Biological Journal of the Linnean Sociely (1997), 62; 165-194. With 8 figures

Variation in body size, sexual dimorphism and
age-specific survival in stoats, Mustela erminea
(Mammalia: Carnivora), with fluctuating food
supplies

ROGER A. POWELL

Department of Joology, North Carolina State University, Raleigh, North Carolina 27695-7617
U.SA. :

CAROLYN M. KING

Department of Biological Sciences, Waikato University, Private Bag 3105, Hamilton, New
Lealand

Recetved 4 October 1996; accepied for publication 6 November 1796

Most hypotheses attempting to explaim: the evolution of pronounced sexual dimorphism in body
size in the three species of weasels (Mustela erminea, M. frenata, M. nivalis) assume that sexual
dimorphism is a long-term adaptation, associated with the different reproductive strategics of
the 1wo sexes. We here examine an auxiliary hypothesis which predicts that the degree of sexual
dimorphism may alse vary over the short-ierm, because when food is temporarily abundant,
sexua) selection should favour a greater growth rate of males than of females. This hypothesis
concerns a phenotypic response which could introduce temporarily inereased variation into an
existing genotypic trait. We documeni the present size and sexual dimorphism of stoats in-
troduced last century to New Zealand from Britain ir relarion to between-year variation in food
supply in a single habitat (forests of southern heech, Mothofagus sp.). Southern beech trees produce
heavy crops of flowers and sced at 3-5 year intervals, which are associated with very variable
supplics of important prey of stoats, including several species of seed-cating hirds, litter-feeding
isects, and feral house mice (Mus musculns). Alternative prey are scarce. Regressions of condy-
lobasal length and head-boedy length on mouse population indices were significant in both sexcs.
Mean condylobasal length was larger in both male and female stoats born afier a heavy scedtall
compared with those born in non-seedfall years. However, the largest males horn in years of
heavy scedfall were removed by selective mortality before the age of 3 years, so the condylobasal
lengths for old (= 3.0 yr) males converged on a comnmon mean regardless of food supply in their
hirth year. Sexual dimorphism did not vary with food supplies (as reflected in seedfall records
or mousc population indices) at any age. First-year survivorship, at least from the age of
indcpendence, was significantly negatively correlated with density of stoats in the summer of
their birth vear.
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INTRODUCTION

In their native ranges n the Holarctic, the three species of weasels (Mustela enminea
L., M. niwahs L., M. frenata Lichtenstein, defined in King [1989b] and their close
relatives vary extensively in body size and degree of sexual dimorphism. Many
authors have attempted to find patierns m this variation, most recently Ralls &
Harvey (1985), Holmes (1987), Eger (1990}, Meia (1990), van Zvll de Jong {1992)
and Dayan & Simberloft (1994). "The general pattern suggests that where the local
prey are large, weasels tend to be large, especially the males (Erlinge, 1987; King,
1991a). In northern climates with cold air temperatures and scvere windchill in
winter, however, small weasels are better able to hunt and to nest under the shelter
of the snow, and this appears to limit the sizes of males in such environments
(Kopein, 1969; King, 1989a, 1991a). On the other hand, general hypotheses do not
explain all the obscrved variation, not least because the diversity of local conditions
could not be accommodated appropriately in the large-scale analyses performed so
far.

After an extensive review and investigation, Ralls & Harvey (1985) concluded
that “geographic variation in size [and dimorphism| probably results from the
interaction of local environment conditions and genctic differences among popu-
lations. . .. Female size may be correlated with an appropriate measure of prey size.
Male size covaries with female size and, thercfore, may be partly rclated to prey
size. However ... the extent to which males are larger than females may depend
on the environmental potential for polygyny . .. and on the amount of food available
during the period of rapid growth of young malcs.” This flexibility probably explains
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why recent analyses suggest that neither prey size nor ecological energetics alonc
can explain variations in weasel body size (Sandell, 1989; King, 1991a, cf. Erlinge,
1987).

Sexual dimorphism in weasels 1s usually attributed at least in part to different
strategies ol growth and reproduction i the two sexes. The full potential size of
males 1s presumably set by long-term sexual selection; but field data collected by
Powell {1979), and the conclusions of Ralls & Harvey (1985), suggest that the
capacity of individual young males to grow to their full size may be affected by
short-term variations in prey abundance. Maximum size for females, in contrast,
appears to be set by the energy requirements of reproduction {Moors, 1974, 1980)
or by the sizes of the burrows used by prey (Simms, 1979), rather than by food
supplies during growth. Consequently, varnaton in nutritional status during the
period of growth is predicted to have different consequences for males and females
(Clutton-Brock, 1991). The logical consequence 1s that the mean bedy size of adult
males, and the extent of sexual dimorphism, should vary positively, both among
populations and among cohorts within a single population, with the abundance of
prev during the period of growth. This is the hypothesis we have tested.

Limited observations conform to this prediction. In laboratory-reared litters of
common weasels (M. nivalis), young males fed ad (bitum grow larger than their wild
counterparts to a much greater degree than do females (East & Lockie, 1964;
Hayward, 1983). Converscly, Erlinge (1983) reported a significantly lower average
weight for juvenile male stoats (M. ermined) born in 1976, a year of poor lood supplics
for rodent predators in his study area. Arctic foxes {Alopex lagopus), which are cven
more dependent on fluctuating supplies of rodents than are any temperate predators,
show variation in juvenile body size correlated with fox numbers, breeding success
and rodent populations (Ramesky, 1983). Artificial feeding at dens significantly
increased the body weight and short-term survival of arctic fox pups, but not their
long-term survival (Tannenfeldt, Angerbjorn & ArvidSon, 1994}, To our knowledge,
ours is the first ontogenetic study of these eflects on wild stoats (S. Erlinge, pers,
comw.).

Southern beech {Nothofagus spp.) forests in New Zealand are subject to occasional
population irruptions of feral house mice (Mus musculus) following periodic heavy
scedfalls and the associated flush of forest insects and birds (King, 1983; Murphy &
Dowding, 1993; Fitzgerald et al., 1996). Trruption years offer a temporary bonanza
of food for stoats living in beech forests, which stimulates strong functional and
numerical responses (King, 1983; Murphy & Dowding, 1993). These irruptions offer
the opportunity to test the clear prediction of our hypothesis: male stoats horn in
beech forests during years of beech scedfall when food is abundant should grow
larger than males born in the same forests during non-seedfall years. The same
variation in food supply during growth should have less effect on females (1) because
they are much smailer than males, so they nced less food to reach [ull size and (2)
hecause their maximum size may be genetically determined by, or at least more
clearly linked to, their energy output as breeding adulis rather than their cnergy
intake during growth. We predict that, in southern beech forests the body sizes of
male stoats (but not females), and sexual dimorphism, will show short- term variations
linked with variation in food supplics as a result of a sex-specific phenotypic response
to the nutritional status of cach cohort during the period of juvenile dependency.
This is the only hypothesis on sexual dimorphism we know of that can be tested
dircetly from ecological data.
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Kozlowski (1989) noted that questions about scxual:-dimorphism cannot be
considered properly without reference to the whole life history of the species
concerned. King (1989b) summarized the life history characteristics of stoats, of
which three are pertinent here. (1) Unequal parental investment in the two sexes of
young: males grow faster than females and are already larger than females by the
cnd of the period of parental carc at age 2-3 months, so males should be maore
cxpensive to raise than females. (2) Bimaturism: females are reproductively mature
a year earlier than are males. (3) Heterochrony: skulls of males continue to grow
and to develop through ages beyond the cessation of growth in females. Conscquently,
skulls of mature males are not mercly large versions of skulls of females the same
age (Petrov, 1956; King & Moody, 1982). Mean cxpected lifetime reproductive
success for newborns of cach scx should also influence the development of dimorphism
(Kozlowski, 1989), but reproductive success has never been measured in any species
of Mustela. 'The large annual variation in numbers of young females available for
mating (.. the operational sex ratio: Madsen & Shine, 1993} should also affect
sexual dimorphism. The significance of these potentially mmportant life history
characteristics of stoats is unknown. .

