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Selection for signal efficacy in variable environments may favor color polymorphism, but little is known about this possibility
outside of sexual systems. Here we used the color polymorphic orb-web spider Gasteracantha fornicata, whose yellow- or whitebanded dorsal signal attracts dipteran prey, to test the hypothesis that morphs may be tuned to optimize either chromatic or
achromatic conspicuousness in their visually noisy forest environments. We used data from extensive observations of naturally
existing spiders and precise assessments of visual environments to model signal conspicuousness according to dipteran vision.
Modeling supported a distinct bias in the chromatic (yellow morph) or achromatic (white morph) contrast presented by spiders at the times when they caught prey, as opposed to all other times at which they may be viewed. Hence, yellow spiders
were most successful when their signal produced maximum color contrast against viewing backgrounds, whereas white spiders
were most successful when they presented relatively greatest luminance contrast. Further modeling across a hypothetical range of
lure variation confirmed that yellow versus white signals should, respectively, enhance chromatic versus achromatic conspicuousness to flies, in G. fornicata’s visual environments. These findings suggest that color polymorphism may be adaptively maintained
by selection for conspicuousness within different visual channels in receivers.
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The study of color polymorphism has revealed much about the
evolutionary processes that maintain variation, and the role of
such variation in predator-prey dynamics, sexual selection, and
speciation (Roulin 2004; Bond 2007; Wellenreuther et al. 2014;
White and Kemp 2016). Less is known about the drivers of visual signal polymorphism outside the contexts of sexual signaling
and crypsis (Bond 2007; Wellenreuther et al. 2014). A possibility
that transcends these particular contexts is that variation in light
environments and/or receiver sensory biology may favor polymorphism by offering a greater spread of signaling “niches” (Lythgoe
1979). This hypothesis, formalized in the theory of sensory drive
(Endler 1992), is supported by a growing body of evidence (albeit
largely from sexual-signaling systems) that shows selection for
efficacy drives signal diversity (Fuller 2002; Gomez and Théry
2004; Chunco et al. 2007; Stuart-Fox et al. 2007; Rojas et al.
2014).
The way in which selection shapes the design of signals will
vary, depending on the functional context in which they are used.
This difference is especially pronounced between the contexts of
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intraspecific communication, as in sexual systems, and deceptive
signaling, such as aggressive mimicry or prey luring (e.g., Hauber
2002; O’Hanlon et al. 2014; Barry et al. 2015). In sexual systems
the interests of signalers and receivers are broadly, albeit inexactly,
aligned. Receivers (i.e., potential mates or rivals) are thus expected
to respond to signals differentially, which often drives selection
for the transmission of information about individual compatibility (such as species or sex identification) and/or “quality” (e.g.,
Ryan et al. 2005; Umbers et al. 2013; Barry et al. 2015) on the
part of signalers. Deceptive signaling systems, in contrast, are
antagonistic. The most effective signals are those that are readily
received and misclassified by receivers (e.g., as a potential food
source, or simply an object of possible interest), thereby eliciting
a maladaptive response (Searcy and Nowicki 2005). Receivers
are strongly selected to avoid such signals, and so the information
encoded in deceptive signals is typically restricted to the “identity” of the signaler (which may be highly nonspecific; White and
Kemp 2015). Because the potential confounds of complex information exchange are minimized in deceptive systems (although
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not absent; see Discussion), the evolutionary costs of signaling
are weighted toward efficacy (signal transmission), rather than
strategy (signal content). Deceptive systems are therefore particularly well suited for testing efficacy-focused hypotheses for the
maintenance of polymorphism (Lythgoe 1979; Endler 1992). To
that end, sit-and-wait predators such as orb-web spiders often attract prey with conspicuous and polymorphic visual lures (e.g.,
Muma 1971; Fan et al. 2009; Rao et al. 2015), but almost nothing
is known about the adaptive maintenance of polymorphism in this
context.
A basic task for most visual systems is to extract color and
luminance (i.e., subjective “brightness”) information from the environment. Such information is typically separated at the earliest
stages of neural processing (Strausfeld and Lee 1991; Chittka
1996; Osorio et al. 1999; Anderson and Laughlin 2000; Paulk
et al. 2008; Borst 2009); that is, apportioned into chromatic (color)
versus achromatic (luminance) channels (although this separation may not be absolute; Wardill et al. 2012). Tightly controlled
laboratory-based behavioral and psychophysical studies have isolated how the information offered by each channel can be prioritized to guide different visual tasks (Giurfa et al. 1997; Kelber
2005; Osorio and Vorobyev 2005; Zhou et al. 2012). However,
natural environments vary greatly in the overall level and spectral quality of illumination depending on weather and/or vegetative structure (Endler 1993b), as well as visual backgrounds
that encompass a diversity of viewing perspectives. This implies potential for signal designs that achieve conspicuousness via
maximizing contrast in either color or luminance channels (e.g.,
Cummings 2007). The potential is highest in heterogeneous environments such as forests, where visual conditions can change
greatly across fine spatial and temporal scales (Endler 1993b).
In such environments, one largely unexplored possibility is that
selection for signal efficacy may favor polymorphic signaling
solutions wherein different morphs are maintained because they
maximize color or luminance contrast, respectively.
Gasteracantha fornicata is a diurnal orb-web spider found
in tropical and subtropical forests that uses conspicuous banded
coloration as a lure for attracting primarily dipteran prey (Muma
1971; Hauber 2002). Subsequent work has determined that the
color scheme of this species is stably polymorphic, exhibiting
human-perceived “white” and “yellow” bands against a black outline (Kemp et al. 2013). The colored bands of both morphs reflect
strongly and equivalently across wavelengths longer than 530 nm,
and absorb strongly below 400 nm, yet differ by about 50 nm in
their transition from low to high reflectance (i.e., their “hue,”
Fig. 1A; and Kemp et al. 2013). Because orb spiders are sit-andwait predators, the environments in which their signals are viewed
and their intended receivers (i.e., prey) are uniquely well defined,
and individual fitness may be readily estimated via prey capture.
This group is thus well suited to empirical tests of hypotheses
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about the demands of signal efficacy—which encompasses signal design, viewing conditions, and viewer perception (Lythgoe
1979; Endler 1993a)—and the evolution of polymorphism.
Here, we set out to test the hypothesis that color polymorphism in visually noisy environments may be maintained by
the use of two distinct strategies for achieving visual conspicuousness—color and luminance. Specifically, we predicted that
the white-banded morphs may benefit by stimulating their prey’s
achromatic channel, given that reflectance of light across a broader
spectral range will generate relatively stronger positive achromatic contrast against darker visual backgrounds (as well as maximizing luminance contrast between the dark and light bands of
the spider itself; Fig. 1A). Conversely, we predicted that the yellow
morph would maximize the stimulation of their prey’s chromatic
channel, given that many flies possess a well-documented preference for yellow stimuli (as per the comprehensive recent review
of Lunau 2014).

