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A central theme in life history theory is to determine how reproduction varies with
age in iteroparous organisms. Evidence of ageing and senescence, defined as the
progressive loss of function accompanied by decreased performance with age, re-
mains poorly documented for large herbivores, in particular as it relates to reproduc-
tion. Analyses of body weight of 87532 domestic sheep lambs demonstrates that
onset of reproductive senescence in ewes occurs already at 5 and 6 years of age when
measured, respectively, as lamb weight and litter size produced. This provides
convincing evidence of early onset of reproductive senescence in this highly domesti-
cated sheep breed. As this is earlier than indicated for other Ouvis species as well as
for the Soay sheep, an ancient and lightly domesticated sheep, we hypothesize that
there may be a cost of selection for large litter size in mammalian herbivores.
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A central theme in life history theory is to explain how
reproduction varies with age in iteroparous organisms
(Stearns 1992). The theory of terminal investment pre-
dicts that parents should invest more in their offspring
as their own potential for future reproduction fails
(Gadgil and Bossert 1970, Trivers 1972, Pianka and
Parker 1975, Clutton-Brock 1984). The proportion of
resources a mother invests is therefore expected to
increase toward the end of her life span, when the
number of offspring she can expect to rear in the future
is low (Clutton-Brock et al. 1982, Green 1990). How-
ever, ageing and senescence, defined as the progressive
loss of function accompanied by decreased performance
with age (Kirkwood and Austad 2000), may act as a
constraint to increased investment with age. There has
been some controversy regarding senescence in survival
in mammalian populations (Promislow 1991, Gaillard
et al. 1994, Sibly et al. 1997), which in part is a result of
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the scarcity of observed individuals living to the onset
of senescence in natural populations (Loison et al.
1999).

Ungulates are highly suited for studies of senescence,
as they are long-lived and reproduce at the same time
each year, in contrast to rodents where senescence may
be confounded with seasonality (Slade 1995). Recently,
decreased survival with increasing age was reported in
isard Rupicapra rupicapra, roe deer Capreolus capreolus,
bighorn sheep Ovis canadensis (Loison et al. 1999) and
Soay sheep (Ovis aries) (Catchpole et al. 2000), while
data on reproductive senescence are scarce. To test the
hypotheses of possible reproductive senescence, we ex-
tracted data on litter size and body weight of 87532
lambs from ewes of known age and from the heavily
domesticated Dala breed (Drables 1997), which had
been free-ranging at pastures in Norway during the
summer.
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Material and methods
Study area and husbandry practice

The study area is the western part of southern Norway.
Data come from 19 municipalities in the counties Ro-
galand (3), Hordaland (3), Sogn and Fjordane (4),
More and Romsdal (3), and Ser-Trendelag (6). In
general, temperature and precipitation decline from
south to north and from coast to inland, while snow
depth increases (Langvatn et al. 1996, Mysterud et al.
2000). In summer both the length of the growing season
and total degree-days decline from south-west to north-
east (Langvatn and Albon 1986). Topography is gener-
ally steeper in the inland (Mysterud et al. 2001a).

During winter, sheep are fed both grain feeds/con-
centrates and hay/ensilage, and this practice has been
stable during the study period and between regions.
During summer, the sheep are free-ranging from June/
July through September/October (Mysterud et al.
2001b). Stocking densities of sheep on pastures are
generally low, compared e.g. to Scotland (Simpson et
al. 1998), ranging from 5 to somewhat above 50 sheep
per km? (Mysterud 2000). Sheep are mostly grazing in
the alpine and subalpine zone (Abrahamsen et al.
1977).

Sheep data and statistical analyses

Data on body weight, sex, breed, age of ewe (years),
age of lamb (days), litter size, location (municipality)
and year (1989-98) of 87532 lambs of the Dala breed
were retrieved from the Sheep control database
(“Sauekontrollen”) in Norway (Table 1). These are
lambs that have been free-ranging all summer, and that
are weighed shortly after they are gathered from the
pastures. Age of ewes and lambs were known precisely
since year and date of birth was recorded. To account
for possible confounding effects of location (municipal-
ity) and year (e.g. climate and density), these were
entered as covariates in all models.