QOur prediction that sexual dimorphism changes in response to changes in food
abundance during the period of growth assumes sexual sclection for large size in
male stoats and associated reproductive advantages for large males. Male stoats
born during food abundance are assumed to be more likely to grow to the full
potential size set by their genotype, and they should experience a lifetime advantage
over males born during food scarcity. Grafen (1988) has labelled this the ‘silver
spoon effect’. Unfortunately, the literature offers no information on whether such
advantages or disadvantages exist in Mustela spp, largely because weasels present
several serious obstacles to ficld investigators (King, 1989b). Our data allow testing
lor mndirect evidence of a “silver spoon’ effect from calculations of survivership of
stoats born during poor and good food regimes. We also documented the fecundity
of females in relation to food availability during growth.

THE STOAT IN NEW ZEALAND

In the 1880s, stoats were introduced to New Zealand in an unsuccessful effort to
control excessive populations of European rabbits (Oryetolagus cunieulus; King, 1989b,
1990). The environment for stoats in New Zealand differs from any in the northern
hemisphere. The only small vertebrate prey (<50 g} available are feral house mice,
and when they are abundant, female stoats kill mice more often than do males
(King & Moody, 1982; King, 198%9h; 1991a). Most of the time, however, female
stoats i New Zealand must kill large prey (rabbits and ship rats [Rattus rattus]} as
often as do males.

Mice become very abundant in southern beech forests from the winter after a
heavy scedfall to the following autumn. The most important alternative prey of
stoats In beech forests, birds and insects, also increase in abundance afier seedfalls
(Murphy & Dowding, 1995; Elliott, Dilks & O'Donnell, 1996; Fitzgerald ef l., 1996).
Post-scedfall population irruptions of mice are an easily-monitored indicator of these
linked changes in food supply of stoats, which collectively have disproportionate
effects on stoat productivity and population dynamics (King, 1983) and the probability
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of their infestation with skrjabingylosis, a nematode discase (King, 1991b). During
the summer after a seedfall, stoat populations in beech forests may increase by a
factor of 3-5.

After a hundred generations, stoats in New Zealand have become slightly larger
on average than their British ancestors, but not equally so in both sexes or in all
habitats (King & Moody, 1982; King, 1991a). Hence, our study was confined to
onc habitat, southern beech forest. Condylobasal lengths of skulls of stoats also vary
extensively and geographically in New Zealand, closely linked to variation in habitat
and prey size (King, 1989a, 1991a; King & Moody, 1982} and almost matching the
variation found across continental Europe (Stubbe, 1978). We do not know whether
this variation has a genetic basts or is environmental in origin; we know only that
1t is very consistent, appearing in both adults and young and even across short
geographic distances. ,

In difierent parts of the Holarctic, sexual dimorphism in body size of stoats (male-
female/female x 100) rcaches 65% or more in weight and 15% or morce in linear
measures (Erlinge, 1979; Holmes, 1987; King, 1989b; Moors, 1974, 1980; Powell,
1979; Ralls & Harvey, 1985). Current data suggest that average dimorphism in
body weight is presently about 54% in Britain and 57% in New Zealand, implying
a possible slight increase in dimorphism among the New Zealand descendants of
the British colonizers {(King, 1991a). By contrast, sexual dimorphism in condylobasal
lengths of skulls averages slightly less in New Zealand than in Britain {mean 9.6%
cf 10.7%) but ranges from 6.5% to 12.0% in local New Zealand populations. As in
Holarctic populations of common weasels {van Zyll de Jong, 1992), the New Zealand
populations of stoats with the largest males tend to show the largest dimorphism,
but the local and temporal variation is enormous and not nccessarily the same m
all measures of body size.

STUDY ARFAS

We collected samples of stoats and mice from three relatively undisturbed forests
in the Eglinton and Hollyford Valleys, both in Fiordland National Park, and in
Craigicburn Forest Park in Canterbury. All are in the South Island of New Zealand
(Fig. 1) and all contain or are dominated by southern beech. The trapping area on
the Hollyford Valley floor has only scattered heech trees, so this arca was classificd
among the podocarp lorests by King & Moody (1982} and King (1991a), but the
solid beech forests on the valley sides and In adjacent valleys strongly influenced
the biology of the stoats and mice we sampled. Full descriptions of the study areas
were presented by King (1983).

Records of annual becch seedfall in the vicinity of our rodent traps at Craigicburn
for the vears 1965-88 were published by Allen & Platt (1990}, and for the Eglinton
and Hollyford Valleys for 1974-7 and 1979 by King (1983, see also Burrows &
Allen 1991). The year 1971 was one of huge scedfall throughout the country; 1970,
1972 and 1973 were poor in Fiordland. Hence, the seedfall status of the birth year
is known for all stoats except thosc born before 1964 at Craigieburn and before
1969 in Fiordland, which were deleted from all analyses of scedfall effects.

Some local inconsistencies have been noted in the recorded associations between
counts of seedfall and mice and the responses of the stoats, but the general correlation
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Figure 1. Map of the study arcas. The Eglimon and Hollyford valleys {referred to together as the
Fiordland study areas) are connecied by a pass at 549m (below tree line) across the main divide of
the Southern Alps.

is very reliable. A heavy secdfall is now always taken by the New Zcaland Department
- of Conservation as a dependable warning of an irruption of stoats in the following
summecr, and, where necessary, as a cuc to implement expensive predator control
measures for the protection of threatened species in beech forests (O’Donneli &
Phillipson, 1996). In our study, we used this correlation to reconstruct from seedfall
records the history of variation in food supplies for stoats, since past ycars of heavy
seedfall can be assumed with confidence to have been years of high densities of
mice.
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MATERIAL AND METHODS
Freld observations

Mouse population data are available for all or part of four summer seasons
(1974-7) at Craigieburn, six (1973-7, 1979) in the Eglinton Valley and four {19757,
1979) in the Hollyford Valley (King, 1982). Full details of the methods used to catch
and to measure both stoats and mice, and to calculate their population indices and
reproduction rates, were presented by King (1982, 1983).

From 1972 through 1978, stoats were collected only in humane Fenn traps, sct
in transects 7-20 km long and averaging 400 m apart (King & Edgar, 1977; King,
1980, 1983). Unbaited stoat traps catch at a significantly lower rate than do baited
oncs (King & Edgar, 1977), so the populations at Craigieburn (unbaited) and in
Fiordland (baited with fish-bascd catfood) were probably sampled at diflerent levels.
We, therefore, controlled for site in all analyses for which site differences existed.

From 20 November 1979 to 1 February 1980 {(excluding December 15-31}, baited
live traps were set for 4 days a week at the cstablished Fenn trap sites in I'iordland,
averaging 48 sites in the Eglinton Valley and 40 in the Hollyford. Until the end of
January, live-trapped stoats can be separated into two classes: young of the year
and adults (criteria described by King & McMillan, 1982). The ages of the live-
trapped adults could not be esumated. Altogether, 134 stoats were caught and
tagged, of which 86% were young of the year (King & McMillan, 1982). The first
field record of body weight for cach live-trapped individual was added to the carcass
data as the equivalent of a Fenn-trap record. In addition, the weight records of all
recaptured young of the year were analysed separately to document possible
weight changes through the month of January 1980. No live-trapping was done at
Craigicburn.

Laboratory

All animals collected werc processed as described by King & Moody (1982). The
serial sectioning of ovaries had to be discontinued after April 1976, so only 289 of
the 364 female carcasses included in this study provided age-specific data on both
fecundity and longevity. The final samplc sizes were 665 carcasses plus 211 capture-
recapturc records from live-trapped stoats. We could not use data from all individuals
in all analyses, however.

Using a collection of canine cementum sections of wild Fiordland stoats of known
ages (Grue & King, 1984), Helen Grue estimated the ages of all Fenn-trapped males
over 10 months of age and all females over 6 months. To check that the cementum
readings were correct, Grue read the slides ‘blind’ a second time a year later. Since
accurate estimation of age was crucial to our study, King (1991¢) made exhaustive
checks of the ages assigned, by extensive comparisons with other methods including
data on reproductive condition, and eliminated any doubtful individuals (10% of
136 adults from Craigieburn and 1% of the 287 adults from Fiordland) from analysis.

