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Extrapolating from local ecological
processes to genus-wide patterns in
colour polymorphism in South African
Protea

Jane E. Carlson† and Kent E. Holsinger

Department of Ecology and Evolutionary Biology, University of Connecticut, U-3043, Storrs, CT 06269, USA

Polymorphic traits are central to many fundamental discoveries in evolution,

yet why they are found in some species and not others remains poorly under-

stood. We use the African genus Protea—within which more than 40% of

species have co-occurring pink and white floral colour morphs—to ask

whether convergent evolution and ecological similarity could explain the

genus-wide pattern of polymorphism. First, we identified environmental cor-

relates of pink morph frequency across 28 populations of four species. Second,

we determined whether the same correlates could predict species-level poly-

morphism and monomorphism across 31 species. We found that pink

morph frequency increased with elevation in Protea repens and three section

Exsertae species, increased eastward in P. repens, and increased with seed pre-

dation intensity in section Exsertae. For cross-species comparisons, populations

of monomorphic pink species occurred at higher elevations than populations

of monomorphic white species, and 18 polymorphic species spanned broader

elevational gradients than 13 monomorphic species. These results suggest that

divergent selection along elevational clines has repeatedly favoured poly-

morphism, and that more uniform selection in altitudinally restricted species

may promote colour monomorphism. Our findings are, to our knowledge,

the first to link selection acting within species to the presence and absence of

colour polymorphism at broader phylogenetic scales.
1. Introduction
Phenotypic polymorphisms are compelling examples of evolution in action,

inspiring many scientific discoveries over the past two centuries. The earliest

studies used polymorphic traits as a tool to demonstrate patterns of inheritance

([1], reviewed in [2]) or to test models of evolutionary change [3]. More recent

polymorphism research has focused on the genetic basis of polymorphisms,

including the biochemical pathways and mutations involved [4–6], and how

polymorphisms are maintained evolutionarily, e.g. negative frequency depen-

dence, heterozygote advantage and temporally or spatially variable selection

[7–9]. As informative as these studies are, however, they leave a fundamental

question unanswered: why are some species polymorphic for a given trait,

while others are not? With the exceptions of sexually dimorphic traits in ani-

mals [10] and dioecy or heterostyly in plants [11,12], there exist few empirical

studies that explore the distribution of polymorphism versus monomorphism

across species and landscapes.

Although the evolution of polymorphism at broader phylogenetic scales is

relatively unstudied, a theoretical framework for understanding it is already in

place. Several authors have pointed out, for example, that the existence of two

different morphs is more likely if a species experiences divergent selection,

under which different morphs are favoured at different times or places

[13,14]. Monomorphism is expected when one morph consistently outperforms

the other (e.g. no variation in selection), although it could also be the neutral

outcome of genetic drift or founder effects, especially if populations and
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geographical range sizes are small. Taken more broadly, these

observations suggest that the presence or the absence of poly-

morphism in different taxa could be the result of convergent

evolution under similar ecological conditions, whether or not

the underlying genetic mechanisms are similar. In this study,

we test this possibility by asking whether the ecological

covariates of morph frequency within species are consistent

with the ecology and geography of polymorphic and

monomorphic congeners.

Among all polymorphisms, few are as well-suited for

such a test as those associated with flower colour. Flower

colour polymorphisms are common (approx. 20% of British

flora; [15]), well documented and have a long history of

study. Pollinators are commonly implicated in maintenance

of polymorphisms because their colour preferences may

differ among guilds or individuals, over time or space, or

with morph frequency [16–20]. Even so, pollinator-mediated

selection on colour may be absent or consistently favouring

one morph, which should act with genetic drift to eliminate

polymorphism [21–23]. Alternatively, morph maintenance

may involve seed predators, pathogens, or herbivores, either

alone or together with pollinators [24–26]. Finally, abiotic gra-

dients may also differentially favour colour morphs [9,27],

possibly owing to pleiotropic effects of genes controlling pro-

duction of red or blue pigments, which are mainly

anthocyanins [28–31]. High levels of anthocyanins may be

associated with increased tolerance for extreme temperatures,

pests, infertile soils and ultraviolet (UV) radiation [15,32], but

producing anthocyanin may also have metabolic costs [32].

Within the hyper-diverse flora of the Cape Floristic

Region (CFR) of South Africa, several lineages have notably

high rates of colour polymorphism. For example, approxi-

mately 40% of Protea (Proteaceae) and Erica (Ericaceae)

species are polymorphic for floral colour [33,34]. In Erica,

polymorphism may be associated with variation in pollinator

assemblages and elevation [33,35], but it appears unrelated to

avian behavioural responses within one sunbird-pollinated

species [36]. Protea colour polymorphisms, by contrast, have

been linked more strongly to intrinsic performance differ-

ences and pre-dispersal seed predators than to pollinators

[34,37]. Using path analysis, Carlson & Holsinger [37]

showed that white morphs of Protea aurea produced larger

inflorescences than did pink morphs, and plants with larger

inflorescences developed more ovules into seeds, but also

experienced higher seed predation. Earlier work on four

section Exsertae species, including P. aurea, showed that seed

predators consumed more seed of white than pink morphs,

but only in four of eight populations [34]. These studies

suggest that variation in seed predation among sites may

underlie some polymorphism in Protea, but the role of

climate remains unknown.