We used mainly general additive models (GAM;
Hastie and Tibshirani 1990) with smoothing splines to
analyse variation in weight of lamb and litter size, as
these relationships were expected to be nonlinear with

regard to age of ewe. Splines are piecewise polynomials
that are smooth (twice differentiable) in the spline
knots (the control points of the splines) (Bjornstad et
al. 1999). The complexity of the curve (i.e. the number
of degrees of freedom; dfj;,.) associated with the
smoothing spline was selected by repeated fitting of the
GAM with varying df,;,. for one variable (1-12),
while holding dfj,;,. of the other variables constant.
The fit of the different models was then tested in an
ANOVA setting (see Venables and Ripley 1994: 251—
252), and the selected dfg,;,. was then used in the
graphical presentation. Weight of lamb was In-trans-
formed to stabilize the variance.

To accurately determine at what age onset of repro-
ductive senescence in domestic sheep started, we en-
tered age of ewe as a factor and used the “treatment”
contrast within a linear modelling setting that adjusted
for multiple comparisons (i.e. a family wise comparison
with the Tukey method in S-Plus; Venables and Ripley
1994). Based on results from the GAM (see below), we
restricted this analysis to ewes between 3 and 7 years of
age.

Results

There was a clear peak in production of lambs at 4 and
5 years of age when measured, respectively, by body
weight of lambs (Table 1, Fig. 1A, df ;,.=5 vs. 6,
df =1,86478 F=13.333, p <0.001) and litter size (Fig.
1B, dfjine =7 vs. 8, df = 1,87056 F = 5.490, p = 0.019).
We controlled for that body weight of lambs increased
with age of lamb (dfj;,.=10 vs. 11, df=1,86478,
F=4.515, p=0.034), was higher in males than in fe-
males (df = 1,86479, F = 5827.404, p < 0.001), was neg-
atively related to litter size (df = 1,86487, df, . = 2 vs.
3, df =1,86479, F =35.282, p <0.001), and showed sig-
nificant variation also due to location (df =1,86928,
F=126.528, p<0.001) and year (df=1,86487, F=
157.908, p < 0.001). We also controlled for the signifi-
cant variation in location (df=1,87063, F=216.030,
p<0.001) and year (df=1,87080, F=30.157, p<
0.001) when analysing litter size. The contrast analysis
supported that onset of reproductive senescence in do-
mestic sheep was 5 and 6 years when measured, respec-

Table 1. Sample sizes of lambs, average litter size and average mean body weight of 87 532 lambs from ewes of different ages.

Age of ewe (years) 1 2 3 4 5 6 7 8 9 10 11
Number of lambs 14 844 22792 18 031 13 560 9113 5754 2563 689 159 21
Adjusted mean litter size 1.53 1.95 2.04 2.08 2.08 2.03 197 200 192 176 1.00
Adjusted mean weight 42.9 47.1 48.2 48.6 48.2 47.7 473 464 462 431 450
(kg) of singleton lamb
Adjusted mean weight 38.2 433 449 45.0 44.7 439 433 43,6 424 40.1
(kg) of twin lamb
Adjusted mean weight 39.1 41.0 422 41.8 41.4 41.3 40.2 395 413 4438

(kg) of triplet lamb
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Fig. 1. The relationship
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tively, as weight of lambs (Fig. 2A) and litter size (Fig.
2B).

