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SELECTION IN A CYCLING POPULATION: DIFFERENTIAL RESPONSE AMONG
SKELETAL TRAITS
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Abstract. Population density cycles influence phenotypic evolution through both density-dependent selection during
periods of high density and through enhanced genetic drift during periods of low density. We investigated the response
of different phenotypic traits to the same density cycles in a population of the yellow-necked mouse, Apodemus
flavicollis, from Białowieża National Park in Poland. We examined nonmetric skull traits, skull and mandible size,
skull and mandible shape, and transferrin allele frequencies. We found that all of the traits changed significantly over
the seven-year study period. The greatest changes in nonmetric traits and mandible size occurred during periods of
increasing density, and the magnitude of changes in skull and mandible shape was correlated with the magnitude of
density changes. Frequencies of transferrin alleles changed the most when population density was in decline. Changes
among the five phenotypic traits were generally uncorrelated with one another, except for skull and mandible shape.
Nonmetric traits were selectively neutral when assessed with QST/FST analysis, whereas mandible size, mandible shape,
and skull shape showed evidence of fairly strong selection. Selection on skull size was weak or nonexistent. We
discuss how different assumptions about the genetic components of variance affect QST estimates when phenotypic
variances are substituted for genetic ones. We also found that change in mandible size, mandible shape, skull size,
and skull shape were greater than expected under a neutral model given reasonable assumptions about heritability
and effective population size.
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Cycles in population density are an important phenomenon
in many species (e.g., Krebs 1996; Turchin and Hanski 2001).
Periods of high density can increase the effects of density-
dependent selection (Clarke 1972; Mueller 1997), and periods
of low density can increase the importance of genetic drift
(Elton 1930; but see Voipio 1950, 1988; Gaines and Krebs
1971). Density cycles can reduce genetic variation, increase
additive variance in multilocus phenotypic traits, and inhibit
the fixation of new alleles by creating bottlenecks during low-
density periods (Otto and Whitlock 1997; Oli 1999; Wahla
et al. 2002; Barton and Turelli 2004). Previous studies of
general phenotypic response to density cycles were often
based on proxies that were single phenotypic traits. However,
the response of a particular trait to selection or drift is likely
to depend on its functional and genetic underpinnings, so that
two traits measured in the same cycling population may re-
spond quite differently (Patterson 1983; Kinnison and Hendry
2001; Caumul and Polly 2005). For example, nonfunctional
traits, such as variation in numbers of small foramina of the
skull, may be selectively neutral and expected to change in
a driftlike fashion. Others, such as body mass or mandible
shape, may be functionally important in cycling populations
and expected to change (or be stabilized) by density-depen-
dent selection.

We tested the response of several skeletal traits to popu-
lation density changes by comparing them to a putatively
neutral genetic marker in a cycling population of Apodemus
flavicollis, the yellow-necked mouse, and by comparing the
response to that expected under neutral phenotypic models.
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We measured nonmetric skull traits, sizes of skulls and man-
dibles, and geometric shape in skulls and mandibles across
the cycles. Each of these traits is controlled by a different
number of genetic loci: nonmetric traits are influenced by at
least 10 loci (Berry 1968; Berry and Jakobson 1975; Bauchau
1988), mandibular size is controlled by approximately 12
loci, and mandibular shape by approximately 25 loci (Klin-
genberg et al. 2001). Each of these traits also has a different
functional role: nonmetric skull variants, such as the ones
used in this study (see Table 2), appear to have no functional
significance (Grüneberg 1963); size influences metabolic
rate, diet, competition, and other ecological factors (Schmidt-
Nielsen 1984); and mandible and skull shape reflect jaw me-
chanics, brain size, and olfaction (Hanken and Hall 1993;
Monteiro et al. 2003). We compared the response of these
five traits by quantifying relative changes in each to density
cycles. We also used FST/QST analysis to determine the type
and magnitude of selection that each trait is under (Spitze
1993; Merilä and Crnokrak 2001). FST is a measure of pop-
ulation differentiation based on neutral genetic markers,
which serves as a standard for the amount of change expected
under a genetic drift model. QST is a similar measure of
differentiation based on quantitative phenotypic traits. If QST

is statistically equal to FST, the quantitative traits are likely
to have diverged by drift; if it is larger, they are likely to
have diverged by selection; and if it is smaller, they are likely
to have been under stabilizing selection. Finally, we tested
the metric traits for departure from neutral models of phe-
notypic evolution (Wright 1931; Lande 1976) given a range
of reasonable assumptions about the genetic variance of the
traits and the effective size, Ne, of the Apodemus population.

