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Abstract
Conspicuous colour patterns of animals, such as dots or stripes, can function as sexual and/or
social signals. Their evolution is often explained by honest indicator mechanisms or the sensory
exploitation hypothesis. In birds, however, the latter scenario has been scarcely tested. According
to the sensory exploitation hypothesis, prey-like colour patterns can evolve when they contribute
to attracting opposite-sex conspecifics by hitchhiking pre-existing sensory systems (sensory bias)
that help foraging. Even without cheating scenarios, visual systems can serve as an underlying
factor that facilitates the evolution of both foraging behaviours and colour patterns on the body.
To test this idea, we examined the relationship between bird plumage patterns and diet using
phylogenetic comparative approaches. Specifically, we focused on white polka-dot plumage
patterns in estrildid finches and tested whether such patterns evolved for visual sensory systems
that help foraging termites and other gregarious whitish small round prey items. Although we
predicted that white polka-dots exist in termite-eater species, and that termite-eating evolved
before the white polka-dot pattern, ancestral reconstruction did not reveal clear ancestral states
for termite-eating. However, the phylogenetic regression model showed that species with
conspicuous white polka-dots tended to be termite-eaters. We also found that estrildids with
white polka-dots were likely to become termite-eaters, while those without white polka-dots were
likely to become non-termite eaters, according to evolutionary transition analysis. These results
are in contrast to the prediction of sensory exploitation hypothesis, wherein diet is believed to
trigger the evolution of plumage patterns. However, the results presented here suggest that
pre-existing sensory bias for white dots may have promoted the evolution of both termite-eating

and white polka-dot plumage patterns in estrildids.
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INTRODUCTION

The sensory exploitation hypothesis posits that signallers derive reproductive benefits
from exploiting the pre-existing sensory bias of receivers, originally shaped for foraging or
predator avoidance (Ryan 1990, 1998; Ryan & Keddy-Hector 1992; Endler & Basolo 1998;
Rodriguez & Snedden 2004). Typically, if males have ornamentation that mimics food, they
become successful in mating by attracting females that have a sensory bias for the food that is
being mimicked. In this way, males may have evolved sexual traits that attract the attention of
females by hitchhiking pre-existing sensory systems of females (Ryan 1990, 1998; Endler &
Basolo 1998).

Several studies support the sensory exploitation hypothesis of sexual signals. For
example, male guppies (Poecilia reticulata) exploit female visual sensory bias for food (Rodd et
al. 2002). They display orange spots on the body, which resemble fruits that are hard to find but
preferred by guppies, and stimulate females seeking valuable fruits (Rodd et al. 2002). Male
water mites (Neumania papillator) use a vibration signal that mimics their prey by trembling their
legs, attracting females by exploiting their prey-detection mechanisms (Proctor 1991, 1992).
Despite numerous previous empirical studies on a range of species, the hypothesis has not been
well examined for the evolution of visual traits in birds (Ryan 1998; Rodriguez & Snedden 2004).
Exceptionally in bowerbirds (Ptilonorhynchidae), the colour of the decorations of these birds
used for male courtship was claimed to match with female colour preference when foraging
(Madden & Tanner 2003; but see also Borgia & Keagy 2006). In addition, in male jungle fowls
(Gallus gallus), their wattle ornamentations function for enhancing food-related visual displays
(Schenkel 1956; Stokes & Williams 1971; Smith et al. 2009). Several other avian studies in line
with the sensory exploitation hypothesis focused on the presence of sensory bias, but did not
investigate whether males actually deceive females (e.g. Burley & Symanski 1998; Collins 1999;

Jones & Hunter 1999).



Birds are characterized by conspicuous or cryptic plumage patterns, which are likely to
have evolved for intraspecific communications or as a result of predator-prey interactions,
respectively (Roulin 1999b; Bortolotti et al. 2006; Gluckman 2014; Marshall & Gluckman 2015;
Soma & Garamszegi 2018). The signalling function of patterns is often explained in light of
honest indicator mechanisms, which propose that vivid colours or distinct patterns are possessed
by individuals with better conditions as honest signals of an individual’s quality (Zahavi 1975,
1977; Hamilton & Zuk 1982; Andersson 1986). Supporting this view, in zebra finches
(Taeniopygia guttata), black and white stripes on the chest of the males represent early nestling
diets (Birkhead et al. 1999), and females prefer males with symmetric chest stripes (Swaddle &
Cuthill 1994). Similarly, in common waxbills (Estrilda astrild), the regularity of barred plumage
reflects body condition, especially in adult males (Marques et al. 2016). While these studies focus
on male phenotypic variations and the female preferences, in barn owls (7yfo alba), males are
known to assess female quality according to the spottiness of the plumage of the females (Roulin
1999b). Female barn owls have more spots than males (Roulin 1999a), where the spots are
representative of parasite resistance (Roulin et al. 2001).

