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Insular ecosystems share analogous ecological conditions, leading to patterns
of convergent evolution that are collectively termed as the ‘island syndrome’.
In birds, part of this syndrome is a tendency for a duller plumage, possibly as a
result of relaxed sexual selection. Despite this global pattern, some insular
species display a more colourful plumage than their mainland relatives, but
why this occurs has remained unexplained. Here, we examine the hypothesis
that these cases of increased plumage coloration on islands could arise through
a relaxation of predation pressure. We used comparative analyses to investi-
gate whether average insular richness of raptors of suitable mass influences
the plumage colourfulness and brightness across 110 pairs of insular endemic
species and their closest mainland relatives. As predicted, we find a likely
negative relationship between insular coloration and insular predation while
controlling for mainland predation and coloration, suggesting that species
were more likely to become more colourful as the number of insular predators
decreased. By contrast, plumage brightness was not influenced by predation
pressure. Relaxation from predation, together with drift, might thus be a key
mechanism of species phenotypic responses to insularity.

1. Introduction

Islands are fascinating systems to study biological evolution as they are replicates
of geographically isolated systems that share similar ecological characteristics.
Their reduced area and simplified biota, including impoverished predator and
parasite communities, are usually associated with repeated patterns of conver-
gent evolution [1,2] grouped under the name ‘island syndrome’ [3]. In birds,
this syndrome includes changes in coloration, with many insular species exhibit-
ing less colourful and duller (i.e. less bright) ornamentations [4-6]. This decrease
in coloration has been proposed to result from a relaxation of two selective forces:
selection for species recognition [4-6] and intersexual selection [4,7].

However, not all species respond to insularity in a similar way. Some species
living on small islands show a ‘reversed island syndrome’, with increased color-
ation [4], sexual dimorphism and aggression [8]. Why does coloration increase
more often on small islands wherein the decrease should be more marked,
given a stronger relaxation of mate choice and need for species recognition?

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Changes in other selection pressures like predation, as well as
changes in the intensity of drift [9], could explain the cases
of a reversed island syndrome. Here, we conducted a study
to investigate how variation in insular predation relates to
island birds” coloration while controlling for the coloration
and predation faced by their mainland relatives.

With the exception of aposematism, predation is usually
thought to select for inconspicuous signals [10-12, but see
13]. This effect is further supported by the observation that
many birds tend to display a conspicuous plumage coloration
on their ventral part (hidden to aerial predators) and a cryptic
coloration on their back (exposed to predators) [14]. In insular
ecosystems, where predator richness is reduced [15], a relax-
ation from predation pressure could be associated with an
increase in conspicuousness. In agreement, the relaxation
from predation pressure on small islets influences coloration
traits of a lizard species, which evolved towards poorer
background matching, hence higher conspicuousness [16].

We studied 110 pairs of endemic insular bird species and their
mainland closest relatives and examined whether insular color-
ation is associated with the number of predator species on
islands while controlling for mainland coloration and
predation. If predation is an important driver of bird colour evol-
ution on islands, we predict a negative relationship between
insular predator richness and insular coloration, so that island
species facing more predators are more prone to show a decrease
in plumage coloration. Secondly, under the hypothesis that the
dorsal part of birds is more likely to be under a predation-
driven selection for crypsis [14,17] than the ventral part, we
expect the dorsal area of birds to be more influenced by changes
in predation.

2. Methods
(a) Data collection

The dataset is composed of 220 bird species (electronic supplemen-
tary material, appendix S1), corresponding to 110 endemic insular
species from 46 different archipelagos and their closest mainland
relatives from a similar latitude [4]. For the present study, we selected
only bird species that are not themselves birds of prey. We used spec-
trometry measurements of plumage coloration for three males
and three females of each species (see electronic supplementary
material, appendix S2 for details regarding plumage variation)
from a previous study by Doutrelant et al. [4] (excepting four new
pairs measured in 2018). Reflectance spectra were converted to
bird-specific photoreceptor excitations with the Goldsmith model
of tetrahedral colour space for a violet sensitive vision [18,19],
using the R package pavo [20]. Indeed, predators considered in this
study are raptors, which only have limited ultraviolet vision [21,22].

The intensity of coloration was estimated by the brightness,
which describes the intensity of the achromatic component of a
signal, and the colour volume, defined as the minimal convex
volume in the tetrahedral colour space that contains all the patches
measured. It quantifies the diversity of colours and is used to
describe colourfulness [18].