In southern New Zealand, most young stoats are born in October (King &
Moody, 1982) and first venture out of the nest in family parties in late November.
We calculated the ages of all stoats in months assuming a mean birth date of 1
October. Few young are caught before mid-Decemher, so age structures derived
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from our material exclude all individuals that died before the age of independent
dispersal {2-3 months).

Young female stoats reach puberty at under 2 months and males at about 10
months (King & Moody, 1982). Since both sexes reach [ull size about 3—4 months
aftcr puberty, stoats of opposite scx complete their growth at different ages and
have very different reproductive strategies (King, 1989b). For this study, we defined
three growth classes. (1) Growing stoats: individuals that had not yet completed
physical growth, 1.¢. females collected within 6 months of birth, and males collected
within 15 months. We avoided the term ‘young’ for these amimals because that term
was defined differently by King & Moody (1982). (2) Fullgrown stoats: females 7-35
months old and males 16-35 months old. (3) Old stoats: males and females 36
months or older.

We recorded whole body weights, head-and-body lengths (body length) and -

condylobasal lengths of skulls (skull length) from carcasses, and body weights from
live-trapped stoats. We used -the data from Fenn-trapped carcasses from all three
study areas to investigate between-year variation in body sizes among cohorts in
relation to the abundances of mice in the seasons of birth, cither known (from mouse
density estimates) or inferred {from the corrclation with beech seedfall records). We
also used body weights recorded from live-trapped stoats to investigate within-year
variation 1 body sizes of one cohort born in spring 1979 and observed during the
summer of 1979-80, when mice were exceptionally abundant in Fiordland.

For some analyses, we allocated individuals to one of two categories of skull sizc,
defined from the long-term mean skull length for each sex and study site. The
category ‘Large males’ included males from Craigieburn measuring >50.9 mm plus
those from the Eglinton >50.5 mm plus thosc from the Hollyford >49.4 mm, and
the category ‘Small males’ included all those with skull lengths less than or equal
to each local threshold. The thresholds defining ‘Large fernales’ were >46.4 mm,
>46.7 mm and >45.4 mm, respectively.

We did not usc canine width as a mcasure of body sizc, as suggested by Dayan

et al. {1989) and Dayan & Simberloff (1994}, because it was not relevant for our .

study. Dayan’s team investigated niche divergence and community structure, and
used canine width as a measure of long-term character displacement within a
multtspecics carnivore guild. By contrast, we investigated the contrasting growth
and survivorship of the two sexes of one species, and we used body and skull sizes
as measures of the short-term morphological conscquences of temporary vanations
in resources for that species. Dayan ef al. needed to measure a fixed character, and

assumed that canine width was fixed. We needed variable characters, which body .

measurements certainly are.

Statistical treatments

Our analyses are based on the proposition that high becch seedfall counts and
high mouse population indices are both cffective indicators of favorable food

conditions for young stoats. We deduced the birth years of stoats from cementum .

annuli and capture dates, and analysed body sizes and survival of stoats with respect
to each of the two indices of food supply in the year of birth. First, we analysed
stoat sizes with respect to mouse density indices during growth. Second, we compared
the sizes and survival of stoats born after a heavy secdfall (associated with high
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mouse densities) and in non-scedfall years. Using seedfall dara allowed us to increase
our sample size to include the years before the mouse population records began.

For those cohorts born m years for which wec had mouse population indices
(expressed as captures per 100 trapnights, G/ T00TN, corrected for unavailable traps
[King, 1982 plus errata, 1983]) we regressed (SAS, 1983) body size measures for
stoats of each sex, and indices for sexual dimorphism, against the mean mousc
population index taken during the first two trapping periods of a young stoat’s life
(trapping done in November and February). For those cohorts born in years for
which we had records of beech seedfall, we used SAS (1985) GLM (Gencral Linear
Model, equivalent to ANOVA but able to accommodate unbalanced sample sizes)
to test whether body size measures and sexual dimorphism indices varied with
scedfall in the year of birth. We used a 4-way GLM to test whether each measure
of body size varied with beech seedfall blocked by site, growth class and sex. The
advantage of this procedure is that it had the power to test each variable independently
of all the others, thus minimizing the risk of finding spurious significance in many
small tests. Site, growth class and sex cach contributed significantdy to the overall
variation. We therefore uscd further, smaller tests to investigate how size varied
among the sites, growth classes and sexes.

For all three mecasures of body size and all three growth classes of stoats born
from 1966 through 1977, and for live bodyweights of growing stoats born in 1979,
we explored the variation in sexual dimorphism using both ratios and residuals.
Ratios between male and female means have been used widely to index sexual
dimorphism in body size, but Ranta, Laurila & Elmberg (1994} showed that ratios
are appropriate only il the size measures for the two sexes are isometric, i.c. if a
linear regression of either one against the other passes through the origin. For each
measure of size, we regressed the mean for males of each growth class for each vear
and site on the corresponding mean for females. We then tested (GL.M) whether
the residuals differed between years of high and low beech scedfall and also whether
the residuals varied among growth classes (Ranta et al, 1994). Regressions of the
female size data on the male data gave appropriately identical results.

Mean body weights and lengths were isometric in the two sexcs, so both regression
analyses and proportional ratio indices of sexual dimorphism were appropriate. We
calculated proportional ratios, from the local means for (male—female)/female,
because they are intuitive, directional and properly scaled for species in which the
male is always the larger sex (Lovich & Gibbons, 1992). The simple ratio, used by
many previous authors (the mean measure for males divided by that for females),
behaved in the same manner. .

The skull length data were not isometric, so only the regression analyses were
appropriate to investigate sexual dimorphism of skull length. To allow comparisons
with other studics, however, we calculated (but did not usc in analyses) ratio indices
for condylobasal length.

The frequency distributions of the three measurcs of body size, partitioned by
sex, growth class, site and seedfall (high or low) did not differ from normal; nor did
the frequency distributions of the indices of sexual dimorphism. Sample sizes are
given in Tables 2—4.

Using the regression and GLM procedures described for analyses of stoat sizcs,
we also investigated the relationships between indices of sexual dimorphism for a
given cohort and (1) estimated mouse density during the 6 months following birth
and (2) beech seedfall (high or low).
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- Tor analyses of survivorship, we used only the Fenn-trapped stoats collected in
1972-8. We first tested (Chi-square} whether the age structure of the raw data for
males and females capturcd were the same at cach study sitc. We then tested (GLM)
for differences among study areas and for differences between stoats born in years
of high or low beech seedfall in the mean age (in months) of members of each sex
{mcan ages transformed to meet assumption of normality). Most beech seeds fall in
March—June, so, for example, stoats of the scedfall year cohort of 1976 were born
in October 1976 following the scedfall of March—Junc 1976, and entered the traps
in large numbers over the summer of 1976-77 (King, 1983).

We assumed that the distribution of ages among the animals trapped was the
same as that in the living population {Caughley, 1977: 93; King, 1989b: 173). Our
observations showed (King, 1980; King & McMillan, 1982} that trapping bccame
selective when the spacing between traps exceeded 800 m. Hence, we excluded from
the analyses of survivorship the earliest samples from the Eglinton Valley, dated
from November 1972 to June 1974, when trap spacing averaged 2.1 km. Age-
specific lecundity data from females caught then are included.

For each cohort of stoats at each study site, we estimated p,, the proportion of
animals known to have-been alive at age x and that survived to age x+ 1, using
Caughley’s (1977) Method 4, which does not require that r=0. Caughley cautioned
that usc of this mcthod for cohorts not sampled with equal intensity each year can
introduce errors in estimates of p,, We estimated p, scparately for each cohort,
thereby deriving a mean and variance for each estimated p,. Our analyses therefore
incorporated sampling error for p,. G.C. Caughley (pers. comm.) concurred with
our approach.

