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Abstract Receiver biases offer opportunities for the evolution of deception in signalling
systems. Many spiders use conspicuous body colouration to lure prey, yet the perceptual
basis of such deception remains largely unknown. Here we use knowledge of visual
perception in key pollinator groups (bees and flies) to test whether colour-based lures
resemble floral signals. We addressed this question at two levels: first according to the
spectral reflectance of Australian orb-web spiders and flowers across a broad continental
range, and second in reference to polymorphic variation in the species Gasteracantha
fornicata. Analysis at the community level supported the hypotheses for broad-scale
convergence among spider and flower signals. Moreover, data for G. fornicata indicate that
each lure morph presents a signal biased towards the colouration of sympatric flowers. This
analysis identified fly- and/or bee-pollinated plants whose flowers are likely to be indis-
tinguishable from each G. fornicata colour morph. Our findings support the hypothesis that
deceptive colour-based lures exploit prey preferences for floral resources. Further, the
evidence implies a greater role for specific model/mimic relationships over generalised
resemblance to flower-like stimuli as a driver of lure colouration and diversity.
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Introduction

Animals receive and process information using sensory and perceptual systems that have
evolved in response to a suite of often competing demands, such as speed versus accuracy
(Skorupski et al. 2006; Warrant 2008; Chittka et al. 2009), and energetic cost versus
performance (Ames 2000; Niven et al. 2007, Moran et al. 2015). These constraints
inevitably produce biases, which have fundamentally shaped the evolution of communi-
cation systems (Christy 1995; Endler and Basolo 1998; Ryan and Cummings 2013). Our
understanding of the relationship between sensory biases and signal evolution is particu-
larly well developed with respect to visual sexual signals, in which innate colour prefer-
ences and receptor tuning to environments, for example, are known to have driven the
evolution of male sexual signals towards colours that best stimulate female visual systems
(e.g. Burley and Symanski 1998; Cummings 2007). Coevolution between signal designs
and receiver sensory systems has also driven signal diversification, including polymor-
phism, though this too has been largely studied in the context of sexual communication
(Fuller 2002; Leal and Fleishman 2002; Stuart-Fox et al. 2007).

Biases in sensory perception offer evolutionary opportunities for deception. Cryptic
prey species may exploit the edge detection mechanisms of predators by using bold
internal colour patterns, thereby creating ‘false’ edges that inhibit the formation of
effective search images (Stevens et al. 2006). Similarly, predators may induce maladaptive
responses in prey using signals that exploit innate sensory preferences (Heiling and Her-
berstein 2004; Herberstein et al. 2009), or by mimicking otherwise rewarding stimuli
(Gaskett et al. 2008; Gaskett and Herberstein 2010; O’Hanlon et al. 2014a, b). Sit-and-wait
predators, particularly orb-web spiders, are an exemplar group of deceptive signalling
animals that often use conspicuous colouration to visually attract prey (Herberstein et al.
2000; White and Kemp 2015). Such ‘lures’ typically adorn the webs or bodies of predators,
and actively increase the rate at which they capture visually-guided taxa (e.g. Diptera and
Hymenoptera) above background levels (Hauber 2002; Tso et al. 2002, Bush et al. 2008;
Peng et al. 2013; Rao et al. 2015). Although the attractant function of these signals is well
documented, the ultimate basis of their attractiveness, that is, the sensory and/or perceptual
pathways they have evolved to exploit in receivers, remain unclear.

Receiver-bias models have proven valuable for explaining the adaptive basis of signal
design (Christy 1995; Christy and Backwell 1995; Endler and Basolo 1998). They
emphasise the factors shaping the evolution of signal efficacy, as opposed to signal content.
Such factors encompass biases that arise as emergent properties of sensory system con-
struction (like the latent preference for white crests in Australian Grassfinches; Burley and
Symanski 1998), and neural biases that evolved adaptively in unrelated contexts (as in the
sand hoods of male fiddler crabs; Christy et al. 2003a, b). Colour based lures, in a general
sense, are thought to attract prey because they are mistaken for something they are not, such
as a food source or simply an object of potential interest (White and Kemp 2015). The
principles of such models thus offer a guiding framework for examining the basis of lure
attractiveness, and a route to understanding the drivers of the considerable diversity in this
class of signal, both at inter-specific (e.g. Hoese et al. 2006; Tso et al. 2006; Rao et al. 2015)
and intra-specific levels (e.g. Levi 1978; Tso et al. 2002; Kemp et al. 2013; Rao et al. 2015).
Recent work using the colour polymorphic orb-web spider Gasteracantha fornicata sug-
gested that simple conspicuousness is key to lure attractiveness, and that morphs may be
discretely tuned to maximise colour and luminance contrast in visually noisy environments
(White and Kemp 2016). While the conspicuousness of colour-based lures is crucial, a non-
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exclusive hypothesis is that they have evolved to exploit prey preferences for floral colour
signals. Under this hypothesis, diversity in lure colours may be driven, in part, by the spatial
and/or temporal matching of multiple flower ‘models’ (Christy 1995; White and Kemp
2015). Although generally acknowledged, (Tso et al. 2004, 2006; Chiao et al. 2009), this
hypothesis remains to be directly examined (reviewed in White and Kemp 2015).

