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Abstract
1. Many insular plant species inhabiting different archipelagos worldwide present 

typical ornithophilous floral traits (e.g. copious nectar, red- orange colours), but 
most of them are visited by insectivorous/granivorous birds and lizards, which act 
as generalist pollinators. Oceanic islands promote these ecological interactions 
mainly due to the scarcity of arthropods. Our goal is to understand how these 
generalist interactions contribute to the shift of floral traits from entomophily 
(mainland) to ornithophily or saurophily (island), where specialist nectar- feeding 
birds have not inhabited.

2. We used the well- known pollination interactions occurring in the Canary Islands to 
evaluate two proposed ecological hypotheses, bee- avoidance or bird- attraction, 
explaining evolutionary transitions of floral traits. Specifically, we studied the 
flower colour conspicuousness of bird- pollinated Canarian species visited by 
birds and lizards with their closest relatives from the mainland mainly visited by 
bees. We analysed the chromatic contrast of flower colours using visual models 
of bees, birds and lizards and the achromatic contrast in visual models of bees. 
We also compared reflectance spectra marker points of flowers with available 
spectral discrimination sensitivities of bees and birds.

3. Using a phylogenetically corrected framework of independent plant lineages, our 
results revealed that bird- pollinated Canarian species showed lower chromatic 
contrast according to bees and lizard visual models than their mainland relatives, 
but similar chromatic contrast for bird vision. In addition, reflectance spectra 
marker points of the Canarian species were displaced to the longest wavelengths, 
far from the wavelengths of maximum discrimination of bees, but close to birds.

4. We conclude that the avoidance of bees would be a primary ecological strat-
egy explaining the evolutionary transitions of flower colours from melittophily 
to ornithophily. The lower conspicuousness of bird- pollinated Canarian flowers 
in lizards is perhaps a side effect of the bee- avoidance strategy rather than an 
independent evolutionary strategy. Together, these findings provide insights into 
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1  |  INTRODUC TION

Most flowering plants are pollinated by animals, with bees (Apoidea) 
the main group of pollinators (Ollerton et al., 2011). However, thou-
sands of plants worldwide depend on birds for pollination, that is 
ornithophily (Abrahamczyk, 2019; Cronk & Ojeda, 2008), including 
specialized nectarivores, such as hummingbirds and sunbirds, but 
also birds with a more generalist diet such as passerine birds feed-
ing on insects, seeds or fleshy fruits (Abrahamczyk, 2019; Valido 
et al., 2004). The importance of lizards (Squamata: Sauria) as polli-
nators (i.e. saurophily) has also been recognized in many parts of the 
world, especially on islands (Correcher et al., 2023; Hervías- Parejo 
et al., 2020; Olesen & Valido, 2003).

In general, oceanic islands, as well as other ecosystems such as 
high mountains or deserts, have low arthropod abundance, limiting 
the availability of food for generalist- insectivorous vertebrates (i.e. 
birds and lizards; e.g. Janzen, 1973). This scarcity of food prompts 
these vertebrates to expand their trophic niche by feeding on nec-
tar/pollen or fruits (Abrahamczyk, 2019; Correcher et al., 2023; 
Olesen & Valido, 2003), and acting such as mutualist agents. In 
this sense, the pollinator shifts from entomophily (i.e. insect- based 
pollination on the mainland) to ornithophily or saurophily (after its 
colonization to islands) could also promote evolutionary changes on 
floral traits exerted by these new pollinators (Cronk & Ojeda, 2008; 
Abrahamczyk, 2019; see also Shrestha et al., 2016 for evolution of 
floral traits in an island with a predominately or exclusively dipteran 
pollinator fauna). This can be especially advantageous for insular 
plants, whose gene pool is often limited (Frankham, 1997). For ex-
ample, it is known that both specialist and generalist birds promote 
gene flow among plants through their pollination behaviours, facili-
tating the transfer of pollen over greater distances compared to bees 
(Bezemer et al., 2016; Gamba & Muchhala, 2022).

In the Canarian archipelago, at least six species of generalist 
passerine birds (Fringillidae, Paridae, and Sylviidae) and five species 
of lizards (Lacertidae and Gekkonidae) frequently visit flowers for 
nectar/pollen of at least 15 native plant species from seven families 
(Appendix S1: Table S1; Ojeda, 2013; Valido et al., 2004; Valido & 
Olesen, 2010). All these plant species are included in the so- called 
‘Macaronesian bird- flowered element’ (Olesen, 1985) and can share 
similar floral characteristics such as red- orange flower colour, copi-
ous and hexose- rich nectar, and loss of conical cells on the epider-
mal surface (Dupont et al., 2004; Ojeda, 2013; Ojeda et al., 2016; 
Ollerton, Cranmer, et al., 2009; Valido et al., 2004). These sets of 
floral traits are termed ‘pollination syndromes’ and have evolved in 

response to natural selection to attract effective pollinators or avoid 
the least effective ones (e.g. Ollerton, Alarcón, et al., 2009).