We calculated p, separately for each sex, site and seedfall class (high or low), and
tested (GLM) for differences in p, due to seedfall, blocked by sex and site. Finally,
we averaged p, over all cohorts to develop 1, and q, tables. This method avoided
the two worst problems of analysis of fluctuating populations having great variation
in cohort size: (1) that the rate of Increase s never 0, and (2) that life tables caleulated
on the basis of individuals give undue influence to the members of large cohorts at
the expense of those of small cohorts. Both corrections are particularly important
in any analysis of our data.

We entered the live-capture data into the program CR (Cezilly e al, 1993) to
make independent estimates of survival and recapture probabilities of the cohort of
young stoats born in 1979. By dividing the records into subcategories, we compensated
for the significant inequality in the willingness to enter traps of individuals of different
ages and sexes noted by King & McMillan (1982).

RESULTS
Body size in relation to mouse population indices

Body size in both sexes consistently increased with increasing values of the mouse
population index. Linear regressions of each size measurc on mouse index were all
positive, and were significant for body length and skull length of both sexes (Table
1). Confirmation was provided by linear multiple regressions for the two significant
size measurcs on the mouse index, site (ranked by mean adult stoat sizes at each
site) and age in months. The same comparisons for body weight were not significant,
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with or without the additional data from live-trapped stoats weighed in summer
1979-80. Figure 2 shows the variation in the mouse density index in the three study
areas, and its cffcet on skull lengths of growing malces; Figure 3 compares the data
for growing males and females by study area.

Body size tn relation lo beech seedfall records

Tables 2-4 provide the mean measurements (+SE) of stoats of each sex and
growth class at each site according to seedfall class. Skull lengths of stoats varied
significantly with beech seedfall (P<0.0001, GLM blocked by site, sex and growth
class; Table 5). Blocking contributed significantly to the test for all three blocked
variables: sitc (P<0.0001), sex (P«0.0001}, growth class (P<0.03). No significant
relationships existed between beech scedfall and either body weight or length, but
both varied significantly with site, scx and growth class (all P<0.0001, overall
£<0.0001). No interactions were significant.

For cach size measure, growing females were significantly smaller (£<0.05 LSD
test blocked for seedfall) than fullgrown and old females; old females were somewhat
stnaller than lullgrown females but not significantly so. The same pattern held for
body weights and lengths of males; but in skull length, growing and old males
were both significantly smaller than fullgrown males (P<0.05, LSD), though not
significantly different from each other.

Separate analyscs of males and females confirmed that both sexes born in scedfall
years grew significantly larger mn skull length whilst still in the first growth class than
did those born in non-seedfall years (P<0.0001, GLM). Fullgrown males born in
scedfall years were sl significantly larger m skull length than males of the same
ages horn in non-scedfall years, but old males born in scedfall and non-scedfall
years did not differ in skull length (Fig. 4). Mean skull size for males declined
between fullgrown and old ageclasses (P<0.01, LSD). In females, the effects of birth
in a scedfall year were no longer detectable in the mean skull length of either the
fullgrown or old age classes.

Many more large males were caught in seedfall years than in non-seedfall years,
but they disappeared far more rapidly. The distributions of ages at decath for large
and small males differed significantly both for those born in years of beech seedfall
(*=21.84, df=3, P<0.00]) and for those born in non-seedfall years (*=20.02,
df=3, P<0.001). The same comparisons for females were not significant (y*=0.68,
4.48 respectively, both df =3 and P>0.05).

Years of heavy seedfall, such as 1976 (and even more so, 1979: King 1983) are
usually synchronized over very wide arcas, but moderate seedfails are more localized
(e.g. 1974 was a scedyear in one area but not in the other two; Fig. 2). The variation
in stoat body size therefore cannot be analysed merely with reference to a simple
external factor such as climate.

Coeflicients of variation

To lcarn whether there were patierns of variation in sizes of stoats differing
between the sexes, between secdfall and non-seedfall years, among sites and among
growth classes, that might affect our analyses, we calculated coeflicients of vanation
(CV) for all three size measures. The CVs for skult length did not vary significantly
in any comparison {P>0.05, GLM). The CVs for body length differed hetween the
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Figure 2. Condylobasal lengths of skulls of growing male stoats (£ SE, with sample sizes) in relation
to mouse density indices in the three study areas. Bars distinguish the winter-spring season, when
mouse density strongly influences the mortality rate of implanted embryos and early nestlings {King,
1981, 1983). The data for females show similar patterns of variation in condylobasal length. Young
stoats of both sexes born when mouse densitics were high in winter—spring had grown larger than
average in mcan condylebasal length when collected in summer three months later. *Mouse trapping
omitted, C/100TN: Captures.per hundred trapnights.
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Figure 3. Mean condylobasal length of skull in mm (£ SE, with sample sizes) of growing male (filled
symhols) and female {open symbols) stoats plotted by cohort against the mouse density index taken in
the summer of their birth, (O, @), Craigicburn; (], W), Eglinton Valley; (A, &), Hollyford Valley.

For statistics, see Tabic 1.

Tarte 1. Regression cocflicients for three measurcs of size of stoats against mouse population density
indices. The 3-way partial regression included terms for study site and age in months.

Linear regressions Partial regressions
g r s P
Males
Condvlobasal length 0.202 0.0001 0.438 <0.0001
Body length 0.223 0.002 0.486 <0.01
Body weight 0.086 >0.05 0.537 >(.005
Females
Condylobasal length 0.122 0.067 0.377 <0.03
Body length 0.301 0.0001 0.462 <0.0001
Body weight 0.058 >0.05 0.437 >0.05

sexes (CV males = 0.042, females 0.035, P=0.05) but not in any other comparison.
Hence, the proportional variation in body length was greater in males than in
females. The CVs for weight varied among the growth classes: CV (growing) (0.170)
was not different from CV (old) (0.153), but both were different from CV (fullgrown)
(0.099, P<0.001). Hence, proportionately less variation i weight existed among
fullgrown stoats than among growing and old stoats. These patterns of variation in
CVs did not affect our analyses.

Sexual dimorplusm and food abundance during growth
Sexual dimorphism did not vary significantly with the mouse population indices

recorded during the stoats’ first six months of life for any size measure (regression
of skull length residuals on mouse index, and GLM and partial regressions of
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Tasre 2. Condylobasal length of skulls (CBL) (mean mm £+ SE with sample size in parentheses) for
growing {females <6 months old, males <15 months), fullgrown (females 7-35 months, males 16-35
months) and old (= 36 months) stoats captured at the three study sites. In the colum: headed ‘Beech
seedfall’, stoats in the category “Yes” were born in a year of heavy beech seedfall, and hence abundant
feral house mice; those in the category ‘No’ were born in a vear of poor or no seedfall. CBL m male
stoats is always significantly longer than in female stoats at all age classes (P<0.001; GLM), and in
fullgrown stoats of both sexes it also varied significantly among sites, controlled for beech seedfall
(<0.0001, GLM). For statistics, see Table 5

Sex Beech seedfall Growing Fullgrown Old
Craigicburn Forest
r No 94092 (27) 46.3+0.27 {18) 16.7 i
I Yes 45.540.21 (29) +6.40+0.26 (20 4581066 (3)
A No 49.440.27 (32) 50.7 +0.62 (6) 49.4£0.54 (8)
M Yes 50.2+0.27 (32) 51.010.67 (3) 49.04+0.88 (3)
Eglinton Valley
F No 444 +0.21 (30) 5.6 F0.24 (22) 45.1 £0.38 {9)
F Yes 44.7+£0.25 (21) 45.7+0.24 (22) 46.1£0.81 (2
M No 49.0+0.23 (42) 49.940.57 (7) 49.9+0.38 (16)
M Yes 48.51+0.23 (42) 50.9£0.28 (29) W00+LT (2)
Hellyford Valley
F No 44.5+0.21 (30) 45.3+0.36 (10) 4511043 (7)
F Yes 4524025 (21) 45.4£0.66 (3) 45.5£0.47 (6}
M No 48.24+0.31 (24 9.4+ 4+0.57 {7) 49.3+0.57 (7)
M Yes 48.7£0.26 {32) 49.2 {n 48.6 {0

