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to predators for understanding the evolution of prey defenses.

Batesian mimicry, in which a harmless mimic resembles a more aversive model, can encompass a wide range of morphological traits,
but the resemblance is never perfect. Previous studies have used abstract “prey” designs to show that differences in certain traits
may not be relevant to mimicry if they are not perceived or recognized by a predator. Here, we extend these results by examining how
human “predators” respond to realistic variation in traits of aposematic wasps and their hoverfly mimics. We measured the ability of
humans to discriminate between images of wasps and hoverflies in which only certain traits were visible, to determine the contribu
tions of those traits to discrimination decisions. We found that shape is a particularly useful and easily learnt trait for separating the
taxa. Subjects did not successfully discriminate on the basis of abdominal patterns, despite those containing useful information. Color
similarity between wasps and hoverflies is relatively high in comparison with other traits, suggesting that selection has acted more
strongly on color. Our findings demonstrate the importance of consideration of natural variation in the traits of prey and their salience

INTRODUCTION

In Batesian mimicry, a relatively harmless organism evolves to
resemble a more dangerous one in order to deceive predators
(Bates 1862). A major focus of recent studies on Batesian mimicry
has been the somewhat puzzling inaccuracy of many mimics, when
we expect natural selection to favor the myast=accurate ones (Penney
et al. 2012; Kikuchi and Pfennig 201 resemblance of a
mi@ its model might encompass a wide range of traits, includ-
ing #ape (Jones et al. 2013), color (Kraemer and Adams 2014),
behavior (Golding et al. 2005a), and sound (Barber and Conner
2007). However, these traits may not all hold the same relevance to
mimicry, as some may be overlooked by the predator (Kikuchi and
Pfennig 2010).

For a predator to select for increased accuracy in a given
mimetic trait, that trait must be perceived by the predator. A preda-
tor may not be physically able to detect a trait because of sensory
limitations, such as those imposed on color perception by the spec-
tral sensitivity of cone cells (Cuthill and Bennett 1993; Chen and
Goldsmith 1986; Kraemer and Adams 2014). Furthermore, a sig-
nal may be presented in a way that makes it difficult to resolve in
detail, such as in the case of a moving target, or when it is only
viewable for a short period of time (Chittka and Osorio 2007).
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Even if a trait is perceived, differences between the model
and mimic may or may not be learned effectively by the preda-
tor. Different traits can have different levels of “salience”, which is
how much they stand out as part of a complex image or scene, and
the relative salience of the presented traits determines how readily
they can be learned (Kazemi et al. 2014). Salience is determined
by both absolute characteristics, such as the magnitude of a signal
(e.g., brightness of a color or volume of a sound), as well as the
cognition of the observer (Shettleworth 2010). Thus, a trait could
be clearly perceivable by the predator but nonetheless overlooked.
Such a trait will be under little or no selection for mimetic accu-
racy, which may account for inaccurate mimicry of some aspects
of the model phenotype (Kazemi et al. 2014; Sherratt et al. 2015).

It is not possible to make universal statements about the salience
of particular traits, since their importance will depend upon the
signal’s context and the sensory and cognitive abilities of the sig-
nal receiver (Cuthill and Bennett 1993), as well as the previous
experience of a given observer (Blough 1969). However, with birds
as predators, experiments using artificial prey generally support
the idea that color is an especially salient signal in the context of
mimicry, although other traits such as pattern may come into play
if color is not informative (Terhune 1977; Kazemi et al. 2014).
Humans also give a strong weighting to color in discriminating
among rewarding and non-rewarding artificial prey (Kikuchi et al.
2015; Sherratt et al. 2015), to an extent that may be suboptimal
(Kikuchi et al. 2015). The use of artificial prey in such experiments
allows careful control over the stimuli, allowing different traits to
be varied entirely independently. However, the downside is that the
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magnitude of variation seen among prey items may not be realis-
tic, and there has been a call for experiments that study multiple
dimensions of mimicry in a more natural context (Kikuchi et al.
2015).

An important study of the relative importance of mimetic traits
in signals found in nature was conducted by Bain et al. (2007),
based on data from Dittrich et al. (1993). In the latter study, groups
of pigeons were conditioned to peck at images of flies but not of
aposematic wasps (or vice versa). They were then presented with
images of various wasp-mimicking hoverflies, and the measured
peck rates provided an estimate of mimetic accuracy through the
pigeons’ eyes. Bain et al. (2007) then measured a number of mor-
phometric variables from the presented images and investigated
which variables best predicted the pigeons’ responses. They found
that summary measures of color and pattern were good predic-
tors of bird behavior, with influence also from some shape mea-
sures such as antennal length. However, this study was essentially
observational and, as such, the measured variables may have been
confounded with one another. Other more experimental studies
have focused on small numbers of traits, such as shape and eyespots
in caterpillars (Hossie and Sherratt 2014; Skelhorn et al. 2014)
or head shape and body pattern in snakes (Valkonen et al. 2011).
Kauppinen and Mappes (2003) studied the contribution of wasp
odor, pattern, and shape to avoidance by dragonflies but with very
coarsely delineated treatments.