Here, we focus on floral colour because it plays a major role 
in attracting birds (and lizards) or repelling bees, that is function-
ing as an exclusion mechanism (Chittka & Menzel, 1992; Cronk & 
Ojeda, 2008), and flower colour perceived by a specific pollinator 
would depend on its visual system. For example, bees have trichro-
matic vision with peaks of sensitivity in UV, blue and green regions 
of the light spectrum (Peitsch et al., 1992; Appendix S1: Figure S1). 
Birds and lizards are tetrachromatic, with peak sensitivities in the 
UV, blue, green, and red (Hart et al., 2000; Martin et al., 2015; 
Appendix S1: Figure S1). Thus, flowers only presenting reflectance in 
the red region of the light spectrum are more inconspicuous to bees, 
because they have lower sensitivity in this region than birds and liz-
ards (Chittka & Waser, 1997). This characteristic has been pointed 
out as a ‘bee- avoidance’ strategy (see e.g. de Camargo et al., 2019; 
Lunau et al., 2011), which has been shown to be the strongest force 
compared to a ‘bird- attraction strategy’, even though both strate-
gies can act simultaneously (Castellanos et al., 2004). On the other 
hand, bees show innate preferences for blue colours, while birds like 
red flowers, but do not have innate preferences for any colour (e.g. 
Lunau et al., 2011).

Several plant traits such as floral colour, micromorphology of 
petals, chemical composition and volume of nectar have been stud-
ied in order to understand how a bird- pollination syndrome evolved 
in the Canarian plants (Dupont et al., 2004; Ojeda et al., 2013, 2016; 
Ollerton, Cranmer, et al., 2009). However, these studies did not in-
corporate flower colour and the visual system of pollinators in their 
mainland ancestors. Here, we analyse the floral colour spectral traits 
of all Canarian species included in the ‘Macaronesian bird- flowered 
element’ and their closest mainland relatives and compare their 
conspicuousness according to the vision models of their main pol-
linators, bees, birds, and lizards. Additionally, reflectance spectra 
marker points of flowers were compared with the available spectral 
discrimination sensitivities of bees and birds to estimate how well 
the flower colours matched the colour discrimination ability of polli-
nators, respectively (Chittka & Menzel, 1992; Shrestha et al., 2013a). 
Consequently, we hypothesized that bird- pollinated Canarian spe-
cies should be less conspicuous to bees than their mainland relatives, 
whereas island and mainland species should be similarly conspicuous 
to birds. Our results verify this hypothesis and represent the first 
comprehensive analysis of flower colour evolutionary transitions 
that includes visual models of their specific pollinators in a phyloge-
netically corrected framework of independent plant lineages.

how vertebrate generalist pollinators can also lead to divergence of floral traits in 
insular habitats, but also in other arthropod- poor habitats.

K E Y W O R D S
bee avoidance, bird attraction, Canary Islands, chromatic contrast, flower colour evolution, 
ornithophily, plant–animal interactions, visual modelling
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2  |  MATERIAL S AND METHODS

2.1  |  Study species and sites

We selected Canarian plant species belonging to the so- called 
‘Macaronesian bird- flowered’ element defined as ‘putatively pol-
linated’ by birds and lizards (Olesen, 1985; N = 14; see Appendix 
S1: Table S1). Here, we named them the ‘Canarian bird- flowered 
element’, including strict bird- pollinated species whose flowers are 
mainly visited by birds and lizards and presenting typical ornithophil-
ous flower traits, and opportunistic ones whose flowers are highly 
visited by bees and other insects, as well as by birds and lizards 
(Appendix S1: Table S1). The flower traits of the last group are more 
diverse and cannot be unambiguously assigned to any specific polli-
nation syndrome. For example, the flower of Teucrium heterophyllum 
is pink- red in colour (characteristic of ornithophily), but its nectar 
contains mainly sucrose (characteristic of melittophily or specialist 
birds pollinators but indigestible to opportunistic passerine birds; 
Dupont et al., 2004). Thus, opportunists are intermediate between 
insect-  and bird- pollinated species.

For each Canarian plant genus, for comparison we selected a 
close relative from the mainland according to recently published 
phylogenies (see Appendix S1: Figure S2). Canarina canariensis was 
an exception. Its closest relatives (C. abyssinica and C. eminii) are 
East African (Olesen et al., 2012), and we were unable to locate 
them in any botanical garden, and consequently, C. canariensis was 
removed from comparative analysis. To test the repeatability of 
our results, we also considered a ‘alternative comparative group’, 
consisting of the second closest relative species of the mainland 
(Appendix S1: Figure S2). The scale of inference and the scale at 
which the factor of interest is applied (Table 1). All research were 
realized under sampling permits of environmental agencies of 
Andalucian (RS- 427/10) and Canarian (2022/6131) governments, 
and also from the insular governments (cabildos) of Gran Canaria 
(FLA10- 2022), Tenerife (AFF 33/22), La Gomera (864/2022), and 
La Palma (2022/3411).

