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The ““triangular’” pattern of reproduction in arvicoline rodents predicts small fecundity early
and late in life and high fecundity in the middle. In producing this pattern, the effects of
maternal age and parity are typically highly confounded. We present results of a laboratory
study designed to disentangle these effects in the common vole (Microtus arvalis) by
analyzing variation in sizes of the first 2 litters born to 3 age classes of females subjected
to photoperiods of 8 h and 16 h of light. Although the youngest females, paired at 2 weeks
of age, decreased size of the 2nd litter in either light environment, the older 2 classes,
paired at 3—4 months and 1 year of age, increased their 2nd litters, as predicted by the
triangular pattern. This age-specific effect of parity could be explained by differences in

the size of 1st litters.
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Variation in litter size in arvicoline ro-
dents has long been a subject of extensive
empirical and theoretical investigations
(Leslie and Ranson 1940; Ranson 1934).
The broad general pattern that has emerged
from this long-term effort is that the size of
the first 3 litters increases progressively, af-
ter which litter size reaches a plateaulike
maximum, followed by a slow, highly var-
iable decline (Frank 1956; Hasler 1975; Ne-
gus and Pinter 1965). Roff (1992:122)
called such an age-specific pattern of repro-
duction “‘triangular.”” However, in many
laboratory and field studies, disentangling
effects of age and parity has been difficult,
because both are involved in shaping the
pattern of successive litters (Hasler 1975;
Stenseth and Framstad 1980). This is par-
ticularly important in such short-lived or-
ganisms as voles (Microtus), which are
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characterized by a limited breeding season
because of seasonality of the environment.
As a consequence, their age at 1st repro-
duction exhibits bimodal variation (Tkadlec
and Zejda 1998b), shifting reproduction ei-
ther very early or relatively late in life.
Thus, we are uncertain of how consistently
parity affects litter size over the life span of
an individual and how flexible this pattern
is under the influence of other changing en-
vironmental factors, such as photoperiod,
temperature, food availability, or population
density.

Recently, we found that the vagina of
young, laboratory-bred, female common
voles (M. arvalis) opened by 13 days of age
(Tkadlec 1997), and 14-day-old females
were already fully capable of fertile mating
(Tkadlec and Zegjda 1995). More surprising-
ly, these young mothers produced 1st litters
larger than those produced by old mothers.
This result challenges the generalization
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TaBLE 1.—Litter size in female common voles with respect to age class and photoperiod.

Photoperiod First litter Second litter
(h) Age class n X S n X S

8L:16D | 16 5.12 0.36 13 3.85 0.36
1 22 3.64 0.21 22 3.86 0.24

I 16 344 0.32 15 4.53 0.38

16L:8D | 19 6.05 0.28 16 5.25 0.45

1 21 4.38 0.33 18 5.00 0.31

11 17 4.06 0.37 15 5.27 0.38

that fecundity in small mammals increases
with maternal age and size (Roff 1992). To
test the hypothesis that parity affects litter
size independently of maternal age, result-
ing always in a triangular pattern of repro-
duction, we designed a laboratory study in-
volving 3 age classes of female common
voles. We chose 2 light environments to
check the effect of another potentially con-
founding variable, photoperiod. The trian-
gular pattern of fecundity predicts that the
1st litter is smaller than the 2nd. Therefore,
we focused on the variation in size of the
first 2 litters and analyzed effect of parity
with respect to its consistency over 3 age
classes and 2 light regimes.

MATERIALS AND METHODS

We used |aboratory-reared common voles de-
rived from an outbred colony at Studenec, Czech
Republic. The effect of parity was studied in 3
age classes, 2 of which were selected to mimic,
at least partially, 2 distinct cohorts emerging in
field populations; the 3rd was intermediate. Age
class | involved very young female voles paired
at 14-15 days of age (14.6 days + 0.1 SE; range
= 14-15 days), representing the spring-born co-
hort. Age class Il was an intermediate category
of females paired at 3—4 months of age (95.0 =
1.0 days, range = 87-108 days). Age class 111
females were overwintered voles paired at about
1 year of age (333.0 + 3.9 days, range = 309—
385 days).