What has remained a mystery until now is why a particular type of plumage patterns (e.g.
colour combinations or shape of the pattern motif) evolved in each species. In order to gain an
evolutionary understanding of the plumage colour patterns of different birds, it would be of help
to investigate the role of foraging-related sensory bias. Prey-like colour patterns are known to
have evolved in fish (Rodd et al. 2002; Garcia & Ramirez 2005), which could be explained by
deception mechanisms as predicted by the sensory exploitation hypothesis, and can also solely be
attributed to shared visual mechanisms beneficial for the detection of foods and the identification
of conspecifics (sensory bias). In other words, having sensitivity for a particular colour may
contribute to the successful foraging of food and the identification of conspecifics in the same
colour. For a similar reason, being able to see or pay attention to small dots or stripes (higher

visual acuity) can help in both the visual detection of small/thin prey items and the identification



of finely patterned conspecific individuals. This is why, here, we predict that a sensory bias for
termite-eating may have caused the evolution of white polka-dot patterns in birds.

Estrildid finches (family Estrildidae) are good subjects to test the idea that diet-driven
sensory bias contributed to the evolution of plumage colour patterns. Estrildid finches are
gregarious socially monogamous songbirds with varying degrees of coloniality and plumage
dichromatism (Goodwin 1982). In over 25% of estrildid species, both males and females have
white polka-dot plumages, which have been suggested to have serve a signalling function (Soma
& Garamszegi 2018) (see examples in Fig. la-d). Specifically, they show social and sexual
displays in a close distance often on the same perch (Goodwin 1982; Soma & Garamszegi 2015),
where dots on the flank (Fig. 1) could serve as a clue for individual identification or social/sexual
signals. Supporting this idea, a species of estrildid finch, diamond firetails (Stagonopleura
guttata, Fig. 1a), have white polka-dot patterns on its flank, and the number of dots is associated
with its physical condition (Zanollo et al. 2012) and social dominance in females (Crowhurst et al.
2012). We hypothesized that these white polka-dot patterns evolved due to a sensory bias that
facilitates foraging behaviour for whitish small round prey often found in swarms, such as
termites and ant larvae or eggs. Actually, red-headed finches (Amadina erythrocephala) are
known to take harvester termites (Hodotermes mossambicus), and star finches (Neochmia
ruficauda) eat giant northern termites (Mastotermes darwiniensis) (Goodwin 1982). Uraeginthus
spp. also eat Odontotermes (Hamed & Evans 1984) or Macrotermes (Yamashina 2014). In
captivity, western bluebills (Spermophaga haematina) eat house fly maggots (Musca domestica)
(Goodwin 1982). These prey are regularly consumed in some estrildid species, as they ensure the
protein intake needed for the breeding season is met. However, estrildid finches are generally
grain-eaters.

In this study, we tested our hypothesis that white polka-dot patterns in estrildid finches
evolved in species foraging small, round, white gregarious insects by using phylogenetic

comparative approaches. First, we performed ancestral state reconstruction on white polka-dot



patterns and eating termites (including other gregarious round invertebrates) to determine
whether foraging preceded the evolution of sexual characteristics, as is often depicted in notable
examples of sensory exploitation (Ryan 1998). Second, we examined the correlation between the
evolution of white polka-dot patterns and termite-eating using phylogenetic regression models.
Finally, we tested the evolutionary transition between the two traits (i.e. termite-eating and

polka-dots).