We studied comparative response in the population of A.



1926 A. M. WÓJCIK ET AL.

TABLE 1. Number of individuals studied.

Transferrin
allele

frequency
Nonmetric

traits Skull shape
Mandible

shape

Autumn 1981 n/a 29 16 18
Autumn 1982 n/a 30 20 20
Spring 1983 n/a 21 n/a n/a
Autumn 1983 184 28 20 18
Spring 1984 25 16 n/a n/a
Autumn 1984 38 28 9 11
Spring 1985 15 13 n/a n/a
Autumn 1985 201 29 19 19
Spring 1986 65 30 17 18
Autumn 1986 57 30 19 19
Spring 1987 27 25 4 10
Autumn 1987 109 28 20 20
Spring 1988 46 21 6 12
Total 767 328 150 165

TABLE 2. The 33 nonmetric traits used in this study. Fixed state is the most common number of foramina or roots, and range is the
observed range of foramina or roots. Trait numbers are shown in Figure 1.

No. Trait Fixed state Range No. Trait Fixed state Range

1 accessory incisive foramen 1 0–4 17 posterior ethmoid foramen 1 1–5
2 preorbital foramen 1 0–2 18 anterior ethmoid foramen
3 premaxillary foramen 0 0–4 19 accessory ethmoid formina 1 0–3
4 premaxillary fossa 20 frontal foramen 1 0–2
5 maxillary foramen I 2 0–6 21 accessory frontal foramen 2 0–4
6 greater palatine foramen 1 1–2 22 anterior frontal foramen 1 0–2
7 accessory palatine foramen 1 0–6 23 temporal foramen 0 0–3
8 anterior lesser palatine foramen 24 hypoglossal foramen 2 1–4
9 posterior lesser palatine foramen 0 0–2 25 accessory hypoglossal foramen 1 0–2

10 foramen ovale 2 1–2 26 condyloid foramen
11 accessory foramen ovale I 1 0–3 27 accessory condyloid foramen 2 1–5
12 accessory foramen ovale II 1 0–4 28 supradentary foramen 1 0–5
13 foramen infraovale 1 0–4 29 mental foramen 1 0–2
14 sphenopalatine foramen 0 0–2 30 accessory mental foramen 0 0–2
15 maxillary foramen II 1 0–3 31 number of M1 roots 4 2–5
16 maxillary foramen IV 1 0–5 32 number of M2 roots 4 3–5

33 number of M3 roots 3 2–4

flavicollis from Białowieża National Park in Poland. These
mice are characterized by irregular multiannual cycles with
extraordinarily high numbers in years after high seed pro-
duction. Białowieża Forest is an old-growth forest composed
of oak, linden, and hornbeam with admixtures of spruce and
other species and is one of the few primary temperate forests
left in Europe. Especially high population outbreaks of A.
flavicollis occurred there in 1977, 1983, 1990, and 1997 in
the years following synchronous masts in oaks, hornbeams,
and maples (Pucek et al. 1993; Jędrzejewska et al. 2004).
Lower-level outbreaks occurred in 1985 and 1987, with es-
pecially low numbers in intervening years. We investigated
the population between 1981 and 1988.

MATERIALS AND METHODS

Yellow-necked mice, A. flavicollis, from Białowieża Forest
were sampled using 288 live traps with two traps per station
distributed at 20-m intervals in a 12 � 12 grid of 5.76 ha
(for details see Wójcik 1993). Mice were collected over 5-
day periods in spring (May) and autumn (September–Octo-
ber). Population densities were calculated as the number

caught divided by the area of trapping. Juveniles were ex-
cluded from the spring samples using age estimates from
teeth eruption and wear (Adamczewska-Andrzejewska 1967).
The Białowieża population of A. flavicollis has been studied
for variation in reproductive rates (Adamczewska 1961), dai-
ly activity rhythms (Wójcik and Wołk 1985), body size and
haematology (Wołk and Kozłowski 1989), population dy-
namics (Pucek et al. 1993), protein polymorphism (Wójcik
1993), and B chromosomes (Wójcik et al. 2004). Both ju-
venile and extremely old individuals were excluded from the
morphometric analyses to avoid the effects of ontogenetic
changes on our results. Juveniles were recognized by whether
the animal had its full adult dentition, and old individuals
were recognized by whether wear had obscured major parts
of the tooth crown. Males and females were pooled for mor-
phometric analysis to maximize sample sizes, a strategy that
was considered valid because sexual dimorphism in Apode-
mus is small relative to population differences.