Methods
We tested the hypothesis that yellow and white spider morphs
target chromatic and achromatic visual pathways in prey, respectively, using two complementary approaches. First, we made extensive focal observations on wild G. fornicata of both morphs,
recording and identifying captures, and precisely characterizing
their visual environments at times of prey capture and at frequent
intervals across the entire day. We then coupled data on illumination and backgrounds with known parameters of dipteran vision
to model the envelopes of chromatic and achromatic contrast presented by spiders. This is analogous to estimating a fly-specific
“visual signal niche” for our focal spider sample, as defined by
variation in their natural choice of microhabitat as well as changes
in visual properties at these microhabitats throughout the day and
due to weather conditions. We aimed to test whether the visual
contrast of spiders at times when they actually caught prey was
nonrandomly distributed within this envelope; that is, whether
and how the modeled visual contrast of each morph related to
a key measure of fitness—capture success. Specifically, our hypotheses predict that yellow morphs should experience greater
capture success at the times when they are presenting relatively
greater chromatic contrast (i.e., a particularly “colourful” signal,
from the perspective of their dipteran prey; Fig. 2A), whereas
white morphs should be most successful at the times when they
present relatively greater achromatic contrast (i.e., a particularly
“luminant” signal; Fig. 2B).
Second, we used our microhabitat light data and a dipteran
visual model to explore the consequence of color variation extending beyond that displayed by the extant G. fornicata morphs.
We limited color variation in this exercise such that the sigmoidal
spectral shape common to both morphs (Fig. 1A) was maintained,
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Figure 1. (A) Aggregated reflectance spectra (mean ± SD) of female Gasteracantha fornicata (n = 80 “yellow,” 44 “white,” inset). (B)
Examples of the hypothetical reflectance spectra used to address the question of which lure colors maximize fly-subjective contrast in the
environments of Gasteracantha fornicata. The hues (low-to-high inflection points) of spectra are here spaced at 50 nm intervals, though

for visual modeling the spacing was 1 nm. The template spectrum from which all other spectra were generated (mean of 80 yellow and
44 white Gasteracantha fornicata) is highlighted in bold, and its inflection point indicated by the dashed line. Manipulated spider images
are included only as an illustrative approximation of how they may appear to a human observer.

yet varied in its transition point (or “hue”). This explored a range
across human-perceived red, orange, yellow, and white (then extending into the ultraviolet); a dimension of spectral tuning readily
achieved in animals via the variation of pigment suites (Watt 1969;
Grether 2005). We aimed specifically to predict the color phenotype(s) that would maximize either chromatic or achromatic conspicuousness to dipteran viewers, given the overall set of visual
conditions G. fornicata were seen to inhabit.

