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TARSAL ASYMMETRY, NUTRITIONAL CONDITION, AND SURVIVAL IN WATER

BOATMEN (CALLICORIXA VULNERATA)
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Abstract.—Fluctuating asymmetry (FA) has been used as a measure of developmental stability and may indicate
individual phenotypic or genotypic quality. Using water boatmen (Callicorixa vulnerata) from a natural population,
we examined the relationship between tarsal FA (tarsal spine number, tarsal length) and indices of body condition in
two habitats. We used body weight and residual body weight (controlling for body length) as indices of condition
because experimental food deprivation in water boatmen led to areduction in each. We detected a negative relationship
between FA and both indices of condition in two ecologically distinct pond habitats. We predicted this association
was due to a negative relationship between FA and competitive feeding ability. Consequently, we examined associations
between survival time and tarsal FA in C. vulnerata under resource-limited laboratory conditions. Univariate analyses
revealed a negative correlation between survival and tarsal FA in each trait. Inclusion of survival time, body length,
gender, tarsal spine number, tarsal length, and measures of FA into multivariate analysesreveal ed anegative correlation
between survival and FA. Individuals with the greatest survival had higher nutritional condition than individuals that
succumbed early in the experiment. Asymmetric individuals may suffer a foraging handicap as a result of the use of
tarsi in feeding or they may be of poor genetic quality. Our results suggest elevated FA may limit resource acquisition
and are consistent with the use of FA as a measure of fitness.
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Random differences between the left and right side of a
bilaterally symmetrical trait can result from environmental
or genetic stress during development (Palmer and Strobeck
1986; Clarke and McKenzie 1992; Imasheva et al. 1999).
Levels of such fluctuating asymmetry (FA) may represent the
ability of the genotype to buffer developmental errors, and
thus to develop an optimal phenotype under suboptimal con-
ditions (Mgller and Thornhill 1997; Gangestad and Thornhill
1999; Shykoff and Mgller 1999; but see Leamy 1997). Con-
sequently, FA has been used as a measure of developmental
stability (Van Valen 1962; Leary et al. 1992; Palmer 1994),
and elevated levels of asymmetry have been linked to reduced
fitness and to poor phenotypic or genotypic quality (Moodie
and Reimchen 1976; Mgller 1991, 1996; Thornhill 1992;
Allen and Simmons 1996; Mgller and Zamora-Munoz 1997;
Reimchen 1997; Hunt et al. 1998; reviewed in Mgller 1997;
but see Clarke 1998). Such fitness reduction may arise from
bad genes, where asymmetry is an indicator of poor overall
genetic quality (Mgller and Hoglund 1991; Mgller 1994,
Hunt et al. 1998; Shykoff and Mgller 1999), or from the
performance costs of phenotypic asymmetry (Mgller 1991,
1996; Balmford et al. 1993; Gummer and Brigham 1995).

Reduced fitness can result from numerous causes, includ-
ing poor nutritional condition (Marden and Waage 1990;
Hakkarainen and Korpimakin 1993) and small body size
(Chapman 1971; Anholt et al. 1991; Reid and Roitberg 1995;
Blanckenhorn et al. 1998). These factors reflect reduced in-
dividual quality, and thus FA should be negatively correlated
with nutritional condition, body weight, and body size (e.g.,
Uetz and Smith 1999; Badyaev et al. 2000). However, such
associations between FA and measures of quality or fitness
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may be accentuated under severe ecological conditions (e.g.,
Moodie and Reimchen 1976; Kodric-Brown 1997; Shykoff
and Mgller 1999).

Water boatmen, such as Callicorixa vulnerata, are detri-
vorous or zoophagous semiaquatic insects often inhabiting
small ponds (Hungerford 1977). In this paper, we examine
whether asymmetry in C. vulnerata collected from the field
isinversely related to three potential measures of individual
quality: body size, body weight, and nutritional condition
(weight controlling for length). We compare the relationships
in two ecologically contrasting habitats and predict the as-
sociation will be accentuated in potentially severe habitat.

A negative relationship between body condition or size
and FA could arise from a negative relationship between FA
and competitivefeeding ability. Alternatively, elevated levels
of FA may indicate increased nutritional stress during de-
velopment, as has been reported in birds (Swaddle and Witter
1994; Mgller 1995) and insects (Imasheva et al. 1999). De-
spite the consequences of FA to fitness, the influence of FA
on competitive interactions for trophic resources is largely
unexplored. In this study, we also perform alaboratory feed-
ing experiment and predict inverse associations between FA
and survival under resource limitation.

MATERIALS AND METHODS

Rithet’'s bog, located in Victoria, British Columbia
(48°25'N, 123°19'W) contains a diversity of shallow ponds,
some of which dry up in the summer while others remain
covered in up to 150 cm of water. We collected adult water
boatmen from three ponds (hereafter pond 1, pond 2, pond
3) chosen to represent highly distinctive ecological charac-
teristics. Dissolved oxygen (DO) and temperature readings,
measured with a standard DO/temperature meter, were taken
at 1200 h and 0100 h to represent daily maximum and min-
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Fic. 1. Typica midleg of acorixid (adapted from Thorp and Cov-
ich 1991). Tarsal spines shown by arrow. Magnification 40X.

imum. Water depth was measured in the center of the pond,
and pond area was estimated using measuring tape. Distance
to the road and to the nearest neighboring pond were also
calculated for each site. Degree of shading was noted. Three-
spine stickleback (Gasterosteus aculeatus) are a known pred-
ator of water boatmen (Jorgensen and Klemetson 1995; P.
Nosil, per. obs.), thus, predatory stickleback densities were
sampled by leaving minnow traps (four per site) baited with
cheddar cheese in the water for 12-h periods on 15, 17, and
21 July. On each of these days, the traps were left from 0800
h to 2000 h, checked, reset immediately, and then checked
once again the following morning at 0800 h (6 captures X
4 traps per site = 24 estimates per site). Stickleback were
released back into the location where they were captured.
Variability among ponds in C. vulnerata density and stick-
leback density was assessed using ANOVA.