Genetic variation (FST) was measured using allele fre-
quencies of transferrin, a blood protein that transports iron.
Of 23 protein loci previously studied in the population (Wó-
jcik 1993), only four were polymorphic and only transferrin
had appreciable variation, with four alleles, Trf a, Trf b, Trf c,
and Trf d. Nei’s genetic distance (Nei 1972) was used to make
pairwise comparisons among samples. FST was used to mea-
sure overall measure of sample differentiation:

2�BF � , (1)ST 2 2� � �B W

where is the variance between samples and is the2 2� �B W
variance within samples (Wright 1951; Weir and Cockerham
1984; Spitze 1993; Merilä and Crnokrak 2001). Changes in
transferrin allele frequencies in this population are thought
to be neutral (Wójcik 1993). Sample sizes are reported in
Table 1.

Nonmetric variation was measured using 33 traits (Table
2). Nonmetric traits are structures that vary meristically with-
in populations, such as small openings for nerves or blood
vessels. Traits were scored separately on the left and the right
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sides of the skull after digestion in a papaine solution and
blanching in 3% hydrogen peroxide to enhance the visibility
of small foramina. Traits 4, 8, 18, and 26 were excluded
because they were correlated with sex or age class (fixed
states and state ranges were not assigned to these traits); traits
29, 32, and 33 were additionally excluded from calculation
of QST because they were invariant in some samples. Sample
sizes are reported in Table 1. Twenty traits were described
by previous authors (Berry 1963; Berry and Searle 1963;
Wahlert 1974; Andersen and Wiig 1982; Sikorski 1982), but
13 were new to our study (Appendix).

Mean measure of divergence (MMD) was calculated for
nonmetric trait frequencies as the mean squared difference
between arcsine-transformed frequencies with a correction
for sample size (Sjøvold 1977; Sikorski 1982). Correlations
between nonmetric traits tested with Pearson’s F coefficient
(Sjøvold 1977). QST for nonmetric traits was estimated using
the method of Wright (1934, 1968) in which each trait is
presumed to be controlled by a threshold such that the un-
derlying distribution is normal and qr is the proportion below
the threshold for trait r. The sample mean is �pri�1qr, where
pri�1 is the inverse of the probability integral. QST is cal-
culated as the mean over all traits r:

2�GBQ � , (2)ST 2 22� � �GW GB

where is the genetic variance among samples for trait r2�GB
and is the additive genetic variance within samples. The2�GW
phenotypic variances and 0.5 were substituted, as-2 2� �PB PW
suming that environmental variance among samples is ran-
domly distributed or absent and that heritability (h2) within
samples is 0.5. The consequences of departure from these
assumptions are considered below in the Results and Dis-
cussion sections. An unbiased estimate of QST and its stan-
dard error were estimated using a jackknife procedure as the
mean and standard deviation of the n Q̂ST estimates calculated
by dropping each of the n samples in turn (Weir and Cock-
erham 1984).

Shape and size of the skull and mandible were measured
using geometric morphometrics. Skulls were photographed
in ventral view and mandibles in lateral view using a stan-
dardized orientation (Caumul and Polly 2005). A total of 30
two-dimensional landmarks were placed on the skull and 15
on the mandible (Fig. 1). Landmarks were place on only one-
half of the skull to maximize sample size (skulls were often
broken on at least one side), a strategy that does not impair
our results because the two halves are redundant in regard
to shape except for nongenetic asymmetries. Centroid size
was calculated for each (Bookstein 1991) and transformed
to a natural log scale. Shapes were brought to a common
orientation and scale using Procrustes analysis, which rotates
the shapes to a common orientation and resizes each to unit
size, allowing the analysis of pure shape differences (Gower
1975; Rohlf and Slice 1990; Dryden and Mardia 1998). Pair-
wise differences in shape were measured using Procrustes
distance, the square root of the sum of squared interlandmark
distances after superimposition. Annual fluctuations in shape
were illustrated as the mean score of each sample on the first
principal component of shape, but all calculations were per-
formed on the full multivariate data sets. Principal component

scores were derived from singular-value decomposition of
the covariance matrix of the mean-centered superimposed
shapes after orthogonal projection into the tangent space
(Rohlf 1993; Dryden and Mardia 1998). QST for mandible
and skull size and shape was estimated using jackknife on
the full multivariate datasets. As with nonmetric traits, 2�PB
and 0.5 were substituted for and with the same2 2 2� � �PW GB GW
assumptions. Sample sizes are reported in Table 1.

