weights <600 mg (0.66 +0.29 ng/ml). In
accord with these findings, males with paired testes weights
below 600 mg were coded as infertile, whereas males with
testes weights above 600 mg were coded as fertile. All LD
males were coded as fertile, whereas 58.3% of SD males
were coded as fertile, and 41.7% were coded as infertile.

2.4. Data analysis

As described previously [14,15], male behavior was
scored categorically as pup-aggressive (rough handling/
charging pup, resulting in pup vocalization and/or injury),
pup-unresponsive (brief investigatory sniffing or no con-
tacting/interacting with pup), or paternal (retrieval and/or
grooming/huddling). Chi-square (x?) analysis was used to
determine whether testes weight (e.g. infertile SD males,
fertile SD males, fertile LD males) predicted the probability
of male behavioral interactions with pups. Specific types of
interactions (e.g. both the number and duration of sniffing,
contacting, grooming, and huddling over the pup, in addi-
tion to time spent near the pup, time spent alone far from the
pup, and the number of approaches and retrievals) were
compared between infertile SD males, fertile SD males, and
fertile LD males using one-way ANOVA, with Tukey post
hoc pairwise comparisons to test for significant group
differences. Finally, the latency to engage in any aggressive
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Fig. 1. Proportion of LD fertile males, SD infertile males, and SD fertile males that exhibited pup-aggressive, pup-unresponsive or paternal behavior toward
2—5-day-old neonates during 10-min paternal behavior tests (A). Mean (£ S.E.M.) aggressive and paternal latencies during 10-min behavior tests (B). ‘a’ and
‘b’ indicate a significant difference (P <.05) between groups (within behavior type), where groups with no shared letters differ significantly and groups with

shared letters do not.

behavior and the latency to behave in any paternal behavior
(see above) were compared between groups using survival
analysis, a statistical test that accounts for the probability of
a behavioral event occurring, during a fixed elapsed time
period (Systat 9.0).

3. Results

Meadow vole groups significantly differed on pup-direc-
ted behaviors (Pearson x,>=15.082; P=.005) (Fig. 1A).
Specifically, fertile SD males exhibited categorically more
paternal behavior than either infertile SD males (P=.018) or
fertile LD males (P=.001), whereas the latter two groups
did not differ (P=.573). Fertile SD males also exhibited less
pup-unresponsive behavior than either infertile SD males
(P=.004) or fertile LD males (P=.002), whereas the latter
two groups did not differ (P=.901). Survival analysis
demonstrated that males from these groups differed on how

quickly they initiated paternal behavior (x»>=14.259;
P=.001), such that fertile SD males exhibited paternal
behavior faster than either infertile SD males (P=.033) or
fertile LD males (P=.001), whereas the latter two groups
did not differ (P=.580) (Fig. 1B). The percentage of males
that exhibited aggressive behavior did not differ by group
nor did males from these groups differ on latency to become
aggressive. Finally, LD fertile males, SD infertile males, and
SD fertile males significantly differed on many specific
measures of paternal behavior (Table 1).

4. Discussion

Data from this experiment indicate that males housed
under SD lengths that have large testes (likely fertile) exhibit
proportionally more paternal behavior than SD males that
have small testes (likely infertile), or males housed under
LD lengths that always have large testes (purportedly

Table 1
Mean (+S.E.M.) frequency and duration of male behavioral interactions with pups
LD fertile SD infertile SD fertile
Behavior Measure males (n=31) males (n=15) males (n=21) F P
Sniffing Frequency * 1.58+0.50° 2.40+1.42% 5.10+1.24° 3.90 025
Duration' 0.11£0.04 0.08+0.05 0.17+0.03 0.98 383
Retrieving Frequency 0.02+0.02 0.30+0.24 0.62+0.31 2.83 .066
Contacting Frequency 1.52+0.62° 5.40+2.83% 11.67+2.17° 10.27 .001
Duration 0.41+0.22° 0.66+0.44" 2.34+0.52° 8.03 .001
Grooming and huddling Frequency 0.71+0.27% 1.53+0.82° 6.57+1.35° 15.12 .001
Duration 0.20+0.12°% 0.74+0.40° 1.95+0.44 9.88 .001
Approaching Frequency 1.07+0.34° 2.40+1.24* 5.81+1.01° 10.65 .001
Duration 0.58+0.29 0.18+0.09 0.44+0.09 0.63 537
Alone Duration 8.70+0.48" 8.33+0.78" 5.11+0.74° 9.82 .001

