ORIGINAL ARTICLE

W) Check for updates

bSSE 75 anniversary

EVOLUTION

UDY of EVOLUTION

=
=
=)
(=
=
‘:;:
=5
S
=
~
=
=5
S
~
S
=
~
=

doi:10.1111/evo0.14336

Mapping the evolution of accurate Batesian
mimicry of social wasps in hoverflies

Alice Leavey,'? Christopher H. Taylor," Matthew R. E. Symonds,? Francis Gilbert," and Tom Reader’

School of Life Sciences, University of Nottingham, Nottingham NG7 2RD, United Kingdom

2E-mail: AliceLeavey@outlook.com

3Centre for Integrative Ecology, School of Life and Environmental Sciences, Deakin University, Burwood, VIC 3125,

Australia

Received March 5, 2020
Accepted August 4, 2021

Hoverflies (Diptera: Syrphidae) provide an excellent opportunity to study the evolution of Batesian mimicry, where defenseless

prey avoid predation by evolving to resemble defended “model” species. Although some hoverflies beautifully resemble their hy-

menopteran models, others seem to be poor mimics or are apparently nonmimetic. The reasons for this variation are still enigmatic

despite decades of research. Here, we address this issue by mapping social-wasp mimicry across the phylogeny of Holarctic hov-

erflies. Using the “distance transform” technique, we calculate an objective measure of the abdominal pattern similarity between

167 hoverfly species and a widespread putative model, the social wasp, Vespula germanica. We find that good wasp mimicry has

evolved several times, and may have also been lost, leading to the presence of nonmimics deep within clades of good mimics.

Body size was positively correlated with similarity to the model, supporting previous findings that smaller species are often poorer

mimics. Additionally, univoltine species were less accurate wasp mimics than multivoltine and bivoltine species. Hence, variation in

the accuracy of Batesian mimics may reflect variation in the opportunity for selection caused by differences in prey value or signal

perception (influenced by body size) and phenology or generation time (influenced by voltinism).

KEY WORDS: Batesian mimicry, distance transform, evolution, image analysis, similarity, Syrphidae.

Batesian mimicry, where palatable prey avoid predation by evolv-
ing features to resemble defended model species (Bates 1862),
not only provides an iconic example of adaptation by natural se-
lection, but also presents a paradox that has challenged evolu-
tionary theory for the last 159 years (Gilbert 2005; Ruxton et al.
2018). Theory predicts that constant selection pressures imposed
by predation should improve mimetic accuracy (Cuthill and
Bennett 1993; Dittrigh et al. 1993; Edmunds 2000; Gilbert 2005;
Rotheray and Gilbert 2011). However, mimicry is frequently far
from perfect (Speed and Ruxton 2010; Edmund and Reader 2014;
Taylor et al. 2016a). Attempts to comprehend the existence of im-
perfect mimicry have produced an extensive series of hypotheses
(see McLean et al. 2019 for a review). Although some of these
hypotheses are now regarded as implausible, great uncertainty re-
mains over which factors are most important in the persistence of
imperfect mimicry.

One of the best-known systems for the study of imperfect
mimicry is provided by hoverfly mimics (Diptera: Syrphidae),
which are probably defenseless, and their harmful hymenopteran
models. Many hoverflies imitate Hymenoptera behaviorally
(Golding et al. 2005; Penney et al. 2014), acoustically (Moore
and Hassall 2016), and morphologically, in the form of color,
pattern, shape, and size (Howarth et al. 2004; Penney et al.
2012; Taylor et al. 2017). However, many supposedly mimetic
hoverflies do not accurately resemble their putative models,
and others are apparently not mimetic at all. The hoverfly clade
therefore provides an ideal opportunity to study how mimetic
accuracy has evolved.

The study of Batesian mimicry is often hampered by dif-
ficulties in defining and quantifying mimicry. Hoverflies have
typically been classified as Batesian mimics based on behav-
ioral studies using putative or model predators under controlled
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conditions, or entirely subjectively, and often inconsistently, by
humans (Taylor et al. 2013; Edmunds and Reader 2014). Even
attempts to quantify mimicry more objectively have relied on
somewhat ad hoc selections of variables or landmarks, often us-
ing features that will be perceived very differently depending on
the signal receiver (e.g., RGB color values) (Dittrigh et al. 1993;
Azmeh et al. 1998; Holloway et al. 2002; Penney et al. 2012).
Consequently, our understanding of variation in the accuracy of
mimicry among hoverfly species may be at odds with the percep-
tion of real predators in the wild. Furthermore, the mimetic status
of many hoverflies, especially those that are not conspicuous to
the human eye, remains completely unknown.

Correlations between mimicry and life history traits can pro-
vide important insights into the factors that have driven the evo-
Iution of mimicry. For instance, we might expect mimicry to be
related to body size because larger species are more conspicuous
to predators, or more valuable prey, whereas smaller species may
benefit more from other antipredation strategies such as crypsis
(Holen and Johnstone 2004). Wilson et al. () found that body size
does not correlate strongly with mimetic fidelity in hoverflies, but
they did not account for phylogeny (and hence shared evolution-
ary history) in their analysis. By contrast, a phylogenetically con-
trolled analysis suggested that large hoverfly species are indeed
better mimics (Penney et al. 2012). However, neither of these
studies explicitly considered hoverflies that are thought to be non-
mimics. Studies examining mimicry in coral snakes have found
that good Batesian mimicry could gradually evolve from non-
mimetic ancestral species, and that maladaptive mimetic patterns
can break down, resulting in poor mimics being deeply nested in
a clade of good mimics (Kikuchi and Pfennig 2010; Hodson and
Lehtinen 2017). However, life history traits that could be asso-
ciated with the evolution of mimicry, such as diet or body size,
were not considered in these analyses. Additionally, the relative
abundance and phenology of mimics and models can impact the
selection pressure for good mimicry, factors that are likely to be
influenced in insects by voltinism, which can vary substantially
among species (Howarth and Edmunds 2000; Finkbeiner et al.
2018; Hassall et al. 2019). Only by analyzing life history traits
and phylogenetic history together can we make clear inferences
about the evolvability of mimetic accuracy, but this has yet to be
attempted for any large taxonomic group, such as the Syrphidae
(Gilbert 2005; Rotheray and Gilbert 2011).