To estimate predation pressure, we collated data on the average
specific richness of sympatric avian predators across the range of
each species [23-29] and computed predator-prey mass allometry
relationships to exclude some predators based on size mismatch
with potential preys [23,30] (electronic supplementary material,
appendix S3). Predator densities or species-specific estimates of
raptor-driven mortality would provide additional resolution but
are not available for such a large-scale study. Predators included
were all species from the Accipitriformes and Falconiformes
orders, which are known predators of adult birds. Indigenous
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Figure 1. Difference in log colour volume between insular species and their con-
tinental counterpart in relation to the number of sympatric predators. A positive
value indicates a larger colour volume for the insular species compared to its
mainland relative. The regression line and its associated 95% (I are those pre-
dicted by the BPMM, accounting for continental predation. The mean log
continental colour volume was subtracted to the intercept, and insular predation
was transformed back to its original scale. (Online version in colour.)

terrestrial mammals are scarce or lacking on islands, representing
amarginal predation pressure on adult birds compared to avian pre-
dators [23,31]. Moreover, mammals are mostly blind to ultraviolet
and possess a poorer colour vision as they only have two types of
photoreceptors (versus four in birds). We did not include snakes
because they likely represent a less important predation pressure
as only a small number of species specialize on adult birds, even
though a few of them are known to be present on some of the islands
considered (e.g. Boiga irregularis [32]). Nocturnal avian predators
(Strigiformes) were excluded, as their eyes are mostly composed of
rod cells, resulting in a poor colour vision [33]. Resident, breeding,
and wintering ranges of all bird species considered in this study
were retrieved from BirdLife International and NatureServe [34]
and HBW [35], using a 10-min resolution grid. For polytypicspecies,
we used only the geographical range of the subspecies that was
measured by spectrometry, as subspecies usually differ in coloration.
When the range of a subspecies was too complicated to delimitate,
the whole range of the species was used. All species range maps
from Accipitriformes and Falconiformes (1 = 309) were collected at
the same spatial resolution, and the number of grid cells shared
between each focal species and each raptor species was calculated.

(b) Statistical analyses

We tested the effect of predator richness on the coloration of insular
birds while controlling for the coloration and predator richness of
their mainland closest relative [7,15,36,37]. The dependent variables
were the estimates of coloration of the insular species: colour volume
and brightness, which were averaged for males and females of each
species. Colour volume was log transformed prior to analyses.
Analyses were performed with the R software, v. 3.5.1 [38].

We first investigated how colour volume and brightness of
insular species were influenced by predation, considering the
whole body of birds, using 107 pairs of species with known
colour volumes (three species were excluded as at least four dis-
tinct colour patches are needed to compute a volume) and 110
pairs with known brightness. Explanatory variables were sex,
insular predation, continental predation, the interaction of both
terms with sex, and the absolute value of latitude of the insular
species. We also included as covariate the coloration of the con-
tinental species of the pair. Island size was not included in the
model to avoid collinearity due to its positive correlation with
insular predation (r=0.51; p <0.001).

20000207 ‘9L Ma7 ‘foig  |qsi/jeuinol/bao-buysiigndiranosiefos H



Table 1. Results of the BPMM exploring the relation of different factors with the log insular colour volume (n =107 insular species). All continuous

covariates were z-transformed to get standardized effect sizes.

log insular colour volume
model estimates 95% credible intervals
predictor variables estimate lower 2.5% CI  upper 2.5% CI
intercept -11.692 —12.488 —-10.883
——————
-13 -12 -11 -10
fixed effects
1
1 1
log continental colour volume 1823 1533 2075 ;
(z-transformed) |
: -
1
insular predation (z-transformed) -0.241 -0.513 0.030 1
1
1
. . § .
continental predation (z-transformed) 0,061 0357 0231 ;
1
——
]
1
latitude (z-transformed) -0.105 -0.319 0.113 1
1
sex male? 0.088 0.260 0.430 |
!
1
1
sex male * insular predation? 0.071 -0.281 0.425 1
1
1
sex male * continental predation? 0.147 -0.205 0.503 :
——
1
0 1 2
effect size

¢ Reference category is “sex female”

We then tested the influence of predation pressure on insular
brightness for different body parts separately. The ventral parts
and the head are assumed to be more prone to sexual selection
compared to other body parts. The dorsal parts (i.e. tail, outer
wing and back), more likely to be seen from above by avian pre-
dators, are potentially selected for crypsis [14]. The colour
volume has not been calculated for different body parts as at
least four measurements are needed to compute a volume in
a tetrahedral colour space and not all species displayed
enough visually distinct colour patches within each body part.
Explanatory variables were the same as in previous models,
and ‘body part’ was included as a two-level factor (ventral
patches/dorsal patches), along with interactions with insular
and continental predation.

