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OPTIMUM BROOD SIZE: TESTS OF ALTERNATIVE HYPOTHESES

DoucLAas W. MORRIS
Centre for Northern Studies, Department of Biology, and School of Forestry,
Lakehead University, Thunder Bay, Ontario P7B 5E1, CANADA

Abstract.—The most productive litter size (five) was not as common as expected in a free-living
population of white-footed mice. I evaluated four competing hypotheses that can explain this
pattern. Reproductive costs and annual variation in recruitment appear to be insufficient expla-
nations for the empirical distribution of litter size. Optimal investment of reproductive resources
that vary among parents is supported by some tests, but not by all. The abundance of litters less
than the apparent optimum is at least partially explained by asymmetric survival in large litters
(the cliff-edge hypothesis). Hypotheses that explain the empirical distribution of brood size are not
mutually exclusive. Several mechanisms can act alone, or interact, to create an average brood size
less than that which appears to produce the greatest number of descendants.
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The most common clutch size in birds is
often less than the size that contributes the
greatest number of recruits to the popula-
tion (Perrins, 1965; Klomp, 1970; De Ste-
ven, 1980; Nur, 1984; Boyce and Perrins,
1987, Moller, 1991). The same pattern has
recently been reported for mammals (Mor-
ris, 1986; Boutin et al., 1988), but there are
conflicting explanations for its occurrence.
As outlined below, five primary hypotheses
have been proposed. All assume that ob-
served clutch or litter sizes reflect the action
of natural selection maximizing individual
fitness, but the hypotheses diverge in their
assumptions about constraints and the
character of variation in fitness in time, in
space, and among individuals. In this paper
I analyze juvenile recruitment in the white-
footed mouse (Peromyscus leucopus) to as-
sess the roles that these hypotheses play in
maintaining average litter size below that
which maximizes recruitment. There have
been few prior attempts to determine the
utility of these hypotheses in explaining lit-
ter-size patterns in natural, unmanipulated
populations of mammals.

The five hypotheses, and capsule sum-
maries of tests (emphasizing vertebrates),
are as follows:

1. The cost hypothesis (Williams, 1966;
Bell, 1984). The most productive brood size
is defined to be the one that maximizes the
product of the number of young produced
multiplied by their own chances of survival
to reproductive maturity. The optimal brood

size is lower than the most productive size
when adult mortality increases with in-
creased brood size (Charnov and Krebs,
1974). The lifetime contribution of descen-
dants by parents producing small broods
(leading to low parental mortality) may ex-
ceed that of parents sacrificing their own
survival to produce large broods yielding
higher recruitment.

Supporting evidence for the cost hypoth-
esis has, at best, been equivocal (Bell and
Koufopanou, 1986; Reznick, 1985; refer-
ences in Boyce and Perrins, 1987; Gibbs,
1988; Pettifor et al., 1988). Though parental
survivorship declines with reproductive in-
vestment in red deer (Clutton-Brock et al.,
1982), this effect is not applicable to litter-
size evolution because red deer produce only
a single offspring per breeding season. Mor-
ris (1986) rejected the cost hypothesis by
showing that maternal survival was inde-
pendent of litter size in white-footed mice.
The competing optimal investment hypoth-
esis [one version of which has been labeled
the individual optimization hypothesis by
Pettifor et al. (1988)] challenges the impor-
tance of reproductive tradeoffs between pa-
rental survival and current fecundity in the
evolutionary optimization of live histories
(Ricklefs, 1968; Smith and Fretwell, 1974;
Brockelman, 1975; Drent and Daan, 1980;
Hogstedt, 1980, 1981; Morris, 1985, 1987,
Pettifor et al., 1988; Price and Liou, 1989,
see below).
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2. The bad-year hypothesis (Boyce and
Perrins, 1987). If juvenile survival varies
among breeding seasons and adult survi-
vorship is low, large broods will convey high
fitness when survival is high, but will have
very low fitness when juvenile survival is
low. Genotypes producing large broods may
be drastically reduced in “bad years” and
the optimal brood size may not maximize
reproductive success in an average year.

No tests of the bad-year effect have yet
been reported for mammals. Seasonal and
annual population fluctuations of small
mammals are legion and these species are
likely to display temporally variable re-
cruitment that may depend upon litter size.
The bad-year effect requires more than the
mere existence of variable recruitment; the
variance in recruitment must be greater for
large broods than it is for small ones (Boyce
and Perrins, 1987).

With annual variation in recruitment, the
geometric mean is a more appropriate es-
timate of fitness for short-lived organisms
than is the arithmetic mean (Bulmer, 1985;
Boyce and Perrins, 1987; Lalonde, 1991).
In the great tit, Boyce and Perrins (1987)
found that the clutch size that maximized
geometric mean fitness was near the modal
clutch size. The bad-year hypothesis thus
helps to explain why modal clutch size in
these passerines is less than the most pro-
ductive. Assessing the generality of this ex-
planation requires additional long-term data
on recruitment in other species.

3. The cliff-edge hypothesis (Mountford,
1968; Boyce and Perrins, 1987). The ex-
pected number of descendants produced per
brood, by a given genotype, is determined
by the interaction between the frequency
distribution of brood size and the propor-
tion of offspring that are recruited. The op-
timal brood size will be less than the most
productive whenever juvenile survival is
asymmetrically low in large broods, and
when the phenotypic distribution of brood
sizes is either symmetrical or positively
skewed. Boyce and Perrins (1987) referred
to this model as the “cliff-edge effect” be-
cause the reproductive success of individ-
uals producing large broods ““falls off the
cliff” relative to that of individuals produc-
ing smaller broods.