FOCAL INDIVIDUAL AND ENVIRONMENTAL
ASSESSMENTS

We haphazardly selected individual spiders for observation in
Cairns (September 2013 and March 2014), and Townsville
(September 2014), in Queensland, Australia. Color morphs cooccur at both locations, and are intermixed at fine spatial scales
(Kemp et al. 2013). Each spider (n = 65 white, 69 yellow) was
observed continuously from 0900 to 1600 h. All capture events
over this period were recorded, with prey items immediately in-

spected at close range for identification. Prompt inspection is
critical because the spiders completely wrap their captures in silk
within several minutes. All prey larger than about 5 mm were
identified to at least arthropod class (as insects, where possible,
to order). Every hour, we collected two measures of viewing
environments at the precise location of each individual spider:
illuminating irradiance (with the collector held parallel to each
spider’s dorsum), and background irradiance (with the collector
held parallel to each spider’s ventrum). Spectra were recorded
with a JAZ EL-200 portable spectrometer fitted with a cosinecorrected, spectralon diffused irradiance module (Ocean Optics
Ltd., Dunedin, FL).
We measured spider reflectance (n = 80 yellow, 44 white
spiders, distinct from those above) using a JAZ EL-200 portable
spectrometer (boxcar width = 10, integration time = 100 msec,
scans to average = 10), with a PX-2 pulsed xenon light source
(White et al. 2015a). The 500 µm light source and collector probes
(fit with Ocean Optics 74-ultraviolet lenses) were set at 90° and
45° relative to the sample plane, respectively. Reflectance was
EVOLUTION 2016
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Figure 2. (A, B) A heuristic illustration of our predictions regarding the frequency of prey capture events (gradient fill, with darker
area indicating greater capture success) of spider morphs (indicated by column headings), as a function of fly-subjective chromatic

and achromatic contrasts (normalized, unitless). If, as hypothesized, yellow and white morphs are targeting different visual channels,
we may expect (A) yellow individuals to experience greater capture success at the viewing times when they are generating relatively
greater chromatic contrast (i.e., presenting a disproportionately “colourful” signal), as opposed to all other possible viewing times.
Conversely, we may expect (B) white individuals to capture more prey at the viewing times when they are generating relatively greater
achromatic contrast (i.e., presenting a disproportionately “luminant” signal). (C, D) Observed data indicate the visual appearance of
individuals of each morph at all potential viewing times (gray points), and the subset of times at which prey were captured (black
points). Data are presented as plots of normalized fly-subjective chromatic versus achromatic background contrast (unitless, see main
text and supplement for details). Note that we cannot say whether chromatic and achromatic contrasts are similarly weighted by dipteran
prey.

measured from an approximately 5 mm area on each side of the
medial line of the spider’s largest dorsal band, and subsequently
averaged (as per Kemp et al. 2013). The spectrometer was calibrated against a 99% diffuse “spectralon” reflectance standard
(Labsphere, New Hampshire) between each individual. Spectra
were captured with Ocean Optics SpectraSuite software (version
1.6.0_11), and subsequently binned at 1 nm wavelength intervals
before minor locally weighted scatterplot (LOESS) smoothing
(α = 0.15). All postcapture spectral processing and visual modeling (detailed below, and in the supplementary methods) was done
using R (version 3.2.0; R Core Team 2014), primarily with the
development version of the package “pavo” (Maia et al. 2013).

4

EVOLUTION 2016

VISUAL MODELING; SIGNAL BIAS, AND EXTANT
LURE EFFICACY

We used visual modeling to address the hypothesis that yellow
and white spider morphs, respectively, target color versus luminance channels in dipteran receivers. Chromatic contrast was
estimated using a simple tetrahedral stimulation space, based on
the photoreceptor sensitivities of Drosophila melanogaster (opsin
λmax ; R7p = 345 nm, R7y = 375 nm, R8p = 437 nm, R8y =
508 nm; Salcedo et al. 1999), because dipterans in the families Tephritidae and Drosophilidae account for the vast majority
of captures by G. fornicata (Hauber 2002; Kemp et al. 2013;
also see Table S1). Such a model estimates the color information
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available to dipteran viewers at the earliest stage of photoreception (supposing the involvement of all four photoreceptor types in
drosophilid color vision, as supported by physiological evidence;
Morante and Desplan 2008) and makes minimal assumptions
about subsequent neural processing, such as specific opponency
mechanisms or color categorization (following Brembs and Ibarra
2006; Kelly and Gaskett 2014; Renoult et al. 2014; see full details
in the supplementary methods). An alternate model of dipteran vision proposes that all colors are perceptually grouped into one of
four color categories (based on behavioral data from the blowfly
Lucilia sp.; Troje 1993), but we do not include this assumption
as subsequent behavioral studies have demonstrated the apparent
ability of several fly species, including D. melanogaster, to discriminate colors that would fall within the same putative category
(e.g., Sutherland et al. 1999; Brembs and Ibarra 2006; Yamaguchi
et al. 2010). Given the tentative nature of this model however, and
recent evidence challenging traditional views of how photoreceptor subtypes contribute to color and luminance-based tasks in
Drosophila (Yamaguchi et al. 2008, 2010; Wardill et al. 2012), we
repeated the process outlined below with a more general model of
animal vision based on a nonspecific, modified segment analysis
(Endler 1990; Dalrymple et al. 2015; and detailed in Fig. S1). This
assumes even less about the visual perception of particular prey
groups, and therefore relies more heavily on our empirical data on
the signals of naturally existing spiders, their visual backgrounds,
and ambient lighting.
We estimated receptor quantum catches as the integrated
product of mean spider reflectance (Fig. 1A), illuminating irradiance, and each given photoreceptor’s absorbance, from 300 to 700
nm in 1-nm increments (eq. 4 in Endler and Mielke 2005). Quantum catches values were then log-transformed in accordance with
the Weber-Fechner law (Vorobyev et al. 2001; Endler and Mielke
2005) and converted to points in a tetrahedral space (as per eqs.
19 and 20 in Endler and Mielke 2005). Chromatic contrast was
estimated as the Euclidean distance between a spider and its background. To estimate achromatic contrast, we first calculated luminance as the product of D. melanogaster’s R1-6 photoreceptor
sensitivity (with primary and secondary peaks at 355 and 478 nm;
Salcedo et al. 1999) and a given spider or background spectrum.
Achromatic contrast was then estimated as the difference between
spider and background luminance, divided by the sum of spider
and background luminance (Fleishman and Persons 2001; Fleishman et al. 2009; and supplementary methods). Positive values
thus indicate that spiders are “brighter” than their backgrounds,
whereas negative values indicate that spiders are relatively darker,
to a dipteran viewer (as estimated according to the Drosophila
visual system). Note that neither chromatic or achromatic contrast values are scaled in relation to discrimination thresholds
(just noticeable differences [JNDs]), because we are exploring
questions about highly conspicuous signals at suprathreshold