One of the reasons that experimental tests of the relative impor-
tance of the morphological traits of Batesian mimics are rare is
that relevant, well-replicated experiments with vertebrate preda-
tors are ethically and logistically difficult. Humans provide a useful
model “predator”, with fewer ethical and practical constraints, and
experimental games in which humans “forage” for prey have previ-
ously generated large datasets to explore hypotheses about mimicry
Golding et al. 2005b; McGuire et al. 2006; Sherratt et al. 2015;

lorris and Reader, in review). Humans have been shown to make
judgments about mimetic accuracy similar to those of birds, which
are thought to provide the main selective pressure for mimicry in
hoverflies (Dittrich et al. 1993; Penney et al. 2012; Sherratt et al.
2015). While bird vision is sensitive to some ultraviolet wavelengths
that are invisible to humans, these colors do not feature in the
aposematic patter
Taylor et al. 2016a

Here, we combine the experimental approach of studies such as
Kazemi et al. (2014) with the realistic signals of Bain et al. (2007)
to shed further light on the selective pressures on various individ-
ual traits contributing to Batesian mimicry in hoverflies. We pres-

wasps or their mimics (Green et al. 1999;

ent the results of an online game in which human volunteers take
the role of “predators” choosing whether or not to “attack” images
of hoverflies and wasps, with some images only showing a limited
set of traits (e.g., a black and white image showing outline only).
We use low-resolution images and limited time for observation, to
reflect the difficulties that predators face in the wild. Due to our
use of images that show realistic levels of variation, not all traits
are equally informative and hence we cannot directly test their
salience. Instead, we investigate which hoverfly trait(s) are used suc-
cessfully to discriminate mimics from models. For traits that are not
used in making these foraging choices, we examine whether they
are overlooked (i.e., contain potentially useful information that is
not exploited) or uninformative. Finally, we investigate whether
our subjects can be “trained” to make use of different information
within the images, and hence test whether prior experience shapes
the relative contributions of different traits in future encounters.

Behavioral Ecology

MATERIALS AND METHODS

The following methodology was approved by the School of
Life Sciences Research Ethics Committee at the University of
Nottingham.

Specimens

Human volunteers played a game in which they viewed images of
hoverflies (Diptera: Syrphidae) and stinging Hymenoptera. We col-
lected these insects using a hand net from wild communities around
Nottingham, UK (particularly the Attenborough Nature Reserve)
and Sobreda, Portugal. Our target insects were the common wasp
Vespula vulgaris and other stinging Hymenoptera (models) or hov-
erflies (mimics) of a roughly similar appearance (i.e., with a black
and yellow or black and orange pattern, and not excessively hairy).
In this study, we have not included examples of alternative, non-
mimetic prey. As the presence of such prey can influence predator
behavior (Lindstrom et al. 2004), here we are specifically interested
in the differences between good and poor mimics, rather than
between mimics and nonmimics.

We refrigerated specimens at 5 °C for a period of at least an
hour after capture in order to slow their movements and temporar-
ily prevent them from flying. We then placed them in an open petri
dish inside a homemade “photo studio”—a white 30 X 18 X 10 cm
open-topped box. We placed a 5-mm scale bar near to the insect.
We then took 2 types of photograph: for the “live photo”, we
allowed the specimen to assume a natural resting position and then
photographed it with an Olympus E420 DSLR camera. For the
“abdominal photo”, we euthanized the same specimens by freezing
and then photographed their abdomens using the same apparatus
with, where necessary, legs and wings pinned out to the sides to give
a clear view of the abdomen.

Images

From the insects collected and photographed, we selected 3 model
and 9 mimic species for which we had at least 5 individuals with
both live and abdomen photos of good quality. The 12 species each
had between 5 and 21 individuals with suitable photographs, giving
a total of 104 individuals that were used in the game (Table 1).

We processed photographs using a combination of MATLAB
(2012) for automated processing and Image] (Abramoff et al. 2004)
for manual editing. All images were saved in GIF format, with the
insect image showing for 0.5 s before being replaced by a blank
white background. All images were rotated by eye to a standard
orientation with the axis of the insect vertical and the anterior end
at the top, in order to remove this relatively uninteresting source
of variation. The images were necessarily displayed in RGB color
format, but there are no “hidden” components of the color pattern
d be omitted
were unable

(such as ultraviolet patches) in these insects that
as a result (Green et al. 1999; Taylor et al. 2016a
to control for any variation in the specifications of the monitors
used by participants and how given colors were represented.

In total, we prepared 7 different images for each individual insect
to be used across 2 experiments (see Figure 1), as follows:

“Complete”

An image of the whole insect, in color and to scale. Using the
live photos, body length was measured from the tip of the head
between the antennae to the tip of the abdomen, using the scale
bar for reference. Excess background was then cropped out by
eye, including removal of the scale bar from the image. Histogram
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equalization was used to enhance the contrast of the image. Finally,
using MATLAB, the image was resized to a standard scale such
that 1 mm on the insect was represented by a distance of 5 pixels,
with the resulting images varying from 73 to 171 pixels in height.
Note that as we were unable to control the size and resolution
of the monitors used by participants, it was impossible to pres-
ent the images at a completely standardized scale. As a guide, at a