TasLe 3. Head-and-body Jength (mean mm + SE with sample size in parentheses) for growing (females
=<6 months old, males <15 momhs), fullgrown (females 7-35 months, males 16-35 months) and old
(=36 months) stoats captured at the three study sites. In the column headed ‘Beech scedfall’, stoars
in the category ‘Yes® were born in a year of heavy beech seedfall, and hence abundant feral house
mice; those in the category *No” were born in a year of poor or no scedfall, Head-and-body length in
male stoats 1s always significanily longer than in fomale stoats at all age elasses {P<0.001, GLM) and
in fullgrown stoats of both sexes it also varied significantly among sites, controlled for beech seedfall
(P<0.0001, GLM)

Sex Beech seedfall Growing Fuligrown Old
Craigieburn Forest
F No 231 £1.9 {30) 25823 (20 249 )]
F Yes 932+ 1.6 {42) 958+2.2 (21) 956 4 6.0 (3)
M No 2794 9.2 (41) 990+4.8 (8) 284+4.9 (8)
M Yes 278+2.1 (44 300+6.3 (9) 2831704
Eglinton Valley
F No 246+ 1.7 (37) 254 £2.0 (27) 250433 (10}
F Yes 238421 (25) 251 +2.1 (25) 261452 (4)
M No 276+1.9 (52) 783 +5.3 (7) 281 +3.4 (17)
M Yes 267+ 1.7 (65) 986+2.5 (31) 28249.9 (2)
Holiyford Valley .
F No 2454 1.5 (47) 248+3.3 {10) 251+3.9 (7)
F Yes 243122 21) 244445 (5) 952 4 4.0 (7)
M No 261 £2.2 (38) 271449 (8) 273453 (7)
M Yes 264 4+2.2 (41} 271 n 281 (n

bodyweights and lengths on mouse index, all £>0.3). Nor did sexual dimorphism
in any size measure differ significantly between stoats born in years of high or low
beech seedfall (GLM for differences between residuals and between sexual di-

L]
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Tamr & Weight {mean SE with sample size In parentheses) for growing {females <86 months old,

males < 15 monthg), fullgrown (females 7-335 months, males 16-35 months) and old (32 36 months)

stoats capturcd at the three study sites. In the column headed ‘Beech seedfall’, swats in the category

“Yes” were born in a year of heavy heech seedfall, and hence abundant feral house mice; those in the

¢ category N’ were born in a vear of poor or no seedfall. Body weight in male stoats is always

A})L signilicantly dewgex than in female stoars at all age classes (P<0.001, GLM) and in fullgrown stoats of
™ both sexes 1t also varied significarly among sites, controlled for beech seedfall {P<0.0007, GLM)

Bex Beech seedfall Growing Fullgrown O

Craigichurn Forest

F No 201 £5.2 {31) 2234 6.7 {18) 225 (1)

¥ Yes 2151 4.4 (41} 29164 (20) 2004 16,6 (3)
Al No 2991 8.4 (58 3653+ 13.4 (8) 3144 18.4 18)
A Yes B194£7.9 (43) 3364 26.0 (4) 525 +26.0 4
Eglinton Valley
F No 180449 (33) 204458 24) 095 G
F Yes 175 +4.1 (50) 210459 (24) 06+ 14.3 4)
M N 238475 (1) 3213 19.6 (7) 335 £ 14,4 113)
At Yes 236 £ 5.5 (88) 331 +10.0 {27) 395+ 56.7 12)
Hollyford Valley
. F Mo Bl 44.2 (45) 06+ 101 () 2064 11.7 16)
¥ Yes 158141 (48) EL12.3 (3) 203+ 11.7 [6)
A o 2364+8.7 (33) 5174183 (3) 209 4 21.2 16)
Al Yes 227 £6.3 (67) 349 {0 252 (1
TasLr 5. Results of GLM tests on the sources of variance in
condylobasal length (CBL) of the skull shown in Table 2.
Becch seedfall, site, growth class and sex were each significant
independently of all the other effects, but no interactions
berween them were significant
Sources of dl Foratio P
variamee 1
CBL
Both sexes
Tozal 6 260.05 <0.000
Seeddfall i 4242 4.0001
Site 2 52.80 o.anol
Growth class 9 6.14 0.0023
Sex 1 1455.52 <0.000H
Males
. Total b [5.08 0.0001
- Secdfall ! 15.20 0.00603
Sire 2 14.0:4 0.0001
Growth <lass 2 17.08 0.0001
Females
i Totd 5 14,80 0.0001
) Seedfal! 1 15.79 0.0001
Site 2 11.48 ¢.0001
Growth class 2 17.85 0.0001

morphism indices, >0.4, Tablc 6, Figs 5 and 6). No significant relationships existed
between sexual dimorphism in any size measure and beech seedfall, mouse population
index, growth classes or study sites.
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Figure 4. Condylobasal lengths of skull of males and females (+SE, with sample sizes) in relation to
seedfall in year of karth, by growth class, all study areas pooled. Stoats born in seedfall (@) and non-
seedfall () vears. Local variation in site means introduced wide scatter {Fig. 3), but regressions of
these data controlled for site, age and year were significant in hoth sexes (Table 3). Years of high
seedfall can be presumed to be correlated with years of high density of mice (Fig. 2).

Tanrk 6. Mean sexual dimorphism indices (with SE and sample size in site-vears) for cohorts of stoats

born in New Zealand during vears of high heech seedfall (= abundant mice) or low/no seedfall. No

measure of sexual dimorphism, at any age, differed significantly between stoats born in scedfall and
non-seedfall years. Seé Fig. 6

Scedfall CBI. Head-body length Body weight
fAge Mean SE n Mean SE n Mean SE n
Growing High 093 006 4 102 008 + 428 032 6
lLow 081 008, 11 .088 011 11 408 .063 11
Fullgrewn High 092 009 4 092 026 4 624 032 +
Low 103 01 11 107 009 10 616 049 10
Old High .083 .008 3 13 021 3 528 .151 3
Low 101 022 6 119 022 6 932 112 5

Sexual dimorphism in skull length and body weight did vary among growth
classes (skull length: GL.M for residuals varying among growth classes, P=0.05;
body weight: GLM for index varving among growth classes, P<0.05). Sexual
dimorphism was gencrally smallest in the growing stoats, regardless of beech seedfall
(Fig. 6, Table 6}, and significantly smaller in body weight (LSD test on both residuals
and sexual dimorphism indices, £<0.05), and in skull length in growing stoats born
in non-seedfall years (LSD on residuals, <0.05). Dimorphism was generally smaller
in the old than in fullgrown stoats, but not significantly so.

Size, dimorphism and survival among live-trapped growing stoats of the 1979 cofort

We cxamined the field records of body weights of growing stoats of both sexes
live-trapped in January 1980 to detect the cffects of post-seedfall conditions on body
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Figure 5. Regression of male condylobasal length on female condylobasal length Y =34.83+ 0.324X,
#=0.04, P=0.01). (@) years of high beech seedfall and associated high numbers of mice; () years
of low heech scedfall. Each point represents one growth class at one site in one year.

weights of growing young stoats. A smaller than expected weight gain through the
month for individual young stoats would indicate poor hunting ability or food
shortage. Body weights recorded for both sexes increased unevenly but much as
expected for growing stoats, especially in those most likely to reach large size (i.e.
greater weight gains were recorded for males than females, and greater weight gains
for stoats from the Eglinton than from the Hollyford). Many individual young stoats
of both sexes, however, showed significantly less weight gain through successive
captures than expected from their ages (shown by a steady decrease in weight
adjusted for age [Table 7]). These declines were significant for stoats of both sexes
in the Eglinton, and for males from the Hollyford. Adult weights for both sexes,
however, did not vary with capture week or with capture number.

Variation in age structure and swroivorship with_food abundance during growth

At all three study sites, stoats born in non-seedfall years lived longer {mean age
at death of males 16.1 months, females 11.5 months) than those born in seedfall
years (males 11.0 months, females 10.9 months; P«0.0001, GLM). Mean ages of
males and females did not differ, however, in comparisons controlled for whether
individuals were born in ycars of beech scedfall or not, so we pooled data for the
two sexes in analyses that controlled for seedfall.