To experimentally evaluate the relationship between food
deprivation and weights loss, adult C. vulnerata (n = 55)
were captured from pond 3 (5 July 1999), taken to the lab-
oratory, and placed in a treatment group (food deprivation,
n = 31) or a control group (food supplied, n = 24). Both
groups were kept in plastic containers (50 cm X 30 cm X
25 cm) at ambient room temperature (18-24°C) for the du-
ration of the experiment. The control group was kept in 2 L
of unfiltered pond water and supplied with detritus (1.0 L),
while the treatment group was kept in 2 L filtered pond water
(0.45 wm filter). Every 24 h, dead individuals were collected
and fixed in 10% formalin. The experiment was continued
until all the individuals in the food-deprived group had died,
at which stage live individuals in the control group were
fixed. Specimens were measured for body length under a
dissecting microscope (using an ocular micrometer at 10X
magnification). Each individual was placed in a separate, la-
beled glass tube and dried in an oven at 60°C until constant
weight was achieved. Each specimen was weighed (+ 0.001
mg) and then sexed (40X) by eighth abdominal segment
asymmetry (Hungerford 1977). Each specimen was also mea-
sured for midleg tarsal length, and tarsal spine number was
counted on the left and right midleg (Fig. 1) using an ocular
micrometer under a dissecting scope at 80X. We used an
ANCOVA, with sex and treatment as factors, to test whether
log weight at a given log length differed between the treat-
ment and control group of water boatmen. The interaction
between sex and treatment was also tested.

To assess potential associations between asymmetry, body
size, and nutritional condition under field conditions, adult
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C. vulnerata were captured (17 July 1999) from pond 1 (n
= 102) and pond 2 (n = 72) with dipnets and were imme-
diately preserved (10% formalin). To experimentally evaluate
the relationship between asymmetry and survival under re-
source-limited conditions, we collected an additional 145
adult C. vulnerata from pond 1 and these were taken to the
laboratory. The 102 individuals from pond 1 who were im-
mediately fixed in 10% formalin acted as acontrol (time zero)
for this experiment. The remainder of the individuals from
pond 1 were taken to the laboratory and placed in a glass
aquarium (60 cm X 30 cm X 30 cm), along with unfiltered
pond water (depth 8 cm). Detritus (0.2 L) from the pond was
added to the tank. At 1000 h and 1700 h each day, dead
individuals were removed from the aquarium and fixed in
10% formalin. The experiment was run until all the individ-
uals had died. The field preserved and experimental speci-
mens were then measured for body length, dried, weighed,
and had their tarsal traits (Iength, spine number) measured
as outlined above. Replicate measurements were made on 50
individuals from pond 1 to assess measurement error. A few
individuals had one or more tarsal traits damaged or could
not be sexed and therefore were excluded from further anal-
yses. To reduce bias, all measurements were done blind, with-
out knowledge of collecting site, length, weight, or sex and
were carried out by one individual (P. Nosil). Signed tarsal
length asymmetry and signed tarsal spine number asymmetry
were then calculated as the difference between the right and
left measurements for tarsal length and tarsal spine number
respectively (R — L). Unsigned asymmetry was calculated
as the absolute value of signed asymmetry.

Using the mixed-model ANOVA approach of Palmer
(1994), we detected significant nondirectional asymmetry rel-
ative to measurement error for both traits (tarsal spine number
asymmetry Fyg100 = 8.58, P < 0.001; tarsal length asym-
metry Fug100 = 36.61, P < 0.001; side X individual inter-
actions). The statistical characteristics of signed tarsal spine
number asymmetry and signed tarsal length asymmetry were
further assessed for water boatmen from each of the three
ponds (cf. Palmer and Strobeck 1986; Palmer 1994). We
tested for directional asymmetry (DA) using one-sample t-
tests and binomial tests, for antisymmetry (AS) using mea-
sures of platykurtism (Sokal and Rohlf 1981), and for de-
partures from normality with one-sample Kolmogorov-Smir-
nov tests (KS). We detected no evidence of DA. Mean signed
asymmetry in each trait was not significantly different from
zero in any case and | eft-side departures from symmetry were
as likely as right-side departures (Table 1). The distribution
of asymmetry departed from normality in several cases, but
was |leptokurtic in all cases, consistent with FA, and not AS
(Gangestad and Thornhill 1999). Pooling the data for the
three ponds and two sexes yielded similar results (Table 1).
Measures of asymmetry referred to in the remainder of the
paper are absolute (unsigned) FA.

Potential associations between absolute FA and trait size
were examined using bivariate correlation. Among all indi-
viduals, tarsal spine number and spine number FA were sig-
nificantly positively correlated (r = 0.24, P < 0.001), where-
as tarsal length and tarsal length FA were not (r = —0.06,
P = 0.28). Consequently, we scaled tarsal spine number FA
for trait size (R — L)/[(R + L)/2] and used these size-cor-
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TABLE 1.

P. NOSIL AND T. E. REIMCHEN

Characteristics of signed (R — L) tarsal spine number asymmetry (Spinsymm) and tarsal length asymmetry (Lengsymm). Mean

(SE) signed asymmetry and measures of skew (g,) and kurtosis (g,) are shown aong with results of tests for normality and directionality.

Mean Binomial

Trait N (R-1L) SE 0, g, zt t2 tests®

Pond 1
Females Lengsymm 93 0.002 0.004 —4.60 35.19 3.49*** 0.48 0.33
Spinsymm 93 0.006 0.040 0.65 1.38 2.29%** 0.41 0.50
Males Lengsymm 141 —0.002 0.004 —-3.50 31.05 3.92%** —-0.43 0.50
Spinsymm 140 —-0.013 0.016 -0.67 2.98 2.06%** -0.78 0.46

Pond 2
Females Lengsymm 28 0.009 0.010 2.49 12.70 1.68** 0.91 0.36
Spinsymm 29 0.016 0.028 1.07 3.08 1.06 0.57 0.44
Males Lengsymm 36 —-0.019 0.011 —0.58 1.46 1.19 —-1.75 0.63
Spinsymm 36 0.003 0.025 1.04 2.39 1.05 0.12 0.54

Pond 3
Females Lengsymm 29 —0.002 0.026 -0.04 6.23 1.62* —0.09 0.38
Spinsymm 29 —0.091 0.054 -0.87 1.56 1.13 —-1.70 0.67
Males Lengsymm 25 —0.010 0.013 1.45 7.30 1.60* —0.76 0.63
Spinsymm 25 —0.007 0.023 —-1.00 3.22 1.22 -0.30 0.54
Pooled Lengsymm 369 —0.002 0.003 —0.65 20.14 5.81*** —0.48 0.48
Spinsymm 369 —-0.015 0.010 1.00 4.94 3.68*** —1.48 0.54