Discussion

There was compelling evidence of reproductive senes-
cence in domestic sheep, as both litter size and body
weight of lambs during autumn clearly decreased after
ewes reached, respectively, 5 and 6 years of age (Fig. 1;
Table 1). Some earlier studies of wild ungulates indicate
reproductive senescence measured as proportion of fe-
males breeding (Festa-Bianchet 1988, Garrott et al.
1991, Langvatn et al. 1996, Green 1990, Bérub¢ et al.
1999). Also, senescence in domestic sheep has earlier
been reported (in the agricultural literature) for litter
size (Turner 1969, Dickerson and Glimp 1975, Gates
1993), but with no formal (i.e. tabular data, Gates
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1993) or inadequate statistical testing (i.e. forcing a
symmetrical quadratic curve with age on a asymmetri-
cal relationship, Dickerson and Glimp 1975) for onset
of senescence. Our study is the first reporting reproduc-
tive senescence both in litter size and weight of oft-
spring. A possible confounding factor is that sheep
farmers usually remove less productive ewes from the
herd. This was clearly evident also in our material as
number of sheep ewes decreased sharply after 7 years of
age, and sheep 8 years or older was rare in our data
files (Table 1). However, this increased heterogeneity
would lower the slope estimates between litter size/body
weight of lamb and ewe age after onset of senescence
and make our test more conservative (Vaupel and
Yashin 1985). Restricting the analysis to ewes between
3 and 7 years of age clearly showed that ewes aged 3
and 4 years produced the heaviest lambs (Fig. 2A) and
ewes aged 4 and 5 produced the largest litters (Fig. 2B).
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As onset of senescence in domestic sheep was earlier
than previously reported for wild ungulates (Table 2),
there is time to look for possible explanations for the
comparative pattern of senescence in large herbivores.

(1) Body size. Due to allometric effects, we may expect
that larger animals have a later onset of senescence
than smaller ones (Peters 1983). Indeed, onset of re-
productive senescence was at 9 years of age in the
small roe deer (27 kg; Gaillard et al. 1998b), while it is
at age 13 in bighorn sheep (72 kg; Bérubé et al. 1999),
and somewhere between 13 and 17 in red deer (108 kg;
Langvatn et al. 1996). However, ewes from the Dala
sheep breed used in this study weigh about 80—100 kg
(Drables 1997), and there is thus no simple relation-
ship between reproductive senescence and body size in
large herbivores. Similarly, it was no simple relation-
ship between body size and senescence in survival (Loi-
son et al. 1999).

(2) Costs of reproduction. The evolutionary based hy-
potheses of senescence, the mutation-accumulation hy-
pothesis (Medawar 1946, Edney and Gill 1968) and the
antagonistic pleiotropy hypothesis (Medawar 1946,
Williams 1957, Hamilton 1966, Rose 1991), are both
based on the diminishing strength of selection against
deleterious mutations after first reproduction (Hamil-

ton 1966). A cost of reproduction, where an increase
in reproductive effort reduces future survival or fecun-
dity, might be the kind of pleiotropic gene action that
generates senescence (Gustafsson and Part 1990,
Stearns 1992, Bérubé et al. 1999). The disposable soma
theory (Kirkwood 1981, 1990, Abrams and Ludwig
1995, Kirkwood and Austad 2000), a physiological
variant of the antagonistic pleiotropy hypothesis, also
suggests that there is a trade-off between today’s re-
production and soma repair (and hence between repro-
ductive effort and longevity; Cichon 1997). In female
ungulates, longevity is considered a major determinant
of lifetime reproductive success (Clutton-Brock et al.
1988, Gaillard et al. 2000). We expect strong selection
to avoid mortality, and prime-aged females have in-
deed generally a high survival rate (Caughley 1966,
Gaillard et al. 1998a). This may be a result of reduced
reproductive effort to avoid mortality (Eberhardt
1985). Litter size is an important factor for cost of
reproduction (Robbins and Robbins 1979, Stearns
1992). Both bighorn sheep and red deer are generally
monotocous species, while roe deer, with an earlier
onset of senescence (Gaillard et al. 1998b), is polyto-
cous (Sether and Gordon 1994). The comparative pat-
tern therefore does not suggest a simple relationship
between reproductive senescence and reproductive ef-
fort.
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Table 2. A review of studies showing senescence in life history traits related to reproductive effort of female ungulates.