distances, and there is little empirical support that JNDs pose
the appropriate unit for perception in such cases (Kemp et al.
2015).
To test the prediction that yellow morphs should experience
greater capture success when presenting a relatively stronger chromatic signal, whereas white morphs should experience greater
capture success when presenting a relatively stronger achromatic
signal (Fig. 2A, B), we first modeled the appearance of each
spider according to its specific combination of background and
ambient illumination as measured at every hour. This created a
pool of 1072 datapoints (134 spiders with 8-h light measures each
per day) that estimated the conspicuousness of spiders to their
dipteran prey throughout each diurnal period, and encompasses
a reasonable spread of gross seasonal and habitat variation. Every prey capture could be attributed to an individual spider at a
specific time of day, so we extracted the subset of points corresponding to fly-capture events (n = 77 and 67 captures, for
white and yellow morphs, respectively). We restricted our subset
to large (>5 mm) captures, because these are thought to constitute
the primary fitness-affecting targets of orb-web spiders (Venner
and Casas 2005). We then used a randomization procedure to test
whether the mean chromatic and achromatic contrast presented
by each spider morph at the specific times of prey capture differed
from the contrast values expected if captures occurred at random
(i.e., to statistically test if the results presented in Fig. 2C, D,
conform to the predictions illustrated in Fig. 2A, B). We derived
distributions of mean fly-subjective contrast estimates by taking
5000 randomized subsamples of the total pool of contrasts, with
the size of each subsample equal to the observed number of fly
captures (n = 77 and 67 for white and yellow spiders, respectively; Table S1). These distributions describe the probability of
observing a given mean spider-background contrast value under
the null hypothesis that fly-capture events occur at random with
respect to the spiders’ visual appearance (Fig. 3). We then derived
P-values by which to test the observed data against the generated
distributions by calculating the proportion of contrast values in
the null distribution that were equally or more extreme than the
observed mean contrast value, and multiplying it by two (for a
two-tailed test; Adams and Anthony 1996). As a measure of effect size, we report Cohen’s d—the distance between the mean of
the observed contrast values and the mean of the associated null
distribution, in units of pooled SD—for each of the four tests.
We also tested for differences in the “brightness” and saturation (or “chromaticity”) of ambient light at the times of prey
captures, which were independent of any particular visual system.
Here, we calculated brightness as the mean intensity (µmol m−2
s−1 nm−1 ) across the range of 300–700 nm. We estimated saturation by calculating the relative intensity of four “segments” in a
given spectrum (300–700 nm, at 100 nm intervals; as per equations
(4) and (6) in Endler 1990), converting it to a point in a tetrahedral
EVOLUTION 2016
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Null distributions of mean fly-subjective chromatic and achromatic contrasts (unitless) of (A, C) yellow, and (B, D) white
Gasteracantha fornicata against their backgrounds. Column headings indicate morphs. These are empirically generated distributions that

Figure 3.

describe the probability of observing a given mean spider-background contrast value, under the null hypothesis that fly captures occur
at random with respect to the spiders’ visual appearance. The distribution is generated from 5000 randomized subsamples of a total
pool of 1072 potential contrast values, which were calculated by visually modeling every individual spider under its specific combination
of background and ambient illumination as recorded at every hour (134 spiders with 8-h light measures per day; see main text and
supplementary methods). The size of each subsample corresponded to the number of large (>5 mm) fly captures (n = 77 and 67 for

white and yellow spiders, respectively; Table S1). Vertical lines indicate the mean ± SE of the observed data, that is, the mean ± SE of
the observed chromatic and achromatic spider-background contrast values at the times of fly capture events.

space (as per equations (19) and (20) in Endler and Mielke 2005),
and calculating the Euclidean distance between this point and the
tetrahedron’s achromatic origin. We used one-way analyses of
variance (ANOVAs) to statistically test the effects of betweenmorph background brightness, background saturation, illuminating brightness, and illuminating saturation. Intensity data were
loge (1 + x) transformed to normality prior to analysis. Finally,
we used chi-square tests to explore between-morph differences in
both total versus dipteran capture success.