In this study, we build on previous attempts to quantify vari-
ability in visual mimetic accuracy among hoverfly species, and
to identify the possible drivers of that variability, with a compre-
hensive phylogenetically controlled analysis of hoverfly abdom-
inal patterns, features which are detectable by almost any visual
system. The key questions we address are: (i) how has the ac-
curacy of wasp mimicry evolved across the hoverfly phylogeny?
and (ii) what predicts the evolution of high fidelity in wasp mim-

2 EVOLUTION 2021

ics? We use a “distance transform” method for image analysis
(Taylor et al. 2013) to quantify the similarity of Holarctic hover-
flies from 108 genera to the common and widespread social wasp
model, Vespula germanica. The distance transform approach al-
lows rapid semiautomated evaluation of mimetic accuracy across
large numbers of taxa, which can easily be re-run with differ-
ent subsets of data, model taxa, and so on. We focus on wasp
mimicry because it is the most widespread form of mimicry in
hoverflies, likely to be homologous across species, and most eas-
ily quantified using our objective image analysis. Having verified
that our measure of similarity correlates well with existing mea-
sures and similarity scores for two additional social wasp models,
we then plot pattern similarity onto the hoverfly phylogeny, and
test for associations with key life history traits. For the first time
in a study of this kind, we include hoverflies that are not con-
sidered to be mimics, so that we can identify the positions in the
phylogeny where wasp mimicry first evolved.

Methods

HYMENOPTERAN MODEL SELECTION

We chose to study mimicry of the German wasp (V. germanica),
a widespread and abundant noxious social wasp considered to
be a model for many hoverfly mimics in the Holarctic region
(Gilbert 2005). Vespula germanica is very similar in appearance
to other Vespula species (Table S1; see SENSITIVITY TESTS
section), which are also likely models for hoverfly mimicry, but
V. germanica is the most widely distributed and the most common
species in the genus (CABI 2019). Our specific objective was to
study the evolution of social wasp mimicry alone, rather than all
forms of Batesian mimicry in hoverflies. Where we find a hover-
fly species is a poor wasp mimic, or a nonmimic relative to wasps,
this could be because it is entirely nonmimetic, but it could also
be because it is a conspicuous mimic of another defended model.
Other relevant putative models for hoverfly mimics include hon-
eybees (Apis mellifera) and bumblebees (Bombus spp.).

IMAGE SELECTION

We used images of hoverfly abdomens to characterize mimetic
accuracy. Logistical constraints, including a shortage of high-
quality images, meant we could not sample all Holarctic hoverfly
species. As the species in most hoverfly genera/subgenera have
similar color patterns, we chose a single representative species
from each for analysis (see the Supporting Information). If many
species looked similar to the human eye, the one with a dis-
tribution that most widely overlapped with that of V. german-
ica was included. Where species had similar distributions, the
most abundant species (according to expert opinion, see below)
was included. Some genera/subgenera (25 out of 108) contained
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several widely distributed, abundant species with conspicuously
different abdominal patterns. In these cases, we included multi-
ple representative species, one for each obvious type of pattern,
except where good-quality images were unavailable. Thus, the
taxonomic units used here are color-pattern groups usually cor-
responding to genera or subgenera, but occasionally to species
groups within them (Table S2): we use the term “operational tax-
onomic unit” (OTU) to denote these groups. For the full list of
species used, see the dataset in the Supporting Information.

Hoverfly and wasp images were sourced primarily from re-
liable internet sites run by taxonomic experts where species iden-
tification was judged to be accurate by the research community
(see the Supporting Information). Multiple images were sourced
from Taylor et al. (2017) and Speight and de Courcy Williams
(2018). Images were selected following a hierarchy of rules for
quality, sexual dimorphism, and intraspecific variation. To meet
the criteria for quality, the images were of alive or recently dead
specimens to avoid color fading, except Chrysosyrphus nasuta
that, due to a lack of good images, was from an artist’s draw-
ing. The images we used had variable backgrounds, depending
on how the image was acquired, so we ran Wilcoxon test com-
paring mimetic accuracy between images from natural and artifi-
cial backgrounds to ensure our results were not impacted by the
image sources.

The abdomen was used for analysis because the color pattern
is, in general, much more distinctive and variable on the abdomen
than on the thorax in dipterans and hymenopterans (Marchini
et al. 2017), and the abdomen is typically conspicuous to po-
tential predators. Studies have previously shown that abdominal
color patterns of both hoverflies and wasps consist of clearly de-
lineated contrasts in both achromatic and chromatic dimensions,
and do not contain hidden ultraviolet signals (Taylor et al. 2016b),
meaning that the spatial elements of the pattern are visible to all
but the most primitive of visual systems.

Images were only used where they showed a clear dorsal
view of the abdomen, without obvious distortion of the pattern.
Images with glare, reflections, and obstructions from pollen or
wings were rejected unless no alternative was available. Where
the best image included minor examples of such imperfections,
these were corrected by eye in the image preprocessing stage us-
ing ImageJ (Abramoff et al. 2004), for example, by exploiting
symmetry of the pattern to fill in obscured areas. It is important
to note that, because we relied on photographs in the public do-
main, the selection of images we used was probably not entirely
representative of natural inter- and intraspecific variation. Pho-
tographs of larger, more brightly colored species or individuals,
and those with striking patterns, are probably more likely to be
made available in the sources we used, because they are easier
to photograph, or more interesting or detectable to photographers
and entomologists.