1 Test statistic from Kolmogorov-Smirnov tests for normality.

2 Test statistic from one-sample t-tests, all P > 0.05.

3 Proportion of left-side departures from symmetry, all P > 0.05.
* P < 0.05 ** P < 0.01, *** P < 0.001.

rected tarsal spine number FA scores in all subsequent anal-
yses. Notably, tarsal length FA and tarsal spine number FA
were significantly correlated (Spearman's p = 0.23, P <
0.001). We also performed analyses using a composite FA
index (CFA), which was found to be the least biased and the
most powerful CFA when FA distributions were leptokurtic
(CFA 3, Leung et al. 2000). To calculate thisindex, FA values
of individualswere ranked for each trait and the ranked values
for the two traits summed to give a CFA value for each
individual. For tied ranks, individual swere assigned the mean
rank.

For the specimens preserved immediately after capture, we
used ANCOVA analyses to test for relationships between
measures of body size or condition (dependent variable) and
FA (covariate). Pond number and sex were included asfactors
in the model to determine whether any such relationships
differed between the two ponds or between the sexes (test
for homogeneity of slopes). Although sex was included as a
factor in all analyses, none of the interaction terms with sex
were either significant (all P > 0.25) or of primary interest
in this study, and thus are not reported. We performed two
separate analyses for each index of quality. Thefirst analysis
included measures of FA for each of the two tarsal traits,
whereas the second analysis used the CFA.

For the results of the feeding experiment, we used Spear-
man rank correlation (SR) and multiple regression analyses
to test for associations between FA and survival time. When
morphology (body length, tarsal length, tarsal spine number)
and FA (tarsal spine number FA, tarsal length FA) were re-
gressed against survival, the slopes did not differ between
the genders in any case (sex X tarsal spine number FA, Fy 13,
= 0.08, P = 0.78; sex X tarsal length FA, Fy 13, = 1.43, P
= 0.23; sex X body length, F; 3, = 0.08, P = 0.78; sex X
tarsal spine number, F; 13, = 0.04, P = 0.84; sex X tarsal
length, F; 13, = 0.35, P = 0.55; F-ratio interactions, AN-

COVA). Consequently, sex was coded as a binary variable
(females = 0, males = 1) and included in the multivariate
analysis of survival time (Norusis 1993). Examination of re-
sidual plots indicates none of the assumptions of regression
analysis appeared to be violated. The distribution of the re-
siduals did not depart from normality (Z = 1.01, P = 0.26;
one-sample Kolmogorov-Smirnov test). For univariate com-
parisons using single traits, we corrected significance levels
for the number of traits examined (Bonferroni method; Rice
1989). All statistics were run using SPSS (ver. 9.0).

To help visualize the form of selection acting on FA during
the feeding experiment, we cal cul ated univariate fitness func-
tions using the nonparametric cubic spline approach of Schlu-
ter (1988). This technique does not assume any a priori form
of selection on a character and may detect local optima not
readily detectable with parametric regression techniques. Fit-
ness functions and standard errors (based on bootstrap re-
sampling) from 1000 bootstraps were calculated for the FA
in each trait on a program provided by D. Schluter (GLMS,
ver. 3).

REsULTS
Pond Characteristics

The three ponds differed in most habitat characteristics,
and water boatmen from these ponds also exhibited mor-
phological variability (Tables 2, 3). Pond 2 differed markedly
from ponds 1 and 3 in having potentially more severe eco-
logical conditions. Specifically, pond 2 exhibited greater tem-
perature fluctuations, higher maximum temperature, smaller
area, lower water depth, higher exposure to sunlight, and
increased isolation relative to the other sample ponds. There
was significant variability among ponds in conspecific den-
sity (Fp7, = 27.95, P < 0.001; ANOVA) and in predatory
stickleback density (F, 0.5 = 134.11, P < 0.001; ANOVA),
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Habitat variables for the three sample ponds in Rithet's bog used in the study. There was significant variability among ponds in

conspecific density and in predatory stickleback density (P < 0.001; ANOVA).

Variable Pond 1 Pond 2 Pond 3

Temperature (°C)

High 17 27 18

Low 16 14 16

Range 1 13 2
pH 6.95 6.97 7.01
Dissolved oxygen (ppm) 2.0 7.0 2.4
Water depth (cm) 55 7 68
Pond area (m?) 86 21 48
Mean conspecific density (per 3000 cm?) 1.04 (SD = 2.14) 9.20 (3.74) 0.85 (1.35)
Stickleback density (mean number per trap) 2.00 (SD = 3.08) 11.33 (3.14) 5.45 (6.16)
Exposure to sunlight low (shaded) high (open) low (shaded)
Distance from roadway (m) 155 10 145
Distance to nearest pond (m) 5 145 27

with pond 2 exhibiting higher conspecific density and higher
stickleback density than pond 1 (P < 0.05, post-hoc Bon-
ferroni test).

Fluctuating Asymmetry, Body Size, and Nutritional
Condition

We experimentally eval uated the rel ationship between food
deprivation and weight loss. Water boatmen deprived of food
in the laboratory survived an average of 2.2 days (range 1—
5 days) and exhibited a 27.1% reduction in average dry
weight relative to the control group (2.99 vs. 4.10 mg re-
spectively, tsz = 3.50, P < 0.001; t-test on raw numbers).
The control group did not suffer any mortality. Log weight
increased with log body length in individuals sampled from
the field (r = 0.64, P < 0.001; n = 174; Pearson’s corre-
lation); thus, we examined differences in weight between the
treatment (food deprived) and control group (food provided)
while statistically controlling for body length. The slopes of

TaBLE 3. Mean (SD) trait sizes and fluctuating asymmetry (FA)
levels for male and female Callicorixa vulnerata collected from three
ponds in Rithet’s bog.