Here we explored the basis of lure attractiveness by testing whether, and to what degree,
colour based lures resemble sympatric flowers from the perspective of relevant receivers.
Using data on inter- and intra-specific colour variation in Australian orb spiders, and an
extensive floral reflectance dataset, we pursued two specific aims:

(i) At the most general level, we aimed to test whether colour-based lures resemble
sympatric flowers to relevant receivers. If the attractiveness of these signals is
attributable, in part, to their resemblance to flowers, then the colour signals of
predators and sympatric flowers should broadly overlap in the perceptual space of
receivers (though this may also result from independent convergence upon a
common signal structure; see discussion). If, in contrast, the attractiveness of lures
is unrelated to their similarity to flowers and are targeting more general biases,
such as simple detectability (White and Kemp 2016), then we expect no structured
relationship—that is, minimal correspondence in colour space—between the
signals of predators and flowers per se (Christy 1995; White and Kemp 2015).

(i) Following the results of (i), we aimed to distinguish between two further, alternate
hypotheses. The first is that colour-based signals of predators may benefit from
only a generalised resemblance to flowers. Common pollinators such as honeybees,
for example, are known to prioritise colour cues when foraging, and to generalise
learned colour information (depending on individual experience and viewing
context; Dyer and Chittka 2004a, b; Avargues-Weber et al. 2010). This may offer a
suitably broad perceptual target such that lures are effective when presenting only
an approximately similar signal. An alternative possibility is that the signals of
predators have evolved to mimic one or more particular floral species. This would
predict that the signals of a given lure and its putative floral model(s) should target
the same receivers, and should be essentially indistinguishable to the intended
viewers. We outline our specific predictions in greater detail below.

Methods
Spider reflectance

In interspecific analyses, we used spectral reflectance data from 10 Australian spider
species that are either known or are hypothesised to use colour as a deceptive visual signal.
Some species have multiple colour elements and/or morphs, which we included separately
in the analyses, totalling 15 average reflectance spectra. The data are a combination of
spectra collected by the authors (using the procedure outlined below), and mean reflectance
spectra extracted from published literature using the R package digitize (Fig. 1a; Poisot
2011). The species included are: Gasteracantha fornicata, Gasteracantha quadrispinosa,
Gasteracantha sacerdotalis, Micrathena gracilis, Argiope aetherea, Neoscona punctigera
(Chuang et al. 2008), Nephila pilipes (Tso et al. 2004), Leucage magnifica (Tso et al.
2006), Crytophora moluccensis (Blamires et al. 2014), and Argiope keyserlingi (Hoese
et al. 20006).
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Fig. 1 a The mean reflectance of
15 colour patches from 10
Australian spider species whose
colours are known or
hypothesised to act as visual
lures. Included are
Gasteracantha fornicata, G.
quadrispinosa, G. sacerdotalis,
Micrathena gracilis, Argiope
aetherea, Neoscona punctigera,
Nephila pilipes, Leucage
magnifica, Crytophora
moluccensis, and Argiope
keyserlingi. b Aggregated
reflectance spectra (mean + SD)
of female G. fornicata (n = 80
‘yellow’ yellow line, 44 ‘white’
grey line) collected in North
Queensland, Australia.
Reproduced in part from White
and Kemp (2016). ¢ The mean
reflectance of 62 species of
angiosperm collected from
Cairns, Australia, whose
distributions overlap G.
fornicata. (Color figure online)
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For our intraspecific analyses of the colour-polymorphic Gasteracantha fornicata, we
used the reflectance spectra of 80 ‘yellow’ and 44 ‘white’ individuals (Fig. 1b, as described
in White and Kemp 2016). Briefly, we measured reflectance using a JAZ EL-200
portable spectrometer (integration time = 100 ms, boxcar width = 10, averaged
scans = 10) via OceanOptics SpectraSuite software (ver. 1.6.0_11), coupled with a PX-2
pulsed xenon light source and 500 pm optical probes (with the light source and probe set at
90° and 45°, respectively; White et al. 2015). We recorded and averaged reflectance from a
5 mm area either side of the spider’s central dorsal band (i.e. the largest coloured band
running perpendicular to the spiders body axis; Fig. 6), and recalibrated the spectrometer
between each individual using a 99% diffuse ‘spectralon’ reflectance standard (Labsphere,
New Hampshire). We used live spiders, which we cooled in a refrigerator at 4° 4 1° for
approximately 5 min immediately prior to measurement. We binned all spectra at 1 nm
wavelength intervals, and applied minor LOESS smoothing (¢ = 0.15) to remove noise.
All post-capture spectral processing and visual modelling (detailed below, and in the
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supplementary methods) was done using R (ver. 3.2.1; R Core Team 2014), primarily with
the R package ‘pavo’ (v1.0; Maia et al. 2013).