Table 1
Details of the 12 species included in the game
Mean body
Species Abbrev. N length (mm) Example image
Models
Nomada sp. Nsp 8 102
-
Vespula germanica Vge 6 149 «
Vespula vulgaris Vvu 8 126 “
Mimics
Chrysotoxum intermedium — Cin 6 125 m
Epistrophe eligans Eel 5 107 m
Episyrphus balteatus Eba 18 104 *
Helophilus pendulus Hpe 21 117 *
Helophilus trivittatus Htr 5 163
Melanostoma scalare Msc 5 86 y
et
Myathropa florea Mfl 11125 w
Sphaerophoria scripta Ssc 5 111 ke
oo sy annem
Syrphus ribesii Sri 6 118

Note that the example images have been cropped down from the full versions
used in the game.

ii

Figure 1
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resolution of 1280 X 1024 pixels on a 19-inch monitor, the images
appear at roughly twice the true size of the insects. We were also
unable to control the distance at which volunteers sat from their
monitors. However, very approximately, the level of detail available
at a resolution of 5 pixels per mm is about the same as that avail-
able to a passerine bird viewing an insect at a distance of half a
meter (based on Donner 1951).

“Abdomen”

An image of just the abdomen of the insect, in color, presented
at a standard size. From the abdomen photos, the outline of the
abdomen was detected via a user-guided edge detection algorithm
and anything outside this boundary was assigned as background
and set to pure white. The image was rotated to standard orienta-
tion (see above) and resized to a standard height of 60 pixels. Thus,
the images varied in terms of the pattern, color, and shape of the
abdomen, but showed no variation in size or in appearance of
other body parts (which were not displayed).

“Shape”
A black and white image showing the silhouette of the whole
insect, presented at a standard size. The outline of the live image
was initially generated using “Canny” edge detection (Canny 1986).
However, this outline contained some gaps, and some background
edges were detected that were not part of the insect. The outline
was therefore modified by eye where necessary to be continuous
and then filled in with black for the insect and white for the back-
ground. The image was rotated to standard orientation (see above)
and then resized to a standard height of 100 pixels. Note that the
larger size as compared to the “Abdomen” images (60 pixels) was
in order to keep the level of detail in the 2 images roughly equal,
since the latter show only a portion of the whole insect. The result-
ing “Shape” images varied in outline, but were identical in all other
respects.

“Size"”
A black and white image showing the silhouette of an “interme-
diate” insect, scaled in proportion to the size of the individual in
question. We generated a black and white image of an imagined
intermediate between a hoverfly and a wasp, guided by superim-
posing one of the wasp silhouette images (17 vulgaris) over one of the

Examples of image types used in the online quiz. These images are shown at the same resolution as they appeared to participants. a) Complete. b) Abdomen.

¢) Shape. d) Size. ¢) Abdomen pattern. f) Abdomen shape. g) Abdomen color. 1) Images of Episyrphus balteatus. ii) Images of Vespula vulgaris.

3.65

3.70

3.75

3.80

3.85

3.90

3.95

3.100

3.105

3.110

3.115

3.120

3.122


plzfg
Sticky Note
please move all the images up half a line, so that the tips of their abdomens line up with the centre of the line of text


Copyedited by: SU

4.5

4.10

4.15

4.20

4.25

4.30

4.35

4.40

4.45

4.50

4.55

4.60
4.61

Page 4 of 11

hoverflies (Syrphus ribesiz). This ambiguous shape was then resized in
cach case to correspond to the length of each individual specimen,
again at a scale of 5 pixels per mm. This set of images therefore
varied in terms of their size (from 73 to 171 pixels in height), but
were identical in all other respects.

“Abdomen Pattern”

A grayscale image of the abdominal pattern, cropped to an oval
shape of fixed size. The abdomen photo was converted to grayscale
and then cropped to a standard oval shape 60 pixels long and 40
pixels wide, with the removed area set to white. Prior to cropping,
the image was scaled so that the oval area was representative of
the majority of the abdominal pattern. For some species with very
clongated abdomens, such as Sphaerophoria scripta, it was necessary to
stretch the abdominal image horizontally before cropping in order
that the whole oval “window” was filled but the majority of the pat-
tern was still represented. The resulting images varied in their pat-
tern (intensity of grayscale) but were identical in all other respects.

“Abdomen Shape”

A black and white image showing the silhouette of the abdo-
men, presented at a standard size. The edge of the abdomen was
detected using the same method as described in Abdomen above.
Small adjustments were made by eye to the outline where the algo-
rithm had not completely separated insect from background. This
outline was then filled in with black for the insect and white for
the background, and resized to a fixed length of 60 pixels. These
images varied in the abdominal outline only.

“Abdomen Color”

An image of a simple, standard pattern with colors based on the
abdominal colors from the original abdor%}hoto. A simple arti-
ficial pattern was generated, made up of

a 60 by 60 pixel area. These stripes were then colored alternately
“black” and “yellow” using mean RGB values obtained from the
“black” and “yellow” regions of the abdomen photo. The images
varied only in the colors of the stripes.

orizontal stripes within

The game

Volunteers were recruited via requests through social media, elec-
tronic mailing lists, and word of mouth. Participants were also
encouraged to help publicize the game via their own social media
accounts. The experiment was described as a “game” or “quiz” in
order to instill a sense of fun and challenge, to encourage a greater
number of participants.

