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John P. Swaddle

Division of Environmental and Evolutionary Biology, Institute of Biomedical and Life Sciences,

University of Glasgow, Glasgow G12 8QQ), UK

I investigated the relationships among developmental stability (as measured by individual bilateral asymmetry values), two

measures of locomotory performance and predation success i
Scathophaga stercoraria preyed upon houseflies Musca domesti
between locomotion and absolute asymmetry or mean size of

n an insect predator-prey system. In this system yellow dungflies
ca in laboratory-controlled conditions. There was no relationship
two morphological traits (fourth longitudinal wing vein, foreleg

tibia) in either species. Analysis of single predation trials indicated that locomotion performance and trait size are not associated
with the probability of predation. However, Musca that were captured had tibia that were more asymmetric than Musca that
survived. Similarly, Scathophaga that were successful predators had more symmetric forelegs than unsuccessful predators. There

was no relationship between predation and wing vein asymmetry,

which may indicate the importance of terrestrial-based pred-

atory avoidance tactics in this system. There were no relationships between morphology or locomotion with predation latency,

prey handling times, or the number of times a prey “escaped’”

from a predator. The mechanisms behind the relationship

between tibia asymmetry and predation success are discussed. This is the first experiment to reveal direct evidence for selection
for symmetric, developmentally stable individuals through differential predation. Key words: developmental stability, dungfly,
fluctuating asymmetry, housefly, Musca, predation, Scatophaga. [Behav FEcol 8:433-436 (1997)]

Minor deviations from left-right symmetry in bilateral
- traits (fluctuating asymmetry; Ludwig, 1932) are a re-
liable indicator of developmental instability (e.g., Beardmore,
1960; Van Valen, 1962; Waddington, 1960). Low levels of asym-
metry have been associated with some indicators of high in-
dividual fitness (reviews in Mgller and Pomiankowski, 1993;
Moller and Swaddle, 1997; Watson and Thornhill, 1994), and
low asymmetry can be directly selected for through mate-
choice processes (Bennetr et al,, 1996; Mgller, 1992, 1993;
Swaddle, 1996; Swaddle and Cuthill, 1994a, 1994b). Invest-
gations into direct selection for low asymmetry (i.e., devel-
opmental stability) through other selection processes have
been limited (review in Mpller and Swaddle, 1997). One such
mechanism could be differential rates of predation and pred-
atory success in symmetric and asymmetric individuals. Mgller
(1996) has demonstrated that houseflies Musca domestica cap-
tured by an aerial predator, barn swallows Flirundo rustica,
have wings and tibia that are more asymietric than a randem
sample of flies from the same location. Similarly, barn swal-
lows captured by European sparrowhawks Accipiter nisus were
found to be more asymmetric in their tail length than a live
field sample (Mpller AP, Nielsen JT, unpublished data). It s
possible that in both of these examples, trait asymmetry could
directly impair locomotory performance and hence increase
the probability of predation (cf. Swaddle et al, 1996). It 1s
therefore interesting that Moodie and Reimchen (1976) re-
ported greater lateral plate asymmetry, which will have no di-
rect effect on locomotor performance, in a population of
threespined sticklebacks Gasterosteus aculeatis from lakes
without predators than in those with predatory fish _(although
it is possible that there may be other differences between the
two classes of lakes in this study).

The experiment reported here investigated the relationship
between developmental stability and predation success in an
insect predator—prey system. Yellow dungflies Scathophaga ster-
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coraria are obligate blood-sucking carnivores that are known
to prey on many insect species in the wild, including house-
flies Musca domestica (Hammer, 1942). In laboratory preda-
tion trials, male Scathophaga are particularly active and appear
to preferentially prey on larger insect species (M. domestica,
Delia antiqua) than on smaller flies (Drosophila spp.) (Failes
et al., 1992). Therefore, M. domestica, and in particular the
larger female houseflies, are suitable and ecologically relevant
prey items for such a predator. Both species are readily main-
tained in laboratory colonies and hence are ideal for studying
predation under controlled experimental conditions (e.g.,
Failes et al., 1992). This system also has advantages in that
Scathophaga prey upon Musca by seizing the prey in their
forelegs, and, following a struggle during which the prey at-
tempts to escape, the Scathophaga inserts its proboscis into
the thorax of the Musca through the skin between the head
and thorax without damaging the leg and wing morphology
(Hammer, 1942, and references therein). Therefore, it is pos-
sible to accurately quantify most of the external morphology
of the prey after predation has occurred. Additionally, the
developmental stability of both predator and prey can be as-
sessed within a single experimental design. This is the first
study to investigate the importance of asymmetry in both
predator and prey in any system.