Flower reflectance

We drew on the floral reflectance data of Dalrymple et al. (2015), which consist of
reflectance spectra from 339 species of native Australian flowering plants, spanning a
latitudinal gradient from Cairns, Queensland to southern Tasmania (Fig. 1c). Reflectance
was recorded from at least three flowers on distinct individuals, in a process similar to that
outlined above for G. fornicata (full details in Appendix 1 of Dalrymple et al. 2015). Flower
sampling was designed to target the dominant colours of a given perianth, showy bract, or
display stamen, and excluded endangered species or those with ontogenetic colour varia-
tion. The flowers of some species contain more than one dominant colour patch, which are
included separately in our analyses (totaling 461 species-level spectra). As indicated below,
for our interspecific, community-based analyses we averaged replicate floral reflectance
spectra within species. For our intraspecific, individual-level analyses, we included all
spectra from distinct individuals. We otherwise processed the flower data as outlined above.

Visual modelling

Previous work has shown that pollinating Diptera (particularly Tephritidae and Drosophili-
dae) and Hymenoptera are the dominant prey items of G. fornicata (Hauber 2002; White and
Kemp 2016), and are a common target of luring spider species more broadly (Heiling and
Herberstein 2004; Herberstein et al. 2009; Blamires et al. 2014). We therefore used a com-
bination of visual models representative of dipteran and hymenopteran viewers.

Diptera

There is currently no well-established model of dipteran colour vision (in contrast, for
example, to the Hymenoptera; Chittka 1992). We therefore used two models, both of which
draw ultimately on knowledge gained from Drosophila melanogaster and the blowfly
Lucilia sp. (though we use the photoreceptor sensitivities of D. melanogaster for all
dipteran models; opsin  Ag.;  R7p = 345 nm, R7y = 375 nm, R8p = 437 nm,
R8y = 508 nm, where ‘p’ and ‘y’ indicate ‘pale’ and ‘yellow’ photoreceptors subtypes;
Salcedo et al. 1999). First, we used the categorical colour vision model of Troje (1993).
This model assumes the involvement of all four photoreceptor classes (Morante and
Desplan 2008), and further posits that colour vision is based on two specific opponent
mechanisms (R7p—R8p, and R7y—-R8y). Based on behavioural data from Lucilia sp. (Troje
1993) the model predicts that colours are perceptually grouped into one of four colour
categories, and that flies are unable to distinguish between colours that fall within the same
category. To calculate the location of spider and flower colours in the categorical model,
we first estimated photoreceptor quantum catch (Q) in receptor 7 as

0 / N RIS ) (1)
300

where R is the spectral reflectance of an object, [ is the illuminating spectrum, and S; is the
spectral sensitivity of photoreceptor i. Here, and throughout all models, the illuminating
spectrum for spiders is taken to be the mean of 1072 illuminating irradiance spectra

@ Springer



6 Evol Ecol (2017) 31:1-20

recorded in the tropical forest habitats of G. fornicata in a previous study (White and Kemp
2016), whereas the illuminating spectrum for flowers is D65 daylight (sensu Chittka 1992).
We then calculated the difference in relative stimulation between the ‘pale’ (R7p—R8p) and
‘yellow’ (R7y—R8y) photoreceptor pairs. The signs of these differences together define the
four possible fly-colour categories (p+y+, p—y+, p+y—, p—y—; Troje 1993).

The categorical model is limited in that it has been independently verified only once
(Fukushi 1994; with minimal consideration of alternative models; Lunau 2014), and
subsequent behavioural studies have demonstrated that several fly species, including D.
melanogaster, can apparently discriminate colours that fall within the categories of Troje’s
model (e.g. Sutherland et al. 1999; Brembs and de Ibarra 2006; Yamaguchi et al. 2010).
Importantly, for reasons detailed below, this model cannot account for the degree of
difference between stimuli due to its grouping of stimuli into broad colour categories. We
therefore also used a tetrahedral model of dipteran colour vision (sensu Brembs and de
Ibarra 2006; Kelly and Gaskett 2014; Renoult et al. 2014; White and Kemp 2016). Such a
model assumes that all four photoreceptor types are involved in drosophilid colour vision,
as supported by physiological and behavioural evidence (Morante and Desplan 2008), and
estimates the colour information available to dipteran viewers at the earliest stage of
photoreception. The model makes minimal assumptions about subsequent neural pro-
cessing of colour information, such as opponency mechanisms or colour categorization
(Kemp et al. 2015). To calculate the location of spider and flower colours in the tetrahe-
dron, we first estimated quantum catches as per Eq. (1), before log transforming them in
accordance with the Weber-Fechner law (Vorobyev et al. 2001; Endler and Mielke 2005)

q; = logQ; (2)

We converted each set of catches to relative values, and calculated the location of each
stimulus in a tetrahedral space (Endler and Mielke 2005) as
31—-2s—m—u
2 2
_ —14+3m+u 3)
2V2
. 1
I=Uu— Z
where u, s, m, and [ refer to the log-transformed quantum catch values for D. melanoga-
ster’s R7p, R7y, R8p, and R8y photoreceptors, respectively.