We invited potential volunteers to view a webpage which gave
a brief description of the game: the volunteers would take on the
role of a predator discriminating among different types of prey,
and they should attempt to maximize their score by “eating” harm-
less hoverflies and avoiding wasps. The webpage also described the
general purpose of the game (i.e., to collect data for research), but
did not give the exact aim of the research (i.e., determining which
traits are used by observers to distinguish models from mimics) to
avold creating any conscious or unconscious bias in the volunteers.
The page also included a disclaimer, stating that data stored from
attempts at the game would be anonymous at all stages, and that
participants should feel free to withdraw from the game at any time.

If they agreed to participate, volunteers then clicked through to
a second page where they entered some general information about
themselves: their age, gender, and whether or not they had com-
pleted the game before. Any responses marked as not being a first

Behavioral Ecology

attempt were discarded from analysis in order to minimize the effect
of any previous experience. Next, they leted the game, which
comprised 20 questions, separated into 2 €qual halves, with the con-
tent of each half differing between the 2 experiments (see below).
For each question, an image of an insect was displayed on the screen
for 0.5 s before disappearing. After presentation of each image, the
participant was required to select one of 2 options: “Eat” or “Avoid”
(Figure 2). They would then immediately be presented with feedback
for that question, based on their response and the identity of the
insect. The response was judged “correct” if a mimic was eaten or
a model avoided and “incorrect” for the opposite choices. Thus, as
a participant progressed through the questions, they had the oppor-
tunity to gather information from this feedback and integrate it into
their responses, in much the same way as a predator might learn
gradually from sampling a range of insects.

For each question, the insect displayed was drawn at random,
with replacement, from all 104 possible individuals. Probabilities
were adjusted such that each selected individual had an equal
chance of being a model or mimic, that within those 2 groups, each
species had an equal chance of being selected, and that within each
species, each individual had an equal chance of being selected.

At the end of the game, the player could return to the homepage
where they were given a score out of 20 according to the number
of correct choices they made.

Experiment 1

Here the aim was to investigate how well participants who had been
trained using full images could identify mimic and model insects
fi articular individual traits or combinations of traits. The first
10*questions of the game, the “Iraining” phase, used the Complete
images. In the second half of t e, the “Testing” phase, partici-
pants were assigned to one of 7Xreatments: Shape, Size, Abdomen,
Abdomen Shape, Abdomen Pattern, Abdomen Color, and
Complete (control), using the corresponding images as described
above. The experiment ran from July 2013 to March 2015.

Quiz - identifying insects

* Required

/SO

Q1 of 20: Choose an action *

Eat
Avoid

« Back Continue »

Figure 2
A screenshot from the online quiz. Note that, in the real quiz, the insect
image would only be visible for half a second.
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Experiment 2

Here, the aim was to determine whether training participants on
a particular trait would influence their performance when the full
image was subsequently made available. Participants received one
of 3 treatments during the Training phase (questions 1-10): Shape,
Size, and Abdomen. Following the Training phase, all participants
then experienced a Testing phase in which images were drawn
from the Complete set. Data from the Complete treatment from
Experiment 1 was used as a control, since participants were given
Complete images during both halves of the game. This version ran
from February to December 2014.

Statistical analysis

We analyzed the data in R version 3.1.2 (R Core e
Initial inspection of the data from Experiment 1 sho

average, participants improved in score over the first 3 ‘questions
of the quiz, with the mean scores showing little change after that
point (Figure 3). There was a similar effect at the start of the
Testing phase for some treatments and during the Training phase
of Experiment 2 (Iigure 4), while participants adjusted to the new

2014).

at on

image type. For statistical comparisons, we have therefore discarded
data from questions 1-3 and 11-13. We modelled responses to each
individual question in the Testing phase using a Generalized Linear
Mixed Model (GLMM), with a logit link function to account for
the binomial response (correct or incorrect). Predictors were the
treatment, the species in the image, and the age and gender of the
participant, with participant identity as a random factor. Age was
standardized to mean 0, standard deviation 1 as recommended by
Zuur et al. (2009). We followed backwards model selection using
likelihood ratio tests.

Within data from the Size treatment only, we also tested for
an effect of size on attack rate, regardless of whether or not the
response was correct, to test whether participants showed consistent
bias towards smaller or larger insects. For this, we used a separate
GLMM with a fixed effect of size, random effect of participant
identity, and attack rate as the response.

For Experiment 2, we fitted a similar binomial GLMM with the pre-
dictors n%}nt, species, phase (Training or Testing), age and gender,
and the Zvay interactions phase:treatment and phase:species. Again,
we included participant identity as a random factor.

On the basis of results from Experiment 1 (see below), pa@
3

ticipants were unable to distinguish models and mimics under
of the experimental trcatmcntg%}c, Abdominal Pattern, and
Abdominal Color. There are 2¥possible explanations for these
results: 1) the treatment images contain no relevant information
that can be used to reliably distinguish models and mimics or
2) the images contain relevant information that was not noticed/
acted upon by the participants. We therefore decided post hoc to
summarize information content in model and mimic images for
those 3 treatments in order to help distinguish between those 2
explanations.