The cliff-edge hypothesis has been tested
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infrequently. Consistent with the hypothe-
sis, Morris (1986) showed that survivorship
in large litters of white-footed mice was dra-
matically less than in smaller litters. This
result was suggestive rather than conclusive;
the study lasted only one year and pooled
data from different habitats subsequently
shown to differ in the recruitment of off-
spring (Morris, 1989). Boutin et al. (1988)
criticized the study because the analysis im-
plicitly assumed that an individual’s sur-
vival was statistically independent of that
of its littermates. Contrasting the pattern in
white-footed mice, muskrat litters appear to
survive or disappear as units; Boutin et al.
(1988) could not find a relationship between
juvenile survival and litter size in this spe-
cies. The analysis below addresses this crit-
icism with a multi-year data set corrected
by the effects of habitat.

4. The optimal investment hypothesis
(Smith and Fretwell, 1974; Brockelman,
1975; Morris, 1985, 1987). Brood size may
be determined by the optimal allocation of
limited resources to reproduction, and fe-
males may vary in the amount of resources
available to them. Females with relatively
few resources for reproduction will produce
smaller broods than those with more re-
sources. If all offspring receive similar in-
vestment, juvenile survival should be rel-
atively invariant with brood size.
Nevertheless, more recruits will tend to be
produced by large than by small broods.
Small broods will be more common than
large ones if the average amount of resource
available for reproduction to individual fe-
males is less than that necessary for the suc-
cessful production of a large brood.

The optimal investment hypothesis has
not been explicitly tested though the general
hypothesis is supported by some data on
passerine birds (Drent and Daan, 1980;
Hogstedt, 1980, 1981; Pettifor et al., 1988).
A recent version of the model (the individ-
ual optimization hypothesis, Pettifor et al.,
1988) emphasizes a reproductive tradeoff
between the production of larger numbers
of progeny and offspring viability. Parents
in a high nutritional state, or those occu-
pying “high quality” territories or habitats,
have a larger optimum brood size than do
others in the population. Individual opti-
mization may thereby help to explain brood
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size variation in species with a single brood
per reproductive season.

But in many species parents face far more
complicated investment decisions. The
conflicting demands of lactation and ges-
tation in mammals with postpartum estrus,
for example, create a conflict for maternal
resources between members of successive
litters (Morris, 1986). Resolution of the
conflict may result in a “solution’ whereby
optimum investment in a given litter, or
individual, is sacrificed in the name of in-
clusive fitness (Morris, 1986, 1987). The
term “‘individual optimization™ is ambig-
uous under these circumstances (whose fit-
ness is being maximized?), and leads to con-
fusion whenever there is uncertainty about
whether different litters, different siblings,
or the parent, win the investment contest.

5. The spatial variation hypothesis (Per-
rins, 1965; Perrins and Moss, 1975; Moller,
1991; also known as the gene flow hypoth-
esis, Dhondt et al., 1990). The optimum
brood size may differ in different habitats.
Ifindividuals disperse between habitats, the
optimum brood size in the population at
large will be a weighted average of the op-
tima in each habitat. Analyses confined to
favorable habitats would reveal a mean
brood size greater than the pooled opti-
mum, but less that the optimum for those
habitats. Analyses restricted to unfavorable
habitats would reveal the opposite.

The spatial variation hypothesis has been
tested on passerine bird species inhabiting
woodlot islands in an agricultural landscape
(Moller, 1991). The most productive clutch
size was dependent upon woodlot size in
five of the seven species, suggesting that op-
timal clutch size varied as a function of hab-
itat. The hypothesis has also been confirmed
in blue and great tits where several years’
data demonstrated 1, that the optimum
clutch size differed among habitats, and 2,
that the observed distributions of clutch sizes
were not those expected by evolution to-
ward local optima (Dhondt et al., 1990).

Morris (1992) documented significant dif-
ferences in litter size of white-footed mice
occupying different habitats. Consistent with
the spatial variation hypothesis, recruit-
ment of nursing offspring into the adult pop-
ulation was dramatically higher in forest
than in nearby fence-rows. But litters with
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five offspring had higher recruitment than
other litter-size classes in both habitats. The
spatial variation hypothesis thus appears in-
sufficient to account for between-habitat dif-
ferences in litter size in this population.

The spatial variation hypothesis is a sec-
ond-order hypothesis, for it relies on the
assumption of local differences in repro-
ductive optima without describing the pri-
mary mechanisms leading to these differ-
ences. Are they due to spatial variation in
reproductive costs, in asymmetric mortality
among brood sizes, in the risks of brood-
size dependent mortality, in the optimal in-
vestment of resources to offspring, or to
some other factor? The analyses below have
been corrected for habitat-dependent dif-
ferences in recruitment. This effectively
eliminates the ability of the spatial variation
hypothesis to account for any residual dif-
ferences between mean litter size and that
which is most productive.

TESTING HYPOTHESES WITH
FIELD DATA

Ideally, tests of the alternative hypotheses
would be based on controlled experiments
that evaluate the assumptions and predic-
tions of each hypothesis, including an elu-
cidation of the genetic basis of phenotypic
variation in brood size. Tests for reproduc-
tive costs, for example, might involve se-
lection experiments capable of detecting an-
tagonistic pleiotropy between current
fecundity and future reproductive success
(e.g., Bell and Koufopanou, 1986). In prac-
tice, there are few organisms where such
detailed manipulative tests are practicable.
This is particularly true for vertebrates.