MATERIAL AND METHODS
Data collection

We collected data on the diets of 134 estrildid species based on the literature: “Estrildid
finches of the world” (Goodwin 1982) and “Handbook of the birds of the world. Vol. 15” (Payne
2010). We verified whether each species feeds on whitish round gregarious forms of
invertebrates, which included termites, and the eggs, larvae, and pupae of ants, but did not
include winged-termites because of their colour, shape, and mobility. For convenience, those
species that were found to feed on round invertebrates will be denoted as termite-eaters hereafter.
Furthermore, in order to consider the alternative possibility, that the invertebrate protein diet
influences the plumage patterns regardless of the colour and shape of the prey, we checked
whether each species feeds on any invertebrates, which included ants, spiders, caterpillars, and
worms (referred to as invertebrate-eaters, hereafter). In this way, each estrildid species was
categorized as termite- or non-termite eater, and invertebrate- or non-invertebrate eater, wherein
invertebrate-eating species encompassed all termite-eating species. Due to the limited
information available in the literature, we were not able to identify the prey species. It should be
also noted that the above categorizations (i.e. termite-eater and invertebrate-eater) included only
those species regularly consuming each diet.

We collected data on the presence/absence of white polka-dot patterns in 134 species of

estrildid finches based on the descriptions of the above two books (Goodwin 1982; Payne 2010).



Polka-dot patterns were defined as white dots appearing regularly and repeatedly on plumage, as
the members of this family of birds do not ever have black or red dots. We scored the presence
and absence of these dot patterns as 1 and 0, respectively. The plumage of males and females
within a species was checked separately since some species have plumage dichromatism.
Additionally, we scored the conspicuousness of dots by taking the diameter of the dots (in cm) in
both males and females based on the data obtained from Soma and Garamszegi (2018), in which
diameter was scored as 0 for species without dots. Although some estrildids have UV vision
(Odeen & Hastad 2003), there was no pattern in the nonvisible part of the spectrum that was
apparent only under UV light (Soma & Garamszegi 2018). As males and females can differ with
respect to the presence of white polka-dot patterns, we repeated the analyses for male and female
datasets, which scored the presence of dots in males or females of each species respectively. The
same analyses were also carried out for the species dataset used to score for the presence of dots

on either or both sexes.

Phylogeny

For the phylogenetic comparative analyses, we were unable to obtain a compelling
consensus phylogenetic tree with branch lengths of estrildid finches, but we were able to derive
multiple alternative trees from https://birdtree.org (Jetz et al. 2012), which was sufficient to
control for the phylogenetic uncertainty for our analyses. We used 1000 trees from the dataset for

the analyses described in the following section.

Phylogenetic comparative analyses

Ancestral state reconstruction. To determine the evolutionary history of diet (termite-eating and
invertebrate-eating) and white polka-dots in male and female estrildid finches, we performed
ancestral state reconstructions. We used the maximum-likelihood method using the R package

“phytools” (Revell 2012), wherein 1000 phylogenetic trees were used repeatedly for the ancestral



state reconstructions. The outcomes were averaged to calculate the likelihood of common
ancestral states. When averaging each likelihood, we weighted the parameter estimates based on
the AIC of the respective model corresponding to an individual tree (Garamszegi & Mundry

2014).

Regression models. To elucidate the phylogenetic relationship between white polka-dots and
termite-eating, we built regression models in two ways. First, to test whether termite-eating
affects polka-dots, we conducted phylogenetic logistic regression analysis using the function
phyloglm in the R package “phylolm” (Ho et al. 2018). In the phylogenetic logistic regression
models, termite-eating or invertebrate-eating were used as explanatory variables, while the
presence/absence of white polka-dots in each sex was used as a response variable, using the male
and female datasets. We used the same set of 1000 phylogenetic trees as those used for the
ancestral reconstructions, from which we obtained the model-averaged mean coefficients,
standard errors (SEs), and 95% confidence intervals (CIs). When averaging the models, we
weighted the parameter estimates based on the AIC of the respective model corresponding to an
individual tree (Garamszegi & Mundry 2014). Second, we tested whether polka-dot
conspicuousness affects termite-eating using the male and female datasets. We fitted
Phylogenetic Generalized Least Squares (PGLS) regressions, in which white polka-dots size was
used as an explanatory variable and the termite-eating/invertebrate-eating was used as a response
variable using the R packages “ape” (Paradis & Schliep 2018) and “caper” (Orme et al. 2018).
We repeatedly fitted the same model using each of the 1000 phylogenetic trees and obtained the
mean and CI for the estimated parameters by model averaging the 1000 outcomes. To average
1000 outcomes, we used the parameters weighted by AIC for each model corresponding to an
individual tree (Garamszegi & Mundry 2014). All analyses were carried out in R 3.5.1 (R

Development Core Team 2018).