Images of males were used by default, except where images
of females were of significantly higher quality. Most of the se-
lected species were not conspicuously sexually dimorphic. There
were four instances where females had to be chosen despite the
presence of conspicuous sexual dimorphism, defined as a distinct
difference in pattern markings not simply due to differences in the
shape or size of the abdomen: Baccha elongata, Hiatomyia willis-
toni, Mixogaster breviventris, and Nausigaster punctulata. Some
multivoltine hoverflies, especially Eristalis spp., exhibit pheno-
typic variation in color pattern due to seasonal variation, so an
image of the most commonly recorded pattern was selected for
analysis (Holloway et al. 1997). Merodon equestris, a bumble-
bee mimic, was not included because it has widely variable and
distinct color morphs (Mengual et al. 2006).

PHYLOGENY RECONSTRUCTION

Recently, much progress has been made in our understanding of
hoverfly phylogeny at the genus level (Mengual et al. 2018; Pauli
et al. 2018; Moran and Skevington 2019; Moran et al. 2021), but
its overall architecture remains little changed from the study of
Rotheray and Gilbert (1999) as modified by Stéhls et al. (2003).
We used a phylogeny based on morphological data from Kat-
zourakis et al. (2001), excluding non-Holarctic genera and a few
that lack good-quality images. This phylogeny is in turn based on
Rotheray and Gilbert’s (1999, 2008) cladistic study of larval char-
acters in Palaearctic genera, and is very similar to recent skeleton
trees based on transcriptomics (Pauli et al. 2018) and anchored
enrichment genetic data (Young et al. 2016). A comprehensive
phylogeny from anchored enrichment data is currently being con-
structed, but is still a long way from publication (JH Skevington,
pers. comm.).

The Katzourakis et al. (2001) tree was updated using more
recent molecular phylogenies of restricted subgroupings and 17
extra OTUs were added; if no data on their placement were avail-
able, the relationship was left as a polytomy (see Table S2). Our
semi-resolved, literature-based tree was formed using Mesquite
(Version 3.6, Maddison and Maddison 2018). In the absence of
a comprehensive resolved phylogeny, combining published trees
is often better than, for example, estimating the phylogeny us-
ing proxies from DNA sequences in GenBank (Beaulieu et al.
2012) and leaving parts unresolved where molecular data are
not available. Phylogenies that covered most of the species used
in this study took precedence over less densely sampled stud-
ies. Trees extrapolated from model-based approaches, such as
Bayesian and maximum likelihood, took priority over those in-
ferred from distance-based methods or parsimony (Beaulieu et al.
2012). These published data were used to resolve as much of
the tree as possible to create a “master tree,” which was then
imported into R version 3.5.2 (R Core Team 2018) for analysis
using the packages ape (Paradis and Schliep 2019) and geiger
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Figure 1. The stages of image preprocessing. (A) Original image of Didea fasciata. (B) After rotation, cropping, and scaling. (C) Abdomen
outlined in blue and black areas masked with red using ImageJ. (D) Final binary image from MATLAB.

(Harmon et al. 2007). Branch lengths were calculated using the
“Grafen” algorithm, where the depth of nodes is equal to the num-
ber of daughter species descend from that node (Grafen 1989),
and polytomies were made dichotomous (with zero length) us-
ing the “compute.brlen” and “multi2di” functions in the picante
package (Kembel et al. 2010). The final tree was constructed and
visualized using RColorBrewer (Neuwirth and Neuwirth 2011)
and the “contMap” function in phytools (Revell 2012).

IMAGE PREPARATION

Following image selection, three wasp species and a total of 167
OTUs within 108 genera of Holarctic hoverflies were selected for
processing and analysis (see the dataset in the Supporting Infor-
mation). Image preprocessing was carried out in ImageJ. First,
images were rotated so that the top of the scutellum was horizon-
tal, with the tip of the abdomen facing downward. Images were
cropped to the smallest area containing the abdomen, from the tip
of the abdomen to where the scutellum meets the two sides (Tay-
lor et al. 2013). Without changing the aspect ratio, each image
was scaled to the height of 100 pixels to standardize abdomen
size and the abdomen outlined in blue (Fig. 1). In all cases, we
were able to identify two distinct colors in the abdominal pattern:
a pale color (typically yellow, white, or orange) and a dark back-
ground color (typically black or dark brown). Images were “seg-
mented” based on their light and dark components using color
thresholding and paintbrush tools. Although in most cases, the
color pattern was formed by pigmentation of the tergites, col-
ored hairs sometimes played a role. The hairs outside the true
outline of the abdomen were only included if they were dense
enough to (1) obscure the true outline or (2) form a border just as
strong as the true outline. Hairs within the outline of the abdomen
were only included if they would be conspicuous regardless of
the strength or direction of any light. All 167 images were pre-
processed, saved as TIFF files, and converted into a binary format
using MATLAB (Fig. 1; Taylor et al. 2013; Mathworks 2018).
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SIMILARITY CALCULATION

A matrix of dissimilarity values was produced in MATLAB ac-
cording to the methods in Taylor et al. (2013). To avoid misalign-
ment and optimize the dissimilarity value, the “optim” parame-
ter was set to “hy” and the “scal” parameter was set to “y.” This
shifted each image vertically to minimize mismatch between seg-
ments while keeping the height and aspect ratio the same (Taylor
et al. 2013). To ease interpretation, results were scaled based on
the highest number in the matrix, converted to similarity values,
and squared. Henceforth, these values are referred to as “distance
transform similarity scores.” Images from nonmimetic species
with entirely black abdomens were assigned the similarity value
of zero. The ancestral estimates for similarity were calculated
using the “fastAnc” function from phytools, which assumes a
Brownian model of evolution (Revell 2012).