Here, I am interested in assessing the util-
ity of the hypotheses as alternative expla-
nations for why the average litter size in
white-footed mice is less than the size that
produces the greatest number of recruits. I
use the kind of data that can be obtained
from careful demographic analyses of ver-
tebrate populations not amenable to ma-
nipulative experiments. My tests are based
on estimates of survival and fecundity of
free-living individuals. The strength of my
approach lies in its ability to test precise
statements derived from each hypothesis on
the expected relationship between brood size
and subsequent reproductive success.
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MATERIALS AND METHODS

Since 1981 I have monitored the life his-
tories of white-footed mice using nest boxes
located in forest, edge, and fence-row hab-
itats in southern Ontario (Morris, 1986,
1989). White-footed mice are nocturnal,
short-lived rodents. In southern Ontario, fe-
males are unlikely to produce more than six
litters per year (most produce far fewer),
most cease reproduction during July and
August, and median longevity of adults is
171 days (Morris, 1989). Recruitment dif-
fers among habitats and between seasons
(Morris, 1989). Most of my analyses, there-
fore, are stratified by season and correct for
the influence of habitat.

The basic protocol has consisted of three
nest-box checks during the spring (April-
June) and two checks during the autumn
(September—October) reproductive seasons.
Estimates of recruitment of young from lit-
ters of known size are available from 1981
and 1983-1987 (data for 1982 are excluded
because population density was extraordi-
narily low). Young animals were assumed
to have been successfully recruited if they
later occupied nest boxes as adults.

My objective is to test each hypothesis on
its own merits. First, I reassess whether the
most productive litter is as common in the
population as expected. I then assess wheth-
er the survival of individual offspring is sta-
tistically independent of that of their sib-
lings. I estimate the recruitment from each
litter-size class to help evaluate each hy-
pothesis.

My tests begin by comparing distribu-
tions of expected and observed numbers of
recruits for different litter-size classes. The
expected values are those that would be pro-
duced if the number of litters was propor-
tional to the number of recruits born in each
litter size (Fig. 1).

Following Boutin et al. (1988) I used bi-
nomial survival probabilities to evaluate
whether offspring tend to survive singly or
as groups. A perceptive referee noted that
this procedure can yield ambiguous results
because alternative protocols assess differ-
ent forms of independence. An analysis of
all data combined implicitly tests the hy-
pothesis that survival rates are homoge-
neous among all litters. Heterogeneous sur-
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vival among habitats, or among different
litter sizes, could lead to rejection of the
hypothesis even if the survivorship of lit-
termates can be modeled by statistical in-
dependence. The following protocol elimi-
nates these potentially confounding effects.

First, I calculated the total number of off-
spring and recruits produced by different
litter sizes in each habitat and season. I then
calculated the probability of any individual
being recruited for each appropriate habitat
and seasonal total (the ratio of total recruits
to total offspring). I used these values to
generate the expanded binomial probabili-
ties of 0, 1, and =2 survivors for spring and
autumn separately and for each habitat and
litter size. All years were combined in this
analysis because the recruitment of litter-
mates is similar among years, see below.

The binomial survival probabilities mul-
tiplied by the number of litters of each size
observed in each habitat yields the number
of expected litters with different numbers of
surviving recruits. These values, summed
across habitats, produce the final expected
distribution for different litter-size classes
(litter sizes were grouped together so that
the minimum expected frequency was five
or greater). The expected and observed dis-
tributions were compared by a goodness-of-
fit test (G-test with Williams’ correction for
small samples, Sokal and Rohlf, 1981, de-
noted by G, below). This analysis should
reveal significant differences between the two
distributions if littermates tend to survive
or disappear together. A nonsignificant re-
sult implies that the survival of littermates
was statistically independent and justifies
the analysis of juvenile survival rates across
litter-size classes. Such an analysis is essen-
tial to definitive tests of Mountford’s cliff-
edge hypothesis.

I also calculated the rank order of re-
cruitment from different litter sizes across
years. If survival in large litters is much less
than that in smaller ones, recruitment from
large litters should have a lower rank. I used
these data in a supplemental test of the cliff-
edge hypothesis by assessing for significant
dependence of recruitment on litter-size class
by Friedman’s non-parametric two-way
analysis of variance (Sokal and Rohlf, 1981).

I generated the expected number of re-
cruits for different litter sizes by multiplying
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habitat-specific recruitment per litter times
the number of litters in each litter-size class
in that habitat. I accumulated these values
across habitats, pooled data to create litter-
size classes with expected values greater than
five, and analyzed the data by heterogeneity
G-tests (denoted Gy below). This procedure
allowed me to simultaneously evaluate the
recruitment from different litter-size classes
and the potential complication of differen-
tial responses among habitats. I repeated the
heterogeneity test to search for similar ef-
fects among years. The overall analysis, if
significant, would demonstrate the depen-
dence of juvenile survival on litter size, and
allow an objective assessment of the most
productive litter size.

If the bad-year effect accounts for the dis-
tribution of litter sizes, the frequency of lit-
ter sizes should be proportional to the geo-
metric mean of recruitment for each litter
size. I calculated the geometric mean re-
cruitment from all litter sizes to test this
prediction.

