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STRESS AND DEVELOPMENTAL STABILITY: VEGETATION REMOVAL
CAUSES INCREASED FLUCTUATING ASYMMETRY IN SHREWS

ALEXANDER V. BADYAEV,' KERRY R. FORESMAN, AND MIGUEL V. FERNANDES

Division of Biological Sciences. University of Montana. Missoula, Montana 59812-1002 USA

Abstract.  Environmental stress can increase phenotypic variation in populations by
affecting developmental stability of individuals. While such increasc in variation results
from individual differences in ability to buffer stress, groups of individuals and different
traits may have different sensitivity to stressful conditions. For cxample, the sex that is
under stronger directional sclection for faster growth may be more sensitive to stressful
conditions during devclopment. On an individual level, stress-induced variation in a trait
may be related to the strength of stabilizing selection that acts on the trait, We cxperimentally
examincd sensitivity of mandibular development to stress in a free-living population of
common shrews (Sorex cinereus), a short-lived insectivore mammal with very limited
dispersal and nearly continuous foraging activity. We found a strong increasc in asymmectry
in shrews born under stressful conditions. Increascd asymmetry was associated with lower
physiological condition in both control and stressed populations, although the cffect of
asymmetry on fitness was more pronounced under stressful conditions. Males®™ develop-
mental stability was more scnsitive to stressful conditions than developmental stability of
females, suggesting that their apparently faster and more variable growth is more sensitive
to stress than is growth of females. Mandible traits differed in their sensitivity to environ-
mental changes. Preliminary results suggest that this differential sensitivity is proportional
to the degrce of developmental and functional morphological integration among mandibular

traits.
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INTRODUCTION

Environmental stress can increase phenotypic vari-
ation in populations by affecting developmental sta-
bility of individuals (e.g., Selyé 1956, Hoffmann and
Parsons 1991, Graham et al. 1993, Kieser 1993). In-
dividual inability to undergo normal development un-
der stressful conditions often is expressed as either in-
crcased asymmetry in bilateral traits (Van Valen 1962,
Palmer and Strobeck 1986, Mgller and Swaddle 1997)
or increase in frequency of phenotypic deviants (Ras-
muson 1960). While increased devclopmental insta-
bility may be proximately caused by external environ-
ment, the extent to which different traits respond to the
environmental cues can have a genetic basis (e.g., Sie-
gel and Doyle 1975a). Differential sensitivitics of de-
velopment to stress can evolve under natural sclection
(Reeve 1960, Via 1994) that may favor increased in-
stability under stressful conditions (Schmalhausen
1949, Bradshaw 1965, Bull 1987, Holloway et al. 1997,
Simmons and Johnston 1997).

The cvolutionary importance of environmentally in-
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duced variation in traits developmental stability is not
well understood (Simmons and Johnson 1997). The pri-
mary reason for this is that studics of free-living pop-
ulations documenting cffects of distinet environmental
change (e.g., Ames et al. 1979, Jagoc and Haines 1985,
Magller 1993), ecspecially over several gencrations
(Clarke and McKenzie 1992), are rare and most of our
knowledge about variation in developmental stability
following stress is derived from laboratory rescarch
(e.g., Siegel and Smookler 1973, Sicgel and Doyle,
1975a, b, Sciulli et al. 1979, Siegel et al. 1992).
Studies of association betwecen devclopmental sta-
bility and environmental changes in natural populations
are important for several reasons. First, laboratory
studies often use animals under abnormally low initial
stress conditions (e.g., competition and predation are
largely eliminated). As a result, responses of these an-
imals to the extreme, experimentally induced stress
may be of limited value to studies that explore adap-
tiveness and sensitivity of traits to natural ranges of
stresses (Parsons 1990). On the contrary, well-designed
experiments with free-living populations that are sub-
ject to an array of natural stresses coincident with the
environmental change of interest could provide insight
into the natural range of reaction to stress and the role
variation in individual quality may play in this response
(Parsons 1993). Sccond, with this information, com-
parisons of experimental stresses to the range of natural
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fluctuations in the environment of free-living popula-
tions become possible, and thus further our understand-
ing of the cvolution of stress resistance (c.g., Shandorff
1997). Additionally, such comparisons allow us to ex-
amine natural and sexual sclection on traits that reliably
indicate stress resistance (Mgller and Pomiankowski
1993, Manning and Chambcrlain, 1994), and the role
periodic stressful events may play in forming prefer-
cnces for the ability to buffer such stresses (c.g., Bad-
yacv 1998). Finally, indices of developmental stability
arc frequently used to cvaluate effects of pollution,
inbreeding, and changes in habitat suitability for free-
living populations (Valentinc and Soulé 1973, Harris
and Nweceia 1980, Wayne ct al. 1986, Zakharov and
Yablokov 1989, Picton et al. 1992, Badyaev et al.
1998), and studies of devclopmental stability in natural
populations provide us with tools to monitor changes
in the range and degree of stresses affecting popula-
tions (Leary and Allendorf 1989, Bailit et al. 1970,
Mgller and Swaddle 1997).