Trait Pond 1 Pond 2 Pond 3

Body length (mm)

Females 7.77 (0.61) 7.64 (0.82) 7.73 (0.77)

Males 7.38 (0.67) 7.12 (0.70) 7.43 (0.53)
Dry weight (mg)

Females 4.17 (1.47) 4.45 (2.00) n/a

Males 3.46 (1.20) 3.12 (0.92) n/a
Tarsal spine number

Females 10.76 (1.54) 12.55 (2.75) 11.28 (3.20)

Males 10.10 (1.89) 11.99 (2.58) 11.60 (1.37)
Tarsal length (mm)

Females 0.96 (0.07) 0.91 (0.16) 0.93 (0.11)

Males 0.94 (0.10) 0.83 (0.10) 0.91 (0.06)
Tarsal length FA

Females 0.016 (0.036) 0.022 (0.048) 0.071 (0.120)

Males 0.019 (0.042) 0.046 (0.050) 0.034 (0.058)
Spine number FA

Females 0.090 (0.104) 0.100 (0.110) 0.186 (0.236)

Males 0.123 (0.146) 0.103 (0.108) 0.070 (0.089)

the log weight versus log length regression did not differ
between the treatment and the control or between the sexes
(treatment X length, F; 55 = 0.95, P = 0.33; sex X length,
F1s5 = 0.42, P = 0.52; ANCOVA test of parallelism). How-
ever, the treatment group exhibited lower log weight for a
given log length relative to the control group (treatment, F; 55
= 22.10, P < 0.001; Fig. 2), with no differences between
the sexes (sex, Fy 55 = 0.39, P = 0.53; sex X treatment, F; 55
= 0.21, P = 0.65). Consequently, to reduce variance due to
body length, we used the residuals from a log weight versus
log length regression as an index of overall of nutritional
condition in subsequent analyses.

We examined associations between FA, body weight, nu-
tritional condition, and body length in water boatmen cap-
tured from ponds 1 and 2, which differed in ecological char-
acteristics. We predicted inverse rel ationships between tarsal
FA and measures of body size or condition and also predicted
such associations would be accentuated under the potentially

log weight

treatment

® food deprived

A . i i , o food provided
.84 .86 .88 .90 .92 .94

log length

Fic. 2. Log weight versus log length for a treatment (experimen-
tally food deprived) and a control (food provided) group of Cal-
licorixa vulnerata. The slopes of the regression do not differ between
the treatment and the control but differences in elevation (y-inter-
cept) are statistically significant (P < 0.001; ANCOVA). Treatment:
y = 4.53x — 3.57. Control: y = 3.05x — 0.21.



716

TABLE 4. Results of ANCOVA testing for linear associations be-
tween fluctuating asymmetry (FA; covariate) and indices of body size
(log weight, log length) and an index of nutritional condition (residuals
from alog weight vs. log length regression). Results are shown for an
analysis including FA values from each of the two traits measured
(tarsal length FA, tarsal spine number FA) and from an analysis using
a composite FA index (CFA, see Materials and Methods). The CFA
was negatively related to log weight and to nutritional condition. These
associations did not differ between the two sample ponds used in the
study or between the sexes (see Results for statistical tests).

B SEB Fuiss P
Log weight (mg)
Tarsal length FA -050 0.30 280 0.09
Tarsal spine number FA —-0.23 0.10 477 0.03
CFA —-0.01 0.00 10.98  0.001
Log length (mm)
Tarsal length FA -0.22 0.07 8.74  0.004
Tarsal spine number FA 0.01 0.03 0.17 0.68
CFA —-0.01 0.00 349 0.06
Residual weight
Tarsal length FA -0.08 0.27 0.08 0.78
Tarsal spine number FA -0.25 0.09 7.13  0.008
CFA —-0.01 0.00 7.12  0.008

severe ecological conditions detected in pond 2. Results for
log weight and for nutritional condition were generally con-
sistent with the first prediction. Tarsal spine number FA,
tarsal length FA, and CFA were negatively related to log
weight (Table 4). However, these inverse relationships be-
tween FA and log weight did not differ between ponds in
any case (tarsal length FA, Fy 165 = 0.95, P = 0.33; tarsal
spine number FA, Fj 165 = 0.01, P = 0.93; CFA, Fy 165 =
0.56, P = 0.46; test for homogeneity of slopes, ANCOVA).
There was a significant negative relationship between FA and
nutritional condition for tarsal spine number FA and for CFA
(both P < 0.01; Fig. 3), and these relationships did not differ
between ponds (tarsal length FA, F; 165 = 0.01, P = 0.94;
tarsal spine number FA, Fy 165 = 0.83, P = 0.36; CFA, F 165
= 0.04, P = 0.85).

We also predicted FA may be negatively related to body
length. We detected a significant inverse rel ationship between
FA and log body length for tarsal length FA only, but this
relationship was dependent on the sample site (pond X tarsal
length interaction, Fy 165 = 4.99, P < 0.05, all other inter-
actions, P > 0.05). The slope of the regression of log body
length versus tarsal length FA was significantly different
from zero for pond 2 (slope = —0.35,t = —3.13, P < 0.01;
linear regression), but not for pond 1 (slope = —0.03, t =
—0.28, P = 0.78). Notably, the inverse relationship between
body length and CFA approached statistical significance (P
= 0.06, Table 4).

Fluctuating Asymmetry and Survival

Results of the competition experiment reveal ed nonrandom
survival time among phenotypes. Survival time (days) was
inversely related to tarsal spine number FA (p = —0.21, P
< 0.05, n = 133; SR), tarsal length FA (p = —0.25, P <
0.01, n = 133; SR), and CFA (p = —0.25, P < 0.01, n =
133; SR). A fitness function derived using the cubic spline
technique shows a steady decline in survival time with in-
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Fic. 3. Relationship between nutritional condition (residuals from
alog weight vs. log length regression) and an index of asymmetry
(CFA) in Callicorixa vulnerata captured from two ecologically dis-
tinct ponds (pond 1, 2) in Rithet’s bog (see Table 2 for pond char-
acteristics). The inverse relationship is significant (P < 0.01; AN-
COVA) overall and the slopes of the regression do not differ be-
tween ponds.

creasing FA for both traits examined (Fig. 4). We suspected
that morphological traits such as body length, trait size (tarsal
spine number, tarsal length), and gender might influence com-
petitive interactions and possibly confound associations be-
tween FA and survival. When partial associations among
morphological variables were accounted for in amultivariate
analysis, FA in each trait was negatively correlated with sur-
vival (tarsal spine number FA, partial r = —0.19,t = —2.21,
P < 0.05; tarsal length FA, partial r = —0.16, t = —1.83,
P = 0.07; multiple regression). Replacing the two single-
trait measures of FA with the CFA yielded a similar result,
with survival time being negatively correlated to CFA (partial
r=-0.26,t= —3.02, P < 0.01; multiple regression).