I reassessed maternal survival costs as a
function of litter size. I excluded data for
1981 that had previously rejected the cost
hypothesis (Morris, 1986). Lactating fe-
males found in nest boxes at least one month
beyond their date of “first capture with a
litter”” were classified as “‘survivors.” I sep-
arated litters at the population median of
the litter-size distribution into large (=5)
and small (<5) size classes. I similarly par-
titioned the body size distribution of lac-
tating females at the population median into
large (=93 mm) and small (<93 mm) body
sizes. I analyzed differences in survival of
mothers producing large versus small litters
with a hierarchical log-linear analysis (SPSS/
PC+, Norusis, 1988). This procedure par-
titioned the likelihood-ratio chi square into
additive effects to evaluate interactions be-
tween maternal body size, season of lacta-
tion, and litter size, on subsequent maternal
survival. To justify my assumption of no
habitat or yearly biases I repeated the anal-
ysis by substituting these effects in place of
seasonal variation.

A survival cost of reproduction would be
revealed in the log-linear analysis by a sig-
nificant interaction between maternal sur-
vival and litter size. The potential for ma-
ternal and environmental influences to
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modify this effect was analyzed by evalu-
ating all possible interactions of third-order
variables on the two-way interaction be-
tween maternal survival and litter size.

I searched for tradeoffs between current
reproduction and future litter size in fe-
males that produced more than one litter.
A fecundity cost (Bell, 1980) should be re-
vealed in these females if their next ob-
served litter tended to be smaller than their
current one. I tested for this effect by cor-
relation analysis (a few females produced
litters in more than one habitat; these were
excluded from the analysis).

It is possible that litter size is currently
evolving to a larger size. Directional selec-
tion could compromise my ability to dis-
tinguish among the alternative hypotheses.
I include a test for directional selection on
litter size and a discussion of its results in
the Appendix.

RESULTS

The Litter Size That Was Most Successful
at Producing Recruits Was Less Common
Than Expected. —Litters of size four and
five were most abundant and equally com-
mon (91 and 92 litters respectively). Of the
104 known recruits, 50 were born in litters
of size five, and only 25 were born in litters
of size four (Fig. 1). The observed litter-size
distribution thus had far fewer litters of size
five than expected from the number of suc-
cessful recruits (G = 115.4, P < 0.001, ex-
pected distribution standardized at 332 ob-
servations for the analysis of proportions).

The Survival of Littermates Appeared To
Be Statistically Independent within Litter-
Size Classes. — Actual recruitment per litter
varied between seasons and among habitats
(forest—spring = 1.0 recruits per litter, au-
tumn = 0.29; edge—spring = 0.56, autumn
= 0.07; fencerow—spring = 0.28, autumn
= 0.12). The success of litters at recruiting
one or more offspring (litter success), the
main component of recruitment, did not
vary among years (hierarchical log-linear
analysis, likelihood-ratio x2 = 6.51, df = 5,
P = 0.26, 332 litters) so I combined data
from all years separately for spring and au-
tumn for each litter size in each habitat to
generate the expected recruitment per litter
(see Materials and Methods). The observed
recruitment of littermates born in the spring
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FiG. 1.

The observed distribution of litter size compared to that expected if the litter-size distribution was

directly proportional to the number of recruits produced by litters of different sizes. Data are presented as
proportions so that the two frequency distributions can be easily compared. The graph is based on 332 litters

and 104 recruits.

was consistent with the hypothesis of in-
dependent survival (G; = 1.02, hypothesis
intrinsic to the data, df= 1, 0.1 < P < 0.5,
161 litters, Fig. 2). A similar trend occurred
in autumn but there were too few successful
litters for a reliable statistical analysis (Fig.
2).

Individuals in the Largest Litters Expe-
rienced Consistently Low Survival. —Be-
cause littermates have independent survival
probabilities, I calculated the expected
number of recruits from spring-born litters
of different sizes for each habitat. I multi-
plied the overall spring recruitment of the
habitat by the number of offspring produced
for each litter-size class, grouped these val-

Spring

[ Observed Expected

Litters

Recruits

ues across habitats, and compared the ex-
pected versus observed distributions with a
goodness-of-fit test. Recruitment was het-
erogeneous across litter-size classes (G =
12.37, df = 2, 0.001 < P < 0.005, 81 re-
cruits, Fig. 3A). I repeated the comparison
by pooling both spring and autumn data,
and obtained similar results (G = 15.62, df
=2, P < 0.005, 104 recruits, Fig. 3B). The
standardized residuals revealed that indi-
viduals in litters greater than or equal to six
had consistently lower survival than indi-
viduals in smaller litter-size classes (stan-
dardized residual in spring = —2.44, spring
and autumn combined = —2.90). Litters of
size five tended to have a higher rate than

Autumn

I Observed Expected

Litters
g

Recrults

FiG. 2. Observed and expected distributions of the number of litters producing different numbers of recruits

in both the spring and autumn reproductive seasons.
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FIG. 3. The number of recruits produced by different litter-size classes. Expected values calculated relative
to the total production of offspring in each litter-size class. In A, data are presented only for spring litters. In B,
data are pooled for both spring and autumn reproductive seasons.

expected (standardized residual in spring =
1.94, spring and autumn = 2.17), though
the difference for spring litters is only mar-
ginally significant. Survival rates for all oth-
er litter-size classes were similar (range of
standardized residuals for all other litter-
size classes = 1.28 to —0.63).