Breeding experiments were conducted in 2
constant light environments, 1 with 8L:16D and
another with 16L:8D. Female voles were paired
with proven adult male breeders and kept as mo-
nogamous pairs until they gave birth to the 2nd
litter and young were weaned. We excluded fe-
males showing no signs of pregnancy within 60

days after pairing to ensure that no age overlap
existed between age classes. We applied the
same rule to 2nd litters by omitting those born
>60 days after delivering the 1st litter.

Voles were housed in 15 by 30 by 45-cm met-
al cages with a nesting chamber. Hay was pro-
vided as nesting material and shavings were pro-
vided for bedding. Voles were offered pelletized
vole diet (oats, wheat, dry afalfa, dry milk, and
mineral and vitamin supplement) and water ad
libitum. The diet was supplemented regularly
with apples and fresh grass. Animas were
weighed daily and checked for presence of alit-
ter, and young were weaned at 20 days of age.
When newborns were discovered, the mother
was weighed for her body mass at parturition.

General linear models were fitted to the data
using procedure GLM in the SAS package (SAS
Institute Inc. 1997) followed, if appropriate, by
Scheffé tests (with 95% CI) for unplanned con-
trasts (Sokal and Rohlf 1995). We used either
litter sizes at birth or change in size between 1st
and 2nd litter (subtracting size of the 1st from
the 2nd) as dependent variables. The criterion
for statistical significance was P < 0.05.

REsULTS

We analyzed 111 first litters and 99 sec-
ond litters with 4.44 = 0.15 and 4.61 =+
0.15 (SE) offspring per litter, respectively;
12 females failed to produce the 2nd litter
within 60 days of observation. In both light
environments, the youngest female voles
produced the largest 1st litters and the old-
est females the smallest 1st litters (age, F
= 20.3, d.f. = 2, 107, P < 0.0001; Table
1). Litter size at birth increased with length
of photoperiod in al age classes (F = 9.3,
d.f. = 1,107, P = 0.003). The effect of both
age and light were purely additive (age X
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TABLE 2—Body mass (g) of female common voles at pairing and 1st parturition with respect to

age class and photoperiod.

Photoperiod At pairing At parturition
(h) Age class n X SE n X SE
8L:16D | 16 12.0 0.4 13 251 0.8
I 22 22.8 13 22 26.2 0.6
11 16 27.8 2.0 15 30.0 1.6
16L:8D | 19 11.2 0.2 16 271 0.7
I 21 231 14 18 26.5 0.9
11 17 28.6 21 15 30.8 1.2

photoperiod, F = 0.11, d.f. = 2, 105, P =
0.89). However, variation in maternal body
mass showed a different pattern (Table 2).
The oldest females were heavier than those
in the 2 younger age classes both at the time
of pairing and at 1st parturition (at pairing,
F = 684, d.f. = 2, 108, P < 0.0001; con-
trast Il versus | + 1l, difference = 11.0,
95% Cl = 7.8-14.0, P < 0.05; at parturi-
tion, F = 12.0, d.f. = 2, 108, P < 0.0001;
contrast Il versus | + |1, difference = 4.2,
95% Cl = 1.9-6.4, P < 0.05). Maternal
mass at pairing (F = 0.03, d.f. = 1, 109, P
= 0.87) and at parturition (F = 1.30, d.f. =
1, 109, P = 0.26) did not differ by photo-
period.

The oldest mothers increased the size of
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Fic. 1.—Mean (£1 SE) differences between
size of 2nd and 1st litters in 3 age classes of
female common voles for 2 photoperiods. Clear
bars represent 8L:16D; shaded bars represent
16L:8D.

their 2nd litters, but 2nd litters of young
mothers were smaller. The effect of mater-
nal age on the change in size of successive
litters was significant (F = 11.0, d.f. = 2,
96, P < 0.0001; Fig. 1), suggesting an im-
portant interaction between age and parity.
We applied a model containing age class,
photoperiod, parity, and interaction between
age class and parity as predictor variables
and litter size as a response variable to the
entire data set involving 1st and 2nd litters.
Sizes of litters differed by maternal age (F
= 8.1, d.f. = 2, 203, P = 0.0004), photo-
period (F = 23.9, df. = 1, 203, P <
0.0001), and interaction between age and
parity (F = 105, df. = 2, 203, P <
0.0001), indicating that the effect of parity
depended on maternal age. When we mod-
eled the change in litter size by adding sizes
of 1st litters into the model as a covariate
(F = 355, df. = 1, 95, P < 0.0001), the
effect of age of the mother was marginally
nonsignificant (F = 2.91, df. = 2, 95, P =
0.06). That suggests that most of the age
effect can be accounted for by differences
in 1st litters. Dependence of the change in
litter size on size of the 1st litter (as mea-
sured by regression slopes of —0.71, —0.61,
and —0.54 for age classes I, I, and III, re-
spectively) did not differ among the age
classes (F = 0.22, d.f. = 2, 93, P = 0.80).