Individuals dying in the later stages of the experiment ex-
hibited higher condition (residual weight) than those suc-
cumbing earlier (Fig. 5). We compared the nutritional con-
dition of the time O group to that of the experimental group
for different survival times (time 0, days 1-3, days 4-5, days
6+). Sex was included as a factor in the model and tarsal
spine number FA and tarsal length FA were included as cov-
ariates. The variability in condition among groups (time O,
days 1-3, days 4-5, days 6+) was highly significant com-
pared to variation within groups (Fz »33 = 17.01, P < 0.001;
ANCOVA) and this effect was not dependent on sex or on
FA (survival time X sex, F3,33 = 0.66, P = 0.58; survival
time X tarsal spine number FA, F3.33 = 0.91, P = 0.44;
survival time X tarsal length FA, F3 .33 = 0.20, P = 0.90;
ANCOVA interaction terms). Specifically, individuals dying
during the first 5 days exhibited markedly lower condition
than the time O group, whereas there was little difference in
condition between the time 0 group and those with the great-
est survival (days 6+).

Discussion

Water boatmen collected from the field differed in weight,
nutritional condition, and levels of FA. Consistent with our
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mean survival time (days)

20 i
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5.5
5.0
451
4.0
35/

3.0+

2.51

2.0
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mean survival time (days)

tarsal length FA

Fic. 4. Relationship between fluctuating asymmetry (FA) in two
traits (tarsal spine number, tarsal length) and survival during a
laboratory feeding experiment. Shown are fitness functions (solid
line) and bootstrap SE (dashed lines, 1000 replicates) based on
nonparametric regressions using the cubic spline technique (Schlu-
ter 1988). Increasing FA in each trait led to a steady and significant
decrease in survival time (days). (A) tarsal spine number FA; (B)
tarsal length FA.

prediction, there was an inverse relationship between weight
and FA and nutritional condition and FA. Similar results have
been reported in shrews (Badyaev et al. 2000). We predicted
that such an association was due to differential feeding abil-
ity, with increased FA resulting in decreased competitive
ability. Consistent with this suggestion, FA was negatively
related to survival inthelaboratory feeding experiment. Other
studies have also detected a negative association between FA
and survival in insects (Thornhill 1992; Naugler and Leech
1994; Ueno 1994), and our results are consistent with general
hypotheses linking FA to reduced fithess (Mgller 1997; but
see Clarke 1998).

FA is a reflection of the exposure to environmental or
genetic stress during development (Swaddle and Witter 1994;
Imasheva et al. 1999), as well as the ability of the genotype
to develop an optimal phenotype in the face of such stress
(reviewed in Mgller and Thornhill 1997; Shykoff and Maller
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Fic. 5. Mean (= 95% CI) nutritional condition (residuals from a
log weight vs. log length regression) at death for Callicorixa vul-
nerata from a control group (time 0) and for individuals dying in
three consecutive stages of the feeding experiment. Individual s suc-
cumbing earlier in the experiment had lower condition than those
succumbing later.

1999). For example, an inverse relationship between nutri-
tional condition and FA may arise from physiological stress
resulting from food deprivation inducing FA or from highly
asymmetric individuals having reduced competitive feeding
ability. However, these explanations for relationships be-
tween FA and quality are not mutually exclusive, because
poor environmental conditions may work in conjunction with
poor developmental stability to produce asymmetrical phe-
notypes (Mgller 1995).

Weak or nonexistent associations between FA and con-
dition may arise if lower-quality individuals are capable of
producing highly symmetrical phenotypes under benign con-
ditions or if in less competitive environments lower-quality
individuals are not subjected to greater stress during devel-
opment than higher-quality individuals (Mgller 1995). Thus,
FA may be a poor predictor of overall quality when trait
ontogeny takes place under benign conditions (Shykoff and
Maller 1999). Alternatively, differences in quality or con-
dition between individuals differing in levels of FA, who
differ in competitive ability, may arise only in highly com-
petitive environments. However, our results demonstrate FA
was related to nutritional condition in two habitats differing
in densities of predatory fish, range of temperature fluctua-
tions, and pond size, which suggests that such FA associa-
tions can occur across a range of ecological conditions. Fur-
ther research could be directed at investigating relationships
between FA and fitness among ecologically distinct environ-
ments.

Nutritional stress resulting in elevated FA has been ob-
served in adiverse range of taxaincluding insects, birds, and
mammals (Sciulli et al. 1979; Swaddle and Witter 1994;
Mgller 1995; Imasheva et al. 1999). The processes leading
to nutritional stress may be multiple and include competitive
interactions, predation risk, and resource availability. In
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blackbirds (Turdus merula), less-fit phenotypes may be dis-
placed into marginal habitat, resulting in food deprivation
and a consequent increase in FA (Mgller 1995). Aquatic in-
sects may reduce foraging rates or shift into suboptimal hab-
itat in response to predation risk, leading to increased nutri-
tional stress (for review, see Dill 1987). This may occur in
corixids (Oscarson 1987), and, if so, provides one plausible
mechanism for the relationship between FA and nutritional
condition observed in the present study.

Alternatively, highly asymmetric water boatmen may have
inferior competitive ability and exhibit lower nutritional con-
dition as aresult of poor foraging ability. FA has been linked
to decreased competitive ability in other insects (Thornhill
1992; Allen and Simmons 1996; Mgller and Zamora-Munoz
1997; Blanckenhorn et al. 1998). Tarsal FA was negatively
correlated to survival of water boatmen in our feeding ex-
periment, adding support to the hypothesis that the inverse
relationship detected between FA and nutritional condition
is due to differential feeding ability. Statistical removal of
partial associations between morphology and FA did not ob-
scure these associations between tarsal FA and survival.

The experimental conditions used in our feeding experi-
ment may be representative of conditions in natural popu-
lations. For example, C. vulnerata are found in ponds as small
asthe experimental tank, and natural densities of C. vulnerata
in the study population can be as high as those used in the
experiment (P. Nosil, unpubl. data). Because our experiment
did not have multiple treatment levels, it was not truly ma-
nipulative and it is not possible to determine the exact cause
of mortality (Krebs 1989). However, because survival rate
of the water boatmen was associated with nutritional con-
dition, we suggest FA isinversely correlated with competitive
feeding ability. For example, differencesin competitive feed-
ing ability among subpopulations of fish can lead to differ-
ences in nutritional condition (Siikavuopio et al. 1996).