Litters of Size Five Contributed More Re-
cruits Than Any Other Litter-Size Class. —
Even though the recruitment from litters
with five offspring was similar to that of
smaller litter-size classes, litters of size five
would be expected to contribute more re-
cruits per litter than all smaller litter-size
classes simply because they produced more
offspring. Indeed, for spring litters, those of
size five produced by far the most recruits
(G = 9.40, df = 2, 0.005 < P < 0.01, 81
recruits, Fig. 4A), independent of habitat

A
Spring
I Observed Expeoted
sor
2 wr
4]
2 sor
20}
- 7
°
+ 4 ] &8
Litter Size

(Gy =5.21,df=4,0.1 <P <0.5). Pooling
both spring and autumn data shows a sim-
ilar effect (G = 12.28, df = 2,0.005 < P <
0.01, 104 recruits, Fig. 4B). Yearly variation
had no residual effect on the recruitment
from different litter-size classes (G = 1.66,
df =2, 0.1 < P < 0.5) thus reducing the
possible role of interannual variation in re-
cruitment on litter size. An examination of
the standardized residuals demonstrated, in
both analyses, that litters of size five con-
tributed significantly more recruits than ex-
pected (standardized residuals for litter-size
five = 2.57 in spring, and 2.92 for the pooled
data). No other litter-size class contributed
significantly different numbers of recruits
from those expected though all yielded few-
er recruits than predicted (range of stan-
dardized residuals for all other litter-size

B
Spring & Autumn

I Observed Expeoted

Litter Size

FiG. 4. Observed and expected distributions of the number of recruits produced by different litter-size classes.
Expected values calculated relative to the number of recruits produced per litter. In A, data are presented only
for spring litters. In B, data are pooled for both spring and autumn reproductive seasons.
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TaBLE 1. Recruitment per offspring of four different litter-size classes of the white-footed mouse.
Year
Litter-size

class 1981 1983 1984 1985 1986 1987 Mean rank
1-3 0.125 0.000 0.179 0.043 0.043 0.050 2.25

4 0.115 0.067 0.100 0.056 0.031 0.012 2.50

5 0.229 0.112 0.064 0.091 0.140 0.063 1.33
6-8 0.033 0.000 0.079 0.038 0.021 0.021 3.92

classes = —1.51 to —0.73). The reduced Maternal Survival Was Independent of

juvenile survival in litters greater than or
equal to six yielded a number of recruits per
litter comparable to that produced by small-
er litters.

An analysis of the ranked order of re-
cruitment for different litter sizes across
years confirmed that litters of size five had
the highest recruitment, and that litters of
size six or more had the lowest (x? = 12.35,
df = 3,0.005 < P < 0.01, Table 1). These
differences were not caused by differences
in the ages of litters of different sizes (see
Appendix).

The Geometric Mean of Recruitment Was
Greatest for Litters of Size Five.—Litters of
size five yielded more recruits per litter in
five of the six years. But in 1984, litters of
size five yielded fewer recruits than all other
litter-size classes. Low recruitment in 1984
increased the variance in litters with five
offspring as required by the bad-year hy-
pothesis, but annual variation was insuffi-
cient to change the ranking of arithmetic
versus geometric mean recruitment (Table
2). Geometric mean recruitment from lit-
ters of size five was more than twice as great
asthat of any other litter-size class. The bad-
year hypothesis fails to explain why appar-
ently sub-optimum litters of four offspring
are as abundant as litters of five offspring
that produce, on average, twice as many re-
cruits.

Litter Size. —Litter size had no discernable
effect on maternal survival (survival X lit-
ter-size interaction, partial x? = 0.22, df =
1, P = 0.64, 261 litters, Table 3). Maternal
body size influenced litter size (body size x
litter-size interaction, partial x2 = 16.38, df
= 1, P = 0.0001) but had no residual effect
on either maternal survival (survival X
body-size interaction, partial x2 = 0.34, df
= 1, P = 0.56) or on the relationship be-
tween maternal survival and litter size (sur-
vival X litter size X body-size interaction,
partial x2 = 1.64, df = 1, P = 0.20).

Maternal survival in the spring exceeded
that in the autumn (55 of 127 lactating fe-
males observed with litters in the spring were
subsequently recaptured compared to 40 of
the 134 similar females in the autumn, sur-
vival X season interaction, partial x> = 5.0,
df =1, P = 0.03), but this had no effect on
survival as a function of litter size (survival
x litter-size interaction, partial x> = 0.41,
df=1,P=0.52,survival X season X litter-
size interaction, x2 = 0.02, df= 1, P=0.89).
Neither habitat nor annual effects had a sig-
nificant influence on maternal survival (261
litters, survival X habitat interaction, par-
tial x> = 0.69, df = 2, P = 0.71; survival x
year interaction, partial x? = 6.44, df = 4,
P=0.17).

There Was No Detectable Tradeoff be-
tween Current Reproduction and Future Fe-

TABLE 2. Recruitment per litter of four different litter-size classes of the white-footed mouse.

. . Year
Litter-size

class 1981 1983 1984 1985 1986 1987 Lutters AM GM SD
1-3 0.29 0.00 0.50 0.10 0.11 0.12 78 0.187 0.117 0.180
4 0.46 0.27 0.40 0.22 0.12 0.05 91 0.253 0.214 0.158
S 1.14 0.56 0.32 0.45 0.70 0.32 92 0.582 0.534 0.310
6-8 0.20 0.00 0.50 0.25 0.14 0.14 71 0.205 0.136 0.167
Number of
litters 65 51 59 38 34 85 332

AM — Arithmetic Mean, GM —Geometric Mean, SD—Standard Deviation.
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cundity. —Forty-six of the multiple litters
produced by individual females showed a
change in litter size. Contrary to the cost
hypothesis, successive litters tended to be
larger than earlier ones: 32 were larger, 14
were smaller, and 15 were the same size.
This test of potential fecundity costs may
be biased. It is not obvious that a female
producing a litter in the spring should be
expected to incur physiological or behav-
ioral costs lingering into the subsequent au-
tumn.