Another confounding variable embedded
in the effect of age might be the interval
between the 2 successive litters. Within the
limited 60-day period of observation, the
youngest mothers had the greatest interlitter
interval (29.0 days = 1.5 SE), and the old-
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est mothers had the shortest interval (21.0
*+ 15 days F = 687, df. = 1, 92, P =
0.002). Longer intervals were coupled with
small 2nd litters, resulting in a negative dif-
ference between the 2nd and 1st litters (F
= 21.4,df. = 1,97, P < 0.0001). Account-
ing for variation in both interlitter interval
and 1st litters, the effect of maternal age on
difference in sizes of 1st and 2nd litters dis-
appeared (F = 0.88, d.f. = 2,94, P = 0.42).

The effect of photoperiod was significant
(F =728 df. =1, 93, P = 0.008). No
significant interaction existed between pho-
toperiod and 1st litters (F = 1.14, d.f. = 1,
92, P = 0.29) or photoperiod and interlitter
interval (F = 0.34, d.f. = 1, 92, P = 0.56).
Sizes of the 2nd litter were greater at 16L:
8D for all age classes. Because young
mothers reduced and old mothers increased
the subsequent litter, we found no differ-
ences in sizes of 2nd litters among the age
classes (F = 1.05, d.f. = 2, 96, P = 0.35;
Table 1). However, differences between
photoperiods persisted (F = 15.3, d.f. = 1,
97, P = 0.0002).

DiscussioN

Under laboratory conditions, the effect of
parity is age-specific, and the triangular
shape of reproduction (Roff 1992) need not
be a necessary outcome of sequencesin lit-
ter sizein voles. Unlike old mothers, which
delivered small 1st litters and larger 2nd lit-
ters, the youngest female common voles
gave birth to large 1st litters and smaller
2nd litters. These results differ from those
of previous studies (Frank 1956; Reichstein
1964) and were obtained by lowering ex-
perimental age for the youngest category of
breeding females to include those <20 days
of age, as suggested by Tkadlec and Zejda
(1995). Field observations indicate that ear-
ly breeding in such female common voles
is not confined to the laboratory (Boyce and
Boyce 1988; Stein 1957). Experimental ev-
idence for other arvicolines that young
mothers are able to produce larger or same-
size 1st litters as old mothers does exist