Oxygen consumption and metabolic costs for insects may
vary with the intensity of competition, food availability, and
foraging activity (Peckarsky and Cowan 1992; Duvall and
Williams 1995; Raubenheimer and Gade 1996; Jeeva et al.
1999). Water boatmen supplied unlimited food in the lab for
5 days suffered zero mortality and were in similar condition
(residual weight) to the time 0 group used as a control in the
feeding experiment (mean = 0.07, 0.04, respectively, ti, =
—0.96, P = 0.34). This suggests water boatmen feed effec-
tively enough under nonlimiting laboratory conditions to
maintain residual weights similar to those observed in the
field and to prevent mortality for at least 5 days. Water boat-
men dying within first 5 days of the competitive feeding
experiment exhibit significantly lower condition than indi-
viduals fed in the laboratory (mean = —0.07, 0.07, respec-
tively, tioy = —4.72, P < 0.001) and time O individuals
collected from the field. This reduction suggests these indi-
viduals could not compete effectively for limiting food re-
sources and were unable to maintain metabolic activity. That
these individuals exhibited the highest levels of FA is con-
sistent with general predictions coupling asymmetry with re-
duced fitness (Reimchen 1997; reviewed in Mgller 1997).
However, we are not able to account for the mortality of
water boatmen in later stages of the experiment because these
did not show a marked reduction in condition. That these
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individuals maintained residual weights similar to field-
caught individuals and individuals provided unlimited food
suggests these individuals were able to feed effectively de-
spite resource limitations. Previous studies have shown sim-
ilar trends involving FA and competition for mates such as
in Japanese scorpion flies (Thornhill 1992), cerambycid bee-
tles (Mgller and Zamora-Munoz 1997), and dung flies (Allen
and Simmons 1996).

Asymmetry is expected to influence performance directly
(Balmford et al. 1993; Palmer 1994; Dufour and Weatherhead
1996; but see Leung and Forbes 1996) and, for example, may
mechanically compromise function during copulation
(Blanckenhorn et al. 1998) or flight (Mgller 1991, 1996;
Gummer and Brigham 1995; Crespi and Vanderkist 1997,
McLachlan 1997). The relationship between tarsal asym-
metry and reduced survival in water boatmen may reflect such
performance costs and functional constraints (poor feeding
or adhesion ability). Corixids use their midleg, including the
tarsus, for locomotion and substrate adhesion (Chapman
1971). Tarsal spinesmay facilitate attachment to the substrate
(Thorp and Kovich 1991; Merritt and Cummins 1996). Po-
tentially, minor departures from symmetrical tarsi reduce lo-
comotory or adhesive ability and result in performance re-
duction and thisis most expressed during resource limitation.

It has also been suggested that increased FA reflects poor
genetic quality (Mgller 1990; Mgller and Hoglund 1991,
Hunt et al. 1998; Shykoff and Mgller 1999), although this
suggestion is controversial (Palmer 1994; Leamy 1997). The
significant positive correlation between tarsal spine number
FA and tarsal length FA observed in this study suggests FA-
fitness relationships in water boatmen may result from gen-
eral associations between genetic quality and FA. This is
consistent with studies that found significant correlations
among traitswithin individuals (Whitlock 1993; Mgller 1994;
Lens and van Dongen 1999), but is inconsistent with other
studies that found no such within-individual correlations
(Ryan et al. 1995; Brakefield and Breuker 1996). If FA is
not a reliable indicator of underlying individual develop-
mental stability, this might explain why several studies have
not detected associations between FA and measures of fitness
(e.g., Thornhill 1992; Ueno 1994; Leung and Forbes 1997;
for review, see Clarke 1998). Indeed, even when within-in-
dividuals correlationsin FA levels are detected they are often
weak (e.g., Dufour and Weatherhead 1996) or examine only
asuite of localized characters(e.g., Leamy 1993). Potentially,
the correlation observed in this study may be due to similar
ontogenetic timing between tarsal traitsin their trait-specific
susceptibility to stress, rather than FA signaling organism-
wide developmental competence (Clarke 1995). Examining
a greater number of characters, preferably from different re-
gions of the body, could confirm whether within-individual
FA levels among charactersin water boatmen are concordant.

If tarsal asymmetry influences feeding ability in natural
populations, water boatmen with elevated FA may suffer re-
duced fitness. The quantity and quality of food ingested by
female insects relates directly to the efficiency of yolk syn-
thesis, the number of eggs laid, and the viability of eggs
(House 1963; Johanssen 1964; Chapman 1971); thus, reduced
feeding ability can be expected to reduce fithess. In males,
increased foraging ability should translate into increased
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body size or greater nutrient reserves, both of which may
increase fitness during sexual selection (Trivers 1976; Mar-
den and Waage 1990; Anholt et al. 1991).

Numerous studies of FA have focused onindices of quality,
sexual selection, and competition for mates (for review, see
Mgller and Swaddle 1997). We predicted an inverse rela-
tionship between nutritional condition and FA in water boat-
men from natural populations and predicted such an asso-
ciation may be due to differential trophic competitive ability.
We have identified an inverse relationship between nutri-
tional condition and FA in field-caught C. vulnerata and an
inverse relationship between FA and survival in a resource-
depleted habitat. This suggests elevated FA may limit re-
source acquisition and is consistent with our hypothesis.
Identifying the mechanism for such an association will re-
quire insight into the functional and the biomechanical sig-
nificance of the measured traits.

ACKNOWLEDGMENTS

P. N. thanks C. Bergstrom and B. J. Crespi for discussion
and C. Sheafor helping with the collection of field specimens.
Comments on an earlier draft by A. R. Palmer and two anon-
ymous reviewers greatly improved the manuscript. G. Scud-
der kindly performed the speciesidentification, and D. Schlu-
ter provided the program used to calculate the cubic spines.
Financial support was provided by a Natural Sciences and
Engineering Research Council of Canada grant to TER
(NSERC A2354) and by an NSERC postgraduate scholarship
to PN.