The Size treatment was based on a single univariate axis. We
therefore compare model and mimic values by means of a histo-
gram. The Abdominal Color treatment was based on a pair of
RGB values (for the yellow/orange and black bands), and hence
contained 6 different axes of variation. We summarized this infor-
mation using Principal Components Analysis and then plotted the
first 2 components. To summarize the Abdominal Pattern images,
we created a pairwise distance map using the distance transform
method (Taylor et al. 2013) and then plotted this distance map
using nonmetric multidimensional scaling in 2D.

Page 5 of 11

RESULTS
Experiment 1

A total of 602 volunteers completed this version of the game
(N for each treatment: 158 Shape, 137 Size, 146 Abdomen, 43
Abdomen Pattern, 45 Abdomen Shape, 48 Abdomen Color,
and 25 Complete). During model selection for our GLMM, age
(Likelihood Ratio [LR] = 1.41, df = 1, P = 0.235) and gender of

Training Shape

1.00 -
0.75 - /_/‘
0.50 =
0.25 -

0.00 =

Abdomen Size

1.00 -
0.75 - /\/\/
0.50 -
0.25 -

0.00 -

Abdomen Pattern Abdomen Shape

N

1.00 =

Proportion correct

0.75 =

0.50 4 /—W

0.25 -

0.00 -

Abdomen Colour Control

—\V L~

1.00 -
0.75 =

050 4 m

0.25 -

0.00 -

2 4 6 8 10 2 4 6 8 10
Question number

Figure 3

Learning curves according to treatment (Experiment 1). Solid lines show
how the proportion of correct answers (y axis) changes through the different
questions of the quiz (x axis) as users learn to distinguish models and mimics.
Shaded area shows 95% confidence intervals, calculated via bootstrapping.
The first panel shows the learning curve for the Training phase, which was

the same for all participants. The aiping panels show the second half of
the quiz, separated by trcatmcnt.%j:hat for the purposes of the graph,

the question numbers are reset to ohe at the start of the Testing phase.
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Control Shape
1.00 - ! !
1 1
0.75 5 1 1
1 1
| |
0.50 = . |
| |
g 0.25 - ! !
‘g Training : Testing Training : Testing
< 0.00 - phase | phase phase , Phase
<)
g Abdomen Size
2 1.00 - ! !
A 1 1
| |
0.75 = 1
|
| |
0.50 = . 1
| |
0.25 4 1 1
Training ' Testing Training ' Testing
0.00 =  phase : phase phase : phase
T T T T T T T
5 10 15 20 5 10 15 20
Question number
Figure 4

Learning curves according to treatment (Experiment 2). Solid lines show
how the proportion of correct answers (y axis) changes through the different
questions of the quiz (x axis) as users learn to distinguish models and mimics.
Shaded area shé%m]% confidence intervals, calculated via bootstrapping.

Panels show the erent treatments.

the participant (LR = 1.03, df = 1, P = 0.309) were removed from
the model, leaving species and treatment as significant fixed effects.

Species identity had a strong effect on the probability of a correct
choice by the participant (LR = 129, df = 11, P < 0.0001). During
the Training phase (i.e., based on the Complete image), volunteers
efficiently learned the 2 Vespula speci odels, attacking them in
only 7% of encounters, but Nomada sp”was attacked more frequently
(39%). Of the mimics, Myathropa florea experienced the lowest rate of
attack (71%), and was therefore the most effective mimic, whereas
S. seripla was the worst, experiencing an attack rate of 87% (Figure 5).

The number of correct responses differed significantly among
treatments (LR = 206, df = 6, P < 0.0001), and according to Tukey
post hoc tests, the treatments fell into 2 groups, with Control,
Shape, Abdomen, and Abdomen Shape in one and Size, Abdomen
Pattern, and Abdomen Color in the other. There were no signifi-
cant differences within either group (P> 0.05), but all pairwise dif-
ferences between the 2 groups were significant (P < 0.01), with the
former group consistently higher (Iigure 6). For Size and Abdomen
Pattern, 95% confidence intervals for success rate included 0.5,
indicating that performance by the participants was no better than
expected by chance. Note that partici%] were not necessarily
attacking at random even in treatments, ¥Tich had a 50% success
rate: a separate GLMM showed that in the Size treatment, larger
msects were significantly less likely to be attacked (LR = 7.09,
df =1, P=0.008).

Experiment 2

A total of 114 volunteers took part in the second version of the
game, split roughly evenly among the 4 different treatments (31

Behavioral Ecology

1.0 =
0.8

0.6 =

0.4 - }

Mean attack rate

0.2+

¢ @
0.0 -

T T T T T T T T T T T T
Vge Vvu Nsp Mfl Sri Cin Eel Htr Eba Hpe Msc Ssc
Species

Figure 5

Variation in attack rate according to species (Experiment 1). Points show
the mean rate of attack against different species during the Training
phase (excluding the first 3 questions of the phase, during which learning
was ongoing). Error bars show 95% confidence intervals calculated from
bootstrapping. The dashed line shows a score of 0.5, or 50% correct, as
predicted if responses were random. For species abbreviations, see Table 1.

Shape, 26 Abdomen, and 32 Size, with 25 Complete taken from
Experiment 1 as a control). Again, age (LR = 0.314, df = 1,
P = 0.575) and gender (LR = 1.75, df = 1, P = 0.186) of par-
ticipants were removed from the model as nonsignificant, as well as
the interaction between phase and treatment (LR = 6.09, df = 3,
P = 0.107). Fixed effects in the final model were species, phase,
treatment, and the interaction between phase and species.