Trait responses were also compared using matrix corre-
lation. A matrix of pairwise distances between autumn sample
means was prepared for each trait. For mandible and skull
shape, this was a matrix of pairwise Procrustes distances; for
mandible and skull size, this was a matrix of Euclidean dis-
tances; for nonmetric traits, this was a matrix of MMD; and
for transferrin allele frequencies, this was a matrix of Nei’s
genetic distance. Matrix correlations, product moment cor-
relations between off-diagonal elements (Cheverud et al.
1989; Willis et al. 1991), were calculated and significance
was assessed using a Mantel test (Manly 1991; Thorpe et al.
1995) with 25,000 randomizations and � � 0.05.

The expectation of phenotypic change under random drift
was calculated for the mandible and skull traits. Change due
to drift is a function of the genetic variance and effective
population size according to the formula

2 2 2� (t) � h � t /N , (3)� e

where is the expected variance of phenotypic change, h22�
�

is the heritability or the proportion of the phenotypic variance
that is genetic, �2 is the phenotypic variance of the trait, t is
the number of generations elapsed, and Ne is the effective
population size (Wright 1931; Lande 1976; Polly 2004). Ne

was estimated from our field study using the equation

N � 4N N /(N � N ),e m f m f (4)

where Nm is the number of males captured and Nf is the
number of females. We did not know h2 for any of our traits,
so the consequences of a range of h2 values on our conclu-
sions are discussed below.

RESULTS

Preliminary Tests of Nonmetric Traits

The correlation between all pairs of nonmetric variants was
calculated for the whole sample (n � 329). Of the 435 co-
efficients of correlation, eight (1.8%) differed significantly
from zero. In the remaining cases the values of the coeffi-
cients of correlation were very low, in general 	 0.1. The
homogeneity of occurrence of variants depending on age and
sex was tested with a chi-squared test (P � 0.01).

Population Cycles

Population density of A. flavicollis in Białowieża Forest
had three peaks between 1981 and 1988 (Fig. 2G). The high-
est peak was in autumn 1983, when the density reached 52.8
animals per hectare (n/ha). This peak followed a synchronous
mast the year before (Pucek et al. 1993). Two successively
smaller peaks followed in autumn 1985 (37.1 n/ha) and au-
tumn 1987 (19.1 n/ha). Intervening years had much lower
population densities, with the absolute low occurring in



1928 A. M. WÓJCIK ET AL.

FIG. 1. Landmarks used to represent shape on (A) the ventral skull, (B) the lateral mandible.

spring 1985, when there were only 2.3 n/ha, and the autumn
low occurring just before that in 1984, when the annual peak
was only 7.5 n/ha.

Variation Across Population Peaks

Frequencies of nonmetric trait variants showed significant
variation across the period studied (Fig. 2A). In the summary
graph, the summed frequency of nonstandard variants for
each of the 29 traits in a sample is shown as a vertical bar.
The total height of the bar represents the total frequency of
all nonstandard variants summed across traits. The maximum
height of each bar is 29, which occurs when the frequency
of each of the 29 traits is 1.00. Nonstandard variants peaked
during spring 1983 and fell to a low in autumn 1987. Of the
77 possible combinations of two nonmetric variant samples,
19 had MMD values that were significantly different, where
significance was judged using P � 0.05. Not surprisingly,
MMD was greatest between the spring 1983 and autumn 1987
samples (MMD � 0.083).

Skull and mandible size also varied across the study period
(Fig. 2B, D). Differences in skull centroid size were not sig-
nificant (ANOVA: F9,148 � 1.80, P � 0.18), but mandible
centroid size was (ANOVA: F9,155 � 3.61, P 	 0.001). Man-
dible size was at its peak in autumn 1981 and autumn 1985
and at its low in spring 1988. Mean mandible and skull size
were uncorrelated (R � 0.04).