In this study we examined effects of logging on de-
velopmental stability in free-living populations of com-
mon shrew, Sorex cinereus. In forested landscapes, log-
ging practices drastically alter the vegetation structure
of the overstory and understory canopy. Such loss of
vegetation often increases solar radiation and wind in
the understory, and creates entirely different microcli-
matcs from that of unlogged forest (c.g., Chen ct al.
1993). Pronounced changes in microclimate and veg-
ctation structure strongly affect food resources and for-
aging cfficicncy of small mammals (e.g., Geier and
Best 1980, Churchfield 1982), ultimately influencing
the physiological condition of individuals and es-
pecially the condition of pregnant females (c.g.,
McShea and Maddison 1989, Zakharov et al. 1991).
Common shrews are especially suitable for studies of
cnvironmental variation in developmental stability.
Shrews arc short-lived (18 mo) insectivore mammals
with a majority of breeding occurring in a short period
of time (Foresman and Long 1998). Shrews have a very
short period of skeletal growth (6 d prenatal and 20 d
postnatal growth; Foresman 1994) and nearly contin-
uous prey-searching and foraging activity (Genoud
1988). Studics in Eurasia showed that shrew skeletal
growth is highly sensitive to variation in environmental
conditions (c.g., Pankakoski et al. 1992). In addition,
shrews have limited dispersal (e.g., Stockley et al.
1994), thus making it possible to design a field study
that would account for possible immigration and em-
igration.

Here we examine changes in developmental stability
in common shrews as a result of changes in vegetation
structure. We specifically examine the hypothesis that
if pregnant females inhabiting the vegetation removal
(VR) arcas cxpcerience more cnergetically costly for-
aging, lower food quality, or greater physiological ex-
penditures as a result of microclimate change, we
should see increases in developmental instability in
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their offspring comparcd with offspring of females that
underwent pregnancy under control conditions. To ex-
aminc whether variation in devclopmental instability
has any fitness consequences, we also investigated the
relationship between developmental instability and in-
dividual condition for offspring under both treatments.
We predicted that increased individual levels of asym-
metry would correspond with lower body mass and
body condition under both treatments.

METHODS
Study site and populations

The study was carricd out between June and August
of 1994 on eight cxperimental plots (between 6 and 28
ha each) located on four study sites within 32 km of
one another in the Swan River Valley of western Mon-
tana. Each study site contained control (untreated) plots
and plots where overstory vegetation was removed (VR
plots) by the Plum Creek Timber Company. Overstory
removal trcatment included the removal of 250-500
trees/ha. After removal, trees were limbed at landings
and debris was burned. Study sites were surrounded by
large, contiguous forested stands. Timber harvesting
occurred during spring of 1993, onc year prior to an-
imal sampling. Trait measurements, asymmectry values,
and age and sex ratios did not differ among study sites
within treatments (all ANCOVA F’s <0.7). Thus, we
pooled data across study sites.