We used the log-linear receptor-noise limited model (Vorobyev et al. 2001) to estimate
the discriminability of individual spiders and flowers from the perspective of dipteran
receivers (for reasons outlined in section ii, below). This model estimates the visual dis-
tance between colour stimuli in units of ‘just noticeable differences’ (JND’s). Quantum
catches were modeled as per Egs. (1)-(2), and the distances between stimuli in a tetra-
hedral space was estimated as

(e12)*(Afs — Afs) +(e1e3)* (Afs — AR +(erea)*(Afs — AR)?
+(e2e3)’ (Afs — M) +(e2ea)’ (Afs — M) +(esea)’ (A — Af)
(616263)2+(€1€284)2+(61€3€4)2+(62€3€4)2

AS = 4)

where e; is the ‘neural’ noise for receptor / assuming a Weber fraction of 0.1 (Brembs and
de Ibarra 2006) and a relative photoreceptor density of 1:2.2, pale:yellow (Kirschfeld et al.
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1978). Af; is the natural log ratio of the quantum catches for photoreceptor / when viewing
spider and flower colours. Under ideal laboratory conditions the receptor noise model
predicts that stimuli one JND apart may, on average, be reliably discriminated (Vorobyev
and Osorio 1998; Vorobyeyv et al. 2001). We used a conservative range of 1-4 JND’s as an
indicative set of distances within which stimuli are predicted to be difficult to distinguish
by dipteran viewers in natural settings (though this should be considered tentative).

Hymenoptera

We used the hexagon colour space (Chittka 1992) to explore the relationship between
flower and spider colours considering a hymenopteran visual system. The colour hexagon
is broadly applicable across hymenopteran species because the photopigments underlying
trichromatic vision in Hymenoptera—including native Australian taxa—appear to be
highly conserved (Chittka 1992; Briscoe and Chittka 2001). Importantly, distances across
the hexagon have been validated against behaviour, and applied to address comparable
questions about hymenopteran colour vision (Chittka 1992; Dyer et al. 2008; Avargues-
Weber et al. 2010; Morawetz et al. 2013; Spaethe et al. 2014). Extensive psychophysics
work indicates that Euclidean distances within the hexagon model offer a reliable measure
of perceptual distance (Chittka 1992; e.g. Dyer et al. 2008; Avargués-Weber et al. 2010;
Morawetz et al. 2013; Spaethe et al. 2014). In general, distances <0.04 fall below the
discrimination threshold, those between 0.04 and 0.11 can only be discriminated following
differential conditioning, and distances above 0.11 can be reliably discriminated with only
absolute conditioning (Chittka et al. 2003; Dyer and Chittka 2004b; Dyer and Neumeyer
2005; Avargues-Weber et al. 2010). We used the spectral sensitivity of Apis mellifera
(opsin Apax = 340, 440, 536 nm; Briscoe and Chittka 2001) as modeled according to a
vitamin Al template (Govardovskii et al. 2000). In the hexagon space, the relative amount
of radiation absorbed by each photoreceptor (i.e. quantum catch) is calculated as

700
Pi—K / ROI(A)Si()ds. (5)
300

where R is the spectral reflectance of an object, / is the illuminating spectrum, and S; is the
spectral sensitivity of photoreceptor i. K is an adaptation coefficient that models pho-
toreceptor adaptation (i.e. von Kries adaptation) to the typical viewing background (taken
to be a green foliage background) as per:

1
= 6
O T R D)102)S: (1) ©)

We then converted photoreceptor stimulation values to neural excitations using the
hyperbolic transform
TP+ 1

(7)

i

where P; is the photon flux in receptor i, before calculating the location of stimuli in the
hexagon as

V3
A ) "
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y=E, —0.5(E, + Ey)

where E,, E,, and E, refer to the excitation values for A. mellifera’s ‘ultraviolet’, ‘blue’,
and ‘green’ sensitive photoreceptors.

(i) Is there a link between lure and flower colour signals?

We tested for a link between spider lure (both inter- and intraspecific) and flower colour
signals using analogous measures of sensory ‘overlap’ estimated according to the three
models outlined above. In the categorical dipteran model, predicted perceptual overlap is
characterised by the co-occurrence of points in the same colour category (Troje 1993). In
the tetrahedral dipteran model, we calculated the exact volume of overlap between spider
and flower colour loci, which has been shown to be a useful index of similarity in mimicry
systems (Stoddard and Stevens 2011). Specifically, we divided the volume of the overlap
between spiders and flowers by the volume of the smaller of the two, converted to a
percentage. A value of 100 thus indicates that one set of points is entirely contained within
the other, while a value of zero indicates that the sets of points do not intersect. Finally, in
the hymenopteran colour hexagon, we calculated the frequency distribution of flower and
lure colours across a radial grid of 108 sectors that dissect the hexagon (Chittka et al. 1994;
Dyer et al. 2012). We then examined the distribution of stimuli across the five ‘bee-hue’
sectors (UV, UV-blue, blue, blue-green, green, and UV-green; Chittka et al. 1994).