2.2  |  Reflectance measurements

The flower reflectance spectra were made with USB- 2000 and 
Jaz A1465 Ocean Optics spectrophotometers (Duiven, The 
Netherlands) equipped with a top sensor system deuterium- halogen 
standardized light source, DT- MINI- GS- 2 and DH- 2000 lamps, re-
spectively, and a coaxial fibber cable (QR- 400- 7- UV- VIS- BX; Ocean 

Optics). Reflectance corresponds to the proportion of a standard 
white reference tile (WS- 1- SS; Ocean Optics). For all measurements, 
we kept the distance between the petals and the measuring probe 
constant and with an angle of illumination and reflection fixed at 
45°. Spectra data were processed with OceanView software (version 
2.0.8; Ocean Optics) and calculated in 5- nm wide spectral intervals 
in the range of 300–700 nm. For this, three to 10 flowers (one flower 
per individual plant) were selected from each species to capture 
any possible intra- specific variability. Fresh flowers were placed in 
ziplock bag and transported inside a cooler with ice until later meas-
urement in the lab (within the same day), with no apparent colour 
change or sample degradation (see del Valle et al., 2015 for a simi-
lar procedure). We obtained the reflectance of the main part of the 
flower, considered as such the part of the petal generating the high-
est advertising display for pollinators (sensu Dafni et al., 1997). For 
Digitalis we measured the external part of the upper lip as the main 
part, and for Anagyris, the wings were the main part (Figure 1). The 
Canarian and mainland Lotus species differ in shape as the Canarian 
ones present resupinate flowers; Canarian Lotus species have well- 
developed wings, while the main pollinator attractor of mainland 
Lotus is the banner. The remaining species show actinomorphic flow-
ers, thereby we used the inner, apical part of the petals (Figure 1). 
Reflectance spectra from Teucrium montanum were obtained from 
the Floral Reflectance Database (ID 1780; Arnold et al., 2010). Data 
for all species considered in this study are available in Rodríguez- 
Sambruno et al. (2023).

2.3  |  Flower colour conspicuousness to pollinators: 
Chromatic and achromatic contrasts

First, we used the ‘getspec’ function of the ‘pavo’ R- package (Maia 
et al., 2019) to load the colour spectral data between 300 and 
700 nm of each flower. To reduce noise, the data were smoothed 
with a span of 0.25 and negative values were corrected by setting 
the minimum value to zero and scaling other values accordingly 
(‘procspec’ function). We used the function ‘aggplot’ to aggregate 
the spectra of the flowers of the same species and then plot the av-
erage and SD values (represented by shaded areas). The lines were 
coloured according to human vision using the ‘spec2rgb’ function. 
Then, we represented the colour loci of each plant species by using 
available vision models of the honeybee (Apis mellifera, Apidae), 
bumblebee (Bombus terrestris, Apidae), the UV sensitive (UVS) 
Eurasian blue tit (Cyanistes caeruleus, Paridae) and the European 
wall lizard (Podarcis muralis, Lacertidae) as the closest relative to 

TA B L E  1  Replication statement of the statistical analysis in this study.

Hypotheses Scale of inference
Scale at which the factor of 
interest is applied

Number of replicates at the 
appropriate scale

Spectral signatures; Chromatic and achromatic 
contrasts; Marker points

Species Species 14 Canarian species, 7 
mainland species (3–10 
individuals each species)
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the Canarian endemic lizards (g. Gallotia, Lacertidae) with available 
visual system data. A detailed description of the visual systems of 
these species is shown in Appendix S1: Methods, Figure S1).

Quantum catches in each photoreceptor were calculated using 
the ‘vismodel’ function in ‘pavo’ and considering standard day-
light (D65 irradiance) as illumination and von Kries colour correc-
tion (Arnold et al., 2010; Maia et al., 2019). Additionally, we used 
the green foliage provided by the ‘pavo’ package as background, 
which is the average spectrum of 230 green leaves provided by 
Chittka (1992). For the specific case of bees, we considered a hy-
perbolic transformed quantum catch. Then, we use the ‘colspace’ 
function (‘pavo’) to interpret the quantum catches in hexagonal 
and tetrahedral colour spaces for the vision systems of bees and 
lizards/birds, respectively. This function also calculates the chro-
matic and achromatic contrasts, that is the parameters used to es-
timate the conspicuousness of different pollinators. The chromatic 
contrast represents the contrast of colour between the flower 
and the background; it was calculated in the vision models as the 
Euclidean distance between the colour loci of flowers and the ach-
romatic centre of the colour space (van der Kooi & Spaethe, 2022). 
Larger chromatic contrast values indicate more conspicuousness 
for the specific pollinators to distinguish the flower from the back-
ground. In the bee visual model, chromatic contrast values under 
0.11 Euclidean distance units are considered to be unreliably dis-
criminated for bumblebees (Dyer, 2006); being this threshold level 
conservative given that other hymenopterans may show higher 
colour discrimination ability (Garcia et al., 2017). The achromatic 
contrast (also known as green contrast) was calculated only in the 
bee vision model as the difference in excitation between colour 
loci and the background only in the green photoreceptor (more 
details in Appendix S1: Methods).