Species Body weight Life history trait Onset of Reference
(kg) senescence (yr)
Moose (Alces alces) 331 Litter size 13 Ericsson et al. 2001
Roe deer (Capreolus 27 Productivity 9 Gaillard et al. 1998b
capreolus) Implantation failure >8 Hewison and Gaillard 2001
Bison (Bison bison) 450 Proportion breeding 12 Green 1990
Red deer (Cervus elaphus) 108 Ovulation rate 13-17 Langvatn et al. 1996
Feral horses (Equus caballus) 358 Proportion breeding >15 Garrott et al. 1991

Domestic sheep (Ovis aries) 80-100 Offspring body weight 5 This study
Litter size 6 This study
Soay sheep (Ovis aries) 24 Offspring mortality 7 Catchpole et al. 2000
Fecundity Not found Doney et al. 1974,
T. Coulson pers. comm.
(updated unpubl. results)
Bighorn sheep (Ovis 72 Proportion breeding >9 Festa-Bianchet 1988
canadensis) Proportion breeding 13 Bérubé et al. 1999

Reindeer (Rangifer tarandus) 69

Offspring body weight 9

Weladji et al. 2001

However, we argue that the pattern may be depend-
ing also on phylogeny. In contrast to wild Ouvis species
that have small litter sizes (up to about 1.2), which is
the common pattern for wild grazing ungulates (Cou-
turier 1962, Sether and Gordon 1994), domestic sheep
have been artificially bred for large litter sizes (Clutton-
Brock 1981, Clutton-Brock et al. 1997). Early onset of
senescence will therefore be expected in domestic herbi-
vores such as sheep if there is a trade-off between early
and late reproductive effort. Interestingly, our analyses
found an earlier onset of senescence than in the similar
sized bighorn sheep (Bérubé et al. 1999). Further, the
well studied population of primitive domestic sheep
from the islands of St. Kilda in the Outer Hebrides of
Scotland, known as the Soay sheep (Jewell et al. 1974,
Clutton-Brock et al. 1991, Grenfell et al. 1998), has
undergone little artificial selection since it was first
taken to St. Kilda during the neolithic period, i.e.
6000-3800 B.P (Clutton-Brock 1981). Soay sheep pro-
duces one or two lambs (average 1.15 for adults pro-
ducing young; yearlings never produce twins; 20% do
not reproduce; Coulson et al. 2000), while the sheep in
our population produced between one and five off-
spring (average 1.9, Table 1). Data for onset of repro-
ductive senescence for Soay sheep using body weight of
lambs (though for a low sample of ewes) found no
decrease within 10 years of age (Doney et al. 1974).
Recent analysis on a much larger sample confirms that
there is no evidence of senescence in fecundity in Soay
ewes (T. Coulson, unpubl. results), despite the smaller
body size of Soay sheep compared to the Dala breed
(Table 2). However, yearling mortality (12—24 months)
varied as a function of age of ewe (Clutton-Brock et al.
1992), and increased mortality of yearlings started when
mothers reached 7-8 years of age. In sum, reproductive
senescence seems to occur much later in the lightly
domesticated Soay sheep with low litter size compared
with the heavily domesticated Dala breed from Norway
with larger litter sizes.

OIKOS 97:2 (2002)

Studies on more species and breeds are needed before
we can say that we understand why some ungulate
species have an earlier onset of reproductive senescence
than other species. It may also be variation within
species related to density (Mysterud et al. 2001c). Our
analysis at least indicates that it may be worthwhile to
relate onset and rate of senescence to reproductive
effort. If this is the case, there may be a cost of
selection for large litter size in large mammalian herbi-
vores, and demonstrates the usefulness of using domes-
ticated animals to advance the understanding of the
possible life-history trade-off between senescence and
selection for increased reproductive effort in large her-
bivores in general.

Acknowledgements — We thank Tim Coulson for valuable
information regarding unpublished results on the Soay sheep,
and Marco Festa-Bianchet, Jean-Michel Gaillard and Anne
Loison for valuable comments to a previous draft. We grate-
fully acknowledge the financial support of the Research Coun-
cil of Norway to A.M. (Project No. 129208/720) and G.S.
(Project No. 113409/720).