Evolutionary transition analyses. To estimate the evolutionary transitions between the
presence/absence of white polka-dots in association with the presence/absence of termite-eating,
we used discrete modules of the maximum likelihood function of BayesTraits V 3.0.1 (Meade &
Pagel 2017). Firstly, we compared a dependent model, wherein white polka-dots and
termite-eating evolved dependently, with an independent model, wherein these traits evolved
independently. Secondly, we investigated the direction of the significant evolutionary transition
by sequentially restricting all eight possible changes in the character state of the dependent model
to zero and comparing these to the original model. The significance of the model comparisons
was determined using likelihood rate tests (LR tests), with a set at 0.05 (P < 0.05). Likelihoods
were estimated using 1000 optimization attempts per run. We reported the model-averaged
estimates from 1000 alternative trees based on the log-likelihood of the model. In addition, in
order to investigate whether eating invertebrates affects the presence of white polka-dots
regardless of their shape or colour, we also ran the same analyses for the transitions between
invertebrate-eating and white polka-dots. These analyses were repeatedly performed using

species or male/female datasets for dots.

RESULTS

Among the 134 estrildid finches, 30 species had white polka-dots in both sexes, while a
few species show male-biased or female-biased sexual dichromatism in the presence of
polka-dots. Specifically, the females of 34 species and the males of 31 species in total had white
polka-dots. 61species of estrildids (46%) are termite-eaters. More than 65% of the termite-eaters
had white polka-dot patterns on their plumages (females: 23 out of 34 species, males: 21 out of
31 species), whereas less than 40% of the non-termite eating species had white polka-dots

(females: 38 out of 98 species, males: 40 out of 101 species).

Ancestral state reconstruction



The ancestral states for termite-eating were unclear, since the reconstruction showed that
the likelihood of having each trait was almost equal to that of lacking it (proportional likelihood
of termite-eating = 0.517). On the other hand, common ancestors were found to have a high
likelihood of invertebrate-eating (proportional likelihood of invertebrate-eater = 0.989). The
estimated ancestral state for white polka-dots revealed that common ancestors did not have white
polka-dot plumage patterns (proportional likelihood of white polka-dots on males = 0.039,

proportional likelihood of white polka-dots on females = 0.042).

Correlations between white polka-dots and diets

Using the male and female datasets, we performed two sets of regression models, testing
the effects of diet on the presence of white dots, and the effects of dot size on diet. We did not
find a significant effect of termite-eating on the presence of white polka-dot patterns on their
plumages (Table 1). Likewise, we did not find a significant effect of invertebrate-eating on the
presence of white polka-dots (Table 1). Conversely, we found that the diameter of white
polka-dot had a significant positive effect on the presence of termite-eating in estrildids (Table 2a,
Fig. 2), while invertebrate-eating was not affected by the diameter of white polka-dot (Table 2b,

Fig. 2).

Evolutionary transitions

The evolutionary transition analyses supported the idea that white polka-dots and
termite-eating evolved significantly dependently at the species level (species datasets: average
LR = 11.176, df = 4, P = 0.025; Fig. 3). When we conducted the same analyses in males and
females separately, we found that these two traits evolved dependently in the female dataset, but
not in the male dataset (female dataset: average LR = 10.265, df = 4, P = 0.036, male dataset:

average LR = 8.769, df =4, P = 0.067). There was no statistically significant difference between
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the evolutionary models that white polka-dots and invertebrate-eating evolved independently, and
those models that evolved dependently (species datasets: average LR = 6.766, df =4, P = 0.149).
Further evolutionary transition analyses on the species dataset revealed that white
polka-dot patterns caused the evolution of termite-eating, but not vice versa (Fig. 3). When
estrildids were termite-eaters, the evolutionary transitions between the presence and absence of
white polka-dots were not statistically significant (gaining white polka-dots: average LR = 0.176,
df = 1, P = 0.675, losing white polka-dots: average LR = 1.294, df = 1, P = 0.740; Fig. 3).
Similarly, when estrildids were non-termite eaters, the evolutionary transitions between the
presence and absence of white polka-dots were not statistically significant (gaining white
polka-dots: average LR = 1.252, df = 1, P = 0.263, losing white polka-dots: average LR = 1.294,
df =1, P =0.255; Fig. 3). However, estrildids with white polka-dot plumages were more likely to
become termite-eaters than non-termite eaters (Fig. 3). Estrildids without white polka-dot patterns

were more likely to become non-termite eaters than termite-eaters (Fig. 3).