OTHER MEASURES OF MIMETIC FIDELITY

We used classifications of mimicry from several sources to cali-
brate the measure of mimetic accuracy from our image analysis,
and to establish a formal method for categorizing an OTU as a
mimic. The calibration allowed us to determine whether our sim-
ilarity measure actually predicts the behavior of representative
vertebrates (humans and birds) when faced with a visual discrim-
ination task similar to that required to identify models and mim-
ics in real populations. First, we collected expert evaluations of
mimetic accuracy from the literature (Gilbert, unpubl. data col-
lated over the past 40 years from about 10,000 syrphid publica-
tions). Three categories were recognized: any OTU identified as a
social wasp mimic was labeled either “good” or “poor,” based on
the expert descriptions given, whereas it was considered a “non-
mimic” when there was no source to say otherwise.

Next, we gathered independent estimates of mimetic accu-
racy for a subset of overlapping OTUs from published studies
of pigeon (Dittrigh et al. 1993) and human (Penney et al. 2012)
evaluations of hoverfly images. To increase coverage to all 167
OTUs in our dataset, we also designed our own survey using hu-
man volunteers. In contrast to the published studies mentioned
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above, which evaluated full-color images of the whole hoverfly,
we surveyed perceptions of wasp mimicry in the binary images of
abdomens created for the distance transform analysis. This per-
mitted direct comparison of human perception of mimetic accu-
racy and distance transform similarity scores, based on the same
characters. Nonexpert volunteers were recruited from a student
population and were asked to compare the abdomen patterns of
V. germanica and each of 30 hoverfly OTUs, randomly selected
without replacement from the pool of 167 images. Volunteers
rated the similarity of the pair of images from 1 (hoverfly is not
mimetic) to 10 (perfect mimicry). Each pair of images was dis-
played via a website on the volunteer’s computer screen until they
decided on a rating and clicked the button. Overall, the survey
was completed 98 times, and each image was assessed a mini-
mum of eight and a maximum of 29 times.

ANALYSES

All statistical analyses were conducted in R, version 3.5.2 (R
Core Team 2018). Phylogenetic generalized least squares (PGLS)
analyses were performed using the caper package to investigate
the relationship between pattern similarity and ecological char-
acteristics while correcting for phylogenetic effects (Orme et al.
2018). These traits included larval feeding ecology, voltinism,
phenology (mostly from Speight 2018), and, as a proxy for body
size, wing length (taken from Gilbert, unpubl. data [see above];
Stubbs and Falk 2002). The key flight periods were defined as
“early” (March to May), “mid” (May to July), and “late” (July
to September), based on quantitative data (primarily the Hover-
fly Recording Scheme [www.hoverfly.org.uk], with gaps filled
from Gilbert, unpubl. data [see above]). The PGLS approach con-
sidered the absence of phylogenetic independence between these
traits by incorporating a covariance matrix between species into
the model. Phylogenetic signal in the model was measured us-
ing a maximum likelihood estimation of the parameter lambda
(Pagel 1999), which varies from 0 (phylogenetic independence of
residuals) to 1 (strong association of residuals with phylogeny un-
der the Brownian motion model of evolution). We estimated the
degree of phylogenetic signal in the individual traits measuring
mimicry (both the distance transform scores, and the human eval-
uation scores), by fitting intercept-only models predicting both
traits.

PGLS analyses were performed using all ecological traits as
explanatory variables, using similarity scores from the distance
transform analysis (one for each wasp model) and our survey as
separate response variables. Typically, it is not necessary to carry
out nonphylogenetically controlled analyses in addition to PGLS
(Freckleton 2009), but because there is some uncertainty over the
phylogeny used, we also modeled the data using ordinary least
squares (OLS) regression. Models with the best fit were identi-
fied using stepwise model selection based on Akaike’s informa-

tion criterion (AIC). This involved starting with the full model
containing the complete set of predictors, then sequentially re-
moving the least significant variable one at a time to find which
model had the lowest AIC value.

To explore the impact of considering social wasp mimicry as
a discrete as opposed to a continuous trait, we inspected the dis-
tribution of our V. germanica distance transform similarity scores
for each category from the literature and identified a threshold
score below which there are no recognized mimics (Fig. 2). We
used this threshold to create a variable for mimicry as a binary
trait (1/0). As a large number of hoverflies above this threshold
were classified as nonmimics in the literature, we ran a second
binary analysis where the threshold was defined by the point
above which the number hoverflies classified as mimics by the
literature exceeded the number of nonmimics. We also evaluated
binary mimicry using the raw data from the literature evalua-
tion, where “good” and “poor” mimics were grouped together
under “mimics” and compared with OTUs for which no mimicry
was reported. These three definitions of binary mimicry are sub-
sequently referred to as “the mimicry threshold,” “the majority
threshold,” and “the literature categories,” respectively. For each
definition of binary mimicry, a phylogenetic logistic regression
was performed using the “phyloglm” function in phyloglm, which
uses alpha (o) to represent the strength of the phylogenetic signal
(Ives and Garland 2009). A low alpha value denotes a strong asso-
ciation between phylogenetic structure and trait presence. Models
in the phyloglm analysis were compared using AIC.

SENSITIVITY TESTS

We ran a supplementary analysis using two additional social wasp
models, Vespula vulgaris (the second most common member of
the genus) and Polistes dominula (another widespread and com-
mon social wasp), to establish how sensitive our findings were to
the choice of model taxon.