Because high asymmetry indicates developmental instabili-
ty, [ hypothesized that asymmetric prey (Musca) are more like-
ly to be preyed upon than their symmetric counterparts. Sim-
ilarly, Scathophaga that are relatively more symmetric may be
more successful predators than asymmetric Scathophaga.

METHODS
Housing conditions

Qutcrossed populations of Musca domestica and Scathophaga
stercoraria were maintained in laboratory cages (approximate-
ly 0.4 X 0.3 X 0.3 m) on a constant 10 h:14 h light: dark
photoperiod at 22°C with ad libitum food (mixture of
skimmed milk powder, powdered egg, and icing sugar) and
water. The Scathophaga were provided with frésh cow dung
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(as this is known to increase predatory behavior in captive
populations; Failes et al., 1992) and also fed live Musca prey
items. All the Scathophaga were observed to prey upon Musca
before the experiment began. From these housing colonies, [
randomly selected 26 female Musceand 26 male Scathophaga
for the experiment. All flies used in the experiment were ap-
proximately 8-11 days old.

Locomotion trials

Two measures of locomotion were quantified for all flies (N
= 26 for both species). (1) Tube time: the time taken (to 0.01
s accuracy) for a fly to climb the inside of a glass measuring
cylinder (diam = 17 mm, height = 152 mm). (2) Catch time:
the time taken (to 0.01 s accuracy) for the experimenter to
catch, by hand, a single fly released into a cage (0.25 X 0.25
X 0.25 m) in a small glass vile. Two different-sized vials were
used to catch Musca and Scathophaga (Musca vial diam = 8
mm; Scathophaga vial diam = 18 mm). The experimenter
practiced the catching procedure before quantifying this mea-
sure in the experimental flies so that experimenter’s perfor-
mance had reached an asymptote. All measures were taken
blind of asymmetry and size values. Both tube and catch umes
were repeated five times for each fly and were shown to be
repeatable (intraclass correlation coefficient, r, > 717, p <
046, in all cases). I used the two measures of locomotion
because they may reflect different modes of locomotion. The
tube time involved terrestrial locomotion, whereas catch time
relied mainly on aerial locomotion. The two measures were
not correlated (Musca, Pearson r = 101, p = .609; Scatho-
phaga, r = —.199, p = 310).

Predation trials

Before predation trials, all Scathophaga were deprived of live
prey for 24 h. I randomly allocated the experimental flies to
mixed-species pairs (N = 26 pairs of one Musca and one
Scathophaga). These pairs were put, in turn, under an invert
ed, transparent beaker (diam = 103 mm, height = 123 mm),
and their behavior was recorded on Hi-8 videotape with a vid-
eo camera (Sony CCD-FX700F) at a shutter speed of 1/4000
s and at a distance of 0.3 m. Hence there were 26 separate
predation trials. Each trial lasted for 1 h or until the Scatho-
phaga had successfully captured the Musca. 1 analyzed vide-
otapes using frame-by-frame playback on a Sony EV-2000E vid-
eo player to derive measures (to 0.04 s accuracy) of predation
latency (time in trial to successful predation event) and prey
‘handling time (time from when Scathophaga first made con-
tact with Musca until the Musca stopped struggling to es-
\‘cape). These videotapes also revealed occurrences where the
Musca successfully escaped from an attempted Scathophaga
predation event; these were termed “‘escapes.”

