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Clearwing moths are known for their physical resemblance to hymenopter-
ans, but the extent of their behavioural mimicry is unknown. We describe
zigzag flights of sesiid bee mimics that are nearly indistinguishable from
those of sympatric bees, whereas sesiid wasp mimics display faster, straigh-
ter flights more akin to those of wasps. In particular, the flight of the sesiids
Heterosphecia pahangensis, Aschistophleps argentifasciata and Pyrophleps cruen-
tata resembles both Tetragonilla collina and T. atripes stingless bees and, to a
lesser extent, dwarf honeybees Apis andreniformis, whereas the sesiid Pyroph-
leps sp. resembles Tachysphex sp. wasps. These findings represent the first
experimental evidence for behavioural mimicry in clearwing moths.

1. Introduction

Clearwing moths (Lepidoptera: Sesiidae) are a textbook example of Batesian
mimicry, being non-toxic insects that imitate various bees and wasps to
gain protection from predators. Their morphological resemblance to hymenop-
terans is widely known, but the evidence for behavioural mimicry in Sesiidae
has thus far only been anecdotal [1-6]. Webster [3, p.67] suggested as early
as 1897 that:

(...) Podosesia syringae Harris, somewhat resembles Polistes annularis Linnaeus, in
form, while its movements are almost an exact reproduction of those of the latter
species, which is an armed wasp, while the former is a helpless moth. (...) There
are a number of insects that, prepared and placed in our cabinets, have comparatively
little resemblance to each other, while in the midst of life and activity, are distinguish-
able from each other only with extreme difficulty.
More generally, locomotor mimicry has been characterized under laboratory or
enclosure conditions for tracks of ant-mimicking spiders [7,8], and for the flight
of Heliconius [9] and Papilio polytes [10] butterflies. Golding et al. [11] recorded
hoverflies and their hymenopteran models under conditions similar to natural
environments. During our fieldwork in Malaysia, which led to the description
of a new species of sesiid, Heterosphecia pahangensis Skowron [4], we observed
that it flies in a zigzag trajectory nearly indistinguishable from that of similarly
sized bees occurring in the same area. Tachysphex wasps, on the other hand,
flew faster and with straighter trajectories, and were easily distinguished
from both bees and bee mimics.
As already noted by Webster, Sesiidae are not necessarily perfect morpho-
logical mimics. The evolution of imperfect mimicry has been evaluated from

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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Table 1. Comparison of natural logarithm of mean speed (ms™') by species. ANOVA, Fyeq = 13.62, p = 1.23 x 107", Tukey—Kramer test showed
significant differences (indicated by an asterisk) between pairs of species. The per cent ratio between sample means indicates the magnitude and direction
of differences between each pair of species. Upper value: p, lower: relative sample means (untransformed) as per cent (column/row), e.g. H. pahangensis
was more than two times slower than Tachysphex sp. (ratio 42%). (Online version in colour.)

H. pahangensis | A. argentifasciata P. cruentata T. collina T. atripes A. andreniformis | Pyrophleps sp.
A. argentifasciata P T;;;? 6
P. cruentata P 2?4226* P 1:507;03 6
—bee mimics, —bees, —wasp mimics, —wasps. —unexpected p values

diverse perspectives. We consider three possible scenarios
underpinning this phenomenon in our studied clearwing
moths: (i) selection pressure imposed by predators led to
developing accurate behavioural mimicry that compensates
for morphological imperfections; (ii) different predators
exerted opposing selective forces leading to the development
of an optimal mimetic phenotype (multiple predator hypo-
thesis [12]); and (iii) by frequenting diverse habitats, they
have evolved to resemble multiple models [13]. We here pre-
sent detailed documentation of unperturbed flight
trajectories for clearwing moths in their natural habitat, and
assess the extent of their locomotor mimicry relative to
flight of sympatric hymenopterans.

2. Material and methods

Flight videos were obtained in Southeast Asian rainforests
along banks of rivers. Only natural flight behaviours were
filmed, without use of attractants or of captured insects.
A Sony DSC-RX10 camera was mounted on a tripod at 90° to
the ground to obtain a vertical view (approx. 100 cm from the
ground). A measuring tape was placed on the ground for
calibration. Videos are either 1000 or 500 frames per second.
All of the studied insects flew in a relatively horizontal plane
right above the ground (approx. 1-10 cm). Filming was triggered
only when there was no discernible wind.