Studies in Eurasian shrews found that sexes differ
in sizes and utilization of their home ranges (Stockley
ct al. 1994, 1996). Whilc females remain within small
home ranges throughout the year, males during brecd-
ing season commonly make linear movements up to
116 m (Stockley et al. 1994 and refcrences therein).
Similarly, S. cinereus has very limited natal and breed-
ing dispersal (K. R. Foresman, unpublished data).
However, to further minimize the cffects of immigra-
tion, emigration, and edge cffects, we limited our sam-
pling to the corc arcas of our study plots. Concurrent
studies which employed car tagging all other small
mammal species documented that no movement oc-
curred between VR and control sites. Thus, it is very
unlikely that we sampled any individuals from arcas
outside of our experimental setting. Shrews werc
trapped with pitfall traps or Sherman live traps during
two weeks in Junc 1994. Sherman live traps were ar-
rayed in 10 X 10 grids, spaced at 10-m intervals, with
one trap per station and baited with rolled oats. Trap-
ping grids were run for four consecutive, 24-h periods
and checked twice each day. In addition, three pitfall
arrays containing four pitfalls each were placed across
the core of each plot surrounding live trap grids. These
unbaited traps were checked once per day. We aged
captured shrews based on tooth wear (Dannclid 1994).
For consistency, we restricted our analyses to immature
shrews born from mid-May to mid-June of 1994.
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Fii. 1. Outline of a common shrew (Sorex cinereus) man-
dible showing eight landmark points used in this study: M1,
1-3: M2, 3-7: M3, 2-7: M4, {-2: T1, 5-7. T2, 5-6: T3, 4-0:
T4, 4-7.

Data collection and analyses

After sacrifice, shrews were weighed to the nearest
0.01g on an electronic balance, and sexed by dissection.
The skulls were cleaned in a dermestid beetle colony.
We then photographed images of left and right side of
cach mandible under 7.5X magnification using an
Olympic SZH sterco photomicroscope and a video cap-
ture board. The resulting images were magnified 2X
in the Mocha 1.2.10 Image Analysis software (Jandel
Scientific, San Rafael, California, USA). We selected
eight major landmark points, commonly used in shrew
skull measurcments (e.g., Dannelid 1994), along the
Jower mandible perimeter. Before designating distances
for use in our analyses, we examined the repeatability
of our mecasurements and only distances with 90% re-
pcatability or higher were used. Repeatabilitics for all
traits were calculated from intraclass variance com-
ponents of ANOVA from a subsample of 15 individuals
remeasured multiple times over the period of one to
five wk. We estimated whether individual variation in
asymmetry differed from that estimated from mea-
surement crror by computing mean squares (Ms) from
a mixcd-model ANOVA (SAS 1989; after Swaddle et
al. 1994). We estimated repeatability by dividing the’
Ms Individual X Side X Repeated measures by a sum
of Ms Individual X Side X Repeat and ms Individual
X Repeat (Swaddle et al 1994). The asymmetry esti-

mates derived with this method were significantly re-
peatable for both VR and control samples (15 individ-
uals per location, all F’s =10.8, all P’s <0.001).

We measured four characters in the posterior ‘‘mus-
cle” area of the mandible (M1-M4; Fig. 1) and four
characters in the anterior “‘teeth’ area of the mandible
(T1-T4; Fig. 1). Interlandmark distances were mea-
sured using Mocha Image Analyses Software. Because
of the manifold magnification and accuracy of mca-
surements made possible by this software, our meca-
surement error (pixellation crror) was <0.3% of total
variance in most mandible traits (by side) and <10%
of the average difference between sides for cach trait.
Both shrew mandible photography and mandible mca-
surements were conducted without prior knowledge of
habitat treatment affiliations. Thus, we assumed that
the measurement error contributed equally to each sex
and habitat treatment category.

Asymmetrics in selected characters (M1-M4 and
T1-T4) showed no scaling effects with character size
(all Pearson #’s <0.10). Plots of left minus right values
and results of ANOVA (Tables 3, 5) reveal only small
directional asymmetry in measured traits. Mcans of left
minus right differences for sclected traits were not sig-
nificantly different from zcro, mostly showed no sig-
nificant kurtosis or skewncss, and did not deviate from
normal distributions (Table 1). Thereforc we concluded
that eight selected distances could be used to reliably
estimate fluctuating asymmetry (FA) in the lower man-
dible.