2.4  |  Flower colour discrimination abilities of 
pollinators: Analysis of marker points

The visual system of pollinator shows optimal colour discrimina-
tion in certain regions of the light spectrum, which generally coin-
cides with the region in which the sensitivity of two photoreceptors 
overlaps (Chittka & Menzel, 1992; Shrestha et al., 2013a). However, 
the reflectance spectra of flowers can show regions with sharp 
changes (i.e. steep slopes) that are termed marker points (Shrestha 
et al., 2013a). If reflectance spectra marker points coincide with the 
wavelengths for optimal discrimination ability of a pollinator group, 
it can be considered as a sign of adaptation of the floral colour to the 
animal's visual system (de Camargo et al., 2019; Dyer et al., 2012; 
Shrestha et al., 2013a, 2016). Thus, we calculated marker points 
for both Canarian and mainland plant species. For this, we use the 

software ‘Spectral- MP’ (Dorin et al., 2020) and identify a marker 
point as a 10% change of amplitude in a 50 nm range with a smooth-
ing window of ±10 data points and considering five data points to 
look ahead when performing slope change detection. For the species 
whose peak of reflectance does not exceed 10% (i.e. Lotus gomery-
thus, Scrophularia glabrata, and S. lyrata), we considered a marker 
point as a 5% change of amplitude in a 50 nm range instead of 10%, 
because we considered it to be more proportional to the spectra of 
these species. In addition, we calculated the relative frequency of 
marker points in 10 nm bins differentiating between Canarian and 
mainland species.

It is proposed that if floral colour has evolved to enhance discrim-
ination by a specific pollinator, reflectance spectra marker points 
should coincide with the wavelengths of maximum discrimination 
of the pollinator (Shrestha et al., 2013a). In the case of bees, these 
maximum discrimination wavelengths are 400 and 500 nm (Chittka 
& Menzel, 1992; Shrestha et al., 2013a), whereas for UVS birds are 
416, 489 and 557 nm (Shrestha et al., 2013b). The wavelengths of 
maximum discrimination for lizards have not yet been studied. To 
measure the matching between the reflectance spectra marker 
points and the pollinators' wavelengths of maximum discrimination, 
we used two metrics: the minimum absolute deviations (minADs) 
and the mean absolute deviation (MAD). The minADs correspond 
to the minimum distance between the marker points of a species 
and a specific wavelength of maximum discrimination of a specific 
pollinator, while the MADs takes into account all the wavelengths of 
maximum discrimination of a pollinator and the closest marker point 
to them (Shrestha et al., 2013a).

2.5  |  Statistical analyses

To make statistically independent comparisons among species, 
we use phylANOVAs, (‘phytools’ R- package; Revell, 2012) with 
10,000 simulations for each test. To do so, we first chose the ac-
cepted names of the plant species over the synonyms following 
the taxonomic name resolution service (TNRS; Boyle et al., 2013). 
Then we built the phylogeny of plant species using ‘phylo.maker’ (‘V.
PhyloMaker’ R- package; Jin & Qian, 2019), which was derived from 
angiosperm megatrees as a phylogenetic backbone, and the func-
tion ‘phylo.maker’ to generate the phylogenetic tree (Appendix S1: 
Figure S2). Anagyris latifolia, Lotus creticus, and L. gomerythus were 
not included in the megaphylogeny, but we added them using recent 
published phylogenies (see Appendix S1: Figure S2). We use phylo-
ANOVAs to compare the groups - Canarian and mainland-  for the 
achromatic contrast (only for bees vision) and the chromatic con-
trast for bees, birds, and lizards; MAD for bees and birds; and minAD 
for each wavelength of maximum discrimination by bees and birds. 

F I G U R E  1  Comparative spectral signatures of mainland and Canarian species. The species in the photos are underlined in the legend 
and the colour of the lines represents the floral colour according to human vision. The measured locations are indicated with black or white 
circles in the photos. The variation within species in reflectance spectra is shown in Appendix S1: Figure S3 for simplicity. All photos are 
property of the authors except M. nicaeensis (https:// flora -  on. pt/#/ h5flu ).
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All statistical analyses were performed in R version 4.2.1 (R Core 
Team, 2022).

3  |  RESULTS

3.1  |  Spectral signatures

Reflectance spectra captured a high variety of flower colours 
of plant species from the mainland. These species encompassed 
four distinctive groups: species with blue- pink colours with re-
flectance in the UV, blue and red regions (i.e. E. plantagineum and 
M. nicaeensis), species with yellowish flowers with an increasing 
slope at about 500–600 nm (i.e. A. foetida, D. obscura, and L. cre-
ticus), species with red flowers with reflectance curves with an 
increasing slope at about 650 nm (i.e. S. scorodonia), and species 
with white flowers with reflectance in the entire visible region of 
the spectrum (i.e. T. capitatum) (Appendix S1: Figure S3). A similar 
diversity was also found for the alternative set of mainland spe-
cies (Appendix S1: Figure S4). In contrast, most of the reflectance 
spectra of bird- pollinated Canarian species showed a trend to pro-
duce orange to red flowers with a general absence of reflectance 
in the UV, blue and green regions of the spectra and an increas-
ing slope from 500 to 650 nm. Exceptions to this pattern were A. 
latifolia, E. wildpretii and M. phoenicea (Figure 1 and Appendix S1: 
Figure S3), which showed moderate reflectance in the UV and blue 
regions of their reflectance spectra.