Our approach to image analysis is less effective where
aposematic and mimetic patterns on the abdomen rely on col-
ored hairs, as is the case with bees and some of their mimics,
because the abdominal patterns of hairy species do not have uni-
form patches of color. In the distance transform algorithm, this
leads to abnormally high similarity values when compared to a
wide range of possible patterns, because the distances between
matching pixels are small. Hence, we were unable to extend our
analysis to include bee mimicry. For some hairy species, the dis-
tance transform measure of mimetic accuracy did not correspond
well with evaluations of wasp mimicry made by volunteers or the
literature (see OUR SURVEY section). We therefore explored the
impact of the inclusion of hairy species in the dataset by classi-
fying each species as hairy (with conspicuous hairs on the ab-
domen, n = 32) or not hairy (n = 135), and including this as
a factor in the analysis of the relationship between the distance
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Figure 2. Frequency distribution of similarity scores describing the accuracy of social wasp mimicry in 167 species of hoverfly, color

coded according to categories identified from the literature. The threshold for mimicry divides possible mimics from species that have

never been considered to be mimics by experts, whereas the majority threshold marks the point above which most species are considered

mimics. Bin width = 0.02.

transform score and similarity to V. germanica as perceived by
our volunteers. We also ran a supplementary phylogenetic analy-
sis for V. germanica distance transform similarity scores without
the hairy species included.

We were concerned about the influence of sampling bias in
the estimation of phylogenetic signal in our main analysis, caused
by the repeated sampling of some genera in which phenotypes
varied conspicuously among species (see above). We therefore
conducted a second analysis with a reduced version of our V.
germanica dataset. We repeated the PGLS and phyloglm binary
analysis 1000 times with just one randomly selected species from
each genus in which we had data for multiple species, and gener-
ated Higher Posterior Density (HPD) confidence intervals for the
model coefficients averaged across all 1000 trees.

Results

QUANTIFYING MIMETIC SIMILARITY

Abdominal pattern similarity of hoverflies to V. germanica was
widely distributed (Fig. S1). The distance transform analysis

6 EVOLUTION 2021

identified the three best V. germanica mimics as Spilomyia in-
terrupta, Caliprobola speciosa, and Helophilus pendulus (Fig.
S2). Aside from the all-black species, the three lowest similar-
ity scores were obtained from Hadromyia grandis, Pyrophaena
rosarum, and Volucella pellucens (Fig. S2). This result was the
same in our analysis excluding species with hairy abdomens, but
the choice of model taxon had some impact on the ranking of the
mimics (Table 1; Fig. S2). Nevertheless, the similarity scores in
relation to V. vulgaris (Spearman’s rank: ry = 0.83, P < 0.001)
and P. dominula (Spearman’s rank: ry = 0.78, P < 0.001) were
strongly and significantly correlated with those for V. germanica
(Fig. S3). The similarity scores of every hoverfly species in re-
lation to all three wasp models are provided in the dataset in the
Supporting Information. The image background, and therefore
the image source, did not impact the similarity score (Wilcoxon
rank sum test: W = 2729.5, P = 0.17). Inspection of the distribu-
tion of distance transform similarity scores for species classified
as mimics in the literature suggested a threshold of 0.74, below
which hoverflies are never considered to be social wasp mimics
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Table 1. A summary of the major conclusions obtained from the main Vespula germanica analysis, and whether they were supported

by our different supplementary analyses and sensitivity tests. Each box refers to evidence either in support of (in bold) or in contrast to

each conclusion. “NA” means this conclusion was not tested in this analysis. *Not including species with all-black abdomens.

Supplementary analyses

Sensitivity tests

Binary Binary PGLS with
analysis— analysis— one
mimicry majority Wasp species per
Conclusion Human survey threshold threshold model type Hairiness genus
Identity of the top three Dataset in the NA NA Figure S2 Figure S2 NA
and bottom three mimic Supporting
taxa* Information
Location of threshold to NA NA—threshold  Figure 2 Figure S13 Figure S4 NA
divide mimics and used in
nonmimics analysis
PGLS was a better fit than ~ Table S3 NA NA Table S3 Table S3 NA
OLS
Mimicry has evolved NA Figure 3 Figure S11 Figure S13 Figure S12 NA
many times
Mimicry is sometimes lost ~ NA Figure 3 Figure S11 Figure S13 Figure S12 NA
in clades of good
mimics
Phylogenetic signal for THE EVOLU-  Table S6 Table S6 Figure S13 Figure S12 Table S6—
wasp mimicry is TION OF weak
significant but not MIMICRY signal
strong section
The best predictors of Table S3 Table S5 Table Table S3 Table S3 Table S5
mimetic accuracy were S5—only
wing length and wing
voltinism length
Smaller species are Table 2 Table S6 Table S6 Table S4 Table S4 Table S6
significantly less
mimetic than larger
species
Univoltine species are Table 2 Table S6 NA Table S4 Table S4 Table S6

significantly less
mimetic than
multivoltine species

(Fig. 2). This threshold was the same when species with hairy ab-
domens were excluded (Fig. S4). The threshold above which the
majority of species were considered mimics by the literature was
0.808 (number of mimics above threshold = 45; number of non-
mimics above threshold = 42; Fig. 2). These two thresholds were
used to divide mimics from nonmimics for subsequent analyses.