We calculated FA on both individual and population
levels (Palmer and Strobeck 1986). Individual level
estimates allowed us to examine the relationship be-
tween individual asymmetry levels and individual qual-
ity, and more importantly, the variation in this rcla-
tionship among individuals. Estimates of asymmetry
on the population level allowed us to compare popu-
lation responses to changes in cnvironmental condi-
tions (i.e., vegetation removal). In addition, the vari-
ance-partitioning estimate ot population-level asym-
metry let us separate effects of directional and fluc-
tuating asymmetry (Mgllcr and Swaddle 1997). For the

TanLi 1. Skewness (S), kurtosis (K), and test for normality (W) of the fluctuating asymmeltry
values for each of the eight mandibular measurements of Sorex cinereus in two habitat
treatments after effects of sex were statistically controlled.

Control (n = 44) VR (n = 68)

Variable S K w S K w
Mi 1.110 0.465 0.860 0.961 0.613 0911
M2 0.999 —0.447 0.814 0.987 0.318 0.924
M3 0.734 —0.454 0.900 0.708 0.387 0.873
M4 1.161 0.533 0.835 1.098 0.462 0.879
T] 0.979 0.363 0.743 0.787 0.233 0.863
T2 1.165 0.999 0.776 2.678 2.312 0.684
T3 1.045 0.500 0.755 0.818 =0.607 0.862
T4 1.127 0.159 0.815 0.843 0.537 0.861

Note: All W tests are significant at P < 0.002.
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TABLE 2. Means (* sp) of the two sides for eight mandibular mecasurements (in millimeters)
in Sorex cinereus for each sex and habitat treatment. All values have been multiplied by 10.

339

Malcs Females
Control VR Control VR
Variable (n =23 (n = 44) (n =201 (n = 24)
Mi 30.65 (2.05) 31.04 (1.28) 30.63 (0.75) 30.69 (1.07)
M2 13.65 (0.98) 13.46 (0.75) 13.07 (0.606) 13.51 (0.53)
M3 27.10 (0.85) 26.87 (0.97) 27.33 (0.84) 26.57 (0.75)
M4 22,11 (1.97) 22.55 (1.02) 22.19 (1.03) 22,01 (1.17)
Ti 34.42 (1.05) 33.92 (1.29) 34,12 (1.32) 33.76 (1.17)
T2 6.75 (0.84) 6.65 (0.70) 6.75 (0.48) 6.54 (0.44)
T3 13.09 (1.37) 12.89 (1.09) 12.85 (1.37) 12.92 (0.87)
T4 20.08 (1.33) 19.93 (1.24) 20.22 (1.31) 20.02 (1.40)

Note: Raw values are shown: In-transformed data are used in analyscs.

individual level estimates, we calculated differences of
In-transformed left and right sides for each of eight
mecasurements for cach animal used in the analyses.
Effects of scx were removed in the general linear mod-
cls (SAS 1989) and residuals were uscd for all sub-
sequent analyses. We also estimated FA at the popu-
lation level for control and treatment samples. Popu-
lation estimates were calculated as crror terms in two-
way ANOVAs with side as the fixed factor (to account
for potential directional asymmetry) and individuals as
random factors (Palmer and Strobeck 1986). The crror
variances were then entered into a general lincar model
to remove cffects of sex. To calculate differences in
amount of variation in measurements accounted by FA
(crror term), we calculated the ratio of error variance
to total variance in the measurc of intcrest. Results of
all multiple tests and comparisons were tested for sig-
nificance using the scquential Bonferroni test.

REsuILTS

The cight characters widcely differed in size from 0.6
mm (T2) to 3.4 mm (T1). Analyses of variance show
no significant sex effects on any of the measurements
(Table 2). Mecans of eight mandibular characters did
not differ between control and VR arcas (all F’s <1.5,
all P’s >0.2; Table 2). Means of individual measure-
ments of FA were much greater in the VR areas com-

pared to the control areas (Table 3). In malcs, these
differences rcached significance levels after Bonferroni
adjustments for T4 (340% increase of the mcan), T1
(330%), M1 (297%), and M2 (180%) characters (Table
3). Overall, males showed on average 232% increase
in FA per character, with tecth traits (T1-T4) being
more responsive (on average 71% increase per trait)
than muscle traits (23% increasc per trait). In females,
differences in FA between control and VR samples
were significant in M4 (310%), T4 (302%), and T3
(270%) characters (Table 3). Overall, females showed
an average 195% increase in FA per trait, with more
cven distribution of FA increases between teeth (44%
increase per trait) and muscle (54% increase per trait)
traits than males (Tablc 3).