Superscripts a, b, ab=groups with no shared letters differ significantly (P <.05; Tukey post hoc tests), whereas groups with shared letters do not.

* Frequency =mean (+S.E.M.) frequency of occurrence per 10-min test.
T Duration=mean (+S.E.M.) duration of occurrence per 10-min test.
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fertile). ‘Fertile’ SD males also exhibit paternal behavior
faster, spend more time in contact with pups, and engage in
longer and more frequent bouts of pup-directed grooming
and huddling than either ‘infertile’ SD males or ‘fertile’ LD
males (which do not differ from each other). Collectively,
these data suggest that photoperiod and fertility status may
interact to exert both inhibitory and permissive control over
the expression of paternal behavior in adult meadow voles
under specific environmental circumstances.

In mammals, paternal behavior is rare, as mating effort
typically provides a larger genetic return for males [9,18].
Furthermore, paternal care may actually create mating
opportunity costs, as allocating care to offspring typically
precludes searching for additional mates. However, the
failure to care for related young under marginal envi-
ronmental conditions may carry negative fitness consequen-
ces for males. For meadow voles, these seasonably variable
ecological circumstances may be particularly relevant, and
may help explain the intraspecific variation in male parent-
ing behavior reported herein.

Under ‘modal’ summer field conditions, female meadow
voles typically have plentiful resources to rear young alone
and population densities are sufficiently high for males to
enhance reproductive success by seeking multiple mates.
According to parental investment theory [8], summer
meadow vole males would be unlikely to engage in paternal
care. To our knowledge, there are no reports of free-living
meadow voles exhibiting paternal care or even nesting with
a female under summer field conditions [1]. Moreover, this
lack of field evidence for paternal care is supported by
laboratory data. In this study, over 80% of captive LD males
without parental experience failed to exhibit paternal behav-
ior, and these data are consistent with other laboratory
reports [19-23].

In contrast to the breeding circumstances enjoyed by LD
males, the decreased population densities and lower temper-
atures which characterize SD free-living conditions present
more challenging circumstances under which to reproduce.
Frequently, meadow vole breeding activity ceases in fall [7],
presumably because the associated breeding costs are pro-
hibitive. However, in some fall and winter populations, up
to 50% of free-living meadow vole females are found with
litters in the field [6,7]. Although adult SD males often
undergo testicular regression in response to SD lengths [7],
and adolescent males may delay puberty until the sub-
sequent spring [1], the aforementioned presence of parous
females in some breeding populations suggests that some
proportion of adult males may remain fertile, and this
assertion is supported by field observations of reproductive
males nesting and sleeping with females and young [4].
Fertile (and infertile) SD males most likely join these
extended maternal families for the thermoregulatory benefits
afforded by group living [2]. However, additional fitness
benefits may be associated with communal nesting for
fertile, but not infertile, males. For example, under low-
density populations, selective affiliation with a known

breeding female may secure postpartum matings when
mates are scarce, and during the colder months of the year,
biparental huddling may increase offspring survivorship by
ensuring adequate thermoregulation of the litter.