3.2  |  Chromatic and achromatic contrasts

In the honeybee colour space, the mainland species showed flower 
colours that occupied all colour categories except UV (Figure 2). 
On the contrary, bird- pollinated Canarian species were closely 
distributed around the centre in the hexagonal colour space that 
mainly occupied the green sector of the hexagon. All mainland spe-
cies, except D. obscura, showed chromatic contrasts higher than 
the threshold level of 0.11 Euclidean distance units from the cen-
tre of the hexagon, while only 40% of the bird- pollinated Canarian 
species exceeded this level (Appendix S1: Figure S5). Thus, bird- 
pollinated Canarian species showed significantly lower chromatic 
contrast values than mainland species for honeybee (mean ± SD: 
0.128 ± 0.1 and 0.225 ± 0.131, respectively; phylANOVA: F1,19 = 3.6, 
p = 0.0032; Figure 3). Similar results were found using the visual 
model of the bumblebee (0.136 ± 0.104 and 0.271 ± 0.140, respec-
tively; phylANOVA F1,19 = 6.3, p = 0.0004; Appendix S1: Figure S6). 
The achromatic contrast showed a similar trend, with bird- pollinated 
Canarian species showing significantly lower values than mainland 
species for honeybee (0.14 ± 0.084 and 0.208 ± 0.112, respectively; 
phylANOVA F1,19 = 2.41, p = 0.0109; Figure 3). Similar results were 
found using the visual model of the bumblebee (0.141 ± 0.08 and 
0.203 ± 0.116, respectively; phylANOVA F1,19 = 2.08, p = 0.0209; 
Appendix S1: Figure S6).

In the bird colour space, mainland species showed flower colours 
with hues that were distributed towards the UV- blue- red vertices of 
the tetrahedron, while bird- pollinated Canarian species tended to 
be closer to the red photoreceptor (Figure 2). However, the chro-
matic contrast of the Canarian and mainland species was statistically 
similar (0.276 ± 0.115 and 0.242 ± 0.079, respectively; phylANOVA 
F1,19 = 0.47, p = 0.31; Figure 3 and Appendix S1: Figure S5).

In the colour space of lizards, mainland species were also distrib-
uted towards the UV- blue- red vertices of the tetrahedron (Figure 2). 
Here, bird- pollinated Canarian species were distributed around the 
centre with a weak tendency towards the red vertex. Surprisingly, 
the chromatic contrast was statistically lower for bird- pollinated 
Canarian species compared to mainland species (0.149 ± 0.072 and 
0.207 ± 0.086, respectively; phylANOVA F1,19 = 2.62, p = 0.0084; 
Figure 3 and Appendix S1: Figure S5). Similar results were obtained 
with the alternative dataset for mainland species (Appendix S1: 
Table S2 and Figure S7).

3.3  |  Marker points

The flowers of mainland species showed reflectance spectra with 
marker points distributed between 345 and 654 nm. Bird- pollinated 
Canarian species showed marker points distributed in a similar range 
of wavelengths (352 to 659 nm), but more concentrated around 
600 nm (Appendix S1: Figure S8). In the visual system of bees, bird- 
pollinated Canarian species had higher MAD values than mainland 
ones, and this difference was only marginally significant (mean ± SD: 
89.3 ± 36.5 and 64.9 ± 55.2, respectively; phylANOVA F1,19 = 1.47, 
p = 0.056; Table 2 and Appendix S1: Figure S9a). This trend is basi-
cally caused by the significantly lower values of minAD400 of main-
land species compared to bird- pollinated Canarian species, but the 
values of minAD500 were similar for both groups of species (Table 2 
and Appendix S1: Figure S9a).

In the UVS bird visual system, mainland species had MAD val-
ues similar to insular ones (45.1 ± 33.1 and 47.2 ± 19.7, respectively; 
phylANOVA F1,19 = 0.03, p = 0.8002; Table 2 and Appendix S1: 
Figure S9b). The values of minAD416 were significantly lower on the 
mainland than in bird- pollinated Canarian species, but minAD557 
showed the opposite pattern (Table 2 and Appendix S1: Figure S9b). 
When the alternative dataset from the mainland was used, we found 
a similar pattern, with significant differences for MADbees, minAD400, 
minAD500, minAD416, and minAD489 (Appendix S1: Table S3 and 
Figure S10).

4  |  DISCUSSION

We showed that species of the ‘Canarian- ornithophilous element’ 
were less conspicuous to bees and lizards than their closest rela-
tives in the Mediterranean Basin. On the contrary, the island and 
mainland species were equally conspicuous for birds. These results 
are consistent with the ‘bee- avoidance hypothesis’ (i.e. red flowers 
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avoid bees allowing them to be mainly visited by birds), which is 
also in agreement with other reports that study the evolution of 
flower colour in both specialist and generalist bird- pollinated spe-
cies on a larger scale (Chen et al., 2020; de Camargo et al., 2019). 
The lower conspicuousness of bird- pollinated Canarian flowers 
to lizards was puzzling, but it is perhaps a side effect of the bee- 
avoidance strategy of Canarian plant species rather than inde-
pendent evolutionary strategy due to the similarity between the 
sensitivities of their cones to bees (see below). The evolutionary 
transition to red/orange flowers reported here has occurred in 
several plant lineages in the Macaronesian archipelagos and even 
repeatedly in some genera (e.g. Lotus; Cronk & Ojeda, 2008; Ojeda 
et al., 2016).