When cffects of sex were statistically controlled in
a general lincar model, increases in individual mca-
surcs of FA were significant in threc tecth traits; T4
(377% increasc), T1 (233%), and T3 (230%); as well
as in onc muscle trait: M1 (187%) (Table 4, Fig. 2).
Overall, teeth traits werc more sensitive to vegetation
removal than muscle traits (65 vs. 43% incrcase per
trait correspondingly) (Table 4, Fig. 2).

Population-level differences in FA between control
and VR arcas generally repecated the pattern described
above. Overall, FA changes between control and VR
samples varied from —17.5 to 53%; on average con-

TasLe 3. Fluctuating asymmetry valucs (mean and cv, in millimeters) for each of the eight mandibular measurements of
Sorex cinereus estimated for cach sex and habitat treatment. All values have been multiplied by 10.

Males Females
Variable Control VR F P Control VR a2 P
M 0.35 (89.03) 1.04 (67.83) 12.01 0.0005+ 0.79 (84.54) 1.09 (99.73) 0.62 0.219
M2 0.35 (94.62)) 0.63 (65.47) 5.52 0.011+ 0.38 (117.79)  0.45 (94.03) 0.16 0.347
M3 0.69 (97.74) 0.82 (92.16) 0.36 0.274 0.76 (84.99) 1.04 (58.88) 1.52 0.114
M4 0.68 (99.67) 0.88 (83.74) 0.76 0.194 0.30 (104.09) 0.93 (65.71) 9.15 0.002%
TI 0.36 (88.52) 1.19 {84.06) 9.06 0.002% 0.74 (122.13)  1.02 (76.54) 0.86 0.181
T2 0.33 (136.55) 0.76 (127.93) 2.78 0.051 0.32 (122.74)  0.46 (92.45) 0.69 0.207
T3 0.41 (97.45) 0.95 (94.72) 4.55 0.019 0.53 (157.56) 1.44 (67.11) 5.85 0.011+
T4 0.50 (99.98) 1.70 (68.69) 11.84 0.0005% 0.49 (139.64) 1.48 (54.02) 10.79 0.001+

Notes: Raw values arc shown: in-transformed data arc used in analyses. I values arc for dircctional test of differences in
asymmeltry between control and vegetation-removal (VR) plots.
+ Significant difference between habitat treatments at o« < 0.10 in sequential within-sex Bonfcrroni tests.
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TasLE 4. Fluctuating asymmetry values (mean, with | si: in parentheses) for each ot the cight
mandibular measurements of Sorex cinereus in two habitat treatments after effects of sex

were controlled.

Habitat
Variable Control VR F P
MI 0.008 (0.002) 0.015 (0.001) 8.15 0.005%
M2 0.010 (0.003) 0.017 (0.002) 4,11 0.046
M3 0.011 (0.002) 0.015 (0.002) 1.39 0.241
M4 0.009 (0.003) 0.017 (0.002) 5.13 0.026
Tt 0.006 (0.002) 0.014 (0.001) 8.75 0.004+
T2 0.018 (0.008) 0.036 (0.006) 3.30 0.073
T3 0.016 (0.005) 0.037 (0.004) 10.43 0.001+
T4 0.009 (0.004) 0.034 (0.003) 20.67 <0.001%

Notes: F values are for directional test of differences in asymmetry between control and
vegetation-removal (VR) trcatments. Sample sizes are as in Table 1.
+ Signiticant difference bctween habitat treatments at « < 0.10 in sequential within-sex

Bonferroni tests.

tributing 28.4% of total variance in characters in con-
trol population and 50.2% in VR population (Table 5).
Population FA increases were proportionally the largest
in T2 (53%), T3 (34%), and T4 (39%) traits. Overall,
population FA values increased by 16.3% per trait in
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+ 1 si individual level, effects of sex removed) for eight
mandibular mcasurements of Sorex cinereus from control
(solid bars) and vegctation-removal (open bars) sites.

muscle traits and by 27.2% per trait in teeth traits (Table
5, Fig. 3).