In light of these field data, one possible explanation for
our laboratory findings (i.e. likely fertile SD males exhibit
appreciable paternal care, whereas likely infertile SD males
do not) is that fertile SD males may be ‘primed’ to care for
their own pups during fall and winter nesting, whereas
infertile SD males, incapable of siring offspring, are less
likely to be paternally responsive to pups sired by other
males. In a variety of rodent species [24—26], including
meadow voles [14,23,27], social cues that are associated
with reproductive activity (e.g. copulation, mate guarding,
cohabitation with a pregnant mate, exposure to pups) inhibit
pup-directed aggression and promote the onset of paternal
behavior. Because SD males that remain reproductive may
be more likely to initiate such social interactions with
females and young, they may, in turn, exhibit more paternal
responsiveness than infertile males (which would be less
likely—Dby definition—to pursue such social interactions).

In conclusion, this experiment demonstrated that photo-
period and testes development are associated with the
presence and quality of paternal behavior in captive meadow
voles. Although the evolutionary rationale for the observed
behavioral differences in these three groups of meadow
voles has been well elucidated [8,28], exactly how these
proposed seasonal parenting strategies are differentially
regulated by central neuroanatomical and neurotransmitter
systems (in particular, testosterone), is unknown. However,
in Syrian hamsters, replacement testosterone does not instate
the same sociosexual behaviors in LD and SD males, even
when testosterone concentrations are identical [29], and SD,
but not LD, males exhibit altered aromatase activity in some
brain areas independent of circulating testosterone [30].
Taken together, these data suggest an interesting interpreta-
tion of our behavioral findings. In meadow voles, day length
may influence how fertile males ‘interpret’ testosterone
signals in particular brain areas. Thus, under SD lengths,
when paternal behavior is most likely to accord fitness
benefits, central testosterone, in combination with the afore-
mentioned social cues, may exert a permissive effect on
paternal behavior expression in fertile males. However,
under LD lengths, when paternal behavior may be less
adaptive and males are less likely to be exposed to the social
cues that induce paternal care, central testosterone may exert
an inhibitory effect on paternal behavior expression.

Acknowledgments

We thank three anonymous reviewers for their valuable
suggestions on this manuscript. This research was supported
by an NIH5T32HDO07048 Training Grant from the Repro-
ductive Sciences Program (KJP), HD24575 from NICHD
(TML) and IBN9808814 from NSF (TML).



K.J. Parker, TM. Lee / Physiology & Behavior 75 (2002) 91-95 95

References

[1] Madison DM. An integrated view of the social biology of Microtus

pennsylvanicus. Biologist 1980;62:20—33.

[2] Howard WE. Relation between low temperature and available food to

survival of small rodents. J] Mammal 1950;32:300—12.

Webster B. A radiotelemetry study of social behavior and activity in

free-ranging meadow voles, Microtus pennsylvanicus. MS Thesis,

University of Guelph, 1979.

Madison DM, FitzGerald RW, McShea WJ. Dynamics of social nest-

ing in overwintering meadow voles (Microtus pennsylvanicus): pos-

sible consequences for population cycling. Behav Ecol Sociobiol
1984;15:9-17.

Tamarin RH. Demography of the beach vole (Microtus breweri) and

the meadow vole (Microtus pennsylvanicus) in southeastern Massa-

chusetts. Ecology 1977;58:1310-21.

Christian JJ. Regulation of annual rhythms of reproduction in temper-

ate small rodents. In: Steinberger A, Steinberger F, editors. Testicular

development, structure and function. New York: Raven Press, 1980.

pp. 367-80.

Webster AB, Brooks RJ. Social behavior of Microtus pennsylvanicus

in relation to seasonal changes in demography. J Mammal 1981;62:

738-51.

Trivers RL. Parental investment and sexual selection. In: Cambell B,

editor. Sexual selection and the descent of man. London: Heinemann,

1972. pp. 136-79.

[9] Emlen ST, Oring LW. Ecology, sexual selection and the evolution of
mating systems. Science 1977;197:215-23.

[10] Mihok S. Behavioural structure and demography of subarctic Cleth-
rionomys gapperi and Peromyscus maniculatus. Can J Zool 1979;57:
1520-35.