Age specific survivorships (p,) calculated for stoats at the three study sites did not
differ significantly, so analyses of p,s were not blocked by study site. The mean
survivorships for first-year stoats in the three forests ranged from 0.22 to 0.36. In
most year classes after the first, estimated survivorship ranged from 0.40 to 0.70,
but the small samples of older animals introduced high between-year variability.




182 R. A, POWELL AND C. M. KING

Sexual dimorphism
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Figure 6. Proportional indices of sexual dimorphism (£ SE) for all size measures and growth classes
in years of low () and high (@) beech seedfall. The Indices for condylobasal length are presented
for comparison only; significance tests on condylobasal length were confined to regression analyses. In
three of six comparisons between growing and full-grown stoats (marked with an asterisk), sexual
dimerphism significantly increased with age (for details sce text). Abundance of mice (as indexed by
becch seedfall) had no significant eflect on sexual dimorphism m any measure of size.

At cach study sitc and for all sites together, ps were significantly lower for the
large cohorts born in years of good beech seedfall than [or the small cohorts born
in poor years (P<0.05, GLM; Table 8, Fig. 7). The difference was especially
pronounced for py: first-vear survivorship among the numerous young of the 1976
secdfall-year cohort was reduced to under 0.10 in all study arecas. Consequently,
first-year survivorship, at least from the age of independence, was significantly
negatively correlated with the density of stoats in the summer of their birth year
(= —0.55, P=0.0225: Fig. 8).

Proportionately more stoats from cohorts born in non-seedfall years lived long
lives, especially males regardless of size. Of the 40 old males in the sample (>=3
years old}, 33 (82%) had been born in non-seedfall years and only 7 in seedfall years
(P«0.01}. The skew was less extreme for old females (57% of 30 born in non-seed/all
years; Table 9). Only a few individuals of each sex lived to be very old (8-10 years
old}. _

Old male, but not old female, stoats born in years of abundant food had

=
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TarLE 8. Age specific survivorship (p,} and mortality for stoats captured in Eglinton
Valley, Hollyford Valley and Craigichurn Forest Park, calculated as means for
cohorts born in seedfall years and non-seedfall years. The last p, for each site
represents p, for that age on. Age specific survivorships diffiered significantly between
cohorts born in seedfall years and non-seedfall years (GLM P<0.05). The significant
difference was causced by low survivorship of stoats born in scedfall years (dis-
propartionately low numbers of stoats captured after age 1 in seedfall years, ¥° test
P<0.01). r=the number of cohorts used to estimate p,. The totals for the two
categories were comparable mainly because the non-seedfall year cohorts, although
comprising fewer stoats each, represented more years surveyed

Eglimon Valley

seed vears (159 stoats) nen-seed years {147 stoats}
Age L 4 pLSD = L 4 p.£SD =
0.2-1 1.00 0.92 0.09 1 1.00 0.73 0271014 3
1-2 0.09 0.62 0.38+042 5 0.23 0.40 0.60+045 4
2-3 0.03 014 .31 G.69+0.03 2
34 0.10 0.71 294041 2
4+ 0.07
Hollyford Valley

sced years {79 stoats) non-seed years {118 stoats)
Age I, Q. p.tSD n l, [N P SD n
0.2-1 1.00 0.¢1 0.09 1 1,00 0.55 0454048 3
1-2 0.09 0.63 0.37x048 3 0.55 0.40 0.60+0.28 4
2-3 0.06 0.22 047 0.53+£050 3
34 0.10 0.63 0.37+0.39 3
4+ 0.08 0.43 0.57+0.61 2

0.05 1.00 0.00 l
0.00

Craigicburn

seed years (126 stoats) non-seed years (98 stoats)
Age 1, I p.£5D n 1, qu p.+3D n
0.2-1 1.00 0.92 0.08+0.08 2 1.00 0.60 0404028 3
1-2 0.08 0.75 0254035 2 041 0.62 0.38+0.07 3
2-3 0.02 0.43 0.57 1 0.23 0.52 0.48+£050 3
34 0.01 0.30 0.70£0.05 3 0.3 0.42 0.58+0.42 8
4+ 0.00 0.66 0.34+0.15 3 0.06

0.00 1.00 0.004+0.00 3

significantly smaller skulls than fullgrown animals of the same cohorts (Table 2, Fig. .

4. Individuals are unlikely to shrink in size, so this implies that mortality is selective
against the largest males of the seedyear cohorts during their first 3 years of life.
Large males born in seedfall years did, in fact, disappear significantly faster than
did the small males born in secdfall years (y°=21.84, df =3, P<0.001).

It could be argucd that sampling by removal trapping created a sink effect
exaggerating the representation of young stoats in our samples, becausc the young
are presumed to be the most likely to be drawn to a sink. Such sampling error
would depress our estimates of survivorship for the first year class relative to older,
more sedentary animals. If such a sampling error existed, it would have been most
pronounced for cohorts born in years of beech seedfall, when the largest cohorts of
young stoats were produced. We were able to check for this sampling error, because
in Fiordland the effects of the seedfall year of 1976 were monitored with Fenn traps,

3
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calculated as means for cohorts born in secdfall {@) and non-seedfall (O) years. For associated p, + 5D,
see Table 8.
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Figure 8. Density-dependent survivorship of first-year stoats from independence to 1 year okd (py),
omitting the first year of trapping in any study arca. There was a heavy beech seedfall in 1976 in all
study areas, and a moderate one at Craigichurn in 1974 (Fig. 2). Craigieburn {@); Eglinton Valley
{HD); Hollylord Valley (&), 7#=0.55, P=0.0225.

whereas those of the seedfall year of 1979 were monitored with livetraps set in the
same positions. The density indices for the two summers were similar in both valleys
(King, 1983), and the proportion of first-year stoats of the 1976 cohort, collected at
the time that Fenn-trapping could have created a sink (69 young to 7 old males
and 39 to 5 females) did not differ significantly from the proportion (65 to 12 males
and 48 w 7 females) in the 1979 live-trapped cohort (P«0.05, ' =1.43). The full
data underlying this comparison were presented by King & McMillan (1982).

We also used the live-trapping data to test independently the evidence from the
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TaprLe 9. Numbers of stoats horn in seedfall years and in non-scedfall years that

died young (up to 35 mn) and old (36 ma +). Significantly more stoats born in

non-seedfall years reached 3 years old (3 test, P<0.01 sexes pooled, P«0.01, males
omnly)

Age All stoats Males Females
at death seed non-seed seed non-sced seed non-seed
Young 345 342 192 161 53 181
0ld 20 50 7 33 13 17

carcasscs that newly independent young born in years of beech seedfall disappeared
very rapidly. The live-trapping data for the month of January 1980 were divided
into five weekly blocks {corresponding to the Monday-to-Friday trapping regime of

King & McMillan, 1982). These yiclded the following weekly survival estimates:

young males 0.80 £0.51 SE (95% CI=0.69-0.89); young females 0.6110.72 (95%
C1=0.46-0.74; A. Kielland, pers. comm.). The estimated survivorship for the whole
of January was 0.41 for males and 0.13 for females. The recapture probability per
week for both sexes pooled was .38 +-0.54 SE. These survivorship cstimates are
not strictly comparable with those from the carcass data, cannot be extrapolated to
cover an entire ycar, and cannot be distinguished from dispersal, but they are
consistent with our previous result in showing that py 1s very small for cohorts born
in years of heavy beech seedfall.

Variation an_fecundity with age

Table 10 shows the mean number of corpora lutea per female by age and site,
separately for seedfall and non-seedfall years. Fecundity did not vary with increasing
age in females mated either in seedfall or non-scedfall years. First-ycar females
mated during a scedfall year were consistently but not significantly more fecund on
average than those mated during a non-seedfall year. Few older females were
collected after mating in a secdfall year.