DISCUSSION

The results obtained from this phylogenetic comparative study partially support the idea
that white polka-dot patterns in estrildids have evolved due to the sensory bias that facilitates
termite-eating. Estrildid finches with conspicuous polka-dots (i.e. larger dots) were found to tend
to be termite-eaters (Table 2). Moreover, the evolutionary transition analyses revealed that
species with polka-dot patterns were likely to become termite-eaters, while those without dots
were likely to lose the behaviour of termite-eating (Fig. 3). The evolutionary process revealed
from the present study is in contrast with the prediction made using the sensory exploitation
hypothesis that diet promotes the evolution of visual signals. These results are rather unexpected,
but do not deny the possible role of sensory bias on diet and plumage patterns. Sensory systems
that help visual detection or individual identification of conspecifics with dot patterns are likely

to be useful for foraging on small gregarious invertebrates appearing as repeated dots, and
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beneficial for protein-rich nutrients (Goodwin 1982; Payne 2010). In addition, we cannot deny
the possibility that detected evolutionary transitions might be affected by the limit of information
regarding termite-eating.

Although we found a relationship between white dots and termite-eating, it is not
probable that white dots directly reflect the dietary nutrition obtained from termites or other
invertebrates. White feathers are structurally colourless and made of unpigmented feather
keratins, and are therefore assumed to require fewer resources for their production, compared to
the feathers of carotenoid- or melanin-based plumages (Jawor & Breitwisch 2003; Prum 2006).
However, it is also unlikely that white plumage ornamentations do not require any maintenance.
White feathers are known to be more susceptible to parasites and abrasion than feathers with
melanin (Swaddle & Witter 1995; Kose & Mpgller 1999; Griggio et al. 2011), which is the reason
why white plumage serves as an ornamentation that is a good indicator of the individual’s
condition. For example, the whiteness of the tail patches in male dark-eyed juncos (Junco
hyemalis) are affected by the quality of their diet (McGlothlin et al. 2007), with whiter males also
having larger body sizes and have greater mating success (McGlothlin et al. 2005). In estrildid
finches, Diamond firetail (Stagonopleura guttata) females have more white dots along their
flanks than males on average (Zanollo et al. 2014, Fig. 1a). The number of dots is representative
of the physical condition (Zanollo et al. 2012) and predicts feeding dominance in females
(Crowhurst et al. 2012). Although the expression of white dots is likely to be low cost, it may
incur a maintenance cost, such that white polka-dots can be considered as a good indicator, as
reported in diamond firetails (Crowhurst et al. 2012; Zanollo et al. 2012, 2014). We also assume
that it is unlikely that the white polka-dots of estrildids evolved for the purpose of camouflage. In
estrildids, dots appear mainly on the ventral side, and in some species dots are tiny and small in
number (Fig. 1b and 1d), which would be ineffective for camouflage.

Within the literature on the sensory exploitation hypothesis (Ryan 1990, 1998; Endler &

Basolo 1998), few studies have investigated the possibility of female traits evolving in parallel
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with male traits (e.g. Funk & Tallamy 2000). It is often the case that females are seen as victims
of male deception. However, considering that males and females are likely to share the same
sensory systems for foraging and surviving, both sexes may be attracted by similar stimuli. For
example, in some Goodeinae species, in which males have terminal yellow bands (TYB) on their
tails, used to attract the females by exploiting their prey-detection system (Garcia & Ramirez
2005), both males and females have been found to bite tails with conspicuous TYB (Garcia &
Ramirez 2005). This indicates that mutual deception may lead to the evolution of prey-like
patterns in both sexes. Otherwise, sensory systems shared between sexes also explain mutual
ornamentations that do not involve any deception scenario, especially when such ornamentations
are used for individual recognition and social signalling. This idea is supported by the fact that
white dotted patterns are found in both sexes in many estrildid species, where only a few species
have sexually-biased white dots (i.e. where only the males or females have white polka-dots).
Furthermore, females often have more dots than males in an estrildid species (Zanollo et al. 2012,
Fig. 1a). As such, the white dot ornamentations found on the plumage of estrildids may play an
important role in recognizing conspecifics in addition to their function as sexual signals.