DISTANCE TRANSFORM AND PREVIOUS STUDIES

Our distance transform similarity scores for hoverflies differed
significantly across descriptive categories found in the litera-
ture (see OTHER MEASURES OF MIMETIC FIDELITY sec-
tion above), with “nonmimics” having the lowest similarity to
V. germanica (Kruskal-Wallis: Chi-squared = 52.83, df = 2, P

< 0.001). Although the difference between “good” and “poor”
mimics was not significant (Dunn’s test: z = 1.07, P = 0.14),
“good” mimics were marginally more similar on average (Fig.
S5). The results when hairy species were excluded were qual-
itatively similar (Fig. S6). Distance transform similarity scores
were significantly positively correlated with similarity analyses
from published studies of pigeon (Spearman’s rank: r; = 0.73,
P = 0.02; Fig. S7A; Dittrigh et al. 1993) and human perception
(rs = 0.74, P = 0.0002; Fig. S7TB; Penney et al. 2012).

OUR SURVEY
Volunteer perception of wasp mimicry in binary images of hover-
fly abdomens in our survey varied significantly between mimics
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and “nonmimics,” as defined by the literature (Kruskal-Wallis:
Chi-squared = 57.89, df =2, P < 0.001), but not between “good”
and “poor” mimics (Dunn’s test: z = 0.84, P = 0.20; Fig. S8). The
average perceived similarity in our survey was also positively cor-
related with survey ratings from Penney et al. (2012) (Pearson’s
correlation coefficient: r = 0.86, P < 0.001; Fig. S9). The ranking
of distance transform similarity scores was also negatively corre-
lated with the survey results (r = —0.75, P < 0.001; Fig. S10)—
species with a higher similarity score in the distance transform
analysis were typically perceived to be more similar to V. ger-
manica in our survey. Many of the species with hairy abdomens
appeared to be outliers, with a low survey score but relatively
high distance transform similarity ranking (Fig. S10). A two-way
ANOVA indicated that hairy species have significantly higher
distance transform similarity ranks overall (F(; 164y = 281.63; P
< 0.001), and their relationship with survey score is weaker, al-
though not significantly so (F(j 163 = 3.266; P = 0.073). The
results of subsequent sensitivity tests where species with hairy
abdomens were excluded from the V. germanica dataset are sum-
marized in Table 1.

THE EVOLUTION OF MIMICRY

Social wasp mimicry, as revealed by distance transform analy-
sis of hoverfly abdominal patterns, was patchily distributed over
the phylogeny (Fig. 3). When we defined species as mimics or
nonmimics by calibrating similarity scores using the literature
(see above), transitions between states of mimicry appear to have
happened repeatedly, both from nonmimetic to mimetic and vice
versa. According to ancestral state estimations using our mimicry
threshold of 0.74, V. germanica mimicry has evolved 35 times, 13
of these being at ancestral nodes (47 and 16 times, respectively,
using the majority threshold of 0.808) and there were seven in-
stances (12 using the majority threshold, three of these being at
ancestral nodes; Fig. S11) where nonmimics were found deep
within a clade of mimics (Fig. 3). When binary mimicry was
defined by the literature evaluation, mimicry evolved 28 times,
nine of these being at shared ancestral nodes (Fig. 3). The Pip-
izinae were all nonmimics, whereas Eristalinae and Syrphinae
contained species that were quite variable in their mimetic ac-
curacy. Microdontinae, the earliest evolving subfamily, had high
similarity results and therefore the two species we examined were
considered to be accurate mimics of V. germanica. The pattern of
repeated evolution of mimicry was broadly similar, regardless of
the choice of wasp model (Fig. S13).

The phylogenetic signal associated with the distance trans-
form similarities to V. germanica was significantly different from
zero, but not strong, because the observed value was also signif-
icantly different from one (A = 0.63, 95% CI = 0.59-0.81, P (:»
=0) < 0.001, P (. = 1) < 0.001). The same was true for both
V. vulgaris and P. dominula (Fig. S13), but the phylogenetic sig-
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nal was slightly weaker in analyses of the V. germanica similarity
survey (A = 0.43,95% CI = 0.15-0.71, P (. = 0) < 0.001, P (™
= 1) < 0.001) and sensitivity tests (Table 1).

LIFE HISTORY CORRELATES OF MIMICRY

The fit of the PGLS models was better than equivalent OLS mod-
els for all three wasp species, which establishes that the evolution
of mimicry is constrained by phylogeny (see Table S3). The best
statistical models for the distance transform scores for each wasp
and the survey similarity scores for V. germanica all revealed
that the most significant variables explaining mimetic similarity
were wing length and voltinism (Tables 1 and 2). Smaller species
were significantly less mimetic than larger species (Fig. S14) and
univoltine species were significantly worse mimics than multi-
voltine species, with bivoltine somewhere between the two (Fig.
S15). There were no noticeable relationships between mimicry
and larval feeding ecology (Fig. S16). Species that emerge later
in the year were typically slightly better mimics, but this effect
of phenology was not significant (Fig. S16). Our analysis of V.
germanica mimicry as a binary trait showed qualitatively simi-
lar results, with the results varying to some extent depending on
which species were selected when reanalyzing the data excluding
all but one species per genus (Tables S6 and S7).

Discussion

Our study provides the first systematic and quantitative descrip-
tion of the repeated evolution of social wasp mimicry across the
entire Holarctic hoverfly family. Distance transform analysis of
abdominal patterns provides a measure of mimetic accuracy that
can be applied to large numbers of taxa simultaneously and is
not tied to a particular visual system. Our results show that this
measure strongly corroborates other assessments of mimetic ac-
curacy from expert and nonexpert humans and birds, and extends
our understanding of variation in abdominal patterns to species
for which wasp mimicry has not previously been evaluated, or
has been considered to be absent. We found that accurate wasp
mimicry has probably evolved repeatedly in hoverflies, and may
also have been lost. We also found that mimetic accuracy is pre-
dicted by life history: it correlates positively with a proxy for
body size, and is associated with voltinism. This implies that hov-
erfly ecology influences the tendency for species to evolve wasp
mimicry (or indeed the reverse), giving us an insight into ori-
gins of the tremendous variation in morphology we see across the
family.