Participants’ performances varied significantly according to treat-
ment (LR = 22.38, df = 3, P < 0.0001), with highest scores in the
Control, followed by Shape, then Abdomen, then Size (Iigure 7).
A Tukey post hoc test showed significant differences between the
Control and both Abdomen (P = 0.003) and Size (P < 0.001), and
between Shape and Size (P = 0.013). The lack of significant inter-
action between phase and treatment (see above), indicates that
treatment differences persisted in the Testing phase.

There was a significant interaction between phase and species,
indicating that the attack rates on different species were not consis-
tent from one phase to the next (LR = 41.74, df = 11, P < 0.0001).

Model and mimic phenotypes
When the information from the Abdominal Color i@ IS sum-
2 ko

marized by Principal Components Analysis, the first mponents
explain 85.7% and 6.7% of the variation (Table 2). In these 2D, the
model and mimic distributions overlap extensively (Figure 8a). By
contrast, information from the abdominal patterns, when plotted
in 2D using NMDS (stress = 0.23), shows that model and mimic
distributions are clearly separated (Figure 8b). Size distributions
for model and mimic individuals are very similar to each other
(Figure 8c).

DISCUSSION

Our results show that humans acting as predators in our online
game can readily distinguish between mimetic hoverflies and
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Figure 6

Variatiog?E_}rcs across treatments (Experiment 1). Points show the success rate in discriminating hoverflies from wasps during the relevant phase (excluding

the first

Questions of the phase, during which learning was ongoing) averaged across all volunteers for a given treatment. All participants viewed images

of the complete insect during the Training phase, and then received one of 7 different treatments in the Testing phase. Error bars show 95% confidence

intervals calculated from bootstrapping. The dashed line shows a score of 0.5, or 50% correct, as predicted if responses were random. All treatments from

group A are significantly different from all those in group B according to a Tukey post hoc test (P < 0.01); there are no significant differences within either

group (P> 0.05).

their wasp models using some traits, but not using others. When
basing their decisions solely on shape and even when restricted
to the abdominal shape, they were as successful in distinguishing
models from mimics as when they were able to see all of the traits
together. By contrast, the insect’s size and the color and pattern of
the abdomen were of little use to the participants, who failed to
accurately identify models and mimics on those criteria. Our exper-
iments build on previous studies that used more abstract stimuli,
and support the idea that some traits (shape in particular) are likely
to be under stronger selection for accurate mimicry than others.
Inaccurate mimicry in other traits such as pattern may come about
because predators simply do not perceive or process the relevant
information.

In the first experiment, participants were best able to discrimi-
nate prey types on the basis of the shape (outline) of the insects.
This result tallies with previous evidence that hoverflies and wasp
shapes are clearly distinct from one another in multivariate space
(Penney et al. 2012). One particular aspect of shape, the length of
the antenna, is often noted as being a clear separator between hov-
erflies and wasps (Waldbauer 1970; Bain et al. 2007; Penney ct al.
2012). While this trait could account for high success rates in the
Shape treatment, success rates in the Abdomen Shape treatment,
in which antennae were not visible, were almost as great. Here, the
“pointiness” of the abdomen may have been the diagnostic trait;
certainly a number of our participants mentioned in informal feed-
back that they had looked for the pointiness of the abdomen when
making decisions. As a means of discriminating models from mim-
ics, this particular trait has the advantage that it is directly associ-
ated with the aversive sting in the case of female Hymenoptera.

If shape is easily exploited to discriminate mimics from models,
why then does selection not force mimics to resemble the shapes
of their models more closely? Perhaps developmental and physi-
ological constraints are simply too strong to be overcome in this
case. For example, the distal segments of the hoverfly abdomen
form the genital capsule (Speight 1987) and it is clear that modify-
ing its shape to be more pointed and wasp-like could conflict with
its essential primary function and cause a drastic reduction in mat-
ing success. In the case of antennae, some hoverflies have devel-
oped radical solutions to the problem of mimicking the length of
g} segments of female wasp antennae when syrphids have only

cgments (Waldbauer 1970), but it is not clear why these solu-
tions have not been adopted more widely among the wasp mimics.
Alternatively, the response to shape by the humans in our experi-
ments may not be seen in the real predators of mimetic hoverflies.
However, birds have been shown to make use of shape informa-
tion to discriminate among prey types when other traits are not
informative, showing that they are able to process information from
shape at least under some circumstances (Kazemi et al. 2014).

Three treatments (Abdomen Color, Abdomen Pattern, and Size)
had success rates that were little or no different @ioking at ran-
dom between models and mimics. There are 2%ossible explana-
tions in each case: either the images in that treatment contained
no information relevant to distinguishing models and mimics, or
else there was useful information present that was overlooked. On
the basis of summary data from each set of images (Iigure 8), it
appears that the former case applies to Abdomen Color and Size,
as there is a great deal of overlap between model and mimic dis-
tributions. This suggests that, at least for the species included in
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Variation in scores across treatments (Experiment 2). Points show the success rate in discriminating hoverflies from wasps during the relevant phase (excluding

the first 3 questions of the phase, during which learning was ongoing) averaged across all volunteers for a given treatment. Participants received one of
4 different treatments during the Training phase, and then all viewed images of the complete insect in the Testing phase, but with behavior potentially

influenced by the prior treatment. Error bars show 95% confidence intervals calculated from bootstrapping. The dashed line shows a score of 0.5, or 50%

correct, as predicted if responses were random. Horizontal lines indicate pairs of treatments that are significantly different from each other (within the phase)

according to a Tukey post hoc test. *P < 0.05, **P < 0.01, **P < 0.001.