If lures have evolved to resemble sympatric flower, we predict strong overlap between
the two sets of points within the framework of each model. In the categorical space, lures
and flowers should fall within the same colour category. In the tetrahedron, the convex
hulls of lures and flowers should strongly overlap (ca. >80%). Finally, in the hexagon
space, individuals should be similarly distributed, with co-incident peaks in the same bee-
hue sector. If colour-based lures have not been selected to resemble flowers, and have—for
example—been favoured for their detectional properties (White and Kemp 2016), then we
do not expect these patterns of overlap per se. This follows from the fact that there are
numerous, equivalent ways to maximise detectability and/or stimulate a given visual
system (e.g. colours that fall near any one of the vertices of the hexagon are predicted to
stimulate the honeybee visual systems roughly equally; Chittka 1992).

(i) Do lures show a generalised or specific resemblance to flowers?

Following the results of (i) above, we examined the corollary question of whether lures
may present either a generalised or specific resemblance to sympatric flowers. That is, the
degree to which lures resembled sympatric flowers at an intraspecific level. Here we
restricted our analyses to the finer-scale data from the colour polymorphic tropical species
G. fornicata. We tested two predictions. First, if lures are mimicking particular flowers, we
predicted that spiders should be equally or more similar to sympatric (far-north Queens-
land, Australia) as opposed to allopatric flowers. To test this, we used a randomisation
procedure to estimate the similarity of spiders to sympatric versus allopatric flower
communities, from the perspective of dipteran and hymenopteran viewers. For a given
‘run’, we randomly selected 40 reflectance spectra from both G. fornicata morphs, and 40
floral reflectance spectra from Australian angiosperms sampled in each of Cairns (where
G. fornicata co-occur), Brisbane, Melbourne, and Tasmania, Australia. We then calculated
the mean distance between every spider-flower pair within a location (in JND’s in the
tetrahedron for dipteran viewers, and Euclidean distances in the hexagon for hyme-
nopteran viewers) and retained the minimum of these values. We retain the minimum of
all values within a location because a mimicry hypothesis predicts that the lures of spiders
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should be essentially indistinguishable from one, or very few, putative flower models
(which presumably would fall closest to a given spider in the relevant colour space). This
sampling process was repeated 5000 times (Adams and Anthony 1996) to ultimately
derive a subjective measure of colour-similarity between G. fornicata morphs and sym-
patric versus allopatric floral communities (Fig. 4). We then statistically tested for dif-
ferences in spider-flower distances between these two groups by calculating p-values as
the proportion of distance values in the sympatric (Cairns) distribution that were equally or
more extreme than the combined distribution of distances from allopatric (Brisbane,
Melbourne, and Tasmania) floral communities, multiplied by two (for a two-tailed
hypothesis test; Adams and Anthony 1996). We report Cohen’s d—the distance between
the means of each distribution, in units of pooled standard deviation—as a measure of
effect size, for all tests.

Second, we tested the prediction that, if spiders are mimicking particular floral species,
we should find one or more sympatric flowers that target the same receivers (i.e. pollinating
Diptera and Hymenoptera), and that are essentially indistinguishable to their shared
receivers. To achieve this, we estimated the degree of colour overlap between each G.
fornicata morph and individual sympatric flower species, in the tetrahedral and hexagon
models of dipteran and hymenopteran vision. As outlined above for species-level analyses,
we calculated the exact volume of overlap (if any) between each morph and every flower
species (comprised of spectral measurements from at least three independent individuals),
and divided this by the volume of the smaller of the two, converted to a percentage. We
tested the prediction of the floral mimicry hypothesis that potential ‘model’ flower species
should show strong colour overlap with a given G. fornicata morph. We further explored
whether putative flower models target the same receivers as spiders; that is, whether the
most visually similar flowers are known as fly or bee pollinated (see supplementary
information in White and Kemp (2016) for prey-composition data for G. fornicata).

Results
Is there a link between colour-based lures and flower colour signals?

Perceptual models for both Diptera and Hymenoptera all predicted a similarly broad
resemblance between flower and lure colour signals. The tetrahedral dipteran model pre-
dicted 100% overlap between flowers and lures, which held at both the inter-specific
(Fig. 2a) and intraspecific level (Fig. 2a). Similarly, in the categorical dipteran model, all
lures fell within the same colour category as one another, along with the majority of
flowers (Fig. 2c, d). This held between (Fig. 2c) and within (Fig. 2d) species. The fre-
quency distribution of lure and flower colour loci in the hexagon colour space showed
strong similarity (Fig. 3), with most individuals of each group falling within the blue-green
bee-hue sector. This also held between (Fig. 2e, and purple line in Fig. 3) and within
(Fig. 2f, and white and yellow lines in Fig. 3) species, though there was a second primary-
peak in the distribution of interspecific lure colours between the UV and UB-blue sectors.