Shrews in the VR arcas had significantly lower body
mass and tended to be in lower individual condition
(residuals of body mass vs. size regression; Jakob ct
al. 1996) comparcd to the control arcas (Table 6). In
both control and VR samples, shrews that had a higher
degree of asymmetry were in lower individual condi-
tion (Table 6, Fig. 4). Furthermore, although not sig-
nificant (ANCOVA, F = 0.76, P = 0.38), the slope of
the FA index vs. individual condition regression was
greater in the VR samplc than in the control (Table 6,
Fig. 4), suggesting that the consequences of asymmeltry
may be magnified under stressful conditions.

DISCUSSION

Our results provide evidence for the strong cffects
of rapid environmental change on developmental sta-
bility in free-living populations of shrews. We docu-
mented a large increase in mandible asymmetry in
shrews born undcer stressful conditions (Tables 3-5,
Figs. 2 and 3). Despite pronounced differences in de-
velopmental stability of traits between the two treat-
ments, there were no differences in the overall sizes of
traits, and only small differcnces in individual condi-
tions (Tables 1 and 6). This indicates that devclop-
mental stability in traits is more sensitive to changes
in environmental conditions than the trait sizes them-
sclves, and developmental stability may be a better
indication of environmental quality than individual vi-
ability or population density estimates (Leary and Al-
lendorf 1989).

High sensitivity of shrew developmental stability to
the environmental conditions found in this study cor-
roborates previous findings that variation in shrew be-
havior and morphology are excellent indicators of en-
vironmental change. Pankakoski et al. (1992) showced
that developmental stability of Sorex araneus is strong-
ly affected by heavy metal pollution. They suggested
that reduced dispersal and short life span make shrews
particularly sensitive to local cnvironmental condi-
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Tanik 5. Estimates of variance (percentage of total variance in parenthescs) components due
to directional asymmetry (Side). individuals (Individual). and fluctuating asymmetry (Error)
for each of the eight mandibular measurements. All estimates of variance (but not pereentages)

have been multiplied by 10°

Trait Side [ndividual Error Total

Control
Mi 0.0158 (0.3) 5.0322 (90.8) 0.6030 (8.9) 5.5404
M2 0.0236 (0.4) 4.5725 (85.4) 0.8622 (14.3) 5.3537
M3 0.0171 (0.9) 0.6494 (34.7) 1.2275 (64.5) 1.8723
M4 0.0336 (0.3) 9.1069 (87.2) 1.2656 (12.4) 10.204
Tl 0.0000 (0.0) 0.5376 (27.1) 1.4871 (72.9) 1.9807
T2 0.0000 (0.0) 16.175 (81.5) 4.0816 (18.6) 19.840
T3 0.3858 (2.3) 14.010 (82.6) 3.0553 (15.1) 16.965
T4 0.2367 (3.0) 5.8347 (76.1) 1.8122 (20.7) 7.6440
(Mean percentage
of total variance) (0.9) (70.3) (28.4)

Vegetation removal
Ml 0.0021 (0.0) 2.1718 (57.0) 1.6175 (42.9) 37710
M2 0.5742 (10.2) 3.5766 (58.6) 1.7939 (31.9) 5.6280
M3 0.0000  (0.0) 1.6976 (50.8) 1.6108 (49.1) 3.2799
M4 0.0000 (0.0) 3.1913 (58.4) 2.2462 (41.7) 5.3920
Tl 0.0000 (0.0) 1.4134 (44.7) 1.7396 (55.4) 3.1410
T2 1.1809 (2.3) 5.7173 (25.8) 15.873 (71.7) 22.140
T3 2.0393 (6.8) 6.4937 (44.0) 7.2715 (49.3) 14.736
T4 1.5648 (7.3) 4.0643 (33.9) 7.1756 (59.8) 11.993

(Mean percentage
of total variance)

(3.3)

(46.7)