Table 2

A description of the Principal Components created from color
data

Variable PC1 PC2

Black stripe R 0.194 —0.476
Black stripe G 0.229 —0.385
Black stripe B 0.188 —0.442
Yellow stripe R 0.627 0.291
Yellow stripe G 0.633 0.341
Yellow stripe B 0.283 —0.478
Proportion of variance 0.857 0.067

Values show the correlation between the original 6 variables (RGB color
values for both the dark “black” stripes and the lighter “yellow” stripes) and
the first 2 Principal Components. The 2 Principal Components displayed
account for 92.4% of the total variance in the data.

this study, color and size mimicry is already relatively accurate.
Color has been found to be highly salient to birds (Kazemi et al.
2014) and to humans (Sherratt et al. 2015), and it is therefore likely
that mimetic colors have already undergone strong selection from
predators for mimetic accuracy. Note, however, that the variety of
species encountered will be a key factor. It is quite possible that a
single mimic species would have reliably distinguishable colors
from a single model species; but as more species are encountered,
it becomes impossible to adopt a simple rule that separates one
taxon from the other. Mimicry that appears “inaccurate” based on
a single comparison may in fact be sufficient to provide protection
from predation in a scenario where a number of model species are

encountered (Thalainen et al. 2012; Easley and Hassall 2014), as in
this study and likely faced by many wild predators.

It is interesting to note that participants did attack larger insects
less frequently during the Size treatment, despite gaining no result-
ing advantage. Clearly our subjects had a pre-existing aversion to
larger stimuli, which could indicate an assumption that larger prey
are more likely to be dangerous. For example, even though horse-
flies are not included in our image sets, large hoverflies of similar
appearance might elicit an avoidance reaction if a participant asso-
ciates them with a previous negative experience. The bias in attack
rates we observe in relation to size suggests the potential for selec-
tion on size as a mimetic trait, a possibility which has rarely been
considered (though see Rashed et al. 2005). This will be challeng-
ing to study though, as prey size affects a number of potentially
confounding factors such as the calorific value of the prey (Penney
et al. 2012), as well as search and handling times by the predator.

Surprisingly, our participants were unable to perform better than
random on the Abdominal Pattern treatment, despite the avail-
ability of information that separates models and mimics almost
perfectly (Figure 8). Kazemi et al. (2014) found pattern to be less
salient than color, but that birds would make use of pattern in the
absence of other useful information. However, our data are not
well explained by such an overshadowing effect, since participants
did not learn to make use of the pattern information even after
it was presented in isolation during the Testing phase. Instead, it
appears that participants were genuinely unable to process the pat-
tern information that was presented, perhaps due to the short time
given to view the images. If real predators of hoverflies have similar
limitations, this might explain inaccurate mimicry of wasp patterns,

8.65

8.70

8.75

8.80

8.85

8.90

8.95

8.100

8.105

8.110

8.115

8.120

8.122


plzfg
Highlight

plzfg
Highlight


Copyedited by: SU

9.5

9.10

9.15

9.20

9.25

9.30

9.35

9.40

9.45

9.50

9.55

9.60
9.61

Taylor et al. » Distinguishing Batesian mimics from their models

(@)

Page 9 of 11

° o
°o° 5 o °
- o
20 N QAA ° ol 2 o °
o ° o0
S 0 o J oOCO o o o °8° ° oo o
- o
g ° 06 %0 “3 AS 00 . ° ®? s 9 o
A L 0°° oA oAa 4o ° ° o
—20 - oo ° o A o ° 0
o
o o
—-100 =50 50 100
PC1
(c) —
(b) Mimic
5 20 -
10 1 ° o0 O 15 =
A ‘?oooog,ooo ° ° 104
0.5 A A ° o o 1° 5=
4 4 D ooo 0=
7 00q. a0 T8N : 2 Model
A . A? A 8‘A°O g% O g -
=0.5 1 A %ooo ® 9°q° 6 -
) 0o © o
%, 4 -
-1.0 - A o°
L] L] L] 2 o
-1 0 1
% o []

Figure 8

6 9 12 15 18
Length (mm)

Variation in model and mimic phenotypes. a) Plot of Principal Components Analysis summarizing the RGB values (f@ yellow and black stripes) from
the Abdominal Color treatment. Each point represents a single individual model (triangle) or mimic (circle). The first 2"components are shown, accounting
for 85.7% and 6.7% of the total variation respectively. See Table 2 for correlations between the Principal Components and the original variables. b) Plot of

Non-metric Multi-Dimensional Scaling in 2D summarizing variation from the Abdominal Pattern treatment, based on pairwise distances between individuals

calculated using the distance transform method (Taylor et al. 2013). Each point represents a single individual model (triangle) or mimic (circle). The stress
value for this ordination is 0.23. ¢) Histogram summarizing body lengths of models and mimics in the Size treatment.

although at the other end of the spectrum, certain mimics have
such accurate patterns that it is hard to imagine the similarity aris-
ing by chance.