LiTERATURE CITED

Allen, G. R., and L. W. Simmons. 1996. Coercive mating, fluctu-
ating asymmetry and male mating success in the dung fly Sepsis
cynipsea. Anim. Behav. 52:737-741.

Anholt, B. R., J. H. Marden, and D. H. Jenkins. 1991. Patterns of
mass gain and sexual dimorphism in dragonflies (Insecta: Odon-
ata). Can. J. Zool. 69:1156-1163.

Badyaev, A. V., K. R. Foresman, and M. V. Fernandes. 2000. Strees
and developmental stability: vegetation removal causes in-
creased fluctuating asymmetry in shrews. Ecology 81:336—345.

Balmford, A., I. L. Jones, and A. L. R. Thomas. 1993. On avian
asymmetry: evidence for selection for symmetrical tails and
wings in birds. Proc. R. Soc. Lond. B. 252:245-251.

Blanckenhorn, W. V., T. Reusch, and C. Meuhlhauser. 1998. Fluc-
tuating asymmetry, body size and sexual selection in the dung
fly (Sepsis cynipsea): testing the good genes assumptions and
predictions. J. Evol. Biol. 11:735-753.

Brakefield, P. M., and C. J. Brueker. 1996. The genetical basis of
fluctuating asymmetry for developmentally integrated traitsin a
butterfly eyespot pattern. Proc. R. Soc. Lond. B. 263:1557-1563.

Chapman, R. F. 1971. The insects: structure and function. Elsevier,
New Y ork.

Clarke, G. M. 1995. The genetic basis of developmental stability.
II. Asymmetry of extreme phenotypes revisited. Am. Nat. 146:
708-725.

———. 1998. Developmental stability and fitness: the evidence is
not quite so clear. Am. Nat. 152:762—766.

Clarke, G. M., and J. A. McKenzie. 1992. Fluctuating asymmetry
as a quality control indicator for insect mass rearing projects.
J. Econ. Entomol. 85:2045-2050.

Crespi, B. J., and B. A. Vanderkist. 1997. Fluctuating asymmetry
in vestigial and functional traits of a haplodiploid insect. He-
redity 79:624-630.

Dill, L. M. 1987. Animal decision making and its ecological con-

719

sequences: the future of aquatic ecology and behavior. Can. J.
Zool. 65:803-811.

Dufour, K. W., and P. J. Weatherhead. 1996. Estimation of organ-
ism-wide asymmetry and its relation to studies of mate selection.
Proc. R. Soc. Lond. B. 263:769-775.

Duvall, C. J., and D. D. Williams. 1995. Individuality in the growth
of stonefly nymphs in response to stress from a predator. Arch.
Hydrobiol. 133:273-286.

Gangestad, S. W., and R. Thornhill. 1999. Individual differences
in developmental precision and fluctuating asymmetry: a model
and its implications. J. Evol. Biol. 12:402-416.

Gummer, D. L., and M. R. Brigham. 1995. Does fluctuating asym-
metry reflect the importance of traitsin little brown bats (Myotis
lucifugus)? Can. J. Zool. 73:990-992.

Haakarainen, H., and E. Korpimakin. 1993. The effect of female
body size on clutch volume of Tengmalm'’s owls Aegolius fu-
nereus in varying food conditions. Ornis-Fennica 70:189-195.

House, H. L. 1963. Nutritional diseases. Pp. XX-XX inE. A. Stein-
haus, ed. Insect pathology. Vol. I. Academic Press, New Y ork.

Hungerford, H. B. 1977. The Corixidae of the western hemisphere.
Univ. of Kansas Publications, Lawrence, KS.

Hunt, M. K., C. S. Crean, R. J. Wood, and A. S. Gilburn. 1998.
Fluctuating asymmetry and sexual selection inthe Mediterranean
fruitfly (Diptera, Tephritidae). Biol. J. Linn. Soc. 64:385-396.

Imasheva, A. G., D. V. Bosenko, and O. A. Bubli. 1999. Variation
in the morphological traits of Drosophila melanogaster (fruitfly)
under nutritional stress. Heredity 82:187-192.

Jeeva, D., D. E. Bignell, P. Eggleton, and M. Maryati. 1999. Re-
spiratory gas exchange of termites from the sabah (Borneo) as-
semblage. Physiol. Entomol. 24:11-17.

Johanssen, A. S. 1964. Feeding and nutrition in reproductive pro-
cesses in insects. Symp. R. Ent. Soc. Lond. 2:43-55.

Jorgensen, L., and A. Klemetson. 1995. Food resource partitioning
of arctic char, Salvelinus alpinus, and three spined stickleback,
Gasterosteus aculeatus, in the littoral zone of lake Takvatn in
northern Norway. Ecol. Fresh. Fish. 4:77-84.

Kodric-Brown, A. 1997. Sexual selection, stabilizing selection and
fluctuating asymmetry in two populations of pupfish (Cyprino-
don pecosensis). Biol. J. Linn. Soc. 62:553-566.

Krebs, C. J. 1989. Ecological methodology. Harper Collins, New
York.

Leamy, L. 1993. Morphological integration of fluctuating asym-
metry in the mouse mandible. Genetica 89:139-153.

———. 1997. Is developmental stability heritable? J. Evol. Biol.
10:21-29.

Leary, R. F., F. W. Allendorf, and K. L. Knudson. 1992. Genetic,
environmental and developmental causes of meristic variation
in rainbow trout. Acta. Zool. Fenn. 191:79-95.

Lens, L., and S. van Dongen. 1999. Evidence for organism wide
asymmetry in five bird species of a fragmented afrotropical for-
est. Proc. R. Soc. Lond. B. 266:1055-1060.

Leung, B., and M. Forbes. 1996. Fluctuating asymmetry in relation
to stress and fitness: effects of trait type as revealed by meta-
analysis. Ecoscience 3:400—413.

———. 1997. Fluctuating asymmetry in relation to indices of qual-
ity and fitness in the damselfly, Enallagma ebrium (Hagen). Oec-
ologia 110:472-477.

Leung, B., M. R. Forbes, and D. Houle. 2000. Fluctuating asym-
metry as a bioindicator of stress: comparing efficacy of analyses
involving multiple traits. Am. Nat. 155:101-115.

Marden, J. H., and J. K. Waage. 1990. Escal ated damselfly territorial
contests are energetic wars of attrition. Anim. Behav. 39:
954-959.