Our results suggest social wasp mimicry has evolved repeat-
edly at scattered positions throughout the phylogeny, regardless
of which threshold we use to distinguish between mimics and
nonmimics. The phylogenetic signal for wasp similarity was sig-
nificant but not strong, suggesting some relationship between
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Figure 3. A literature-derived phylogeny of 167 hoverfly species. Warmer tip colors represent higher similarity to, and hence better
mimicry of, the social wasp V. germanica. Tips are labeled with the distance transform similarity scores and a color-coded grid to represent
the ecological traits investigated (for abbreviations, see key). Defining mimicry as a binary trait using the mimicry threshold (0.74) allowed
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Table 2. Coefficients from the best PGLS models describing the relationship between life history traits and mimetic similarity scores for
167 species of hoverfly for Vespula germanica. Similarity scores were either calculated by pattern analysis (“distance transform”) or from

a survey of human volunteers (“survey”). SEM = standard error.

Coefficients SEM t-value P-value

Distance transform Intercept (Univoltine) 0.284 0.159 1.783 <0.001
Wing length 0.041 0.010 4.074 <0.001

Voltinism Bivoltine 0.116 0.051 2.293 0.023

Multivoltine 0.163 0.072 2.263 0.025

Survey Intercept (Univoltine) 1.696 0.590 2.875 0.005
Wing length 0.122 0.049 2.467 0.015

Voltinism Bivoltine -0.116 0.269 -0.430 0.668

Multivoltine 1.022 0.384 2.661 0.009

evolutionary history and mimetic fidelity, but with some labil-
ity. Similarity to V. germanica in the most basal of the taxa used,
Mixogaster and Microdon, indicates that mimicry evolved early.
However, this is a very provisional result because we could only
sample two species of this very diverse predominantly Neotrop-
ical subfamily (552 species, Reemer and Stahls 2013a). Despite
this, the deepest nodes had similarity estimates lower than our
threshold, suggesting that the basal character state for the Syrphi-
dae was nonmimicry of wasps, and that our Microdontinae may
not appropriately represent the ancestral phenotype (although one
of them, Mixogaster, is thought to be basal among the Microdon-
tinae: Reemer and Stahls 2013b).

Our results suggest that wasp mimicry has occasionally been
lost deep within a clade of good wasp mimics; thus, to assume
that conspicuous wasp-mimetic hoverflies always evolve from
nonmimetic ancestral phenotypes may be inappropriate (Fig. 3;
see also Kikuchi and Pfennig 2010; Hodson and Lehtinen 2017).
The loss of mimetic accuracy could result from an alteration in
the selective environment, meaning that wasp mimicry was no
longer an advantageous adaptation. For example, none of the eco-
logical traits examined for Leucozona lucorum were noticeably
different relative to its closely related taxa, so one possible ex-
planation for the loss of mimetic resemblance to wasps could be
a change in hymenopteran model. Leucozona lucorum has been
described as “a little bumblebee-like,” unlike closely related taxa
that have been identified more with mimics of social and solitary
wasps (Roder 1990). This supports the conclusion that additional
research on the similarity between hoverflies and other models is
needed to understand the evolution of this multifaceted trait fully
(see below).

In all our analyses, wing length was a good predictor of wasp
mimicry (Tables 1 and 2). Larger species were typically better
wasp mimics, which corresponds with experimental results and
theoretical hypotheses from previous papers (Penney et al. 2012;
Taylor et al. 2016a). There may be greater selection pressure
on larger hoverflies to deceive predator visual systems because
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they are more nutritionally profitable prey items (Penney et al.
2012). Smaller hoverflies also take longer to warm up to flight
temperatures (Morgan and Heinrich, 1987), potentially increas-
ing the thermoregulatory cost of pale colors (Taylor et al. 2016a),
since darker colors allow hoverflies to warm up more rapidly
(Holloway et al. 1997). Thus, thermoregulatory costs might act
in opposition to selection for accurate mimicry, especially in
smaller species. This is demonstrated by the 26 species with en-
tirely black abdomens, which all had wing lengths below 10 mm
(Fig. S14). Alternatively, small size may enable predators to dis-
criminate prey from models, and hence there is no benefit for a
small species evolving to be mimetic.

Voltinism was also an explanatory variable for pattern
similarity. Multivoltine species had significantly more similar
abdomen patterns to V. germanica, and were therefore better
mimics, than univoltine species, with bivoltine species being in-
termediate (Table 2). More generations per year may lead to bet-
ter mimicry because there are more chances for selection to act in
a given time frame (Gillman and Wright 2014). Furthermore, uni-
voltine species emerge at a particular time of year for a relatively
short time, and if this does not coincide with a high abundance of
models there may be less selection for good mimicry (Howarth
and Edmunds 2000; Finkbeiner et al. 2018; Hassall et al. 2019).
Multivoltine species are essentially present all year round, and
so are bound to coincide with the peaks of wasp abundance in
spring, when queens search for nests, and late summer when the
nest is at maximum size (Tryjanowski et al. 2010). Although phe-
nology was not a significant predictor of wasp mimicry (Table
S3), results suggest that the earliest emerging species could in
general be the weakest mimics, which is somewhat consistent
with this hypothesis (Fig. S16B).