Do colour-based lures show a generalised or specific resemblance to flowers?
We found between-morph variation in the predicted resemblance of G. fornicata’s lures to

sympatric versus allopatric flower communities, as modelled to dipteran and hymenopteran
viewers. Consistent with a mimicry hypothesis, ‘white’ G. fornicata individuals were
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predicted to be more similar to sympatric flower communities as viewed by both dipteran
(P < 0.001, d = 2.609) and hymenopteran (P = 0.011, d = 0.61) viewers (Fig. 4). Yel-
low individuals, in contrast, were on average equally similar to sympatric and allopatric
flower communities across dipteran (P = 0.728, d = 0.105) and hymenopteran
(P = 0.638, d = 0.201) models (Fig. 4). In both models, yellow and white spider morphs
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«Fig. 2 The colours of flowers and spiders considering tetrahedral (a, b), and categorical (¢, d) models of
dipteran vision, based on the visual phenotype of Drosophila melanogaster, and the hexagon (e, f) model of
honeybee (Apis melifera) vision. Panels on the left denote the species-averaged reflectance of 461 floral
colour patches from 339 species (green) plotted along with 15 colour patches from 10 species of Australian
spider (purple) whose colours are known or hypothesised to act as visual lures. Panels on the right contain
the reflectance of individual floral colour patches (green) from 62 species sampled in Cairns, Australia,
along with yellow (yellow) and white (grey) individuals of the sympatric orb-web spider Gasteracantha
fornicata. (Color figure online)

and floral communities typically fell within or below the range of values in which receivers
are predicted to have difficulty reliably discriminating between stimuli under natural
conditions (vertical dashed lines in Fig. 4, horizontal dashed lines in Fig. S1).

Also consistent with the hypothesis that lure colours show a specific, rather than gen-
eral, resemblance to flowers, we found significant overlap between several sympatric
flower species and each G. fornicata morph (Fig. 5; Table 1). For yellow G. fornicata in
both models, we found the greatest overlap between Hibbertia linearis and Hibbertia
riparia (Fig. 6), whose close relatives are pollinated by Coleoptera and/or Hymenoptera
(Keighery 1975; Bernhardt 1984, 1986). For white individuals across both models, we
found the largest overlap with Zieria arborescens, a species thought to be pollinated
primarily by dipterans (Department of Primary Industries, Parks, Water and Environment,
Tasmania 2012). In the hexagon space, we also found a considerable degree of overlap
with the vine Faradaya splendida.

Discussion

Receiver-bias models have proven a useful framework for understanding the evolution of
signal design (Christy 1995; Burley and Symanski 1998; Endler and Basolo 1998; Christy
et al. 2003a). Our results support the application of the principles of such models to
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Fig. 3 The relative frequencies of floral colour patches sampled in Cairns (green), the colour-based lures of
10 Australian spiders (purple), and the white (grey) and yellow (yellow) morphs of G. fornicata. Data
represent the frequency distributions of stimuli in 10° sectors around the colour hexagon (grey lines in
Fig. 2c, d), with 0° at the 12:00 angle, increasing clockwise. Text and vertical lines indicate the five 45°
‘bee-hue’ categories’: blue (B), blue-green (BG), green (G), ultraviolet-green (UV-G), ultraviolet (UV),
ultraviolet-blue (UV-B). (Color figure online)
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Fig. 4 The subjective colour similarity of polymorphic lures of G. fornicata to sympatric (dark bars) versus
allopatric (light bars) floral communities. If lures are mimicking particular flowers, we predicted that spiders
should be equally or more similar to sympatric as opposed to allopatric flowers. Morphs are indicated by
headings. The distributions were generated using a randomisation procedure (see main text), and show the
frequency of minimum colour distances between lures and flowers in models of fly (a, b) and bee (c,
d) vision. Distribution means are indicated by solid vertical lines. Dashed vertical lines delineate a range of
values within which receivers are predicted to have difficulty discriminating between two coloured stimuli
under natural conditions. Above this range, receivers should be able to consistently discriminate between
coloured stimuli, whereas below this range, accurate discrimination is predicted to become no better than
chance. P values (inset, along with Cohen’s d) represent the proportion of distance values in the sympatric
(dark bars) floral community that were equally or more extreme than the combined distribution of distances
from allopatric