References

Abrahamsen, J., Jacobsen, N. K., Kalliola, R. et al. 1977.
Naturgeografisk region-inndeling av Norden. — Nordiske
Utredn Ser B 34: 1-135.

Abrams, P. and Ludwig, D. 1995. Optimality theory, Gom-
pertz’ law, and the disposable soma theory of senescence. —
Evolution 49: 1055-1066.

Bérubé, C. H., Festa-Bianchet, M. and Jorgenson, J. T. 1999.
Individual differences, longevity, and reproductive senes-
cence in bighorn ewes. — Ecology 80: 2555-2565.

Bjornstad, O. N., Fromentin, J.-M., Stenseth, N. C. and
Gjosater, J. 1999. A new test for density-dependent sur-
vival: the case of the coastal cod populations. — Ecology
80: 1278-1288.

Catchpole, E. A., Morgan, B. J. T., Coulson, T. N. et al. 2000.
Factors influencing Soay sheep survival. — Appl. Stat. 49:
453-472.

Caughley, G. 1966. Mortality patterns in mammals. — Ecology
47: 906-918.

181



Cichon, M. 1997. Evolution of longevity through optimal
resource allocation. — Proc. R. Soc. Lond. Ser. B 264:
1383-1388.

Clutton-Brock, J. 1981. Domestic animals from early times. —
Heinemann and British Museum (Natural History).

Clutton-Brock, T. H. 1984. Reproductive effort and terminal
investment in iteroparous animals. — Am. Nat. 132: 212—
229.

Clutton-Brock, T. H., Guinness, F. E. and Albon, S. D. 1982.
Red deer. Behaviour and ecology of two sexes. — Edin-
burgh University Press.

Clutton-Brock, T. H., Albon, S. D. and Guinness, F. E. 1988.
Reproductive success in male and female red deer. — In:
Clutton-Brock, T. H. (ed.), Reproductive success. The
University of Chicago Press, pp. 325-343.

Clutton-Brock, T. H., Price, O. F., Albon, S. D. and Jewell, P.
A. 1991. Persistent instability and population regulation in
Soay sheep. — J. Anim. Ecol. 60: 593-608.

Clutton-Brock, T. H., Price, O. F., Albon, S. D. and Jewell, P.
A. 1992. Early development and population fluctuations in
Soay sheep. — J. Anim. Ecol. 61: 381-396.

Clutton-Brock, T. H., Illius, A. W., Wilson, K. et al. 1997.
Stability and instability in ungulate populations: an empir-
ical analysis. — Am. Nat. 149: 195-219.

Coulson, T., Milner-Gulland, E. J. and Clutton-Brock, T.
2000. The relative roles of density and climatic variation on
population dynamics and fecundity rates in three contrast-
ing ungulate species. — Proc. R. Soc. Lond. Ser. B 267:
1771-1779.

Couturier, A. J. 1962. Le Bouquetin des Alpes. — B. Arthaud.

Dickerson, G. E. and Glimp, H. A. 1975. Breed and age
effects on lamb production of ewes. — J. Anim. Sci. 40:
397-408.

Doney, J. M., Ryder, M. L., Gunn, R. G. and Grubb, P. 1974.
Colour, conformation, affinities, fleece and patterns of
inheritance of the Soay sheep. — In: Jewell, P. A., Milner,
C. and Boyd, J. M. (eds), Island survivors: the ecology of
the Soay sheep of St Kilda. The Athlone Press, pp. 88—125.

Drables, D. 1997. The story of the Norwegian sheep. Anniver-
sary review of the Norwegian Sheep and Goat Breeders
1947-1997. — Norwegian Sheep and Goat Breeders.

Eberhardt, L. L. 1985. Assessing the dynamics of wild popula-
tions. — J. Wildl. Manage. 49: 997-1012.