The selection and definition of traits for study by evolution-
ary biologists is always influenced by human perception, and is
by necessity somewhat arbitrary. To the human eye, mimicry is
clearly present in some hoverflies, and absent in others, but study-
ing this variation scientifically requires us to define the trait more
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precisely, answering questions about sensory modality (e.g., are
we considering only visual mimicry?), specificity (e.g., are we
considering mimicry of one model species or several?), and vari-
ability (e.g., is mimicry a quantitative or discrete trait)? By choos-
ing to study similarity to the abdomen pattern of V. germanica,
we were able to make considerable progress in quantifying vari-
ation in mimicry across the hoverflies. Interestingly, despite the
variable approach to the characterization of mimicry in the lit-
erature, our tightly defined quantitative measure typically corre-
sponded very well with more subjective evaluations from other
published studies. The correspondence was not perfect, how-
ever, and the descriptive classification of hoverflies as “good”
or “poor” mimics in particular was not a strong predictor of our
similarity scores. The failure to differentiate between good and
poor mimics may either be because humans perceive mimicry in
a fairly binary manner, or because the classification into “good”
and “poor” in the literature has not been made in a consistent or
systematic way.

By comparing two different benchmarks for wasp mimicry
to how it is categorized by the literature, we aimed to gain
insight into the effects of different methods for defining mimicry
as a discrete trait. Figure 2 and our binary analyses highlight how
wasp mimicry is more of a continuous spectrum than a binary,
or categorical trait, which has important implications for how
future studies define mimicry. It is also important to note the
majority threshold for mimicry was still passed by 52% of the
hoverflies studied here, suggesting that wasp mimicry could be a
much more prevalent feature of natural communities than previ-
ously estimated (22%: Gilbert 2005; Kikuchi et al. 2021). Even
the vaguest resemblance to a noxious or abundant model can af-
ford protection to a mimic, perhaps because the optimal predator
behavior may be to avoid risks by not sampling even poor mim-
ics whenever possible, resulting in relaxed selection on mimetic
accuracy (Gilbert 2005; Pfennig and Kikuchi 2012; Sherratt and
Peet-Paré 2017). Just as Nicholson (1927) claimed almost 100
years ago, our results suggest that the literature may have under-
estimated the amount of mimicry in nature, potentially by over-
estimating the gap in predation pressure among mimics (Dittrigh
et al. 1993).

An alternative explanation for our apparent detection of
previously undescribed mimics is that the taxa with intermediate
accuracy (in Fig. 2) may actually have abdomens that are never
perceived to be mimetic by predators. The subjective evaluations
of wasp mimicry from the literature were typically made on the
basis of the entire appearance, and possibly even the behavior,
of the organism. Some species with nonmimetic abdomens
may thus be regarded as mimics for other reasons, and this
may mean that the thresholds we used (in Fig. 2) are poorly
positioned to define abdominal pattern mimicry. Additionally, a
taxon was defined as a “nonmimic” of V. germanica when there

was no literature to say otherwise, but many of these taxa were
reported to be good mimics of other models that themselves
resemble wasps. For example, the “nonmimic” Microdon analis
has been described as a good honeybee mimic (Roder 1990)
but also received a high similarity score when compared to V.
germanica. Essentially, the overshadowing by more obvious
putative models has contributed to the inconclusive definition of
Batesian mimicry (Gilbert 2005). Evidently, subjective literature
assessments are not a reliable source for defining mimetic
accuracy.

The evaluation of mimicry as a trait is complicated con-
siderably by the choice of model taxon with which putative
mimics are compared. If similarity scores were high for sev-
eral different models, this could be evidence for the multimodel
hypothesis, whereby some mimetic phenotypes are predicted to
be an optimal intermediate between several aposematic mod-
els (Edmunds 2000; Sherratt 2002). However, mimicry of ani-
mals as different as bumblebees and social wasps can involve
very different morphological (and other—e.g., behavioral, or per-
haps even acoustic) characters, presumably encoded by different
sets of genes. If we want to explore the pattern of selection on
mimicry across the phylogeny, it seems sensible to start by fo-
cusing on a more narrowly defined trait, where it is likely the
mimetic phenotypes exhibited by different species are mostly ho-
mologous. So, we chose to examine visual mimicry of the so-
cial wasp, V. germanica. Vespula germanica is the most common
and widespread species of social wasp across the Holarctic, so
it provides a reasonable best guess at the phenotypic target for
selection on this form of mimicry. Our results were largely insen-
sitive to this choice: hoverfly similarity to two other social wasps
(V. vulgaris and P. dominula) showed similar patterns across the
phylogeny, and similar associations with life history traits. A fas-
cinating unanswered question is how social wasp mimicry in hov-
erflies is related to mimicry of other Hymenoptera. For example,
to what extent were the genes and corresponding phenotypes in-
volved in wasp mimicry co-opted in honeybee or even bumblebee
mimicry (or vice versa) during diversification of the lineage? Are
the different forms of mimicry seen in hoverflies, corresponding
to different model taxa, driven by similar predators, and asso-
ciated with similar life history traits? Only by addressing these
questions with further research will we understand the extent to
which it is reasonable to consider hoverfly mimicry of any hy-
menopteran to be a meaningful single trait.

This research has provided insights into the ecological
and evolutionary factors that shape complex phenotypes by
advancing our understanding of mimetic pattern evolution in a
well-studied Batesian system (Penney et al. 2012; Kikuchi and
Pfennig 2013; Marchini et al. 2017). Our results suggest that
wasp mimicry is a relatively labile trait that has evolved repeat-
edly, and that this is at least partly predictable from life history.

EVOLUTION 2021 11



LEAVEY ET AL.

Because these conclusions apply specifically to the hoverfly ab-
domen in its visual mimicry of social wasps, further work is
needed to explore the extent to which different forms of mimicry
(e.g., toward other model Hymenoptera, and in other sensory
modalities) show similar patterns of evolution. It is clear to us,
however, that objective phylogenetically controlled comparative
studies of mimicry continue to illuminate the selective forces that
shape the evolution of phenotypes in natural populations.
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