McLachlan, A. J. 1997. Size or symmetry: an experiment to de-
termine which of the two accounts for mating success in male
midges. Ecoscience 4:454-459.

Merritt, R. W., and K. W. Cummins. 1996. An introduction to the
aquatic insects of North America. 3rd ed. Kendall/Hunt, Du-
buque, IA.

Mgller, A. P. 1990. Fluctuating asymmetry in male sexual orna-
ments may reliably reveal male quality. Anim. Behav. 40:
1185-1187.



720

———. 1991. Sexual ornament size and the cost of fluctuating
asymmetry. Proc. R. Soc. Lond. B. 243:59-62.

———. 1994. Sexual selection in the barn swallow (Hirundo rus-
tica). 1V. Patterns of fluctuating asymmetry and selection against
asymmetry. Evolution 48:658—-670.

———. 1995. Developmental stability and the ideal despotic dis-
tribution of blackbirds in a patchy environment. Oikos 72:
228-232.

———. 1996. Sexual selection, viability selection, and develop-
mental stability in the domestic fly Musca domestica. Evolution
50:746-752.

———. 1997. Developmental stability and fitness: a review. Am.
Nat. 149:916-932.

Mgiler, A. P., and J. Hoglund. 1991. Patterns of fluctuating asym-
metry in avian feather ornaments: implications for models of
sexual selection. Proc. R. Soc. Lond. B. 245:1-5.

Mgiler, A. P., and J. P. Swaddle. 1997. Asymmetry, developmental
stability, and evolution. Oxford Univ. Press, Oxford, U.K.

Mgller, A. P., and R. Thornhill. 1997. A meta analysis of the her-
itability of developmental stability. J. Evol. Biol. 10:1-6.

Mgiler, A. P., and C. Zamora-Munoz. 1997. Antennal asymmetry
and sexual selection in a cerambycid beetle. Anim. Behav. 54:
1509-1515.

Moodie, G. E. E., and T. E. Reimchen. 1976. Phenetic variation
and habitat differencesin Gasterosteus populations of the Queen
Charlotte Islands. Syst. Zool. 25:49-61.

Naugler, C. T., and S. M. Leech. 1994. Fluctuating asymmetry and
survival ability in the forest tent caterpillar moth Malacosoma
disstria: implications for pest management. Entomol. Exp. Appl.
70:295-298.

Norusis, M. N. 1993. SPSS for Windows: advanced statistics. Rel.
6.0. SPSS, Inc., Chicago, IL.

Oscarson, H. G. 1987. Habitat segregation in a water boatman (Co-
rixidae) assemblage: the role of predation. Oikos 49:133-140.

Palmer, A. R. 1994. Fluctuating asymmetry analyses: a primer. Pp.
335-364 in T. A. Markow, ed. Developmental stability: its or-
igins and evolutionary implications. Kluwer Academic Publish-
ers, Netherlands.

Palmer, A. R., and C. Strobeck. 1986. Fluctuating asymmetry: mea-
surement, analysis, patterns. Annu. Rev. Ecol. Syst. 17:391-421.

Peckarsky, B. L. and L. A. Cowan. 1992. Consequences of larval
intraspecific competition to stonefly growth and fecundity. Oec-
ologia 88:277-288.

Raubenheimer, D., and G. Gade. 1996. Separating food and water
deprivation in locusts: effects on the patterns of consumption,
locomotion and growth. Physiol. Entomol. 21:76-84.

Reid, M. L., and B. D. Roitberg. 1995. Effects of body size on

P. NOSIL AND T. E. REIMCHEN

investment of individual broods by male pine greavers (Cole-
optera: Scolytidae). Can. J. Zool. 73:1396-1401.

Reimchen, T. E. 1997. Parasitism of asymmetrical pelvic pheno-
types in stickleback. Can. J. Zool. 75:2084—2094.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution
43:223-225.

Ryan, M. J., K. M. Warkentin, B. E. McClelland, and W. Wil-
czynski. 1995. Fluctuating asymmetries and advertisement call
variation in the cricket frog, Acris crepitans. Behav. Ecol. 6:
124-131.

Schluter, D. 1988. Estimating the form of selection on aquantitative
trait. Evolution 42:849-861.

Sciulli, P. W., W. J. Doyle, C. Kelley, P. Siegel, and M. |. Siegel.
1979. The interaction of stressors in the induction of increased
levels of fluctuating asymmetry in the laboratory rat. Am. J.
Physol. Anthropol. 50:279-284.

Shykoff, J. A., and A. P. Mgller. 1999. Fitness and asymmetry under
different environmental conditions in the barn swallow. Oikos
86:152-158.

Siikavuopio, S. I., B. M. Baardvik, and M. Jobling. 1996. Domes-
tication effects of fin-nipping, survival and growth in hatchery
reared arctic charr, Salvelinus alpinus (L.), in competition with
wild conspecifics. Aquacult. Res. 27:205-211.

Sokal, R. R., and F. J. Rohlf. 1981. Biometry: the principles and
practice of statistics in biological research. 2d ed. W. H. Free-
man, New York.

Swaddle, J. P., and M. S. Witter. 1994. Food, feathers, and fluc-
tuating asymmetry. Proc. R. Soc. Lond. B. 255:147-152.

Thornhill, R. 1992. Fluctuating asymmetry and the mating system
of the Japanese scorpionfly Panorpa japonica. Anim. Behav. 44:
867-879.

Thorp, J. H., and A. P. Covich. 1991. Ecology and classification
of North American freshwater invertebrates. Academic Press,
San Diego, CA.

Trivers, R. L. 1976. Sexual selection and resource-accruing abilities
in Anolis garmani. Evolution 30:253—269.

Ueno, H. 1994. Fluctuating asymmetry in relation to two fithess
components, adult longevity and male mating success in a la-
dybird beetle, Harmonia axyridis (Coleoptera: Coccinellidag).
Ecol. Entomol. 19:87-88.

Uetz, G. W., and E. |. Smith. 1999. Asymmetry in avisual signaling
character and sexual selection in a wolf spider. Behav. Ecol.
Sociobiol. 45:87-93.

Van Valen, L. 1962. A study of fluctuating asymmetry. Evolution
16:125-142.

Whitlock, M. 1993. Lack of correlation between heterozygosity and
fitness in forked fungus beetles. Heredity. 70:574-581.

Corresponding Editor: D. Roff