deceptive colour-based signals. At the broadest level, our results support the hypothesis
that the deceptive colour-based lures of spiders benefit from a resemblance to flowers.
Models of fly (Fig. 2a—d) and bee (Figs. 2e—f, 3) vision converged in their predictions of a
sensory overlap between the colour signals of flowers and the colour-based lures of spiders,
both between and within spider species (Figs. 2, 3). Although these visual models vary in
their degree of empirical validation (as discussed above), they each independently predict
that lures fall well within the colour ‘envelope’ of local flower communities, given the
perspective of putative target receivers (i.e. pollinating Diptera and Hymenoptera). Of
course these data alone cannot be interpreted as exclusive evidence for a floral-resem-
blance hypothesis, since lures and flowers may also have independently converged upon a
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Fig. 5 Sensory overlap between the colour-based lures of Gasteracantha fornicata and sympatric
individuals of 62 angiosperm species as modelled according to a dipteran and b hymenopteran vision.
Dashed lines on the left indicate the focal areas enlarged on the right. The intraspecific colour variation
‘envelope’ of angiosperms is delineated by black polygons, which are convex hulls containing all individual
samples of a given species. Variation within yellow and white morphs of G. fornicata is represented by
yellow and grey polygons, respectively, which similarly encapsulate all intra-morph spectral samples.
Angiosperm species whose envelopes intersect either morph of G. fornicata are detailed in Table 1. (Color
figure online)

common solution for maximising signal salience. While phylogenetic data are ultimately
necessary to resolve this question, the correspondence between model predictions in
interspecific analyses, and the results of our further intraspecific analyses (discussed
below), favour the hypothesis that lures have adaptively converged upon the colours of
flowers.

Through a focal examination of Gasteracantha fornicata and sympatric flowers we also
found support for the idea that lures resemble particular ‘model” species. In both fly and
bee colour spaces, yellow G. fornicata morphs overlapped strongly with Hibbertia linearis
and H. riparia (Fig. 5; Table 1). These are small, insect-pollinated shrubs with ca.
6—12 mm petals (Fig. 6; Wood and Wood 1998; PlantNET 2016). White G. fornicata
morphs, again in both bee and fly colour spaces (Fig. 5; Table 1), overlapped the most with
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Table 1 The volume overlaps, in dipteran and hymenopteran colour spaces, between lures of the colour
polymorphic orb spider Gasteracantha fornicata and the flowers of sympatric angiosperm species from
Cairns, Australia (illustrated in Fig. 5)

Angiosperm species Pollinator Bee space (% overlap) Fly space (% overlap)
White Yellow White Yellow
morph morph morph morph

Geitonoplesium cymosum Insect 4 83 0 0

Goodenia lanata Insect (bee) 0 0 9

Grevillea buxifolia buxifolia  Bird 28 4 0

Grevillea steiglitziana Bird 0 0 0

Faradaya splendida Insect 93 0 0

Hibbertia linearis Insect (beetle, bee) 0 100 0 33

Hibbertia riparia Insect (beetle, bee) 0 100 0 29

Xyris operculata Insect and bird 0 43 0 0

Zieria arborescens Insect (fly) 100 0 22 0

Volumes are estimated using a tetrahedral model of dipteran vision, and the hexagon model of hyme-
nopteran vision. Volumes were calculated as the volume of overlap between all individuals of a given flower
species and all individuals of a given spider morph, divided by the volume of the smaller of the two
(converted to a percentage). A value of 100% thus indicates that one is entirely contained within the other,
while a value of 0% indicates that the two do not intersect. We present here only those angiosperm species
whose volumes intersect with at least one G. fornicata morph in at least one model

the odorous, potentially fly-pollinated shrub Ziera arborescens (Fig. 6; Department of
Primary Industries, Parks, Water and Environment, Tasmania 2012; PlantNET 2016). This
is consistent with evidence from deceptive pollination systems in which comparable levels
of colour similarity to rewarding species underlie the success of deceptive flowers (Gigord
et al. 2002; Internicola et al. 2007; Peter and Johnson 2008). In further support of the
mimicry hypothesis, we found that spider morphs were equally or more similar to sym-
patric as opposed to allopatric floral communities (Fig. 4, Fig. S1). This is however limited
by the fact that floral communities outside of G. fornicata’s range will still contain
sympatric species, as well as the relatively broad scale of sympatry we used (which was
determined by the scale at which floral reflectance was sampled for an unrelated study; see
methods).

Whereas the attractiveness of conspicuous colouration in many sit-and-wait predators is
well established (Hauber 2002; Tso et al. 2004, 2006; Chiao et al. 2009), the ultimate basis
of their effectiveness has remained unclear. Recent work has implicated signal
detectability as key to lure attractiveness (White and Kemp 2016), and our results suggest
that lures may also, in part, function by exploiting prey preferences for typically rewarding
floral signals. While it is well established that predators may exploit or modify the visual
signals presented by flowers (Elliott and Elliott 1991; Heiling and Herberstein 2004;
Heiling et al. 2005), evidence for aggressive pollinator deception—wherein predators
exploit receiver preferences for floral signals independent of the flowers themselves—is
sparse. The most convincing example to date is that of the orchid mantis Hymenopus
coronatus. Behavioural (O’Hanlon et al. 2014b), morphological (O’Hanlon et al. 2014a),
and ecological (O’Hanlon et al. 2014c) data show that mantids and sympatric flowers
overlap in the perceptual space of receivers, and that they are probably mistaken for
otherwise rewarding flowers. Our results similarly suggest that spiders and sympatric
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Fig. 6 Colour morphs of the spiny orb spider Gasteracantha fornicata, and inflorescences from flower
species whose colour signals are most similar, as modelled according to dipteran and hymenopteran vision
(Table 1). Left yellow morph, and the insect pollinated shrub Hibbertia linearis. Right white morph, and the
possibly fly pollinated ‘stinkwood’ shrub Zieria arborescens. (Color figure online)