Skull and mandible shape both varied significantly (Fig.
2C, E). (Note that in Fig. 2 change is illustrated using only
the first principal component of shape, but the numeric re-
sults, including the Procrustes distances and covariation with
other traits, were calculated from the full multivariate data-
set.) The greatest difference in skull shape was between the
autumn 1983 and spring 1987 samples (Procrustes distance
� 0.032). These were the same samples that had the greatest
difference in MMD in nonmetric traits. The greatest differ-
ence in mandible shape was between autumn 1983 and spring
1988 (Procrustes distance � 0.064). Shape in skulls and man-
dibles covaried; the matrix correlation between pairwise Pro-
crustes distance matrices was R � 0.57.
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FIG. 2. Variation in (A) frequencies of nonstandard variants of 29
nonmetric traits (each trait is represented by a band, with trait 1 at
the bottom); (B) skull centroid size; (C) scores on the first principal
component of skull shape; (D) mandible centroid size; (E) scores
on the first principal component of mandible shape; (F) frequencies
of transferrin alleles; and (G) population density in numbers of
animals per hectare (n/ha). Broken gray lines indicate the three
population peaks.

Transferrin allele frequencies also changed across the pe-
riod (Fig. 2F). The peak frequency of the most common allele,
Trf a, was autumn 1984, and the low of the same allele was
the following spring. The maximum genetic distance based
on transferrin was between spring 1985 and autumn 1986. It

should be noted that a single locus can only provide a limited
estimate of genetic change; however, transferrin was the only
locus of 23 examined that had appreciable variation (Wójcik
1993), suggesting that genetic change in this population was
very small.

Changes in Genetic and Skeletal Traits

To look at the response of the several traits to changes in
density, we calculated the change (
) of each trait from year
to year (Fig. 3). The plotted values show change between the
autumn of one year and the previous autumn. The most dra-
matic changes in population density occurred through the first
half of the study period, tapering off from 1985 though 1987.
Of all the traits, skull and mandible shape changes most
closely matched changes in density, with the greatest rates
of change in the first half of the period. Changes in skull size
had a similar but less pronounced pattern. Changes in non-
metric trait frequency were greatest during population out-
breaks, regardless of how large the outbreak was. Changes
in mandible size appeared to be unrelated to changes in den-
sity. The correlation between transferrin frequency and den-
sity is difficult to assess because transferrin data were not
available for the 1981 and 1982 seasons, but the two seem
to be associated.

Correlation between Trait Responses

Correlation in responses of traits was assessed by com-
paring distance matrices (Fig. 4). If two traits respond in a
similar manner, then we expect their distance matrices to have
similar structures. Matrix correlation measures the structure
as the correlation coefficient between corresponding off-di-
agonal elements in the matrices. Only two pairs of traits had
significant correlations: mandible shape and skull shape (r
� 0.61) and mandible shape and genetic distance (r � 0.53).

QST Versus FST

Measures of QST in all the phenotypic traits were greater
than FST, except for non-metric traits (Table 3). QST for skull
size was only marginally greater than FST, but mandible size
and both skull and mandible shape were substantially larger.
Presuming that FST for transferrin represents neutral diver-
gence, then nonmetric trait divergence is compatible with
genetic drift, skull size with mild directional selection, and
the remaining traits with stronger selection.

Quantitative Test of Neutral Change

A single allozyme locus is not infallible as an estimate of
neutral divergence, even though transferrin is thought to be
selectively neutral in the Białowieża population (Wójcik
1993). Quantitative estimates of the amount of phenotypic
change based on the observed trait variances and a range of
assumptions about the heritability of the traits and Ne sup-
ported the conclusion drawn from QST/FST that skull size,
skull shape, mandible size, and mandible shape are under
selection (Fig. 5F–I). For each of these four traits, the amount
of change expected from drift over 12 generations was much
less than that observed except if heritability, h2, is much
greater than 0.5 and Ne is less than 20. Field estimates of Ne
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FIG. 3. Changes from one autumn to the next in (A) nonmetric
trait frequency; (B) skull size; (C) skull shape; (D) mandible size;
(E) mandible shape; (F) transferrin allele frequency; and (G) pop-
ulation density.

fell below 20 only in spring 1985 (Table 4), making it ex-
ceedingly unlikely that the change we observed in these traits
could be due to drift alone, regardless of the heritability.
Differences in Ne have a much greater effect on the magnitude
of neutral change than do differences in h2 (Fig. 6). It should
be noted that the field estimates probably underestimate Ne

because they are estimates for the trapping area; the inter-
breeding population is undoubtedly much larger geographi-
cally and numerically. It was not possible to generate an
expectation in the same way for neutral change in the non-
metric traits because, as meristic traits, their variances are
not compatible with the quantitative theory.