Lastly, we would like to stress that this is the first interspecific comparative study that
shed light on the possible relationship between visual system and avian plumage evolution, and
that there should be more scrutiny. Even for estrildid plumage ornamentation, we can think of
other scenarios than what we proposed in the present study. Considering that all estrildids eat
small grass seeds that are often round and pale, we suspect that there might be a relationship

between seed size/shape and plumage pattern, which should be examined in the future.
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FI » (a) Stagonopleura guttata (b) Estrilda coerulescens

(¢) Spermophaga haematina (d) Lagonosticta senegala

Fig. 1. Examples of interspecific variations and sexual differences in plumage patterns of
estrildids (a-d). (a) In diamond firetails (Stagonopleura guttata), females have more polka-dots
than males (Crowhurst et al. 2012), where the number of dots reflects the physical condition
(Zanollo et al. 2012) and social dominance of females (Crowhurst et al. 2012). (b) In lavender
waxbills (Estrilda coerulescens), both males and females have only a few white spots on their
under tail-coverts. (c) In western bluebills (Spermophaga haematina), females have white
polka-dot patterns. (d) In red-billed firefinches (Lagonosticta senegala), although the body colour
is greatly different between males and females, both sexes have almost invisible white dots along
their flank and chest.
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Fig. 2. Comparison of male and female white polka-dots sizes between termite-eater and
non-termite eater species. Although termite-eating (vertical axis) is included, the diameter of the
white dots in 11 species of females is unknown due to a lack of measurable specimens. The same
is true for 10 species of males. Species without dots are shown the graph as “0.00 cm”. All box

plots denote quartiles.
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Fig. 3. Evolutionary transitions for the presence/absence of white polka-dots in termite-eaters and

non-termite eaters. There are four possible trait states with eight potential transitions among them
(gains and losses for each): black filled arrows illustrate the significant evolutionary transitions of

these traits, while grey dashed arrows show non-significant evolutionary transitions.
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Table 1.

The effect of diet (either termite or invertebrate eating) on the presence of polka-dots in males (a) and
females (b) estimated using phylogenetic logistic regression analysis.

Response variable Explanatory variable Coefficient SE 95%CI

(a) Male polka-dots Intercept (Termite-eater) —1.043 0.727 (- 2.497, 0.411)
Termite-eater 0.296 0.305 (- 0.314, 0.906)
Intercept (Invertebrate-eater) - 1.035 0.775 (- 2.586, 0.516)
Invertebrate-eater 0.011 0.245 (- 0.578, 0.500)

(b) Female polka-dots Intercept (Termite-eater) - 0.865 0.673 (- 2.210, 0.481)
Termite-eater 0.167 0.258 (- 0.348, 0.683)
Intercept (Invertebrate-eater) - 1.036 0.695 (- 2.426, 0.354)
Invertebrate-eater 0.017 0.247 (- 0.478, 0.511)

Table 2.

The effects of the white polka-dot size (either males or females) on termite-eating (a) and invertebrate-

eating (b) estimated using phylogenetic generalized least-square models. Significant effects of white

polka-dot size on (a) termite-eating, not (b) invertebrate-eating. Bold typeface is used when 95%
confidence interval (CI) does not contain zero; therefore, it can be shown as a significant effect.

Response variable Explanatory variable Coefficient SE 95%C1

(a) Termite eating Intercept (Male dot size) 0.424 0.102  (0.625, 0.223)
Male white polka-dot size (cm) 2.197 0.901 (0.430, 3.963)
Intercept (Female dot size) 0.421 0.101 (0.223, 0.619)

Female white polka-dot size (cm) 2.456 0.835 (0.820, 4.092)

(b) Invertebrate Intercept (Male dot size) 0.803 0.092  (0.984, 0.622)
eating Male white polka-dot size (cm) 0.936 0.767 (- 0.567, 2.439)
Intercept (Female dot size) 0.095 0.610 (0.610, 0.984)
Female white polka-dot size (cm) 1.034 0.727 (-0.391, 2.459)
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