DISCUSSION
Variation in size

The clearest effect ol food supply on size during growth was on skull length (Figs
2 and 3, Tables 2, 5). The effect on body length was much weaker, and on body
weight it was scarcely detectable. We suggest that the three body measurements
were aflected differently because, as previous studies on this material showed, the
processes of physical growth differ between the sexes and between the skull and the

body within cach sex {King & Moody, 1982). When young stoats of both scxes:

reach 2-3 months of age, their skulls have reached 97% of the mean lengths lor
adults. Growth of bodies takes longer, especially in males. By 5 months of age,
females have reached 99% of adult body length and 97% of adult weight, but males
of the same age have rcached 98% of adult length and only 80% of adult weight.

0
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TaeLe 10. Variation in fecundity (mean number of corpora lutca per female £ SD,

sample size In parentheses) with age for beech forest stoats according to the level of

beech seedfall in the year of mating. Fecundity was significantly higher in females of

all ages mated in seedfall years compared with nonseedfall years (King, 1981). Among

. females mated in nonscedfall years, there was no significant variation with age {P>0.05,

Student’s #tests!). Total sample size was 289. Virtually all females mated and ovulated
every year, though not all produced young

Corpora lutea per female

Site Age Secediall years Non-scedfall years !
Eglinton 0.2-1 10.4£0.51 (31} 9.6+.27 (43)
1-2 (2 95443 (1)
2-345 2 10.6+.60 (8)
%+ ) 9.64.60 (10)
Hollyford 0.2- 10.4£0.50 (19) D44+.2> (38)
1-- 2 10,0063 (5) 86+.53 (7)
23 (0 {0
3+ {0) 9.2+ .51 {15)
Craigieburn 0.2-1 9.5+043 51) 8.44.54¢ (24)
1-2 (2) 741115 (8
2-3 (3) 83161 @

' The apparent higher mean fecundity in young females noted by King and Moody (1982) was
due to pooling data from seedfall and non-seedfall years. The years in which young females
appeared in greatest numbers were invariably seedfall years, so the total sample of young females
contains many individuals mated in seedfall years, when fecundity was slightly higher than usual
in females of all ages. Conversely, most adults were collected in non-seedfzll years, when fecundity
was relatively low in females of all ages. By controlling for the effect of seedfall, these data now
show that fecundity did not vary with age.

Males complete their growth to adult size after they pass puberty at 10 months of
age (King & Moody, 1982).

Growth in bone length is a finite process in mammals, influenced by nutrition.
Bone sizes are fixed at physical maturity, and changes in conditions after that time
have little cffect on bone size. The linear measurements of an adult stoat, therefore,
reflect environmental conditions during the year it was born, not the year it died.
By contrast, body mass can be added or lost at any age, so body weight is more
likely than length to reflect conditions during the year a stoat died. If such additions
or losses to weight are extensive, the influence of environmental conditions at the
time of death will exceed the influence of conditions at birth, and body weight
becomes a poor indicator of conditions during growth.

The early completion of growth of the skull of both sexes makes skull length the
most sensitive indicator available for the nutritional status of young stoats—much
as mandible length is for deer (Hewison e al, 1996G). Body length is strongly
correlated with skull length, and yielded similar significant relationships with the
mouse population index (Table 1), though not with seedfall (Table 3). As Johnson
(1991) noted, it is difficult to measure body length with the same accuracy as skull
length.

It could be argued that the smaller mean skull size in non-seed year cohorts was
an artefact of trappability, since the trapped samples might be dominated by hungry,
weak or otherwisc atypical individuals when food was scarce. There is an important
distinction to be drawn here between (1) a general year-round shortage of all prey,
corrclated with the reduced productivity of the non-seed year cohorts (King, 1981),
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and (2) a sudden shortage of a key resource, liable to increase trappability over the
short-term. The first certainly affects the non-seed year cohorts, by acting early in
the reproductive cycle (in winter and spring} to reduce the number of stoats available
to be trapped, while the second could affect only the seed-year cohorts, by acting
later {in summer) to induce stress and hunger in the numerous and previously well
fed young. Hence, the only serious period of food scarcity liable to affect trappability

was met by the voung of the seedyear cohorts beginning their independent hfe just
~ as the mice were already beginning to decline. The live-trapping data from 1979
suggest that it was the seed-year cohorts, which were on average larger in skull size,
that were more likely to be misrepresented by differential trappability due to hunger.
Furthermore, the size differential in males was still significant in the second {fullgrowny}
growth class (Fig. 4), vet no such drastic effect could last so long, and indeed the
starving young disappeared very quickly.

The three-fold ink between nutritional status, density and body size is well known
in other mammals, but has an interesting twist rclated to trophic level. In herbivores
such as the roe deer (Capreolus capreolus), increased body size is associated with low
density and reduced competition for normally stable supplies of {forage {(Hewison et
al., 1996). By contrast, in mustelids, increased body size is associated with the high
density which is stimulated by a temporary peak in normatly unstable supplies of
small rodent prey.

Variation in sexual dimorphism

Qur original hypothesis was that variations in food supply during growth should
induce short-term phenotypic variation in sexual dimorphism through effects on
adult malc size. It assumed that: (a) food supply during growth 1s an important
factor determining the adult body size of male mustelids (Powell, 1979; Ralls &
Harvey, 1985), but that (b) female mustelids are constrained in size as adults by the
nced to retain access to rodent burrows or to minimize maintenance energy
requirements or both Moors, 1974, 1980; Simms, 1979; Gliwicz, 1988; King,
1991a)}, so should be less responsive to variation in food supplies during growth than
males.

Our data confirmed the prediction that male stoats should grow larger when
born in years of abundant mice. Unexpectedly, our data also show that body sizes
of females vary in the same manner. Sexual dimorphism therefore did not vary with
food supply during growth as measured by skull length, body length or weight of
growing or fullgrown stoats; it did not vary among the study sites, either. The only
such effect we could find was among the oldest stoats: those born during years of
food abundance showed smaller dimorphism in skull length than those born during
food shortage (Fig. 6). This was because the oldest males born in seedfall years had
shorter skull lengths than the fullgrown and growing males of the same cohorts (=
0.01}, but this effect was not seen in the oldest females, hence there was a drop in
sexual dimorphism among old stoats born during food abundance. This extensive
variation of male size and mortality with age and birth year introduces a new
complication into gencral statements such as “... dimorphism in mammals is
associated with a viability cost to the larger of the two sexes among adults”
(Promislow, 1992).

Why do our data appear to confirm the hypothesis that male weasels grow large
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if born when food is abundant without confirming the obvious consequence that
sexual dimorphism should vary with food supplies? ‘This apparcent logical impossibility
has two potential explanations. {1) Whereas female stoats in the northern hemisphere
are so closcly adapted to hunting in burrows that they forego a temporary advantage
in size while growing in order to retain a long-term advantage in hunting and
energy economy when reproducing, female stoats in New Zealand arc not so
constrained because they do not hunt prey that live in burrows. (2) Northern weascls
of both sexes born during high tood abundance also respond by growing large, but
no one has yet collected the pertinent data.

The sizes of male and female weasels in different places are strongly correlated
(Ralls & Harvey, 1985; van Zyll de Jong, 1992), consistent with the prediction of
Lande (1980), that sclection acting on one sex should produce corresponding
responses in the other sex. This correlation does not preclude phenotypic variation
n sexual dimorphism, however, because members of one sex may be more variable
in their abilities to reach optimal adult size than those of the other sex.

The variations in body sizes of malcs that we found are consistent with a trade-
off between, on the one hand, large size with high reproductive success during onc
or two breeding seasons, and, on the other hand, small size but a longer life and
more opportunitics to breed. We do not know whether any such trade-ofI'is balanced,
or under what conditions it could exist, but the possibility of it descrves future
attention, as does the variaiion in body sizes of females.