flowers present considerable colour-convergence to receivers, and target shared receivers
(Fig. 5; also see table S1 in White and Kemp 2016).

Unlike the orchid mantis, however, orb-web spiders are generalist predators that capture
prey including non-pollinating arthropods (Nentwig 1987; Tso et al. 2005). This is par-
ticularly true for tropically distributed species such as G. fornicata, because the tropics are
characterised by greater arthropod diversity, with lower and more temporally variable
abundance of any one species (relative to temperate zones; Stork 1988; Basset 2001;
Basset et al. 2012). Such prey community diversity argues for a generalist element in
colour-lure systems. Hence, within the range of effective lure colours (here defined, in a
receiver-bias framework, by sympatric flowers; Figs. 2, 3), we may expect selection to
favour lures that best appeal to the ‘aggregate’ viewer. This could have predictable con-
sequences for adaptive signal designs. Yellow, for example, is a particularly common lure
colour (Craig 1994; Craig and Ebert 1994; Tso et al. 2002; e.g. Bush et al. 2008; Kemp
et al. 2013). A working hypothesis is that yellow is broadly favoured both by pollinators
because of their resemblance to rewarding flowers (Figs. 2, 3), and by many non-polli-
nating insects for whom yellow may act as a ‘supernormal foliage’ (i.e. green) stimulus
(Prokopy and Owens 1983; Chittka and Doring 2007).

Receiver-bias models predict several routes to signal diversification that depend on the
type of biases being exploited (Christy 1995; Endler and Basolo 1998; White and Kemp
2015). If, as our results suggest, deceptive predators target receiver’s preferences for
rewarding floral signals, then lure diversity, including polymorphism, may be adaptively
favoured by the fitness benefits of ‘matching’ multiple models in space and/or time. The
considerable diversity in these deceptive signals (reviewed in White and Kemp 2015) may
therefore have arisen through the convergence of lures upon the signals of varied
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rewarding stimuli, as consistent with our findings (Figs. 5, 6). The extent to which lures
need match the signals of particular flowers, however, will depend on both receivers’
accuracy in colour discrimination, and their tendency to generalise learned colours.
Common insect pollinators, such as honeybees, are known to imperfectly discriminate
between learned colours (Gumbert 2000; Gigord et al. 2002; Internicola et al. 2007; Peter
and Johnson 2008; Dyer and Murphy 2009). This will generate a broader perceptual target
for deceptive signallers to exploit, and has also been extended as an explanation for the
enduring question of why lures are often discretely polymorphic (e.g. Levi 1978; Tso et al.
2002; Kemp et al. 2013; Rao et al. 2015). Recent theoretical work on sexually deceptive
orchids has shown that pollinators are more likely to mistake extreme coloured forms with
an intermediate form, than with one another (Kagawa and Takimoto 2016). Intermediate
forms will therefore be learned more rapidly, since they will be more often categorised as a
negative stimulus, relative to extreme forms. Disruptive selection against intermediate
forms arising from this could subsequently favour polymorphism. While the cost of a
mistake in lure systems may be more severe than in deceptive orchids, the significant rates
of prey escape from orb-web spiders (up to 80%; Craig et al. 1996; Zschokke et al. 2006)
could foster learned avoidance and, hence, generate disruptive selection in the manner
outlined above. The role of innate versus learned colour preferences in the adaptive success
of deceptive lures is not well understood, and is worthy of further study.

In sum, data both across and within spider and flower species suggest that the ultimate
basis of colour-lure efficacy in orb-web spiders relates, in part, to their resemblance to
floral signals. Our results also imply a model/mimic dynamic between lures and flowers,
although a key outstanding question is whether and under what circumstances prey mistake
lures for flowers (Christy 1995). This could be profitably tested through receiver-behaviour
experiments across a range of variation in spider appearance, while also manipulating
receivers’ prior experience of colour stimuli. Finer-scale data on the geographic distri-
bution of colour-luring spiders and flower models would also be valuable, particularly for
examining the maintenance of geographic variation in morph composition among poly-
morphic species (e.g. the geographic cline of G. fornicata; Kemp et al. 2013). Phylogenetic
data on the evolutionary history of lure and flower colouration will ultimately be essential
for establishing whether lures adaptively converged upon floral signals, or arose as a
consequence of receiver biases unrelated to flower/pollinator ecology.
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