4.1  |  Changes in flower reflectance spectra 
between mainland and bird- pollinated Canarian floras

We detected a pattern of variation between insular and mainland 
species in flower colour spectra. In general, the bird- pollinated 
Canarian species were predominantly reflected in the red region 
with colour loci located near the centre in the colour hexagon of 

bees, resulting in low conspicuousness (Chittka & Waser, 1997). 
Bees do detect red flowers, if they also reflect UV and/or blue light, 
as is the case for red flowers from the Mediterranean Basin (León- 
Osper & Narbona, 2022). However, none of the Canarian species 
belong to the strict bird- pollinated group (practically only effectively 
pollinated by birds and lizards; Appendix S1: Table S1) had reflec-
tance in short or medium wavelengths, which suggests a ‘private’ 
communication channel with birds and lizards (Lunau et al., 2011). 
On the other hand, plant species belonging to the opportunistic 
bird- flower group (visited frequently by both vertebrates and bees; 
Appendix S1: Table S1) showed additional reflectance in UV and blue 
regions (e.g. A. latifolia, M. phoenicea and E. wildpretii). These results 
suggest that, in contrast to the strict bird- pollinated species, the op-
portunistic ones are in some way also conspicuous to bees.

4.2  |  Flower colour conspicuousness to main 
groups of pollinators

The detected decrease of conspicuousness of bird- pollinated 
Canarian species to bees as compared to their mainland rela-
tives suggests a lack of detectability at short and long distances, 

F I G U R E  2  Colour loci of all species used in this study according to different colour vision models. Mainland species (main comparative 
group) are represented in the first row and Canarian species in the second row. Each column corresponds to a colour space model: (left) 
hexagonal colour space for the trichromatic vision of honeybees (A. mellifera, Apidae); (centre) tetrahedral colour space model for UVS birds 
(C. caeruleus, Paridae); and (right) tetrahedral colour space model for lizards (P. muralis, Lacertidae). The colour of the points represents the 
floral colour according to human vision. The coloured circles on the vertices represent the maximum signals in the blue, green, UV and red 
photoreceptors. Animal silhouettes (CRS).
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suggested by chromatic and achromatic contrast, respectively 
(Chittka & Waser, 1997; Giurfa et al., 1997). These results also 
match previous findings noted by Ollerton, Cranmer, et al. (2009), 
who found low achromatic and chromatic contrast values in C. ca-
nariensis, D. canariensis, and L. berthelotii according to the bee vi-
sion model. Although arthropods are relatively scarcer on oceanic 
islands (Abrahamczyk, 2019; Janzen, 1973; Olesen & Valido, 2003), 
our results suggest that the flower colour of bird- pollinated Canarian 
species seems to have evolved to avoid bees. This would be advan-
tageous because bird pollination is found to increase the spatial 
scale of intraspecific gene flow in comparison with bees (Bezemer 
et al., 2016; Gamba & Muchhala, 2022). In fact, previous studies 
have found the same strategy acting on flower colour evolution 
of plant species worldwide that are visited by specialist nectar- 
feeding birds (e.g. Chen et al., 2020; de Camargo et al., 2019). For 
instance, loss of conical cells that facilitate bee landing or changes 

in nectar chemical composition which may be hardly digestible for 
birds (Dupont et al., 2004; Ojeda et al., 2016).

In addition to the lower chromatic contrast of Canarian spe-
cies with respect to mainland ones in the bee vision model, we also 
found significantly lower values in the lizard vision model. This re-
sult was unexpected because the visual systems of birds and lizards 
include four photoreceptors (Hart et al., 2000; Martin et al., 2015). 
However, the difference in sensitivity in the long wavelength pho-
toreceptor between the visual systems of UVS birds and lizards 
(peaks at 600 vs. 560 nm, respectively), and the overlap in the green 
region of two photoreceptors in the lizard visual system could ex-
plain these differences (Appendix S1: Figure S1). In fact, the sensi-
tivity of the long- wavelength photoreceptor of lizards seems more 
similar to those of the bees than those of UVS birds. Because of 
this, we consider this result as a side effect of the bee- avoidance 
strategy, but further studies are needed.

F I G U R E  3  Violins with boxplots representing the distribution of chromatic contrast values (Euclidean distance units) obtained from the 
vision models of honeybees (A. mellifera, Apidae), UVS birds (C. caeruleus, Paridae), and lizards (P. muralis, Lacertidae) and achromatic contrast 
values (Euclidean distance units) obtained from the vision model of bees. Mainland species (main comparative group) are represented in grey 
violins, and bird- pollinated Canarian species are represented in red violins. Slim points represent the values of the species, and thick points 
represent outliers. p- value resulting from phylANOVA tests that compare mainland with bird- pollinated Canarian species is shown. Animal 
silhouettes (CRS).

Mainland Canary Islands

F1,19 Phylogenetic pMean SD Mean SD

Bees vision

MAD 64.9 55.2 89.3 36.5 1.47 0.0555

minAD400 111.9 90.7 168.4 67.8 2.60 0.0090

minAD500 75.9 64.8 87.5 40.5 0.26 0.4682

UVS birds vision

MAD 45.1 33.1 47.2 19.7 0.03 0.8002

minAD416 105.0 82.9 157.0 58.8 2.78 0.0073

minAD489 80.7 60.9 98.5 40.5 0.64 0.2237

minAD557 72.6 38.2 44.5 22.7 4.53 0.0011

Note: Smaller values of MAD and minAD indicate the proximity between the marker points of the 
flowers and the wavelengths of maximum colour discrimination for each pollinator group. This is 
interpreted as a better fit of the floral colour to the specific pollinator visual system (see Section 2).