DISCUSSION

Most of our measures of divergence showed significant
differences among at least some of these seasons, with skull
centroid size being the only trait that did not differ (Fig. 2).
Only skull and mandible shape responded directly to the mag-
nitude of population fluctuations (Fig. 3). These two measures
changed most dramatically in the years ending in autumn
1983 and 1984, the same years in which the changes in pop-
ulation density were the greatest. Mandible size changed the
most during periods of low or intermediate fluctuation in
population density. Nonmetric trait frequencies seemed to
change during years when population size increased, but not
when it decreased. Wójcik (1993) found strong correlations
between the Trf allele frequency changes and population den-
sity in the same population of the yellow-necked mouse.

Despite change in most traits, most responses were not
correlated with one another. Notably, mandible size and
shape were uncorrelated, as were skull size and shape. The
correlation of transferrin and other traits could not be eval-
uated as thoroughly because data were not available for the
1981 and 1982 seasons. Only the shape of the mandible and
skull had a correlated response to changing density. This was
likely due to shape being measured with a large number of
variables, giving shape measurements greater precision than
the others (Caumul and Polly 2005). Singular value decom-
position of the matrices of traits revealed that the skull shape
data had a matrix rank (similar to degrees of freedom) of 57
and mandible shape had a rank of 27, whereas nonmetric trait
frequencies had a rank of seven, transferrin frequencies a
rank of four, and centroid size had a rank of only one. Dis-
tances based on data of low rank will be more volatile than
those based on high rank data. Mandible and skull shape are
also more genetically complicated than the other traits; the
number of genetic loci that influence mandible shape has been
estimated at 25, whereas mandible size has been estimated
at 12, nonmetric traits at 10, and transferrin is a single locus
(Berry 1968; Klingenberg et al. 2001). In both the mathe-
matical and biological senses, measures of skull shape are
inherently more multivariate than size, nonmetric frequen-
cies, or single-gene allele frequencies, so it is not surprising
that the shape traits are less erratic in their seasonal fluctu-
ations and more highly correlated with the dynamics of the
population and with one another. This principle is the same
as with molecular sequence reconstruction of phylogeny,
where a larger number of genes and codons gives a more
stable and reliable result (Scally et al. 2001).

High QST values for the mandible and skull traits compared
to the relatively low FST value for transferrin suggest that
skeletal size and shape are subject to divergent selection in
this cycling population, whereas nonmetric traits, which had
a low QST, were not. This result confirms presumptions that
nonmetric traits are functionally neutral, a supposition based
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FIG. 4. Correlations between trait responses. Each graph is a bivariate plot between corresponding off-diagonal elements of distance
matrices fitted with a least-squares regression line. Matrix correlations are reported on the graphs. Significant correlations (P 	 0.05)
are indicated with an asterisk.

TABLE 3. FST and QST values and standard errors. QST was estimated phenotypic variances assuming no between sample environmental
variance ( / � 1) and a heritability of 0.5 ( / ). If those assumptions are relaxed, QST remains higher than FST when the2 2 2 2� � � �GB PB GW PW
equations in the two rightmost columns are satisfied with the indicated values (cf. Fig. 5).

Trait FST or QST Standard error � /� � c2 2
GB PB � /� � �� /�2 2 2 2

GW PW GB PB

Transferrin FST � 0.0445 n.a. n.a.
Nonmetric traits QST � 0.0411 � 0.001 c � 1.0000 � � 0.4637
Skull size QST � 0.0710 � 0.013 c � 1.0000 � � 0.8448
Skull shape QST � 0.2148 � 0.013 c � 0.3362 � � 2.9744
Mandible size QST � 0.1682 � 0.020 c � 0.4605 � � 2.1714
Mandible shape QST � 0.1954 � 0.016 c � 0.3836 � � 2.6069

previously on anecdotal evidence (Berry 1968). Skull size
had a lower QST value than the other phenotypic traits, sug-
gesting that the strength of selection on it is weaker than on
the other traits. Our findings that skull shape evolves by
selection rather than drift corroborates the results of Marroig
and Cheverud (2004), who found that the evolution of skull
shape in Neotropical monkeys could not in most cases be
explained by drift alone, and of Polly (2004), who found that

tooth shape in shrews also evolved much faster than expected
from drift, though it still evolved in an undirected, Brownian
motion pattern consistent with randomly varying selection.