Flight trajectories for the following insects were obtained:
bee-mimicking sesiids H. pahangensis (n = 14), Aschistophleps
argentifasciata Skowron Volponi (n = 4) and Pyrophleps cruentata
Swinhoe (n = 6); wasp-mimicking sesiid Pyrophleps sp. (n = 4);
stingless bees, Tetragonilla collina Smith (n =12) and T. atripes
Smith 1857 (n = 11); dwarf honeybee Apis andreniformis Smith
(n=13) and wasps, Tachysphex sp. (n=9) (figure 1). One of
the Pyrophleps sp. flights was excluded from analysis because
the insect landed mid-way through the filmed trajectory. The
bee and wasp species were selected because they occurred
in the same area as the sesiids, displayed similar mud-puddling
behaviour, were all of similar size (body length: bees, 5-10 mm;
bee mimics, 5-11 mm; wasps, approx. 8 mm; wasp mimics,
approx. 9 mm), and when in flight, were often confused with
sesiids (M.A.S.V. & P.V. 2014-2018, personal observations).

Out of the studied sesiids, only H. pahangensis is relatively abun-
dant in one puddling hotspot (fewer than 10 individuals were
observed per day, and this was the highest count for all Sesiidae).
Aschistophleps argentifasciata was an undescribed species at the
time of fieldwork, and a total of only seven individuals were
observed over two expeditions to Thailand, along with nine sight-
ings of P. cruentata and five of Pyrophleps sp. The small sample
sizes reported here are thus due to difficulty in locating and
rarity of these insects.

Fieldwork permission was obtained in Malaysia from
the Economic Planning Unit; permission was not required in
Thailand outside protected areas.

The DLTdv5 digitizing package [14] in MATLAB (v. R2016b)
was used to digitize flight trajectories from videos. Because of
variable and irregular backgrounds, each trajectory was manu-
ally digitized frame-by-frame to obtain (x and y) coordinates of
the head through time.

These data were smoothed using a Savitzky—Golay filter
(window size of 101 samples, polynomial order of 3). We calcu-
lated and compared the following parameters for flight
trajectories among species: flight speed (mean, minimum, maxi-
mum and standard deviation); maximum time of a single
hovering event; straightness; sinuosity; E.., another measure
of path straightness [15]; direction autocorrelation, which cap-
tures the wavelength (As) and amplitude (C(As)) of periodicity
in a trajectory [8]; and the mean and standard deviation of direc-
tional change [10]. When necessary, variables were log or square
root transformed to obtain normal distributions. Multivariate
analysis of variance (MANOVA) was used for data analysis,
followed by ANOVA tests for each variable and post hoc
Tukey—Kramer tests (when p < 0.05 in ANOVA) correcting for
type I errors. Significant differences in the Tukey—-Kramer test
are reported with a 95% confidence level (a = 0.05; e.g. table 1).

Additionally, we performed a principal component (PC)
analysis, followed by ANOVA and Tukey—-Kramer test on the
first principal component (PC1) results, table 2). Hovering,
defined here as flight at a speed of less than 0.1 ms ' (deter-
mined from speed—density plot analyses), was excluded from
statistical analyses as it was not normally distributed. However,
we present the longest hovering time in a box plot (figure 2b), as
during the observed puddling behaviour, bees and bee mimics
tended to hover, whereas wasps and wasp mimics never did.
All calculations, plots and statistical tests were performed in
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Table 2. Principal component analysis. (a) ANOVA of PC1 results yielded significant differences among species, F;g4 = 10.01, p = 2.22 x 10™°. Post hoc
Tukey—Kramer test showed significant differences (indicated by an asterisk) between pairs of species. (b) Correlation loadings of first three PCs.
() Eigenvalues and the percentage of variation explained by first three components. (Online version in colour.)