VISUAL MODELING: HYPOTHETICAL LURE EFFICACY

We used visual modeling to explore the related question of which
lure colors maximize chromatic and achromatic conspicuousness to Diptera in the environments inhabited by G. fornicata.
We calculated the mean reflectance of 124 G. fornicata (as de6
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scribed above) and used it to generate 398 “hypothetical” spider reflectance curves with distinct hues (defined as the lowto-high inflection point, as per Kemp et al. 2013) spaced at
1 nm intervals (Fig. 1B). Each hypothetical spider was modeled using all of the 1072 illuminant/background spectra that
we recorded during observations, using the same visual modeling procedure outlined above. The end product is a function
that describes the fly-subjective chromatic or achromatic contrast of all possible lure colors (taking the sigmoid-shaped reflectance of G. fornicata as constant), across the precise set of
conditions in which spiders could have been potentially viewed
(Fig 4A, B).
To assess the performance of G. fornicata in the context of
both models, each function was first normalized such that the
area under the curve equaled one. This was necessary to ensure
that each individual G. fornicata had equal “scoring potential” in
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the context of each model. We then calculated the hue of 124 G.
fornicata (n = 44 white, 80 yellow, as above), and extracted each
spider’s corresponding conspicuousness “score” in both models.
Morph differences in within-model scores were assessed with a
Wilcoxon two-sample test. We refrained from directly comparing
scores between models because not enough is known about how
the dipteran perceptual system weighs chromatic versus achromatic information under varied ecological settings (Osorio and
Vorobyev 2005).
DATA AVAILABILITY

All raw data are available via Figshare (doi: 10.6084/m9.figshare.
1517656).

Results

Figure 4.

The fly-subjective (A) chromatic and (B) achromatic

contrast (unitless) of all possible lure colors (taking the sigmoidshaped reflectance of Gasteracantha fornicata as constant) in the
visual environments of G. fornicata. Functions describe the mean
± SD normalized spider-background contrast of 398 hypothetical spiders with hues (low-to-high inflection point of reflectance
curves) spaced at 1 nm intervals, modeled using the 1072 recorded
background/illuminant spectra (as represented by SDs) collected
during spider observations. Gray and yellow vertical lines indicate
the mean ± SD observed hue of 44 white, and 80 yellow G. forni-

cata, respectively. (C) The mean ± SD conspicuousness “score” of
observed G. fornicata morphs (white and yellow points, respectively) in the context of each model (shown in A, B). Larger values
indicate greater contrast against backgrounds. Note that the scales
on the ordinate of (A) and (B) differ from those on the abscissa of
Figure 3, because the values here were normalized so that the area
under the curve equals one. This ensured that individual G. fornicata had equal “scoring potential” in the context of each model,
which was necessary to quantify the relative performance of each
morph, as in (C).