Low estimates for neutral change corroborate the QST anal-
ysis by demonstrating that the observed changes in skull size,
skull shape, mandible size, and mandible shape were much
greater than expected from genetic drift alone. Even skull
size changed more than expected from drift, given reasonable
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FIG. 5. Graphs in the first column show the effect on QST of substituting phenotypic variances for genetic ones in (A) nonmetric traits;
(B) skull size; (C) skull shape; (D) mandible size; and (E) mandible shape. The curved surface shows the value of QST for different
proportions of genetic to phenotypic variance between populations ( / ) and within populations (h2, which is the same as /2 2 2� � �GB PB GW

). The horizontal gray surface shows the observed value of FST (0.0445). QST is greater than FST where the curved surface projects2�PW
above the gray surface, which is when the proportions of genetic to phenotypic variance take on the corresponding values (see Table
3). Graphs in the second column show the expectation of neutral phenotypic change over the study period for (F) skull size; (G) skull
shape; (H) mandible size; and (I) mandible shape. The curved surfaces show the expected amount of neutral change for different values
of h2 and Ne. The horizontal gray surfaces show the observed change over the study period. The observed change is greater than expected
under drift when the horizontal surface lies above the curved surface.
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TABLE 4. Effective population sizes (Ne).

Season/year Nfemales Nmales Ntotal Ne

Autumn 1983 91 94 185 184.95
Spring 1984 15 10 25 24.00
Autumn 1984 18 20 38 37.89
Spring 1985 5 10 15 13.89
Autumn 1985 98 104 202 201.80
Spring 1986 41 24 65 60.55
Autumn 1986 27 30 57 56.84
Spring 1987 12 15 27 26.66
Autumn 1987 51 58 109 108.55
Spring 1988 25 23 48 47.91

FIG. 6. The effects of the heritability, h2 (A), and effective pop-
ulation size, Ne (B), on the expectation of neutral change in man-
dible shape. The change in mandible shape as Procrustes distance
from the autumn 1981 sample is shown in each panel as a dark
broken line. The expectation under neutral drift and 95% confidence
intervals are shown as a gray envelope. Ne is varied in the first
column with h2 held constant at 1.0, and h2 is varied in the second
column with Ne held constant at 13.89. The h2 has a much smaller
effect on the expectation for neutral change than does Ne.

assumptions about heritability and effective population size.
The only conditions under which drift alone could be re-
sponsible for the observed changes is if the phenotypic var-
iance remained high throughout the period of the study, if
h2 remained near 1.0, and if Ne was continuously less than
20. An h2 near 1.0 is unlikely for any of these skeletal traits
(Mousseau and Roff 1987). Furthermore, even our field es-
timates of Ne, which should be considered minimum esti-
mates, found an Ne below 20 only in spring 1985. Even then,
the real Ne was probably much greater because our limited
field area in Białowieża Forest does not have natural bound-
aries that would prevent gene flow among mice in surround-
ing areas, perhaps extending very long distances.

The interpretation of high QST values as being the result
of directional selection rests on the assumptions inherent in
our use of phenotypic variances that there is no between-
sample environmental variance (or that it is randomly dis-
tributed) and that the heritability of the traits is 0.5. On the
one hand, these assumptions are not unreasonable because
the samples were collected at the same site and heritabilities
of morphological traits are generally presumed to be high.
On the other hand, the density cycles in this population of
Apodemus are known to be responses to environmental fluc-
tuations (mast production), and the density changes them-
selves may contribute to environmental variance. General
objections have also been raised to substituting phenotypic
variances for genetic ones (Willis et al. 1991), though the
results of our estimation of quantitative change by drift sug-
gest that assumptions about h2 are not as critical for conclu-
sions as are assumptions about population size (Fig. 6).

Data do not exist to estimate the genetic variances of our
traits, but we can determine the effect on QST of our as-
sumptions about the proportions of genetic to phenotypic
variance. We substituted phenotypic variances ( and2�PW