TA B L E  2  Average values of mean 
absolute deviation (MAD) and minimum 
absolute deviation (minAD) of spectral 
reflectance of marker point metrics for 
plant species from mainland and Canary 
Islands (values are related to wavelength 
of maximum discrimination of bees 
and birds), its standard deviations and 
results of phylogenetic ANOVA testing 
differences among group means using the 
main comparative group from mainland. 
Significant differences are indicated in 
boldface.
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4.3  |  Adjustment of bird- pollinated Canarian flora 
to the colour discrimination abilities of pollinators

Analysis of marker points also supports the bee- avoidance hypoth-
esis. Bird- pollinated Canarian species have evolved reflectance 
spectra with marker points as far as possible from the wavelengths 
of maximum discrimination of bees (400 and 500 nm) but close of 
UVS birds (557 nm), as is found in other study systems (de Camargo 
et al., 2019; Shrestha et al., 2013b). The marker points of mainland 
species were closer to the wavelengths of maximum discrimination 
of bees, as is also known from other bee- pollinated plant species 
(León- Osper & Narbona, 2022; Shrestha et al., 2013a), while the 
marker points of bird- pollinated Canarian species only presented 
cues of adaptation to the wavelengths of maximum discrimination 
of birds in minAD557. The differences in minAD416 and minAD489 
are similar to what we found for the vision of bees, probably due 
to the proximity of these two wavelengths of maximum discrimina-
tion for birds (416 and 489 nm) and for bees (400 and 500 nm). With 
this closeness between wavelengths of maximum discrimination of 
bees and birds, the only ‘option’ for bird- pollinated Canarian spe-
cies to adapt to the vision of birds, while remaining inconspicuous 
to bees is to develop marker points around 557 nm, which matches 
our findings. Therefore, our results also align with previous predic-
tions by Shrestha et al. (2013b) on the Old- World flora pollinated 
by UVS birds. At this respect, they anticipated that bird- pollinated 
flowers in Africa and Asia would exhibit a shift in the wavelengths 
of marker points, moving closer to the UVS optimum of 557 nm.

5  |  CONCLUSIONS

Using two complementary approaches, chromatic/achromatic contrasts 
and reflectance spectra marker points that correspond to the spectral 
discrimination of pollinators, our study suggests avoidance of bees as 
the main strategy explaining the evolutionary transitions of flower col-
ours from melittophily to ornithophily in the ‘Canarian- ornithophilous 
element’. Although empirical data are still scarce, evidence shows 
that Canarian- ornithopilous plants visited by birds have a higher fruit 
and seed set than those with vertebrates excluded (e.g. Rodríguez- 
Rodríguez & Valido, 2008, 2011). In this regard, it is known that birds 
also increase pollen and therefore gene flow within and among plant 
populations due to their higher mobility (Bezemer et al., 2016; Gamba & 
Muchhala, 2022). Thus, avoiding bees would positively affect the evo-
lution and persistence of these insular plant populations. Our findings 
are relevant not only to understand the resulting diversification of floral 
traits in insular plant species (Shrestha et al., 2016) but especially to dis-
entangle how generalist vertebrate pollinators can promote floral evo-
lution in different mainland ecosystems characterized by poor diversity 
and abundance of arthropods as pollinators.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Descriptive information about plant species included in this 
study showing their geographic distribution (MB, Mediterranean Basin; 
CI, Canary Islands), the bird- flowered element where Canarian species 
belong (O, opportunistic; S, strict), presence/absence of reflectance in 
the UV region (>10%), their main functional groups of pollinators (bees, 
birds, lizards) based on the bibliography review and our unpublished 
data (asterisks denote that pollinator information was obtained based 
on other species of the genus with similar flower morphology and 
available pollinator information), locality where the samples for colour 
were taken from and flower reflectance marker points. Canarina 
canariensis was not included in the comparative analysis, and the 
species in boldface constitute the alternative comparative group used 
from the mainland. See Material & Methods for details.
Table S2. Average values of chromatic contrast values (Euclidean 
distance units) obtained from each vision model and achromatic 
contrast values (Euclidean distance units) obtained from the vision 
model of honeybees and bumblebees, its standard deviations, and 
results of phylogenetic ANOVA testing differences among group 
means using the alternative comparative group from mainland. 
Significative differences are indicated in boldface.
Table S3. Average values of mean absolute deviation (MAD) and 
minimum absolute deviation (minAD) of spectral reflectance of 
marker point metrics for plant species from mainland and Canary 
Islands (values are related to wavelength of maximum discrimination 
of honeybees and birds), its standard deviations, and results of 
phylogenetic ANOVA testing differences among group means using 
the alternative comparative group from mainland. Significative 
differences are indicated in boldface.
Figure S1. Relative sensitivities of the photoreceptors of the 
studied pollinators: Apis mellifera (Apidae), Bombus terrestris subsp. 
damaltinus (Apidae), Podarcis muralis (Lacertidae) and Cyanistes 
caeruleus (Paridae). Modified from Chittka and Kevan (2005), 
Skorupski et al. (2007), Cronin et al. (2015) and Martin et al. (2015).
Figure S2. Chronogram of all the species included in this study. 
Mainland species are marked with grey branches and Canarian 
species with red branches. The species marked with asterisks 
constitute the alternative comparative group from the mainland 
following published phylogenies (Böhle et al., 1996; Fuertes-Aguilar 
et al., 2002; Bräuchler et al., 2004; Herl et al., 2008; Kelly & Culham, 
2008; Mansion et al., 2009; Navarro-Pérez et al., 2013, 2015; Zhang 
et al., 2015; Salmaki et al., 2016; Villa-Machío, 2017; Jaén-Molina 
et al., 2021; Pérez-Vargas et al., 2021).
Figure S3. Spectral signatures of the main species included in this 
study. Lines represent the mean of all the individuals and the shades, 
the standard error. The colour of lines and shades represents the 
floral colour according to human vision. Asterisks on the spectral 
signatures of Lotus berthelotii and Malva nicaeensis represent their 
marker points.
Figure S4. Spectral signatures of the mainland species included in the 
alternative analysis. Lines represent the mean of all the individuals 
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and the shades, the standard error. The colour of lines and shades 
represents the floral colour according to human vision. Note that 
sample size was 1 for Teucrium montanum.
Figure S5. Individual values of chromatic contrast obtained from 
each vision model (honeybees, birds, lizards) and achromatic contrast 
obtained from the vision model of bees using the main species from 
mainland. Mainland species are represented in grey and Canarian 
species are represented in red. The dotted line represents the 
minimum contrast with the background that bees can discriminate 
reliably (Dyer et al., 2012). Animal silhouettes (CRS).
Figure S6. Violins with boxplots representing the distribution of 
chromatic contrast values (Euclidean distance units) obtained 
from the vision models of bumblebees (Bombus terrestris subsp. 
damaltinus, Apidae), UVS birds (Cyanistes caeruleus, Paridae), and 
lizards (Podarcis muralis, Lacertidae) and achromatic contrast 
values (Euclidean distance units) obtained from the vision model 
of bumblebees. Mainland species (main comparative group) are 
represented in grey violins and Canarian species are represented 
in red violins. Slim points represent the values of the species and 
thick points represent outliers. P-value resulting from phylANOVA 
tests that compare mainland with Canarian species is shown. Animal 
silhouettes (CRS).
Figure S7. Individual values of chromatic contrast obtained from 
each vision model (honeybees, birds, lizards) and achromatic 
contrast obtained from the vision model of honeybees using the 
alternative species from mainland. Mainland species are represented 
in grey and Canarian species are represented in red. The dotted line 
represents the minimum contrast with the background that bees can 