At the times of prey capture, yellow spider morphs presented a
disproportionate chromatic (d = 0.422, P = 0.007), but not achromatic (d = 0.018, P = 0.908), contrast against their backgrounds,
compared to all other times of the day (Figs. 2c and 3A, C).
That is, yellow spiders presented significantly greater chromatic
contrast with their backgrounds at the time of fly-capture events
than would be expected if captures occurred at random with respect to a spider’s subjective appearance. Conversely, white spider
morphs presented a disproportionate achromatic (d = 0.515, P <
0.001), but not chromatic (d = 0.029, P = 0.833), contrast during the subset of occasions when they were seen to capture prey
(Figs. 2B and 3B, D).
These results were qualitatively unchanged, although the effects were less pronounced, when considering a more general
model of receiver vision (Fig. S1). Yellow spiders presented inordinate chromatic (d = 0.384, P = 0.012), but not achromatic
(d = 0.102, P = 0.328) background contrast at the times of prey
capture. White spiders, conversely, generated disproportionate
achromatic (d = 0.374, P = 0.021), but not chromatic (d = 0.121,
P = 0.261), contrast.
Subsequent visual modeling considering a range of hypothetical lure phenotypes suggested that the signal of extant yellow
morphs is broadly optimized to maximize chromatic contrast
under the range of conditions in which spiders are potentially
viewed (Fig. 4A, C; Wilcoxon two-sample, W = 3520, P !
0.001). The signal of white morphs generates greater achromatic
contrast across environments relative to yellow morphs (Fig.
4C; Wilcoxon two-sample, W = 0, P ! 0.001). However,
unlike the theoretical maximal chromatic contrast presented by
yellow morphs, the achromatic contrast of white spiders is not
optimal in an “absolute” sense (i.e., greater achromatic contrast
could be achieved under natural conditions if their reflectance
extended into the ultraviolet; Fig. 4B). Prey composition was
indistinguishable between morphs (Table S1), and confirmed that
EVOLUTION 2016
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dipterans present the vast majority (>90%) of captures. Of these,
tephritids featured prominently (>65%), with muscids (about
15%) and drosophilids (about 10%) comprising most of the
remainder. Hymenoptera, particularly native stingless bees
Tetragonula sp., were the most abundant non-dipteran prey
item (about 9%), while various Hemiptera, Coleoptera, and
Orthoptera were also infrequently caught. There were no
differences between morphs in the rate of prey capture, either in
terms of Diptera (χ2 = 3.384, degree of freedom [df] = 1, P =
0.404) or all prey pooled (χ2 = 14.067, df = 7, P = 0.707).
There was a subtle difference in the intensity of background
light at the times when each morph caught prey (F1,142 = 18.76,
P ! 0.001, ω2 = 0.110), with white spiders presented against
brighter backgrounds than yellow spiders at those times (Fig.
S2). There was otherwise no morph difference in the intensity of
illuminating light (F1,142 = 0.01, P = 0.921), or the saturation of
illuminating (F1,142 = 2.3, P = 0.132) or background (F1,142 =
0.19, P = 0.921) light at times of prey capture.