[11] Barash DP. Ecology of paternal behavior in the hoary marmot (Mar-
mota caligata): an evolutionary interpretation. J Mammal 1975;56:
613-8.

[12] Schug MD, Vessey SH, Underwood EM. Paternal behavior in a nat-
ural population of white-footed mice (Peromyscus leucopus). Am
Midl Nat 1992;127:373-80.

[13] Wynne-Edwards KE. Biparental care in Djungarian but not Siberian
dwarf hamsters (Phodopus). Anim Behav 1995;50:1571-85.

[14] Parker KJ, Lee TM. Social and environmental factors influence the
suppression of infanticide and development of paternal behavior in
meadow voles. J Comp Psychol 2001;115(4):331-6.

[15] Parker KJ, Lee TM. Central vasopressin administration regulates the

3

—

[4

=

[5

[}

[6

[}

[7

—

8

[}

onset of facultative paternal behavior in Microtus pennsylvanicus
(meadow voles). Horm Behav 2001;39:285—-94.

[16] Lee TM. Development of meadow voles is influenced postnatally by
maternal photoperiodic history. Am J Physiol 1993;265:R749-55.

[17] Dark J, Zucker I, Wade GN. Photoperiodic regulation of body mass,
food intake, and reproduction in meadow voles. Am J Physiol 1983;
245:R334-8.

[18] Low BS. Environmental uncertainty and the parental strategies of
marsupials and placentals. Am Nat 1978;122:197-213.

[19] Gruder-Adams S, Getz LL. Comparison of the mating system and
paternal behavior in Microtus ochrogaster and M. pennsylvanicus. J
Mammal 1985;66:165—7.

[20] Wang Z, Novak MA. Influence of the social environment on parental
behavior and pup development of meadow voles (Microtus pennsyl-
vanicus) and prairie voles (Microtus ochrogaster). J Comp Psychol
1992;106:163—71.

[21] Salo AL, Shapiro LE, Dewsbury DA. Affiliative behavior in different
species of voles (Microtus). Psychol Rep 1993;72:316-8.

[22] Storey AE, Snow DT. Male identity and enclosure size affect paternal
attendance of meadow voles, Microtus pennsylvanicus. Anim Behav
1987;35:411-9.

[23] Storey AE, Joyce TL. Pup contact promotes paternal responsiveness
in male meadow voles. Anim Behav 1995;49:1-10.

[24] vom Saal FS, Howard LS. The regulation of infanticide and parental
behavior: implications for reproductive success in male mice. Science
1982;25:1270-2.

[25] Elwood RW, Ostermeyer MC. Does copulation inhibit infanticide in
male rodents? Anim Behav 1984;32:293—4.

[26] Elwood RW. Inhibition of infanticide and onset of paternal care in
male mice (Mus musculus). ] Comp Psychol 1985;99:457—67.

[27] Storey AE, Walsh CJ. Are chemical cues as effective as pup contact
for inducing paternal behaviour in meadow voles? Behaviour 1994;
131:139-51.

[28] Kleiman DG, Malcolm JR. The evolution of male paternal investment
in mammals. In: Gubernick DJ, Klopfer PH, editors. Parental care in
mammals. New York: Plenum, 1981. pp. 347-87.

[29] Miernicki M, Pospichal MW, Powers JB. Short photoperiods affect
male hamster sociosexual behaviors in the presence and absence of
testosterone. Physiol Behav 1990;47:95-106.

[30] Hutchison RE, Hutchison JB, Steimer T, Steel E, Powers JB,
Walker AP, Herbert J, Hastings MH. Brain aromatization of testos-
terone in the male Syrian hamster: effects of androgen and photo-
period. Neuroendocrinology 1991;53:194—203.



	Interaction of photoperiod and testes development is associated with paternal care in Microtus pennsylvanicus (meadow voles)
	Introduction
	Methods
	Subjects
	Paternal behavior testing
	Testes removal and classification
	Data analysis

	Results
	Discussion
	Acknowledgements
	References