Edney, E. B. and Gill, R. W. 1968. Evolution of senescence
and specific longevity. — Nature 220: 281-282.

Ericsson, G., Wallin, K., Ball, J. P. and Broberg, M. 2001.
Age-related reproductive effort and senescence in free-
ranging moose, Alces alces. — Ecology 82: 1613-1620.

Festa-Bianchet, M. 1988. Age-specific reproduction of bighorn
ewes in Alberta, Canada. — J. Mammal. 69: 157—-160.

Gadgil, M. and Bossert, W. H. 1970. Life historical conse-
quences of natural selection. — Am. Nat. 104: 1-24.

Gaillard, J.-M., Allainé, D., Pontier, D. et al. 1994. Senescence
in natural populations of mammals: a reanalysis. — Evolu-
tion 48: 509-516.

Gaillard, J.-M., Festa-Bianchet, M. and Yoccoz, N. G. 1998a.
Population dynamics of large herbivores: variable recruit-
ment with constant adult survival. — Trends Ecol. Evol. 13:
58-63.

Galillard, J.-M., Liberg, O., Andersen, R. et al. 1998b. Popula-
tion dynamics of roe deer. — In: Andersen, R., Duncan, P.
and Linnell, J. D. C. (eds), The European roe deer: the
biology of success. Scandinavian University Press, pp.
309-335.

Galillard, J.-M., Festa-Bianchet, M., Delorme, D. and Jorgen-
son, J. 2000. Body mass and individual fitness in female
ungulates: bigger is not always better. — Proc. R. Soc.
Lond. Ser. B 267: 471-477.

Garrott, R. A., Eagle, T. C. and Plotka, E. D. 1991. Age-spe-
cific reproduction in feral horses. — Can. J. Zool. 69:
738-743.

Gates, P. J. 1993. Nongenetic and breed variation in litter size
in the Swedish sheep recording program. — Acta Agric.
Scand.; Sec. A. Anim. Sci. 43: 144-150.

182

Green, W. C. H. 1990. Reproductive effort and associated
costs in bison (Bison bison): do older mothers try harder? —
Behav. Ecol. 1: 148-160.

Grenfell, B. T., Wilson, K., Finkenstiadt, B. F. et al. 1998.
Noise and determinism in synchronized sheep dynamics. —
Nature 394: 674-677.

Gustafsson, L. and Péirt, T. 1990. Acceleration of senescence
in the collared flycatcher Ficedula albicollis by reproductive
costs. — Nature 347: 279-281.

Hamilton, W. D. 1966. The moulding of senescence by natural
selection. — J. Theor. Biol. 12: 12-45.

Hastie, T. and Tibshirani, R. 1990. Generalized additive mod-
els. — Chapman and Hall.

Hewison, A. J. M. and Gaillard, J.-M. 2001. Phenotypic
quality and senescence affect different components of re-
productive output in roe deer. — J. Anim. Ecol. 70: 600
608.

Jewell, P. A., Milner, C. and Boyd, J. M. 1974. Island sur-
vivors. The ecology of the Soay sheep of St Kilda. — The
Athlone Press of the University of London.

Kirkwood, T. B. L. 1981. Repair and its evolution: survival
versus reproduction. — In: Townsend, C. R. and Calow, P.
(eds), Physiological ecology: an evolutionary approach to
resource use. Blackwell, pp. 165-189.

Kirkwood, T. B. L. 1990. The disposable soma theory of
ageing. — In: Harrison, D. E. (ed.), Genetic effects of
ageing. Telford, pp. 9-19.

Kirkwood, T. B. L. and Austad, S. N. 2000. Why do we age?
— Nature 408: 233-238.

Langvatn, R. and Albon, S. D. 1986. Geographic clines in
body weight of Norwegian red deer: a novel explanation of
Bergmann’s rule? — Holarct. Ecol. 9: 285-293.

Langvatn, R., Albon, S. D., Burkey, T. and Clutton-Brock, T.
H. 1996. Climate, plant phenology and variation in age at
first reproduction in a temperate herbivore. — J. Anim.
Ecol. 65: 653-670.