Our results agree to some extent with those of Bain et al. (2007),
who also found that shape played an important part in influencing
birds’ decisions to attack hoverflies. However, in that study pattern
and color also had a role to play in predicting the birds’ behavior.
The different results with respect to color are probably explained by
the fact that the hoverfly images in Bain et al. (2007)’s experiments
covered a wider range of colors than the present study, including spe-
cies such as Ischyrosyrphus glaucius whose markings are almost white.
The lack of response from our participants to pattern, in contrast
to Bain et al. (2007)s findings, could reflect a difference between
the visual processing of birds and humans, or differences in the way
that images were presented (e.g., short duration in the present study).
Alternatively, it could mean that the effects of color and pattern are
not independent from each other, but that they combine synergisti-
cally (Marples et al. 1994). There is some scattered evidence that
birds are capable of “gestalt” perception of mimetic patterns: that
1s, they can recognize not just individual traits, but the combinations
i which they appear (Ikin and Turner, 1972; Terhune 1977). It has
been suggested that internal contrast in a pattern may help to increase
the salience of the colors within it (Aronsson and Gamberale-Stille

2013). Certainly, our participants were much more successful in the
Full Abdomen treatment, in which pattern and color information
were presented together, than the Abdominal Pattern treatment with
pattern alone, but the shape information visible in the former treat-
ment could also have been responsible for the improvement.

Results from the first experiment suggest that, in some treat-
ments, participants either overlooked useful information or were
unable to process it. We investigated this further in Experiment
2, by initially presenting participants with images showing only
some stimulus traits (like the treatment images from the first
experiment) in order to “train” them to pay more attention to
those particular traits. This was followed by a Testing phase
showing the full image. The initial Training phase resulted in a
similar outcome to Experiment 1, with the Shape treatment giv-
ing the highest scores. These differences persisted into the subse-
quent Testing phase (although with smaller magnitude), despite
all participants being shown the same (Complete) image types.
This suggests that participants used differing strategies according
to the way in which they had been “trained” in the initial phase.
Alternatively, poorer performance following treatments such as
Size could simply reflect a lack of opportunity to learn about the
more informative traits. However, if that were the case, then par-
ticipants should be able to perform at least as well in the Testing
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phase as did the Control group in the Training phase, in contrast
to the observed results. The “carry-over” we observed empha-
sizes that differences in early learning experiences (which in the
wild can be varied and unpredictable) can have persistent effects
on later behavior.

Several previous studies have adopted a similar approach of using
humans as surrogate predators to judge the accuracy of mimics, and
show the utility of using human test subjects in enabling a large sam-
ple size (Golding et al. 2005b; Penney et al. 2012; Kikuchi et al. 2015;
Sherratt et al. 2015). Of course, results from human trials can only
be applied to real mimetic systems with a degree of caution, although
their results tally well with other studies that have used avian preda-
tors (Dittrich et al. 1993; Kazemi et al. 2014). It is also possible that
previous insect encounters, or entomological knowledge, could have
shaped participants’ responses to the presented images. However,
because treatments were assigned at random, the differences that we
observed among treatments must be attributable to learning during
the experiment rather than any past experience.

Past studies that have used humans as predators (Golding et al.
2005b; Kikuchi et al. 2015; Sherratt et al. 2015) have (to vary-
ing degrees) used the somewhat unrealistic scenario of the sub-
jects being given time to inspect the images at their leisure, and
in addition, Penney et al. (2012) presented large, high-resolution
images. The present work used a short presentation of a low res-
olution image in order to best resemble the situation in which a
predator must make a quick decision based on an insect viewed
from a distance, with any hesitation allowing the prey a chance
to escape (Chittka and Osorio 2007; Abbott and Sherratt 2013).
Furthermore, presenting volunteers with a choice that is based on a
limited subset of information allows conclusions to be drawn about
which traits are the most relevant to the signal receiver (Gibson
et al. 2005). Nonetheless, future studies could follow a similar for-
mat to the present work, replacing humans with more relevant
predators, and perhaps using 3D models rather than photographs,
in order to further increase the realism of the scenario.

Understanding how predators make decisions about which prey
to attack will form a crucial part of understanding inaccurate
mimicry. Many theoretical predictions regarding predator behav-
ior towards models and mimics are based on Signal Detection
Theory (Green and Swets 1966) and assume that the predator has
access to global information about the prey populations and can
dedicate unlimited cognitive resources to the problem (e.g., Getty
1985; Sherratt 2002). There is experimental evidence to support
the validity of models like these, but it tends to come from scenar-
ios that include a limited range of simple stimuli (Lindstrom et al.
1997; McGuire et al. 2006). There is an increasing appreciation
that, to understand mimicry, we must take into account the com-
plexity of the prey community (Easley and Hassall 2014) and the
limited knowledge of the predator (Kikuchi and Sherratt 2015).
By comparing results of simple experiments with others that con-
front predators with more complex prey communities and realistic
situations, as done here and in other studies (Ihalainen et al. 2012;
Fasley and Hassall 2014), we can establish the circumstances under
which selection will and will not act on inaccurate mimetic signals.
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