Discussion
The theory of sensory drive has provided great insight into signal diversification, including polymorphism, in sexual-signaling
systems (e.g., Fuller 2002; Chunco et al. 2007; Gray et al. 2008).
Here, we show how sensory drive principles might be profitably
applied to deceptive predator-prey signaling. Our data indicate
a distinct bias in the fly-subjective chromatic and achromatic
appearance of G. fornicata morphs at the times of prey capture as compared to all viewing times. Yellow spiders presented
unusually high chromatic contrast against their viewing backgrounds when successful, whereas white spiders presented an
unusually high achromatic contrast at such times (Figs. 2C, d and
3). Although these results rely, in part, on a tentative model of
drosophilid vision, the correspondence between dipteran (Fig. 3)
and nonspecific (Fig. S1) sensory analyses shows that our findings are robust against gross variation in assumed viewer spectral
sensitivities and inputs (and, hence, also implies that these visual
effects may be similarly generated in a suite of potential viewers, albeit to varying degrees). Further visual modeling across
a hypothetical range of stimulus variation was consistent with
the notion that extant lure colors accentuate color and luminance
contrast in the environments that G. fornicata inhabit (Fig. 4).
We found no evidence of differences in capture success or prey
composition between morphs (Table S1). Finally, at times when
prey was caught, white morphs often signaled against brighter
backgrounds than yellow spiders (Fig. S2). Although our data are
strictly observational in nature, they support specific predictions
for how variation in light environments and receiver visual ecology, that is, the contextual use of color and luminance information
(discussed below), may underlie color-lure polymorphism.
8
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Our findings support the novel hypothesis that a color polymorphism may be adaptively maintained by selection for conspicuousness within different visual channels. This contrasts with
most color polymorphic systems, in which phenotypic variation
is maintained by temporal and/or spatial variation in selection
primarily for the chromatic properties of a signal. In sexual systems, for example, selection for chromatic conspicuousness in
variable environments is known to drive both intraspecific (Fuller
2002; Gray et al. 2008; Hancox et al. 2013) and interspecific signal diversity (Leal and Fleishman 2002; Gomez and Théry 2004;
Stuart-Fox et al. 2007). A notable exception occurs among sister
species of dichromatic surfperch, in which diverse ambient light
conditions are thought to have driven selection for either chromatic or achromatic visual biases in females (Cummings 2004,
2007). This variation in signaling environments is reflected in the
design of male sexual signals, with males of chromatically biased
species expressing signals with greater color contrast, and males
from achromatically biased populations expressing greater luminance contrast (Cummings 2007). The scarcity of polymorphic
signals tuned to discrete visual channels in sexual systems may,
in part, be a result of constraints introduced by common strategybased demands. There is likely to be physiological limits, for
example, on how information about mate quality may possibly
be communicated (McGraw and Hill 2000; Kemp and Rutowski
2007; White et al. 2015b). In contexts where strategy-based costs
are reduced (i.e., where simple conspicuousness is paramount),
such as lures, these constraints may be relaxed or at least shifted,
allowing for the use of otherwise elusive signal designs.
These findings are also consistent with the notion that selection for signal efficacy may broadly shape diversity in color-lures.
The prevalence of “yellow” and “white” colors in this class of signal (e.g., Heiling et al. 2005; Chiao et al. 2009; Llandres et al.
2011; Kemp et al. 2013), for example, may reflect common solutions to the challenge of maximizing conspicuousness in similarly
noisy environments and/or to receivers with common visual biases. That lures are often polymorphic (e.g., Muma 1971; Fan
et al. 2009; Rao et al. 2015) may also result from selection in
environments that vary in common ways. Along these lines, shifts
in the attractiveness of yellow versus white coloration of spider
webs (Nephila clavipes; Craig et al. 1996) and bodies (G. fornicata; Kemp et al. 2013) have been linked to small-scale changes in
ambient lighting driven by local weather conditions. That is, variation in the incidence of cloudy (hence relatively dull and spectrally flat) versus sunny (hence bright and saturated) skies. Our
finding for a difference in the brightness of visual backgrounds
at the times when each morph actually caught prey is consistent with such a threshold-type scenario, because our measures
of signaling environments necessarily capture some variation in
gross ambient lighting. The between-morph difference in environments is subtle however (Fig. S2), which cautions against strong
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interpretations of its possible significance in the absence of more
direct tests. Another possibility is that lure polymorphism may
impede learned or innate resistance in prey, which is analogous to how polymorphism in cryptic species is known to defeat the search images of predators (e.g., Bond and Kamil 2002;
Spottiswoode and Stevens 2012). A key signature of this mechanism in cryptic species is frequency-dependent fitness (Bond
2007). This is not supported by present data in G. fornicata, however, as evidenced here by the equivalent overall capture success
of morphs across a broad spatial scale (Table S1; although these
data are essentially a point sample, and so are unlikely to capture
temporal variation in fitness), and also seen in previous dedicated
empirical tests of this hypothesis (Kemp et al. 2013).
Extensive laboratory-based work continues to inform the
complex physiological basis of color and luminance processing
(Strausfeld and Lee 1991; Anderson and Laughlin 2000; Morante
and Desplan 2008; Paulk et al. 2008; Schnaitmann et al. 2013),
but understanding how visual information is used and may influence signal evolution in the wild poses a far greater challenge.
In seminatural settings, receivers may switch between prioritizing chromatic and achromatic information depending on which
is more informative (Kelber 2005; Schaefer et al. 2006), and/or
based on past experience (Kelber 2005). This implies predictable
consequences for the design of effective visual signals. In fruitforaging crows, for example, the alternating use of color and
luminance information may explain the occurrence of red accessory signals in fruit displays (e.g., Burns and Dalen 2002), which
Schaefer et al. (2006) suggest enhances overall (i.e., combined
color and luminance) conspicuousness. Similarly, our results support the contextual use of color and luminance information by
receivers as generating “opportunities” for deceptive signaling
(Fig. 3). Given enough information about signaling environments
and receiver visual ecology, it may prove possible to predict where
such opportunities lie in terms of signal design (as we attempt
here, e.g., Fig. 4).
In G. fornicata, it is notable that modeling predicts optimal achromatic contrast should be achieved by a true ultravioletwhite morph (Fig. 4B); a phenotype expressed in the closely
related Gasteracantha cancriformis (Muma 1971; Gawryszewski
and Motta 2012). Although it has not been examined in this genus,
ultraviolet reflectance across diverse spider taxa is known to be
a result of incoherent scattering by guanine crystals (reviewed in
Oxford and Gillespie 1998). Because guanine is a readily available
excretory product (Anderson 1966), the absence of an ultravioletwhite signal in G. fornicata is unlikely to be the result of physiological limitations. It instead may reflect biotic constraints, such
as a possible trade-off between the benefit of increased achromatic
conspicuousness (Fig. 4B), and the cost of decreased chromatic
conspicuousness (the chromatic contrast “valley”; Fig. 4A) under
the conditions in which relevant receivers, including predators,

view them. Alternately, limitations may be imposed by strategybased costs which, although often minimized, are never absent
in deceptive signaling systems (Searcy and Nowicki 2005; White
and Kemp 2015). Some dipterans, for example, have an apparent
innate aversion to ultraviolet-positive stimuli (Burg and Axtell
1984; Ishikawa et al. 1985; Judd et al. 1988). This may shape
the set of effective signal designs available to G. fornicata, for
which flies are the putative “intended” receiver (Table S1). Other
potential prey items, such as honey bees, however, often prefer ultraviolet-positive stimuli (Giurfa et al. 1995). This implies
greater potential for the evolution of true ultraviolet-white lures
in environments where the marginal fitness benefit of actively attracting bees outweighs the cost of deterring flies. Again, a deeper
understanding of the relevant receivers, and how they weigh and
respond to color versus luminance information will prove essential to realistic tests of such possibilities. Due to their empirical
tractability and color polymorphic nature, orb-web spiders such
as Gasteracantha present an excellent avenue for future progress.
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Figure S1. Null distributions of mean fly-subjective chromatic and achromatic contrasts (unitless) of (a, c) yellow, and (b, d) white Gasteracantha fornicata
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capture.
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Supplementary methods
Visual modelling
The quantum catch for a given photoreceptor i in the tetrahedral model of drosophilid vision was calculated
as:

Qi =

⁄

Ri (⁄)S(⁄)I(⁄)d⁄

(1)

⁄

where ⁄ denotes wavelength, and Ri , S, and I represent spectra for photoreceptor sensitivity, the stimulus, and
illuminant respectively (Endler and Mielke 2005). Quantum catches were then log transformed in accordance
with the Weber-Fechner law (Vorobyev et al. 2001; Endler and Mielke 2005), before being normalised to sum
to one. Co-ordinates in the tetrahedral stimulation space (with height = 1; Endler and Mielke 2005) were
then calculated as:

1 ≠ 2s ≠ m ≠ u
x=
2

y=

Ú

3
2

≠1 + 3m + u
Ô
2 2

z =u≠

1
4

(2)

(3)

(4)

where the subscripts u, s, m, and l - when dealing with fly vision - refer to quantum catches by R7p, R7y,
R8p, R8y photoreceptors respectively (Salcedo et al. 1999). Chromatic contrast was then calculated as the
Euclidean distance (unitless) between points:


(x1 ≠ x2 )2 + (y1 ≠ y2 )2 + (z1 ≠ z2 )2
1

(5)

Achromatic contrast was calculated as:

Qs ≠ Qb
Qs + Qb

(6)

where Qs and Qb refer to the quantum catches of Drosophila melanogaster‘s R1-6 photoreceptor when viewing
the spiders and backgrounds (i.e. ’luminance’, calculated as per equation 1), respectively (Salcedo et al. 1999;
Fleishman and Persons 2001).

2

Supplementary results
Table S1: The identity and abundance of large (>5 mm) prey captured by yellow and white G.fornicata
throughout the observational period. Ordered by overall (across-morph) abundance.
prey order

prey family

captured by white spiders

captured by yellow spiders

Diptera

Tephritidae

37

34

Diptera

Muscidae

16

9

Hymenoptera

Apidae

6

12

Diptera

Drosophilidae

9

8

Diptera

Calliphoridae

4

6

Coleoptera

Scarabaeidae

4

4

Coleoptera

unknown

4

4

Diptera

Tipulidae

5

2

Hemiptera

unknown

3

1

Diptera

unknown

2

3

Hemiptera

Aphididae

2

3

Diptera

Dolichopodidae

1

3

Unknown

unknown

3

0

Hemiptera

Pyrrhocoridae

1

1

Diptera

Culicidae

1

1

Diptera

Stratiomyidae

1

1

Hemiptera

Fulgoroidea

0

2

Orthoptera

unknown

2

0

Araenidae

unknown

1

0

Diptera

Tabanidae

1

0

Hemiptera

Cicadidae

0

1

3

Figure S1: Null distributions of mean fly-subjective chromatic and achromatic contrasts (unitless) of (a, c)
yellow, and (b, d) white G. fornicata against their backgrounds (as in Fig. 3, main text), repeated using a
modified segment-based analysis (Endler 1990; Dalrymple et al. 2015). Column headings indicate morphs. We
estimated chromatic contrast by calculating the relative intensity of four ‘segments’ in spider and background
spectra (300 - 700 nm, at 100 nm intervals; as per equations 4 and 6 in Endler 1990), converting each spectrum
to a point in a tetrahedral space (as per equations 19 - 20 in Endler and Mielke 2005, or equations 1-5
above), and calculating the Euclidean distance between spiders and their relevant backgrounds. Achromatic
contrast was calculated as per equations 6 (above), but with an ‘achromatic photoreceptor’ sensitivity set to
one across the 300 - 700 nm range. As in Fig. 3 (main text), these distributions are empirically generated,
and describe the probability of observing a given mean spider-background contrast value, under the null
hypothesis that fly captures occur at random with respect to the spiders’ visual appearance. The distribution
is generated from 5000 randomized sub-samples of a total pool of 1072 potential contrast values, which were
calculated by visually modelling every individual spider under its specific combination of background and
ambient illumination as recorded at every hour (134 spiders with 8 hourly light measures per day). The size

4

of each sub-sample corresponded to the number of large (>5 mm) fly captures (n = 77 and 67 for white and
yellow spiders, respectively). Vertical lines indicate the mean ± se of the observed data, that is, the mean ±
se of the observed chromatic and achromatic spider-background contrast values at the times of fly capture
events. We derived p-values (inset, along with Cohen’s d) by which to test the observed data against the
generated distributions by calculating the proportion of contrast values in the null distribution that were
equally or more extreme than the observed mean contrast value, and multiplying it by two (for a two-tailed
test; Adams and Anthony 1996).

5

Figure S2: The ‘brightness’ (µmol m-2 s-1 nm-1 ) and saturation (unitless) of illuminating and background
light around spiders at the times of prey capture. Boxplots show mean ± sd, maximum and minimum (a)
background brightness, (b) illuminating brightness, (c) background saturation, and (d) illuminating saturation.
Grey circles show raw data (n = 77 and 67 large dipteran captures for white and yellow spiders, respectively),
and asterisks’ indicate significance at P < 0.001.
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