(Gustafsson et al. 1980; Hagen and For-
slund 1979; Tkadlec and Zejda 1995).
Although evidence is substantial that the
1st litter in voles is significantly smaller
than succeeding litters (seereview in Hasler
1975), enough empirical data indicate an
opposite pattern or at least no difference
due to maternal age (Christian and Davis
1966; Hoffmann 1958; Keller and Krebs
1970; Mullen 1968:9; Stein 1957; Tupikova
and Konovalova 1971; Zejda 1966) or par-
ity (Dobson and Myers 1989). Even the de-
crease in size of the 2nd litter in young
mothers can be reconciled with field data
Young female voles produce their 1st litters
in the middle of breeding season when the
yearly population maximum in litter size is
usually observed. The subsequent decrease
in litter size toward the end of breeding sea-
son is likely caused by young mothers, be-
cause the proportion of overwintered ones
in the population is negligible at that time.
High fecundity of young and small moth-
ersis contrary to the generalization that fe-
cundity increases with maternal mass and
age across a broad range of taxa (Roff
1992). In seasonal environments, high fe-
cundity of young females may be adaptive
in short-lived mammals whose probability
of being alive and breeding in the next year
islow (Tkadlec and Zejda 19984). If so, the
lower the life expectancy, the larger the 1st
litter born to young mothers should be com-
pared with old mothers. The common vole
is a small arvicoline with high turnover
rates in field populations (Frank 1957; Na-
bagto 1981). The disappearance rate of 6—
12%/week isindicative of intense mortality
and emigration (Adamczewska-Andrze-
jewska and Nabagto 1977), although more
detailed field data on survival rates of this
species are needed. Thus, large 1st litters
may be an adaptation for females unlikely
to breed again. Unfortunately, we have no
definite explanation of the pattern of small
1st litters born to old mothers. However, the
common postweaning laboratory practice
of keeping animals in small unisexual
groups is likely to depress fecundity.
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The age-specific effect of parity could be
explained largely by differentia fecundity
in 1st litters. Life-history theory predicts
that high investments in current reproduc-
tion may lower future reproduction or sur-
vival of parents and offspring (Williams
1966). Some empirical evidence from nat-
ural populations indicates that cost of re-
production may increase with decreasing
age at 1st reproduction in female mammals
(Harvey et al. 1989; Promislow and Harvey
1990). Our experimental data do not con-
tradict this view but provide only limited
support for higher reproductive costs (in-
creased interlitter intervals and small 2nd
litters) in young mothers. However, higher
reproductive cost should be expected if
young novice mothers, in addition to being
energetically less efficient than multiparous
mothers (Kiinkele and Kenagy 1997), must
alocate additional resources to their own
growth. Some cost of reproduction in field
populations is implied by the observation
that female voles entering reproduction the
year they were born did not survive to the
next (Tkadlec and Zejda 1998b). A manip-
ulative approach controlling for litter size
could further increase our understanding of
arvicoline life histories and provide impor-
tant data for investigating population dy-
namics of voles through mathematical mod-
eling.

ACKNOWLEDGMENTS

The technical assistance of D. Havelkova and
D. Havelka is greatly appreciated. For sugges-
tions and discussion, we thank L. Gvozdik, J.
Kiinkele, and 2 anonymous reviewers. Financial
support was provided by grant 524/96/1095
from Grant Agency of the Czech Republic.

LITERATURE CITED

ADAMCZEWSKA-ANDRZEJEWSKA, K. A., AND L. NA-
BAGLO. 1977. Demographic parameters and varia-
tions in numbers of the common vole. Acta Therio-
logica 22:431-457.

Bovck, C. C. K., AnD J. L. Boyce I11. 1988. Population
biology of Microtus arvalis. |. Lifetime reproductive
success of solitary and grouped breeding females.
The Journal of Animal Ecology 57:711-722.

CHRISTIAN, J. J., AND D. E. DAvis. 1966. Adrenal
glands in female voles (Microtus pennsylvanicus) as

related to reproduction and population size. Journal
of Mammalogy 47:1-18.

DoBsoN, S., AND P MYERs. 1989. The seasonal decline
in the litter size of meadow voles. Journal of Mam-
malogy 70:142-152.

Frank, F 1956. Beitrage zur Biologie der Feldmaus,
Microtus arvalis (Pallas). Teil |1: Laboratoriumser-
gebnisse. Zoologische Jahrbiicher, Abteilung fur
Systematik Okologie und Geographie der Tiere 84:
32-74.

Frank, F 1957. The causality of microtine cycles in
Germany. The Journa of Wildlife Management 21:
113-121.

GusTAFssoN, T., B. ANDERSSON, AND L. WESTLIN. 1980.
Reproduction in a laboratory colony of bank vole,
Clethrionomys glareolus. Canadian Journal of Zo-
ology 58:1016-1021.

HAGEN, J. B., AND L. G. FOrRSLUND. 1979. Comparative
fertility of four age classes of female gray-tailed
voles, Microtus canicaudus, in the laboratory. Jour-
nal of Mammalogy 60:834-837.

HARVEY, P H., A. E ReaD, AND E. L. PrRoOmISLOW.
1989. Life history variation in placental mammals:
unifying the data with theory. Oxford Surveys in
Evolutionary Biology 6:13-31.

HASLER, J. F 1975. A review of reproduction and sex-
ual maturation in the microtine rodents. The Biolo-
gist 57:52-86.

HorFrmANN, R. S. 1958. The role of reproduction and
mortality in population fluctuations of voles (Micro-
tus). Ecological Monographs 28:79—109.