I repeated thie analysis on only those fe-
males that produced litters in consecutive
nest-box checks. These lactating females are
exposed to the potentially conflicting de-
mands between nursing offspring and those
developing in utero. Any detectable trade-
offs between current fecundity and future
within-year litter size in white-footed mice
should be revealed in this analysis. The re-
sults of the analysis were opposite to ex-
pectation. Ten consecutively produced lit-
ters were of the same size, 25 were larger,
and only 3 were smaller (paired ¢-test, ¢ =
5.09, df = 37, P < 0.0001). The correlation
between current and subsequent litter size
was opposite that expected from the cost
hypothesis (» = 0.32, df = 36, P = 0.05).
These results were not caused by age differ-
ences between the two sets of litters (see
Appendix).

DiscuUsSION

Litters of size five were clearly more suc-
cessful at contributing descendants to the
population than were all other litter-size
classes. Yet litters of size five were not near-
ly as frequent in the population as expected
on the basis of their success. Which of the
hypotheses account for this pattern?

The Cost Hypothesis

Previous work on this same population
rejected the cost hypothesis because there
was no relationship between maternal sur-
vival and litter size (Morris, 1986). The
analyses presented here reinforce that con-
clusion and demonstrate an apparent lack
of fecundity costs associated with increasing
litter size.

Field tests of reproductive costs may sug-
gest false conclusions because a covarying
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TaBLE3. Maternal survival for females that produced
small litters was similar to that for females that pro-
duced large litters.

Litter-size class

Maternal survival <5 =5
Recaptured 38 57
Not recaptured 74 92

trait may mask negative correlations be-
tween traits (van Noordwijk and de Jong,
1986; Bell and Koufopanou, 1986). In white-
footed mice, for example, it could be argued
that litter size and future survival are neg-
atively correlated for females of a given size,
but that this correlation is hidden by a pos-
itive correlation of both traits with maternal
body size. The above results make this un-
likely. Litter size was dependent upon ma-
ternal body size; subsequent female survival
was not. It has also been suggested that en-
vironmental covariates may mask negative
correlations between life history traits (Rez-
nick, 1985). For instance, adult female mice
living in one habitat could produce larger
litters and live longer than females living in
another. The latter argument is dispelled for
these white-footed mice: adult female sur-
vival was independent of habitat.

The Assessment of Reproductive Costs

My assessment of survival cost was made
by evaluating the performance of different
classes of maternal phenotypes under nat-
ural conditions. The survival of a very large
sample of females producing large litters was
not significantly different from a similarly
large sample of females producing small
ones. I obtained comparable results in my
assessments of fecundity costs. Subsequent
litter sizes did not decline with increases in
current fecundity. How can these interpre-
tations be reconciled with the suggestion
(Reznick, 1985; Bell and Koufopanou, 1986)
or insistence (Lessels, 1991) that costs can
only be reliably assessed by experiment? The
answer lies in the intent and scale of the
analysis.

The objective here is not simply to reveal
costs of reproduction. The issue is to deter-
mine whether reproductive costs within a
natural population of individuals are di-
rectly capable of explaining the population’s
frequency distribution of litter sizes. This is
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a different issue than that addressed by ge-
netic correlations that apply to the tradeoffs
governing litter-size optima of genotypes.

The reason why the two approaches differ
is because genotype X environment inter-
actions can obscure reproductive costs. The
existence of these interactions has frequent-
ly been used to argue that phenotypic cor-
relations between life-history traits are un-
reliable indicators of genetic correlations.
The door to understanding, represented by
genotype X environment interactions, is
locked on both sides. Genotype X environ-
ment interactions are as much of a hin-
drance for the geneticist, trying to explain
phenotypic distributions in real popula-
tions, as they are for field biologists who
wish to use phenotypic correlations as es-
timates of heritable covariation. The two
approaches yield the same answer only when
phenotypic expression is not influenced by
genotype X environment interactions.

Similar issues of scale cloud our perspec-
tive on the use of field manipulations of life
history in place of phenotypic correlations.
Consider the case where a cost of repro-
duction is obscured in the phenotypic cor-
relation by another covariate such as body
size or territory quality. Whenever the co-
variate cannot be controlled statistically, the
cost can only be revealed by experiment.
Careful field manipulations of brood size
could demonstrate, for example, that for fe-
males of a given body size, there is an op-
timum brood size. Yet even this clear dem-
onstration of reproductive costs may be
incapable of predicting the distribution of
brood sizes in the population at large be-
cause that distribution is determined pri-
marily by the distribution of female body
size. In this example, reproductive costs
have only an indirect influence. The cor-
relation study would have correctly rejected
the cost hypothesis as a direct functional
explanation for the observed distribution of
brood sizes.

My comments should not be used to ar-
gue against the existence of all reproductive
costs in white-footed mice, or as an excuse
to avoid experiments. I agree that life-his-
tory experiments should be conducted
whenever it is reasonable and ethical to do
so. But the zeal for experimentation should
not be allowed to bias our judgments on the
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utility of other kinds of evidence. This latter
point is especially crucial when alternative
approaches address different issues.

The Bad-Year Hypothesis

The bad-year effect, by itself, is incapable
of accounting for why the mean litter size
is substantially less than the size with the
greatest recruitment. The geometric mean
recruitment of one of the two modal litter
sizes (four) was substantially below the oth-
er that was most productive (five).