(a) H. pahangensis | A. argentifasciata P. cruentata T. collina T. atripes A. andreniformis | Pyrophleps sp.
A. argentifasciata »=0.999
P. cruentata p=0.995 p=1.000
T. collina p=0.988 p=0.930 p=0.846
T. atripes p=0.698 p=0.649 p=0.452 p=0.992
A. andreniformis p=0.086 p=0.184 p=0.067 p=0.521 p=0.957
Pyrophleps sp. p=0.001* p=0.002% p=0.001* p=0.007* p=0.034*% p=0.161
Tachysphex sp. p =0.000* p =0.000* p =0.000* p =0.000* p =0.002*% p=0.025* p =1.000
(b) correlation loadings (c) PCI1 PC2 PC3
variable PC1 PC2 PC3 eigenvalue 6.381 1.686 | 1.352
sinuosity -0.989 | 0.072 | 0.064 | percentage of variance 58.014 | 15.325 | 12.293
Enmax 0.955 | -0.149 | -0.035 | cumulative percentage of variance 58.014 | 73.339 | 85.632
SD of directional change | -0.930 | 0.268 | 0.164 o o
minirmum speed 0520 | -0.102 | -0.083 —bee mimics —bees — wasp mimics —wasps — unexpected p values
mean speed 0.911 | 0.315 | 0.086
mean of directional change | -0.887 | 0.278 | 0.185
maximum speed 0.722 | 0.624 | 0.204
first minimum As 0.521 | 0.100 | -0.509
straightness 0.501 | -0.305 | 0.614
SD of speed 0.263 | 0.899 | 0.225
first minimum C 0.223 | -0.315 | 0.737

RStudio. The trajr package [16] for R was used for calculating
trajectory parameters.

3. Results

When searching for a puddling spot, both bee-mimicking
clearwing moths and bees flew in a rapidly meandering tra-
jectory (figure 1), with occasional hovering. Wasps and their
sesiid mimics, by contrast, flew faster and straighter, tracing
out larger curves instead of tight zigzags (figure 1). Stingless
bees and all bee mimics tended to hover for prolonged
periods, whereas dwarf honeybees hovered for only a very
short time, and wasps and wasp mimics never hovered
during mud-puddling (figure 2b).

Use of MANOVA showed overall highly significant multi-
variate effects (p = 3.715 x 107'%). Univariate ANOVA tests
on each variable showed further significant differences.
Tukey—Kramer tests on variables for which ANOVA yielded
p < 0.05 indicated pairwise differences:

(i) Mean, minimum and maximum flight speeds

— Wasps were significantly faster than stingless bees and
bee mimics, but not faster than wasp mimics.

— Stingless bees and bee mimics did not differ signifi-
cantly in flight speeds (electronic supplementary
material, tables S1,53,54 and S5).

— Dwarf honeybees differed in mean and maximum
speed from both stingless bees and bee mimics

(except for H. pahangensis), but not from wasps (elec-
tronic supplementary material, tables S1 and S3).

— On average, wasps and wasp mimics were the fastest
and P. cruentata and A. argentifasciata bee mimics, as
well as T. collina bees, were the slowest fliers (figure 2c).

(ii) Straightness (i.e. the ratio between straight line distance
and total distance flown)

— Significant differences occurred between wasps and all
bees and bee mimics (except A. argentifasciata).

— There was no significant difference between wasps and
wasp mimics or between bees and bee mimics.

— Wasp mimics differed only from bees T. atripes and
A. andreniformis (electronic supplementary material,
table S6).

(iii) Sinuosity

— Wasps showed significant differences from bees and
bee mimics, but not from wasp mimics.

— Bee mimics did not differ from any bees.

— Wasp mimics did not differ from wasps or two species
of bees, but differed from all bee mimics and T. collina
(electronic supplementary material, table S7).

(iv) Emax (figure 2d)

— Results were similar to those for sinuosity, except wasp
mimics did not differ from one bee mimic or any bees
(electronic supplementary material, table S8).

(v) Mean directional change and its standard deviation

— Bees and bee mimics, which flew irregularly and

often changed heading, were highly similar, as were
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Figure 1. (i—viii) Filmed insects and corresponding example flight trajectories. (i) Heterosphecia pahangensis, (i) Aschistophleps argentifasciata, (iii) Pyrophleps
cruentata, (iv) Pyrophleps sp., (v) Apis andreniformis, (vi) Tetragonilla collina, (vii) Tetragonilla atripes and (viii) Tachysphex sp. Photo credits: Skowron Volponi

& Volponi.

wasps and wasp mimics, which flew in a more regular
manner.

— Wasps and wasp mimics were significantly different
from bees and bee mimics (electronic supplementary
material, tables S9 and S10).

(vi) Direction autocorrelation C(As) and As

— No significant differences among groups (ANOVA
p=0.721).

— Only one significant difference in As (between A. andre-
niformis and H. pahangensis; electronic supplementary
material, table S11), indicating similar amplitudes of
periodicity and wavelengths of trajectory curves for
all groups.

Wasps (except for one), wasp mimics and some bee
mimics exhibited no local minima in direction autocorrela-
tions (‘NA’ values in electronic supplementary material,
File III), indicating a lack of periodicity in their trajectories.