Loison, A., Festa-Bianchet, M., Gaillard, J.-M. et al. 1999.
Age-specific survival in five populations of ungulates: evi-
dence of senescence. — Ecology 80: 2539-2554.

Medawar, P. B. 1946. Old age and natural death. — Modern
Quarterly 1: 30-56.

Mysterud, A. 2000. Diet overlap among ruminants in
Fennoscandia. — Oecologia 124: 130-137.

Mysterud, A., Yoccoz, N. G., Stenseth, N. C. and Langvatn,
R. 2000. Relationships between sex ratio, climate and
density in red deer: the importance of spatial scale. — J.
Anim. Ecol. 69: 959-974.

Mysterud, A., Langvatn, R., Yoccoz, N. G. and Stenseth, N.
C. 2001a. Plant phenology, migration and geographic vari-
ation in body weight of a large herbivore: the effect of a
variable topography. — J. Anim. Ecol. 70: 915-923.

Mysterud, A., Stenseth, N. C., Yoccoz, N. G. et al. 2001b.
Nonlinear effects of large-scale climatic variability on wild
and domestic herbivores. — Nature 410: 1096—1099.

Mysterud, A., Yoccoz, N. G., Stenseth, N. C. and Langvatn,
R. 2001c. The effects of age, sex and density on body
weight of Norwegian red deer: evidence of density-depen-
dent senescence. — Proc. R. Soc. Lond. Ser. B 268: 911—
919.

Peters, R. H. 1983. The ecological implications of body size. —
Cambridge University Press.

Pianka, E. R. and Parker, W. S. 1975. Age-specific reproduc-
tive tactics. — Am. Nat. 109: 453—-464.

Promislow, D. E. L. 1991. Senescence in natural populations
of mammals: a comparative study. — Evolution 45: 1869
1887.

Robbins, C. T. and Robbins, B. L. 1979. Fetal and neonatal
growth patterns and maternal reproductive effort in ungu-
lates and subungulates. — Am. Nat. 114: 101-116.

Rose, M. R. 1991. Evolutionary biology of ageing. — Oxford
University Press.

Sibly, R. M., Collett, D., Promislow, D. E. L. et al. 1997.
Mortality rates of mammals. — J. Zool. 243: 1-12.

OIKOS 97:2 (2002)



Simpson, 1. A., Kirkpatrick, A. H., Scott, L. et al. 1998.
Application of a grazing model to predict heather moor-
land utilization and implications for nature conservation. —
J. Environ. Manage. 54: 215-231.

Slade, N. A. 1995. Failure to detect senescence in persistence
of some grassland rodents. — Ecology 76: 863—870.

Stearns, S. C. 1992. The evolution of life histories. — Oxford
University Press.

Sether, B.-E. and Gordon, 1. J. 1994. The adaptive signifi-
cance of reproductive strategies in ungulates. — Proc. R.
Soc. Lond. Ser. B 256: 263-268.

Trivers, R. L. 1972. Parental investment and sexual selection.
— In: Campbell, B. (ed.), Sexual selection and the descent
of man. Aldine Press, pp. 136—179.

OIKOS 97:2 (2002)

Turner, H. N. 1969. Genetic improvement of repro-
duction rate in sheep. — Anim. Breed. Abstr. 37: 545-—
563.

Vaupel, J. W. and Yashin, A. I. 1985. Heterogeneity’s ruses:
some surprising effects of selection on population dynam-
ics. — Am. Stat. 39: 176-185.

Venables, W. N. and Ripley, B. D. 1994. Modern applied
statistics with S-plus. — Springer Verlag.

Weladji, R. B., Mysterud, A., Holand, @&. and Lenvik,
D. 2001. Age-related reproductive effort in reindeer
(Rangifer tarandus): evidence of senescence. — Oecologia
131: 79-82.

Williams, G. C. 1957. Pleiotropy, natural selection, and the
evolution of senescence. — Evolution 11: 398—411.

183