Size and asymmetry measurements

After each trial, both flies were sacrificed by freezing and were
measured using a binocular microscope with a drawing tube
attachment. The distance along the fourth longitudinal wing
vein from the anterior cross vein to the posterior cross vein
and foreleg tibia size were measured on both left and right
sides of all flies (N = 26 for both species) to 0.01 mm accu-
racy. All measurements were repeated, in pairs of left and
right measures, five times over a_period of 2 days. Absolute
asymmetry { L — R) and trait size [(L + R}/2] were derived
from the averages of the five asymmetry and five size measures
for each individual to minimize measurement error (Palmer,
1994; Swaddle et al., 1994). All asymmetry measures were
highly repeatable (F,5.4 > 22.91, p < .00001, in all cases; sce
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Swaddle et al, 1994). Signed asymmetry values exhibited a
normal distribution (Anderson-Darling normality test, a® <
0.63, p > .07, in all cases) around a mean of zero (one-sample
ttest, t < 1.52, p > .14, in all cases) and hence exhibited the
statistical properties of fluctuating asymmetry (Palmer, 1994;
Swaddle et al, 1994). Unsigned asymmetry values are given
as means (*SE): Musca, tibia = 0.0337 £ 0.0043 mm, wing
vein = 0.0182 % 0.0029 mm; Scathophaga, tibia = 0.0347 =
0.0046 mm; wing vein = 0.0301 % 0.0048 mm. Trait size and-
asymmetry were not correlated {(Musca tibia, Spearman rank
r, = —.074, wing vein r, = —.177; Scathophaga tibia r, = 327,
wing vein 7, = .369); neither were levels of asymmetry between
traits on the same individuals (Musca r, = .203; Scathophaga
r, = .178).

All analyses were performed on Minitab for Windows (Min-
itab Inc, 1994) using two-tailed tests of probabilitv. All asym-
metry values were Box-Cox transformed to leave residuals of
all analyses normally distributed (Swaddle et al,, 1994).

RESULTS
Predation, locomotion, and morphology

There were no significant relationships between the locomo-
tion variables and either trait size or asymmetry in both spe-
cies (locomotion and trait size, N = 26, Pearson — 463 < r <
.385, p > .05, in all cases; locomotion and trait asymmetry, N
= 26, Spearman rank », —.273 < r < .359, p > .05 in all cases).

Successful predation occurred in 17 of the 26 1-h trials. The
morphology measures and locomotory performance variables
of flies from trials in which predation occurred (predate)
were compared with flies from trials in which predaton did
not occur (survive). The two locomotion variables did not ap-
pear to differ among flies from successful and unsuccesstul
trials in either species (Musca: tube time, F,, = 0.24, p =
.630; catch time, F| ,; = 0.16, p = .689; Scathophaga: tube time,
Floy = 0.02, p = .899; catch time, Fo, = 1.21, p = .282).
Similarly, wing vein and foreleg tibia size did not differ be-
tween flies from trials in which predation occurred or when
predation did not occur in either species (Musca: wing vein
size, Fi o = 0.45, p = .507; tibia size, F, o, = 0.84, p = .368;
Scathophaga: wing vein size, Fy o, = 0.32, p = .579; ubia size,
Fiop = 2.83, p = .105). Wing asymmetry was also not related
to whether predation occurred in either species (Figure 1a).
However, Musca that were captured had tibia that were more
asymmetric than those that survived; additionally, Scathophaga
that were successful predators possessed tibia that were more
symmetric (Figure 1B).

Within successful predation trials, there were no associa-
tions among locomotion variables, trait size, and trait asym-
metry with latency to predation, prey handling time, or num-
ber of escapes performed by prey (locomotion variables,
—-.274 < r< 116, p > .251; trait size, —.313 < r < .166, p >
.192; trait asymmetry, —432 < 7, < .130, p > .0647; N = 17
in all cases).

DISCUSSION

It is clear from the results that there are no associations be-
tween the locomotion variables and trait size with predatory
success. However, there is a relationship between tibia asym-
metry and predaton. Musca that were captured were more
asymmetric than those that survived; similarly, Scathophaga
that were successful predators were more symmetric than un-
successful individuals. From both the predator’s and prey’s
perspective, increased asymmetry was related to poor preda-
tory performance. Although developmental stability was as-
sociated with the occurrence of predation within trials; the
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latency to predation, prey handling time, and the number of
times prey escaped from the predator were not related to mor-
phology or locomotion. This may have been related to the
smaller sample size for this subgroup (N = 17). Nevertheless,
this study reveals that asymmetric prey are more likely to be
preyed upon and symmetric predators have a greater proba-
bility of capturing a prey itém successfully (Figure 1B). No-
ticeably, this relationship only occurs for tibia and not for wing
veins (Figure 1A). This may be because the predatory tactics
of the Scathophaga (i.e., grasping the prey in its forelegs) re-
sult in the developmental stability of foreleg elements being
more important in determining predation success than sta-
bility of wing elements. Likewise, the ability of Musca to avoid
predation may also be more dependent on the stability of leg
elements, as both species spent a large proportion of time
within predation trials crawling on the surface of the beaker.
In the wild, Scathophaga show similar predatory tactics by