KELLER, B. L., AND C. J. Kres. 1970. Microtus pop-
ulation biology; I1l. Reproductive changes in fluc-
tuating populations of M. ochrogaster and M. penn-
sylvanicus in southern Indiana. Ecologica Mono-
graphs 40:263-294.

KUNKELE, J., AND G. J. KENAGY. 1997. Inefficiency of
lactation in primiparous rats: the costs of first repro-
duction. Physiological Zoology 70:571-577.

LEsLIE, P H., AND R. M. RANSON. 1940. The mortality,
fertility and rate of natural increase of the vole (Mi-
crotus agrestis) as observed in the laboratory. The
Journal of Animal Ecology 9:27-52.

MuLLEN, D. A. 1968. Reproduction in brown lem-
mings (Lemmus trimucronatus) and its relevance to
their cycle of abundance. University of California
Press, Berkeley.

NABAGLO, L. 1981. Demographic processes in a con-
fined population of the common vole. ActaTheriolo-
gica 26:163-183.

NEeGus, N. C., aAND A. J. PINTER. 1965. Litter sizes of
Microtus montanus in the laboratory. Journal of
Mammalogy 46:434—437.

PromisLow, D. E., anD P H. HARVEY. 1990. Living
fast and dying young: a comparative analysis of life-
history variation among mammals. Journal of Zo-
ology (London) 220:417-437.

RANsON, R. M. 1934. The field vole (Microtus) as a
laboratory animal. The Journa of Animal Ecology
3:70-76.

REeIcHsTEIN, H. 1964. Untersuchungen zum Korper-
wachstum und zum Reproduktionspotential der
Feldmaus, Microtus arvalis (Pallas, 1779). Zeit-
schrift fur wissenschaftliche Zoologie 170:112—222.

¥202 Iudy 0z uo 1senb Aq ¢ L£/£2/S1S/2/Z8/e1oMe/lewwewl/woo dnoolwspede//:sdiy woly papeojumoq



550 JOURNAL OF MAMMALOGY Vol. 82, No. 2

RorFF, D. A. 1992. The evolution of life histories: the-
ory and analysis. Chapman and Hall, New York.
SAS INSTITUTE INC. 1997. SAS/STAT software: chang-
es and enhancements through release 6.12. SAS In-

stitute Inc., Cary, North Carolina.

SokaL, R. R., AnD FE J. RoHLF. 1995. Biometry: the
principles and practice of statistics in biological re-
search. 3rd ed. W. H. Freeman and Company, New
York.

SteiN, G. H. W. 1957. Materialen zur Kenntnis der
Feldmaus Microtus arvalis P Zeitschrift fur Sauge-
tierkunde 22:117-135.

STeENseTH, N. C., AND E. FrRamsTAD. 1980. Reproduc-
tive effort and optimal rates in small rodents. Oikos
34:23-34.

TkabpLec, E. 1997. Early age of vaginal opening in
common voles (Microtus arvalis). Folia Zoologica
46:1-7.

TKADLEC, E., AND J. ZEIDA. 1995. Precocious breeding
in female common voles and its relevance to rodent
fluctuations. Oikos 73:231-236.

TKADLEC, E., AND J. ZEIDA. 1998a. Density-dependent
life histories in female bank voles from fluctuating
populations. The Journal of Anima Ecology 67:
863-873.

TKADLEC, E., AND J. ZEDA. 1998b. Small rodent pop-
ulation fluctuations: the effects of age structure and
seasonality. Evolutionary Ecology 12:191-210.

TupikovA, N. V., AnD E. A. KoNovAaLovAa. 1971.
Razmnozhenie i smertnost ryzhych polevok v yuzh-
notaezhnych lesach Vjatsko-Kamskogo mezhduret-
chia. Fauna i ekologiya gryzunov 10:145-170.

WiLLlIaMS, G. C. 1966. Natural selection, the cost of
reproduction, and refinement of Lack’s principle.
The American Naturalist 100:687-690.

ZEDA, J. 1966. Litter size in Clethrionomys glareolus
Schreber 1780. Zoologické Listy 15:193—206.

Submitted 18 January 2000. Accepted 10 August 2000.

Associate Editor was Ronald E. Barry.

¥202 Iudy 0z uo 1senb Aq ¢ L£/£2/S1S/2/Z8/e1oMe/lewwewl/woo dnoolwspede//:sdiy woly papeojumoq