Nevertheless, this population of white-
footed mice occasionally experiences trag-
ically bad years. Mortality was high during
the late autumn of 1981 and the subsequent
winter. Most boxes were empty by spring
1982 and I observed only four litters during
that season, one each of size four and six,
and two of size five. Two of these litters
contributed a single recruit, one from litter-
size four and the other from litter-size five.
It is thus possible that I have underesti-
mated the potential of annual variation in
recruitment to account for the empirical
distribution oflitter sizes. There are too few
data to tell even after six years of study.

The Clifi-Edge Hypothesis

Data published from the spring of 1981
supported the cliff-edge hypothesis. The re-
cruitment from litters of size six and greater
was much less than that for smaller litter-
size classes (Morris, 1986). Now, with six
years of data, the evidence in favor of the
cliff-edge hypothesis is even more compel-
ling. The chances of recruitment per off-
spring have remained consistently low for
large litters (six to eight offspring). This view
must be balanced, however, by the obser-
vation that large and small litters (fewer than
five offspring) produce, on average, similar
numbers of recruits. It may be prudent to
postpone final judgment on the cliff-edge
hypothesis until we have a reasonable ex-
planation for the proximate mechanism
producing low recruitment in large litters.
The optimal investment hypothesis pro-
vides one such mechanism (Morris, unpubl.
data).

The Optimal Investment Hypothesis

If all parents allocate resources similarly,
parents with relatively few resources avail-



1858

able for reproduction should produce small-
er broods than those with more resources.
Brood size in magpies, for example, is tight-
ly linked to territory quality (Hogstedt, 1980,
1981) and the distribution of brood sizes
and subsequent recruitment reflects the
availability of territories of differential qual-
ity.

Female white-footed mice are also terri-
torial during the breeding season (Burt, 1940;
Nicholson, 1941; Stickel, 1968; Metzgar,
1971; Rowley and Christian, 1976). Vari-
ation in territory quality could account for
differences in litter size and recruitment. If
so, some breeding sites (boxes) should con-
sistently “produce” more recruits than oth-
ers. My observations falsify this prediction.
The accumulated distribution (controlled by
habitat) of several years’ data on litter suc-
cess in different nest boxes is not signifi-
cantly different from random expectation
(Morris, 1991).

The data on recruitment are, at first glance,
also inconsistent with the optimal invest-
ment argument. If all offspring receive a
similar investment, regardless of litter size,
and if juveniles survive independently of
one another, the chances of an offspring’s
recruitment should be similar in litters of
different sizes. My data on white-footed mice
show a clear advantage for litters of size five.
But the assumption of similar investment
for all offspring of a given litter size may be
unreasonable when parents err in their in-
vestment. In white-footed mice, for exam-
ple, large females produce larger litters than
do small females (Morris, 1992, unpubl.
data). Yet some small females produce large
litters, and some large females produce small
ones. Offspring in large litters produced by
small females have a significantly lower
chance of recruitment than offspring in large
litters produced by large females (Morris,
unpubl. data). These results are consistent
with optimal investment. The hypothesis
also predicts that litter size should be greater
in habitats with the greatest survival risks
(Morris, 1987), a result confirmed in this
population of white-footed mice (Morris,
1992).

The Hypotheses Are Not Mutually
Exclusive

Whatever the various proximate mech-
anisms it is apparent that, over the six years
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of this study, phenotypic selection has fa-
vored litters of size five over all other litter-
size classes. It is also apparent that the em-
pirical distribution of litter sizes is markedly
different from that imposed by selection on
these intermediate-sized litters. Of the hy-
potheses capable of accounting for this pat-
tern, only the cost and bad-years hypotheses
have been rejected. Phenotypic correlations
that fail to detect a cost of reproduction are
consistent with the alternative of optimal
investment. The observed cliff-edge effect
may also be a special case of optimal in-
vestment (Morris, unpubl. data). The lesson
for students of life history is, quite appro-
priately, one of compromise. The hypoth-
eses are not mutually exclusive, and indeed
may sometimes be hierarchically depen-
dent. All may contribute independently or
synergistically, at different times, and at dif-
ferent scales, to the persistence of a smaller
mean brood size than the size that appears
to contribute the most descendants to future
generations.
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APPENDIX

Natural Selection on Litter Size

In an attempt to better understand the potential ef-
fect of natural selection on litter size I estimated annual
selection differentials. I calculated the difference be-
tween the average litter size and the average size of
those litters that were successful at recruiting offspring,
weighted by the number of recruits (van Noordwijk et
al., 1981; Boyce and Perrins, 1987).

The Data Were Consistent with Directional Selection
Whereas Evidence for Stabilizing Selection Was E quiv-
ocal. —The mean litter size tended to be smaller than
the weighted mean size of successful litters, but differ-
ences within years were not statistically significant (Ta-
ble Al). I evaluated the trend for mean litter sizes to
be larger in successful litters than in unsuccessful litters
by a paired ¢-test across years. The analysis was sig-
nificant (# = 2.49, df = 5, P = 0.03, one-tailed test)
suggesting that directional selection may be acting to
increase litter size, but see below.

I assessed the potential for stabilizing selection by
comparing the coefficients of variation of litter size of
all litters observed with those that were successful at
recruiting offspring. This estimate tended to be smaller
in successful litters, but the difference was not statis-
tically significant (paired ¢-test, t = 2.43, df = 5, P =
0.06, two-tailed test). The results were similar in a
comparison of coefficients of variation between suc-
cessful and unsuccessful litters (t = 2.27,df =5, P =
0.07). Analyses on only spring litters gave comparable
results. In all cases, however, the coefficient of varia-
tion in litter size was larger following selection for only
one of the six yearly comparisons (1984).