Musca
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Musca

Figure 1

Means (£SEs) of (a) wing vein
absolute asvmmetry (mm) and
(b) foreleg tibia absolute asym-
metry (mm) for flies from tri-
als in which predation oc-
curred (predated, open bars)
or did not occur (survived,
filled bars). There was no dif-
ference in wing asymmetry be-
tween predated flies or flies
that survived (Musca: Fia, =
0.79, p = 382 Scathophaga:
Fioy = 1.23, p = .278). Musca
that were captured had tibia
that were more asymmetric
than those that survived (F o4
= 6.58, p = 017). Similarly,
Scathophaga that were success-
ful predators had tibia that
were more symmetric (Fq, =

592, p = 031).

preying upon flies crawling on the surface of dung pats and
the surrounding vegetation (Hammer, 1942). It is possible
that the ability of Musca to take off quickly and in a direction
away from_the predator may be more related to leg structures
than to wing structures. B

The relationships between asymmetry and predation could
occur through direct effects of asymmetric morphology influ-
encing performance or, alternatively, developmental instabil-
ity may reflect an individual with low phenotypic (and perhaps
genotypic) quality. Morphological asymmetry has been shown
to directly impair locomotion parameters related to predatory
avoidance in European starlings, Sturnus vulgaris (Swaddle et
al.,, 1996). Although asymmetry was not correlated with the
two forms of locomotory ability measured here, this does not
necessarily exclude the possibility that asymmetry could stll
directly affect locomotor performance (cf. Thomas, 1993).

It is also possible that individual asymmetry reliably reveals
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an individual of poor genetic constitution, as a number of
genetic factors are known to increase asymmetry (reviews in
Magller and Pomiankowski, 1993; Mgller and Swaddle, 1997;
Parsons, 1992; Watson and Thornhill, 1994). Additionally,
asymmetry may indicate that an individual has been exposed
to suboptimal environmental conditions during development
(reviews in Mpller and Swaddle, 1997; Parsons, 1992). There-
fore, asymmetric individuals may be more likely to suffer from
predation. In this experiment, all the flies were maintained
in homogenous housing conditions; therefore any differences
in expression of asymmetry are more explainable by intrinsic
genetic differences among individuals than by different envi-
ronmental experiences during development.

It has previously been reported that predation risk could
impose physiological stress on an organism, which may result
in greater levels of asymmetry. Witter and Lee (1995) dem-
onstrated that starlings molting in aviaries without access to
protective cover and whose food was placed a greater distance
from this cover grew primary feathers that were more asym-
metric than birds who did not have to compromise predation
risk in order to obtain food. It would appear that an increase
in predation risk, associated with leaving protective cover for
longer, can impose some form of stress on an individual that
leads to developmental instability and hence an asymmetric
phenotype. This situation could not have occurred in the con-
text of this particular experiment, but it is important to con-
sider the possible mechanisms by which a relationship be-
tween predation and developmental stability could arise in
other biological systems.

To explore the mechanisms by which the relationship be-
tween asymmetry and predation success have occurred in the
fly, it will be necessary to perform experiments in which the
morphology of the flies are manipulated independent of their
“true” developmental stability (cf. Swaddle et al., 1996). This
will reveal whether phenotypic asymmetry can directly influ-
ence both the success of the predator and the susceptibility
of the prey to predation. These experiments are currently in
progress. It will also be interesting to manipulate asymmetry
and developmental stability in a factorial design to indicate
the relative indirect influences of intrinsic processes related
to developmental stability and the mechanical performance
differences of levels of asymmetry.