(50.2)

tions. In addition, predatory inscctivorous foraging
makes shrews especially vulnerable to toxic pollutants
in the environment (Pankakoski et al. 1992). Because
most of the variation in developmental stability in skel-
ctal characters arises during prenatal and carly post-
natal stages (c.g., Siegel and Doyle 1975b), physio-
logical condition of pregnant females could be a prox-
imate cause of variation in offspring asymmetry. Sim-
ilarly, Zakharov ct al. (1991) found that physiological
conditions of females and developmental stability of
their offspring strongly differed between geographic
populations in S. araneus and were concordant with
fluctuations in population density. Frequent territorial
disputes, increased resource competition, and increases
in predator numbers accounted for increased stress in
shrews during peak population densities (Zakharov ct
al. 1991). Increased developmental instability during
times when the population is under stress may be a by-
product of sclection favoring increascd phenotypic
plasticity under novel environments introduced by
stress (Cooper and Kaplan 1982, Bull 1987, Stearns
and Kawecki 1994, Simmons and Johnson 1997, Bad-
yaev and Ghalambor 1998). Under widely fluctuating
cnvironmental conditions, it is possible to envision how
short life span and limited dispersal of shrews would
favor maintenance of phenotypic plasticity for a num-
ber of traits (¢.g., Schmalhausen 1949, Real 1980, Kics-
cr 1987, Gavrilets and Hastings 1994, Stearns and
Kawecki 1994). Examination of fitness consequences
of developmental instability over a number of gener-
ations (Gillespic 1977) is neceded to investigate this
alternative.

Increased asymmetry was strongly associated with a
short-term fitness in our study populations, corrobo-
rating results of scveral other studies (e.g., Pankakoski
et al. 1992, Stockley et al. 1996). Strong corrclation
between fitness and asymmetry in the shrew mandible
is not surprising given the close association of man-
dible traits with prey capturing (c.g., Carraway and
Verts 1994), and ncarly continuous foraging activity of
shrews (Genoud 1988). The comparison of fitness con-
scquences of asymmetry in control and VR treatments
is significant because thesce trcatments are concurrent
with the natural array of environmental stresses ex-
perienced by our study populations. In both control and
VR populations, asymmetrical shrews were in poorer
conditions because they were significantly lighter for
their size (Table 6; Fig. 4). However, whilc not statis-
tically different, slopc of FA vs. physiological condi-
tion regression was shallower in the control population
(Fig. 4). This indicates that wider variation in asym-
metry is tolcrated under normal conditions, while sim-
ilar ranges of variation under stressful conditions caus-
es stronger dccline in physiological condition (Fig. 4).
Lower fitness of asymmetrical individuals is commonly
documented (sce Mgller and Swaddle 1997 for review).
It may arisc directly through mating discrimination
against asymmctrical individuals (c.g., Mgller 1992),
or higher vulnerability of such individuals to predators
because of their reduced escape abilities (c.g., Swaddle
et al. 1996, Mgllcr and Nielsen 1997). Reduced fitness
could also result from indirect effects of abnormal de-
velopment, such as aberrations in behavioral phenotype
of asymmetrical individuals that may cxclude them
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FiG. 3. Residual values of fluctuating asymmetry (pop-

ulation level, cffects of sex removed) for eight mandibular
mecasurcments of Sorex cinereus from control (solid bars) and
vegetation-removal (open bars) sites.

from the pool of potential mating partners, and make
them more conspicuous to predators (e.g., Markow and
Gottesman 1993). Finally, activation of individual
stress-resistant mechanisms under stressful conditions
may themselves lead to disruptive energetic balance
and thus lower individual fitness (Orians and Solbrig
1977, Sibly and Calow 1989, Clarke and McKenzie
1992). The latter may also explain why a negative re-
lationship between fitness and asymmetry is most fre-
quently documented in wild populations under mar-
ginal ccological conditions (e¢.g., Parsons 1990).
Developmental stability was more sensitive to stress-
ful conditions in males than in females (Table 3; see
also Stockley et al. 1996). The reason for this is unclear.
The mating system of S. cinereus is poorly known, but
the closcly related S. araneus is strongly polygynous
and males intensively compete for access to females
during an extremely short (2 h) estrus period (Stockley
et al. 1996). In S. araneus, the timing and intensity of
body size growth appears to be more variable in males
than in females, resulting in different mate-searching
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TABLE 6. Mean (with | sp in parenthescs) of body mass (in
grams), mandible size, and individual condition of Sorex
cinereus from two habitat treatments after effects of sex
were controlled.