Directional selection toward a larger litter size may
explain the distribution of litter sizes. The data clearly
demonstrate that, during spring, litters of size five pro-
duce more recruits than any other litter size. The dis-
proportionate number of offspring contributed to the
population by these litters results in positive selection
differentials, and phenotypic selection for increased lit-
ter size.
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A positive correlation between clutch size and re-
cruitment in recent avian studies (Boyce and Perrins,
1987; Rockwell et al., 1987; Gibbs, 1988) is also con-
sistent with directional selection toward increased brood
size. But positive selection differentials need not imply
selection, even if there is additive genetic variance for
clutch size. In one view, nonheritable variation (such
as the health or nutritional state of the parent) may
affect both the number of young produced as well as
the total number recruited (Price et al., 1988). Parents
in a high nutritional state may produce large broods
with high juvenile survival. Such a process can create
positive selection differentials, but if nutritional state
is nonheritable, mean brood size will remain un-
changed between generations (Price and Liou, 1989).
Alternatively, selection may be operating on the ability
of parents to compete for territories or resources (Cooke
et al., 1990). Parents in high quality territories (or par-
ents in a high nutritional state) may produce larger
broods and more descendants compared to parents in
low quality territories. If the number of territories (re-
source abundance) is limited (and stable), there will be
no selection toward increased brood size even though
average competitive ability has improved (Cooke et
al., 1990).

Early Juvenile Mortality, Litter
Size and Recruitment

My field protocol resulted in litters being discovered
at different ages. Older litters may have suffered some
mortality prior to my observations. Death of litter-
mates in large litters could create an artifact of high
recruitment in intermediate-sized litters. Many litters
that I recorded with five young, for example, may have
originally been composed of six or more offspring, and
any successful recruitment from such litters would in-
flate my estimate of recruitment from litters of size
five. I tested for this effect by comparing the mean age
of litters with five young against that for litters with
six or more offspring. In anticipation of a significant
age effect on litter size I eliminated all litters except
those first observed with immature young (<14 days
old) and repeated the recruitment analysis. These tests
were followed by a similar evaluation of the potential
for age-related differences in litter size to obscure fe-
cundity costs.

Differences in Chances of Recruitment Per Offspring
in Large Litters Were Not Caused by Differences in the
Ages of Litters of Different Sizes.—The estimated age
of litters with 5 offspring was significantly greater than
that of larger litters (mean of litters of size 5 = 12.83

TaBLE Al. Selection differentials for white-footed mouse litter size in six different years.
Observed litters Successful litters .
Selection
Year Litters Recruits Mean cv Mean cv differential
1981 65 34 4.11 32.52 4.44 24.90 0.33 NS
1983 51 13 4.55 28.93 4.69 10.23 0.14 NS
1984 59 24 4.64 25.54 4.54 31.79 —0.10 NS
1985 38 10 4.37 35.65 5.00 24.94 0.63 NS
1986 34 10 4.47 34.94 4.90 20.29 0.43 NS
1987 85 13 4.41 34.68 4.92 29.27 0.51 NS

CV—Coefficient of Variation, NS—No significant difference in mean Iitter size.



OPTIMUM BROOD SIZE

TABLE A2. Recruitment for litter-size classes five and
six or greater (aged 13 days or less).

Recruits
Litter-size  Number of Recruits Number of per
class litters per litter offspring offspring
5 41 0.39 270 0.06
6-8 35 0.09 331 0.01

days, mean of litters of size 6-8 = 10.36 days, t = 2.14,
df = 188, P = 0.034). My recruitment estimates for
litters of size five could, therefore, be inflated because
some of the successful litters that I observed with five
offspring may have represented the survivors of litters
originally composed of six or more offspring. This could
result in some large litters being misclassified into
smaller litter-size classes simply because they were dis-
covered after a period of early juvenile attrition.
Irepeated the recruitment analysis on only immature
litters (13 days of age or less). The advantage of litters
of'size five was equally dramatic (Table A2) even though
there was no significant difference in the mean age of
litters in the two size classes [mean = 6.2 days for litters
of size five, mean = 5.2 days for litters of six or more,
t = 1.39, df = 104, P = 0.17, analysis includes litters
that were too young to eartag, results were similar for
the comparison of marked immature litters only (¢ =
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0.77, df = 74, P = 0.44)]. Any misclassification of large
litters is unlikely to be responsible for the high recruit-
ment from litters of size five.

The Apparent Absence of Fecundity Costs was not
Caused by Age Differences between Litters.—1 was con-
cerned that the overwhelming evidence for an increase
in litter sizes observed in my test of fecundity costs
might be related to age differences between consecu-
tively produced litters. If consecutive litters tend to be
observed at a younger age than the previous litter, and
if my estimates of litter size include attrition due to
age-specific mortality since birth, my data on fecundity
costs could be biased in favor of a negative result. As
anticipated, consecutive litters were younger than the
previous litter (25 of 38 cases, mean ages of 12.3 and
8.3 days respectively, paired ¢-test, t = 3.6, df = 37, P
= 0.0009).

Was the significant difference in the age of consec-
utively produced litters sufficient to account for the
dramatic increase in litter size? I analyzed for differ-
ences in the size of previous and consecutive litters
while controlling for their age as a covariate in an anal-
ysis of covariance design. Neither of the within-group
regressions relating litter size to age were statistically
significant (F = 1.91, df = 1,36, P = 0.18, and F =
0.74, df = 1,36, P = 0.40). The increase in litter size
in consecutively produced litters was not caused by
differences in their respective ages.
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