This study provides the first experimental evidence that low
levels of individual asymmetry can be selected for through
differendal rates of predation and differential predatory suc-
cess. On both accounts, asymmetric individuals are at a dis-
advantage, and hence there will be selection pressures in favor
of individuals with stable developmental pathways. This fur-
ther indicates the importance of developmental stability and
fluctuating asymmetry in biological systems.

I thank Jane Gover and Mark Witter for maintaining the laboratory
" fly colonies and for helpful comments on earlier versions of the
manuscript. I am also grateful to Anders Mgller for access to an un-
published manuscript. I was funded by a Natural Environment Re-
search Council postdoctoral research fellowship and a Royal Society
research grant.

REFERENCES -

Beardmore JA, 1960. Developmental stability in constant and fluctu-
ating temperatures. Heredity 14:411-422.

Bennett ATD, Cuthill IC, Partridge JC, Maier EJ, 1996. Ultraviolet
vision and mate choice in zebra finches. Nature 380:433-435.

Failes ES, Whistlecraft JW, Tomlin AD, 1992. Predatory behavior of
Scatophaga stercoraria under laboratory conditions. Entomophaga
37:205-213.

Hammer, O. 1942. Biological and ecological investigations on fhes

Behavioral Ecologv Vol 8 No._ 4

associated with pasturing cattle and their excrement. Vidensk Med-
del Dansk Naturhist For Kgben 105:141-393.

Ludwig W, 1932, Das Rechts-Links Problem im Tierrich und beim
Menschen. Berlin: Springer-Verlag.

Minitab Inc., 1994, Minitab 10. User’s guide. State College, Pennsyl-
vania: Minitab Inc. )

Mpller AP, 1992. Female swallow preference for symmetrical male sex-
ual ornaments. Nature 357:238-240.

Magller AP, 1993. Female preference for apparently symmetrical male
sexual ornaments in the barn swallow Hirundo rustica. Behav Ecol
Sociobiol 32:371-376. -

Mpller AP, 1996. Sexual selection, viability selection, and developmen-
tal stabilitv in the domestic fly Musca domestica. Evolution 50:746—
752. - -

Mopller AP, Pomiankowksi A, 1993, Fluctuating asymmerry and sexual
selection. Genetica 89:267-279.

Meller AP, Swaddle P, 1997. Asymmetry, developmental stability and
evolution. Oxford: Oxford University Press (in press)

Moodie GEE, Reimchen TE, 1976, Phenetic variation and habitat dif-
ferences in Gasterosteus populations of the Queen Charlotte Islands
Syst Zool 25:49-61.

Palmer AR, 1994. Fluctating asymmetry analyses: a primer. In: De-
velopmental instability: its origins and evolutonary implications
(Markow TA, ed). Dordrecht: Kluwer; 335-364

Parsons PA, 1992. Fluctuating asymmetry: a biological monitor of en-
vironmental and genomic stress. Heredity 68:361-364.

Swaddle JP, 1996. Reproductive success and symmetry in zebra finch-
es. Anim Behav 51:203-210.

Swaddle JP, Cuthill IC, 1994a. Female zebra finches prefer males with
symmetrically manipulated chest plumage. Proc R Soc Lond B 238:
267-271.

Swaddle JP, Cuthill IC, 1994b. Preference for symmetric males by fe-
male zebra finches. Nature 367:165-166.

Swaddle JP, Witter MS, Cuthill IC, 1994, The analysis of fluctuating
asymmetry. Anim Behav 48:986-989.

Swaddle JP, Witter MS, Cuthill IC, Budden A, McCowen P, 1996. Plum-
age conditon affects flight performance in starlings: implications
for developmental homeostasis, abrasion and moult. ] Avian Biol
27:103-111

Thomas ALR, 1993. The aerodynamic costs of asymmetry in the wings
and tails of birds: asymmetric birds can’t fly round tight corners.
Proc R Soc Lond B 254:181-189.

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

Waddington CH, 1960. Experiments on canalizing selection. Genet
Res 1:140-150.

Watson PJ, Thornhill R, 1994, Fluctuating asymmetry and sexual se-
lection. Trends Ecol Evol 9:21-25.

Witter MS, Lee SJ, 1995. Habitat structure, stress and plumage devel-
opment. Proc R Soc Lond B 261:303-308