discriminate reliably (Dyer et al., 2012). Animal silhouettes (CRS).
Figure S8. Distribution of reflectance spectra marker points of flowers of 
mainland (main comparative group) and bird- pollinated Canarian species, 
grey and red colours respectively. Marker points were binned each 
10 nm through 300–700 nm. Dotted lines represent the wavelengths of 
maximum discrimination of bees (400 and 500 nm; blue) and UVS birds 
(416, 489, and 557 nm; orange). See Material & Methods for details.
Figure S9. Violins with boxplots representing the distribution of 
MAD and minAD for the discrimination optima of honeybees (a) and 
UVS birds (b) using the main species from mainland. Mainland species 
are represented in grey violins and Canarian species are represented 
in red violins. p- value resulting from phylANOVA tests that compare 
mainland with Canarian species is shown. Animal silhouettes (CRS).
Figure S10. Violins with boxplots representing the distribution of 
MAD and minAD for the discrimination optima of honeybees (a) and 
UVS birds (b) using the alternative species from mainland. Mainland 
species are represented in grey violins and Canarian species are 
represented in red violins. p- value resulting from phylANOVA tests 
that compare mainland with Canarian species is shown. Animal 
silhouettes (CRS).

How to cite this article: Rodríguez- Sambruno, C., Narbona, 
E., del Valle, J. C., & Valido, A. (2023). Bird- flower colour on 
islands supports the bee- avoidance hypothesis. Functional 
Ecology, 00, 1–12. https://doi.org/10.1111/1365-2435.14493

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14493 by U

niversidad D
e Sevilla, W

iley O
nline L

ibrary on [19/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1365-2435.14493

	Bird-flower colour on islands supports the bee-avoidance hypothesis
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study species and sites
	2.2|Reflectance measurements
	2.3|Flower colour conspicuousness to pollinators: Chromatic and achromatic contrasts
	2.4|Flower colour discrimination abilities of pollinators: Analysis of marker points
	2.5|Statistical analyses

	3|RESULTS
	3.1|Spectral signatures
	3.2|Chromatic and achromatic contrasts
	3.3|Marker points

	4|DISCUSSION
	4.1|Changes in flower reflectance spectra between mainland and bird-pollinated Canarian floras
	4.2|Flower colour conspicuousness to main groups of pollinators
	4.3|Adjustment of bird-pollinated Canarian flora to the colour discrimination abilities of pollinators

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	STATEMENT ON INCLUSION
	REFERENCES