Variable Control VR F P
Body mass 3.35 (0.83) 2.97 (0.62) 4.93 0.0l
Mandible sizet 0.38 (1.77) -—0.15(1.90) 1.55 0.12
Conditiong 0.16 (1.65) —0.06 (1.82) 045 0.30
FA index vs.

condition

(ber) -0.18 —-0.27 0.76  0.38

Notes: F values are for directional test of differcnces be-
tween control and vegetation-removal (VR) treatments. The
last row reports standardized regression coefficients (hg;)
from a regression of FA index on condition.

+ First principal component from corrclational matrix of §
mandibular traits.

i Residual of body mass vs. size regression.

strategies used by carly- and late-maturing males
(Stockley et al. 1994). Males that are larger at early
stages of sexual maturation had large home ranges in
areas with high female density, while smaller males
had small home ranges and made long-distance move-
ments to visit female ranges (Stockley ct al. 1994).
While S. cinereus is not scxually dimorphic in size
(Tablc 2), there may be stronger selection on malces to
reach adult size and to establish breeding range. Thus,
their faster, shorter, and more variable growth may be
more scnsitive to stress than growth of females.
Mandible traits strongly differed in their sensitivity
to environmental conditions (Tables 3-5). The ditfer-
ential sensitivity of trait development to environmental
change is assumed to be directly related to the intensity
of stabilizing selection (c.g., Schmalhausen 1949,
Mather 1953, Soul¢ and Cuzin-Roudy 1982, Kieser
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FiG. 4. The relationship between residual of sum of fluc-
tuating asymmetry for each trait (FA index) and residual indi-
vidual condition (effects of sex were removed) for mandibular
measurements of Sorex cinereus from control (open circles.
solid line) and vegetation-removal (solid circles. dashed line)
plots. Overall linear regression {combining both habitat trcat-
ments): by = —0.26, r = —2.36, P = 0.002. Slopes for the
treatments are not significantly difterent from cach other.
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1987). Traits of high functional importance, that are
usually under stronger stabilizing selection, become
highly canalized and arc developmentally more buf-
fered than less functionally important traits (Mather
1953, Kicser 1987, Gavrilets and Hastings 1994,
Stcarns and Kawecki 1994, Pomiankowski and Mgller
1995). However, the developmental mechanisms that
ultimately control diffcrential developmental instabil-
ity are poorly understood (e.g., Emlen ct al. 1993, Mo-
reno 1994 and references thercin, Swaddle and Witter
1997). Our preliminary results indicate that mandible
traits of shrews vary in degree of developmental and
functional morphological integration (A. V. Badyaev
and K. R. Foresman, unpublished manuscript). High
morphological integration was closely associated with
low stress-induced variation, and traits that show the
smallest response to stress were also more closely re-
lated to individual fitness (A. V. Badyaev and K. R.
Foresman, unpublished manuscript).

Stressful environmental conditions associated with
vegetation removal could increase level of emigration
from VR population (i.e., Badyacv et al. 1996). Alter-
natively, vegetation removal could facilitate immigra-
tion of lower quality individuals to VR sites from
ncighboring areas where they may be unable to com-
pete for territories with higher quality individuals.
Thus, if high-quality individuals left the poor-quality
VR plots, and/or a higher proportion of low-quality
individuals moved in before our sampling, increased
asymmetry in the VR samples could reflect differential
cmigration or immigration in addition to response to
stress. This explanation is unlikely, because of limited
dispersal by shrews and restriction of our sampling to
the central arcas of cxperimental plots. In addition,
animals in VR and control populations did not differ
in individual condition, overall size of jaw, or in size
of individual traits (Tables 2 and 6).

In sum, vegetation removal resulted in a strong de-
creasc in developmental stability in free-living shrew
populations. Incrcased asymmetry was associated with
lower physiological condition in both populations, al-
though the negative correlation between asymmetry
and fitness were more pronounced under stressful con-
ditions.

This study raised several questions. First, it is un-
clear whether high sensitivity of shrew developmental
stability to environmental conditions indicates inability
to undergo optimal development or selection favoring
maintenance of phenotypic plasticity under fluctuating
environments. Sccond, sex-biased scnsitivities of de-
velopment to stressful conditions remain to be ex-
plained. Finally, the mecchanism behind differential
sensitivity of various mandiblc traits to stress needs
further examination.
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