) for genetic ones ( and ) and assumed that the2 2 2� � �PB GW GB
heritability ( ) was 0.5 and that there was no envi-2 2� /�GB PB
ronmental variance among the samples ( � 1.0). The2 2� /�GB PB
graphs in Figure 5 show the value that QST would take for
different values of h2 ( / ) and / . For compar-2 2 2 2� � � �GW PW GB PB
ison, the observed value of FST is shown as a gray surface.
If h2 is lower than what we assumed, QST will be higher; and
when environmental variance between samples is greater than
we assumed (i.e., when / is lower), QST will become2 2� �GB PB
lower. With our original assumptions, we concluded that non-
metric traits had a nearly neutral QST near the value of FST;
skull size had a QST only marginally higher than FST; and
skull shape, mandible shape, and mandible size all had QST

much higher than FST. For nonmetric traits and skull size,
the only conditions under which QST would be much higher
than FST is if heritability were near zero and environmental
variance very small, conditions that are not likely to be com-
patible in nature because nonheritable variance should be
environmentally pliable. If skull size has a dominance com-
ponent, its QST value may be artificially small relative to FST
(Goudet and Büchi 2006). For skull shape, mandible size,
and mandible shape to have QST values that were not sub-
stantially higher than FST, both heritability and environmental
variance among samples would have to be very high, con-
ditions that are again unlikely to co-occur. Interpretation of
skull size, however, is equivocal because there are plausible
combinations of heritability and environmental variance be-
tween samples that could give a QST value near FST, sug-
gesting that it could be nearly neutral or under weak selection.
Table 3 reports the values of / and h2 ( / ) that2 2 2 2� � � �GB PB GW PW



1934 A. M. WÓJCIK ET AL.

would be required for QST to be lower than FST for each of
the phenotypic traits.

Conclusions

Cyclic fluctuations in population size are common to many
organisms, especially small mammals. In the yellow-necked
mouse, A. flavicollis, dramatic changes in population density
are driven by annual cycles in food availability and mul-
tiannual cycles in forest seed production. Autumn densities
are always high, with substantial declines in population num-
ber due to winter mortality. Extremely high densities, with
numbers of trapped individuals per hectare exceeding 50, can
be found in years after synchronous mast. These boom-and-
bust cycles had a measurable effect on the genetics and mor-
phology of the Białowieża Forest population over seven
years, but the cycles did not affect all traits in the same way.
Frequencies of nonmetric traits changed the most as popu-
lation density reached its peaks, whereas skull and mandible
size and transferrin allele frequencies changed more when
population density was in decline. Skull and mandible shape
change was correlated with the magnitude of change in den-
sity, regardless of whether density was increasing or decreas-
ing. There was little correlation among traits as they changed
from year to year. Only mandible size and shape were highly
correlated in their response, and mandible shape and trans-
ferrin allele frequencies were somewhat correlated. The bi-
ological and mathematical complexity of skull and mandible
shape made them better measures of cyclic change in terms
than frequencies of single genes, nonmetric trait frequencies,
and size. QST estimates for skull shape, mandible size, and
mandible shape unequivocally indicate that these traits were
under selection during the series of cycles, and QST for skull
size suggests that it is also under weaker selection. That these
traits have been selected was corroborated by quantitative
estimates of the change expected from drift alone. Conversely
QST/FST comparisons confirm that nonmetric traits are nearly
neutral and changed no more than expected by drift.
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APPENDIX

Description of Nonmetric Traits New to This Study

Trait 3: premaxillary foramen, small opening in the premaxilla near
the suture with the maxilla when viewed from below

Trait 4: premaxillary fossa, small fissure in the premaxilla near the
suture with the maxilla when viewed from below

Trait 7: accessory palatine foramina, variable number of small open-
ings in the palatine bone between the anterior and posterior pal-
atine foramen

Trait 11: accessory foramen ovale I, opening at the posterior edge
of the foramen ovale visible ventrally

Trait 12: accessory foramen ovale II, opening at the medial edge
of the foramen ovale visible laterally

Trait 15: maxillary foramen II, opening between the zygomatic and
alveolar processes of the maxilla, sometimes overhung by bone
to create two or three separate openings

Trait 19: accessory ethmoid foramina, small openings in the frontal
bone below the ethmoidal foramina near the suture between the
frontal and maxilla

Trait 21: accessory frontal foramen, located behind or below the
frontal foramen

Trait 25: accessory hypoglossal foramen, located at the margin of
the foramen magnum inside the cranial cavity

Trait 26: condyloid foramina, lie between the ventrolateral margin
of the foramen magnum and the petrosal, within the cranial cavity

Trait 27: accessory condyloid foramen, lies medial to the condyloid
foramina on the margin of the occipital bone, in contact with the
petrosal (counted as a variant when it is entirely enclosed in bone
rather than a sulcus on the occipital margin)

Trait 29: mental foramen, normally a single opening, but as a variant
can be divided into two

Trait 30: accessory mental foramen, a small opening often found
below mental foramen(a)