As species do not represent independent data points due
to shared ancestry, all models accounted for the phylogenetic
dependence between species using Bayesian phylogenetic mixed
models (BPMMs). BPMMs were done using the R package
MulTree [39], with a species random effect linked to the phylogeny.
All simulations were performed on 100 alternative trees from
the most recent known phylogeny [40] instead of a consensus
tree, to account for phylogenetic uncertainty [41] (electronic
supplementary material, appendix S4).

marginal R? = 0.598
conditional R?=0.713
phylogenetic heritability = 0.873

3. Results

Most islands present decreased average predation richness (elec-
tronic supplementary material, appendix S5, figure Al).
Following our expectations, we found a likely negative effect of
insular predator richness on insular colour volume while
accounting for continental colour volume and predation
(estimate: —0.241 [95% CI: —0.513; 0.030]; figure 1 and table 1;
negative effect of insular predation estimated from the posterior
distribution in 95.9% of the cases). Insular species are on average
as colourful as their mainland counterparts in the absence of
avian predators but are more likely to be less colourful as the
number of insular predators increased (figure 1). Similarly, insu-
lar species facing a large decrease in predation pressure compared
to their mainland counterparts tend to display an increased color-
ation (electronic supplementary material, appendix S5, table Al
and figure Al). Latitude, sex and the interaction between sex
and predator richness did not have any clear effect (table 1).

We did not find any clear effect of insular predator rich-
ness on insular brightness at the scale of the whole body
—0.003 [95%CI: —0.011; 0.006];

(estimate: electronic
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supplementary material, appendix S5, table A2 and figure
A2) or on the dorsal and ventral parts (estimate for the
dorsal parts: 0.004 [95% CI: —0.004; 0.013], for the ventral
parts: —0.004 [95% CI: —0.013; 0.006]; electronic supplementary
material, appendix S5 and table A3).

The phylogenetic heritability was high for both colour
volume and brightness of insular birds (respectively, A =0.873
and 1 =0.992) [42,43].

4. Discussion

We found a trend suggesting a negative relationship bet-
ween insular predator richness and insular coloration while
accounting for mainland coloration and predation, as well as
controlling for a strong phylogenetic signal. These results
tend to support the hypothesis that island species facing less
predators are more prone to an increase in colour volume. To
our knowledge, this is the first comparative study testing the
effect of predation on colour evolution on islands. Below, we
discuss two non-exclusive hypotheses to explain the response
of colour volume to predation.

Species colonizing islands face reduced selection pressures
from mate choice and/or the need for efficient species
recognition [4], and thus should face a strong effect of genetic
drift [9]. The lower predation found on islands represents a
reduction of an important selective pressure, thus increasing
further stochasticity in plumage colour evolution. Accordingly,
about half of the species facing low predation (i.e. left side of
figure 1) displayed an increased colour volume, which is con-
sistent with stochastic dynamics. In addition, island size also
affected bird coloration (electronic supplementary material,
appendix 56). While this effect is likely to be linked to reduced
predation pressure, stochasticity is also thought to be stronger
on smaller islands due to more pronounced genetic
bottlenecks. However, species colonizing islands wherein pre-
dation pressure is high are more prone to evolve towards duller
coloration because the selective pressure imposed by predation
is maintained, while the strength of mate choice and need for
efficient species recognition are lowered.

Another possibility, independent of island living, is that
predation could act on coloration through colour-dependent
predation [44,45], where a decrease in predation pressure is
associated with diminished costs of being colourful, and
indirectly through changes in sexual selection. Indeed, preda-
tion is known to affect prey population size, and the removal
of predator species tends to enhance population size and thus
prey densities [46]. Higher population densities in birds have
been linked to higher rates of extra-pair paternity [47], hence
stronger sexual selection [48]. This mechanism would
indirectly favour colourfulness when predation is lowered.

Why plumage brightness, either at the scale of the whole
body or on different body parts, decreases on islands [4] but
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