Effects of early nutrition on mortality rate

In New Zealand beech forests, the increase in abundance of feral house mice and
insects in the late winter and spring after a heavy seedfall permits temporary relief
from the normally high mortality of pre-independent young stoats. This mechanism
allows, for that season only, better survival 1o dispersal than is possible in other
habitats, but which is quite unsustainable even in bcech forests, The density of
house mice declines rapidly over the summer and autumn, especially if stoats are

" not removed by regular kill-trapping (King, 1985), immediately precipitating high

mortality among the extra large cohorts of young stoats born in years of beech
seedfall from as soon as they are independent (Table 8). Hence, the age-specific
mortality in the first year of life, qg, was higher at all three study sites for cohorts
born in seedfall years than for cohorts born in non-seedfall years (q,=0.92, 0.91,
0.92 vs 0.73, 0.55, 0.60). These data are the first to document a density-dependent
variation in survival of young stoats dircetly linked with food supplies (Fig. 8j.
Fenn traps and live traps caught similar proportions of first-year and older stoats
{a result also reported by Murphy & Dowding, 1995), so wc do not think removal
sampling had any substantial influence on our survivorship estimates. This suggests
that the proportion of a given summer sample comprising first-year stoats depends
more on the breeding success of the previous season than on the trapping regime.

The silver spoon’ effect

The ‘silver spoon’ effect (Grafen, 1988) predicts that individuals born during
periods of exceptionally favourable conditions should gain advantages not shared
by individuals born in less favourable years. Such advantages might include high
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rates of growth or survival as juveniles, or high reproductive success as adults, or
all of these effects. Qur data provide information, not on fithess or reproductive
success per se, but on three variables that usually correlate with fitness.

Comparisons between fecundity (counts of corpora lutea) and productivity (in-
dependent young produced) showed that the normally high intra-uterine mortality
ol stoat embryos was drastically reduced by the favorable food supplics available to
pregnant females after a heavy beech seedfall (King, 1981, 1983). Consequently,
stoat embryos developing in years with abundant food experienced high intra-
utcrine survivorship. In addition, our data show that stoats of both sexes born
vears of high mouse populations grew larger than stoats born m other years.
Improved survival and large size both qualify as ‘silver-spoon’ cffects, since they are
probably both correlated with high reproductive success (Sandell, 1986).

On the other hand, these advantages in survival and size gained by stoats born
during food abundance were short-lived. Their suwivorship [ollowing independcenee
was extremely low. Conditions faced by cohorts born in years of beech scedfall
began to deteriorate as soon as they became independent. The live-trapping data,
collected during January while the young stoats of the 1979 cohort were still growing,

showed that recaptured stoats grew less rapidly than expected (shown by the

deereasing body weights adjusted for age [Table 7]), and that the effect was greater
on males than on females. Individuals under greatest stress, the onces likely to be
recaptured most often, were not growing well and were presumably the ones most
willing to enter traps to rcach food. This observation helps to account for the higher
mortality of the seed-year cohorts, but not their larger average skull size.

If small male stoats live longer than large males, large body size may not be of
any selective advantage in the long term (Hedrick & Temeles, 1989). The relative
importance of size (reproductive success during a single breeding season) vs longevity
(number of breeding scasons) depends on which most influences lifetime reproductive
success, a topic that has never been investigated in stoats. In Tengmalm’s owls
(Aegolius funereus), no one phenotype has the advantage at all densities of their small
rodent prey {Hakkarainen & Korpimaki, 1995). Long-lived predators may be able
to compensate for a bad season in the next good one, but very few stoats survive
for as long as 3-4 years, the mean interval between good seed years (Table 8).
Moreover, we should not expect the Ssilver spoon’ effect to have any influence on
the genome in the long term, for rcasons outlined by Williams {1992:70-71):

Size is perhaps the most generally valid example of an expensive character ... it
may be that most adults have far smaller sizes than those that would maxirmnise
adaptive performance. When this is true the measurement in question is not of a
character optimised for its role iIn maximising fitness, but rather an index of current
fitness attainment. A size ranking among similar age halibut or white pines must
be very nearly a ranking according to phenotypic fitness. The same may be true
of many other characters closly associatcd with viability or repreductive per-
formance [such as fat reserves, antler size] ... Such characters are ncither tactics
nor strategies but rather measures of current winnings in reproductive competition.
Heritahilities of such characters closely predictive of fitness ..... must he low,
Otherwi§e they would increase rapidly with the passage of generations,

To our knowledge, ours is the largest collection of reliably age-classified Mustela
carcasses cver assernbled under controlled conditons spanning a range of food
abundance. Such data are required to investigate the effects of’ Huctuating prey
populations on cohort-hased differences in body size, age-specific survivorship and

-
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fecundity, In prineiple, survival estimates calculated from marked, live animals may
be more precise (Lebreton, Pradel & Clobert, 1993), but large enough samples of
live stoats arc impossible to obtain with present ficld technology. Stoats are small
and very active animals; they have very large home ranges (up to 200 ha) and live
in unstable populations dependent on widely fluctuating prey populations. At present,
intensive live-trapping and radio-tclemetry can not provide reliable estimates of
differential survival of cohorts for any live Mustela species. Removal sampling also
has another important advantage over live-trapping: carcasses provide vital data
unobtainable from live animals. Large samples can be collected from extensive study
arcas, and past reproductive history and age can be estimated. Body size can
he measured more accurately from carcasses than from live animals, and skull
length—which turned out to be the key data for our study—can be measured only
from dead animals. Problems of uncqual catchability of individuals apply to both
kill-trapping and live-trapping (King & McMillan, 1982). We are confident that our
analyses provide a rcasonably accurate first estimate of the dynamics of replicate
stoat cohorts responding to varation in food supplies during the year of growth
(Caughley, 1977 and pers. com.).

Our results are consistent with those of previous, less extensive studies, obtainced
both by live-trapping in Sweden and from analyses of fur harvests in Russia. The
overall average first-year mortality rates in our three forests {q,=0.78, 0.64, 0.73)
were similar to those caleulated by Sandell (1989) in Sweden (q,=0.61 for males,
0.70 for females, from Erlinge’s [1983] live-trapping data). In Sweden, as in our
study {(when analyses were controlled for effects of birth vear and study site), the
sexes did not differ in age-specific survivorship. In Russia in yecars of high stoar
density (presumably vears when vole populations were high), Kopein (1969) observed
that young stoats were on average significantly larger than adults in body length
and in condylobasal length. Although he prescnted no data on the relative longevity
of stoats of different sizes or from different birth years, Kopein concluded that
smaller stoats had a selective advantage over large stoats, implying that large stoats
died younger than did small ones. Staljaeva (1971} showed that arctic foxes born
when lemmings arc abundant live shorter lives (mean 0.77 yr) than those born when
lemmings arc scarce (1.6 yr).

CONCLUSIONS

1. Our analyses did not confirm the prediction that sexual dimorphism in the
cohorts of stoats born in New Zealand in years of abundant food would be larger
than normal (Fig. 6) because: (a) stoats of both sexcs grew large in vears of food
abundance and (b} this effect was later negated by selection against the large
males born in those years. Consequently, the oldest (3 yr) surviving males of
cohorts born during high food abundance were about the same size as males of
the samc age born in food-poor years (Tables 2-4).

2. First-ycar survivorship, at least from the age of independence, was significantly
negatively correlated with density of stoats in the summer of their birth year,

3. Female stoats in New Zealand are not restricted in size by access to rodent
burrows. If a trade-off exists between being small enough to minimize reproductive
costs and being large cnough to handle the available prey, New Zealand females
have found (or are linding) a new sct-point appropriate to the diflerent distribution
of prey sizes in New Zealand. Our data do not demonstrate whether access to
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burrows or reproductive costs actually limit the sizes of female weasels in the
northern hemisphere.

4. We suggest that the general increase in body size of stoats of both sexes in New

“Zealand has been permitted by a combination (in unknown proportions) of sexual
selection, mild climate, large mean prey size, and shortage of important burrowing
prey. :

5. Stoats are not native to New Zealand, and some of our results may be peculiar
to the special conditions in that country. On the other hand, our data show
significant phenotypic variation in an evolutionarily significant parameter. This
result should be of intcrest to other rescarchers on sexual dimorphism, especially
in mustelids, because evolution does not use different rules for exotic species. We
hope to see comparable morphometric data collected from populations of northern
stoats that depend on fluctuating populations of microtine rodents and that are
subject to environmental constraints absent in New Zealand, such as severe
winters and a full complement of predators, competitors and burrowing prey.
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