Use of PC analysis showed bees and bee mimics clustered
away from wasps and wasp mimics. A high value of variance
in the analysed data was explained by PC1 (58%), and over
85% by the first three components (table 2). PC1 (figure 2a)
was most heavily weighted positively by E.x, minimum
speed and mean speed, and was negatively weighted by
sinuosity and directional change.

4. Discussion

Based on flight speed, hovering behaviour and path straight-
ness, bee-mimicking clearwing moths tend to fly like bees,
whereas wasp mimics (as determined by anatomical resem-
blance) fly more similarly to wasps. Bee mimics have
slower, more zigzaggy and irregular flight paths, whereas
wasp mimics fly faster, less erratically and in a straighter tra-
jectory, as do wasps. These modes of flight were displayed
during mud-puddling behaviour on river banks, where the
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Figure 2. (a) Plot of first two principal components from PC analysis; (b) box plot of maximum hovering time (dots indicate means); (c) density plots of natural

logarithm of mean speed; and (d) Eqay.

insects were highly exposed and possibly vulnerable to pre-
dation, especially by volant insectivores. Display of bee- or
wasp-like flight trajectories by sesiids may confer greater
resemblance than morphological similarity relative to poten-
tial predators observing at distances too great to resolve
detailed colour or other anatomical features.

The two species of stingless bees (black T. collina and red T.
atripes) flew in a highly similar manner. Both black and
red sesiid bee mimics flew like these two stingless bees. Simi-
larly, the studied wasp-mimicking sesiids were not perfect
morphological mimics of wasps, but were indistinguishable
from them in flight. Thus, characteristics of flight trajectories
may be common among different species of models and
mimics, in which case the studied clearwing moths are not
specialized mimics but rather imitate features of multiple
models, i.e. either bees (T. collina, T. atripes and A. andreniformis)
or wasps, which differ in coloration but that are highly similar
in the way they fly. The wasp mimic resembled Tachysphex
wasps but in the field, it was also often confused with potter
wasps, including Coeleumenes burmanicus Bingham, which
could be an additional mimicry model.

Bee-mimicking sesiids more closely resembled stingless
bees than dwarf honeybees in terms of flight speed and
time spent hovering (figure 1). Although they lack functional
stings, the stingless Tetragonilla bees display aggressive beha-
viours such as chasing and biting [17], which may discourage
potential predators. Stingless bees may gain protection
simply through resemblance to stinging bees in external mor-
phology and flight style, and also through their own
aggressive behaviours, making them adequate mimicry
models for clearwing moths. It is important to note that

only hymenopteran females have a sting, yet males
still gain protection from predators through similarity to
females [18]. However, sesiid bee mimics also behaviourally
resembled dwarf honeybees, as measured by changes in
heading direction, flight irregularity, path straightness and
sinuosity (electronic supplementary material, tables S6-510).
In the case of wasps and wasp mimics, our small sample
size inevitably results in low statistical power, and further
studies with larger sample sizes would be helpful to assess
variance in all the general trends identified here.

Predator confusion between model and mimic may
derive from a diversity of similarities in flight kinematics
and behaviour, which could furthermore interact with
visual features of the flying insect to influence overall
mimetic resemblance. Different predators (e.g. volant insecti-
vores versus sit-and-wait terrestrial taxa) may also perceive
the same cues of anatomy and flight behaviour very
differently. We observed potential predators of sesiids: insec-
tivorous birds and invertebrates (wolf spiders and tiger
beetles) that could be exerting different selective forces on
the mimics, leading to the development of an optimal,
‘imperfect’ phenotype.

Nonetheless, we have demonstrated the presence of flight
behavioural mimicry in sesiids relative to sympatric models,
along with more specific matching of broadly defined bee-
and wasp-like morphologies to their corresponding flight
styles. These observations confirm historical qualitative
observations of locomotor mimicry by sesiids, and invite
further assessment of the evolutionary interplay between be-
haviour and visual similarity that yields such remarkable
interordinal resemblances.
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old specimen brought back to life: a lost species of
bee-mimicking clearwing moth, Heterosphecia
tawonoides (Lepidoptera: Sesiidae: Osminiini),
rediscovered in peninsular Malaysia’s primary

Is the evolution of inaccurate mimicry a result of
selection by a suite of predators? A case study using
myrmecomorphic spiders. Am. Nat. 178, 124—134.
(doi:10.1086/660287)
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