In this study, we determine whether associations that

could account for the evolutionary maintenance of poly-

morphism within species are consistent with patterns of

polymorphism and monomorphism across a third of all

Protea species. We meet this objective in two steps: (i) we per-

form a within-species analysis to determine which abiotic

variables, biotic interactions, or traits are associated with

population-level pink morph frequency in Protea repens,
P. aurea, Protea lacticolor and Protea punctata; and (ii) we per-

form two sets of cross-species analyses to determine which

abiotic variables are associated with being polymorphic

versus monomorphic across 31 species, or with being
monomorphic pink versus monomorphic white across 13

species. Any abiotic variables that show parallel, significant

trends in both (i) and (ii) provide, to our knowledge, the first

evidence that convergence on colour polymorphism across a

plant genus may arise through the same environmental

clines linked to morph frequency within species.
2. Material and methods
(a) Study species
The genus Protea is endemic to Africa, with over 60% of its 110–

115 species restricted to the CFR of South Africa [38,39]. The CFR

is characterized by nutrient-poor soils, steep elevational gradi-

ents and generally low annual rainfall (370 mm yr21 on

average; range of 20–3198 mm yr21; [40]). Within the CFR,

Protea are typically found in fire-dependent, semi-arid habitats

called fynbos, and they are pollinated by sugarbirds and

sunbirds or by non-flying mammals [41].

Because South African Protea species cover such diverse habi-

tats and have such divergent pollination regimes, we restrict our

analysis of trait and ecological correlates of monomorphism and

polymorphism to CFR species that appear to be predominately

bird pollinated (electronic supplementary material, table S1). By

using only these species—nearly all being visited by the same six

bird species—we are able to focus on potential agents of colour-

related selection other than pollinators. Among bird-pollinated

CFR species, there are at least five independent origins of pink

monomorphism and at least four of white monomorphism,

based on ancestral trait reconstruction using parsimony methods

and a trimmed Valente et al. [39] phylogeny (J. E. Carlson &

K. E. Holsinger 2014, unpublished data).

All 31 study species were deemed to be bird pollinated based

primarily on observational studies. For less-studied species, we

relied on Protea Atlas Project data (www.proteaatlas.org.za) or

published pollination syndromes for the genus (listed in the

electronic supplementary material, Appendix S1). Of the 84

excluded Protea species (electronic supplementary material,

table S2), 38 were classified as CFR species not pollinated by

birds, and 46 were non-cape species. The 31 included species

are predominately broad-leaved, evergreen shrubs with upright

or sprawling growth. They respond to fire by either resprouting

or re-establishing from seeds stored above-ground in serotinous

infructescences, henceforth seed heads. The seed heads, which

accumulate on plants over many annual bouts of seed pro-

duction, are also attacked by pre-dispersal seed predators. The

larval insect communities that infest Protea seed heads belong

to at least eight different families of beetles and moths [42,43].

All CFR bird-pollinated Protea share similar floral construc-

tion and patterns of floral pigmentation. Their inflorescences

are typically large—up to 30 cm across—and consist of 50 to

more than 500 flowers attached to a woody receptacle and sub-

tended by showy bracts. Individual flowers are reduced, with a

single ovule and long style, surrounded by a perianth tube

with anthers fused inside. Individual flowers are protandrous,

last at least 3–6 days, and have asynchronous development

within inflorescences [44]. Seed set tends to be low in Protea,

with higher rates in P. repens (27%; [45]) than in most congeners

(e.g. section Exsertae approx. 14%; [34]).

Floral colour differences in Protea are driven predominately

by the presence or the absence of pink anthocyanin pigment in

perianths, styles or most prominently, involucral bracts. In

plants lacking floral anthocyanin, bracts may be green or yellow-

ish, but they are most often white. In plants producing floral

anthocyanin, the light pink to magenta colour may be observed

in some or all inflorescence parts. Although anthocyanin levels

may vary continuously, our colour assessments are categorical,

http://www.proteaatlas.org.za
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Figure 1. Species distributions overlaid with floral colour morph frequencies of (a) Protea repens and (b) three species in Protea section Exsertae. The large circles
represent the floral colour morph frequency class for 28 populations, ranging from all plants with or without pink anthocyanin in floral parts (‘likely monomorphic’),
to more than 90% belonging to the common morph (‘heavily skewed’), to a ‘moderate’ mix. The small circles represent ad hoc observations by J. Carlson and others
(e.g. Protea Colour Survey participants on www.ispot.org.za; electronic supplementary material, table S3), which provide a geographical context for focal sites, but
are not used in analyses.
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i.e. with or without floral anthocyanin (excluding hairs), hence-

forth pink or white. The long-standing horticultural use of

Protea provides evidence for a heritable component to floral

colour differences [38,44,46], although the genetics and pigments

are as yet undescribed. In two other Proteaceae species,

pink-flowered Banksia menziesii and scarlet-flowered Banksia
coccinea have the same two glycosides of cyanidin but had a

different glycoside of paeonidin [47].

(b) Within-species comparisons
Our within-species study focuses on 28 populations of four

Protea species: P. repens L., P. aurea (Burm. f.) Rourke subsp.

aurea (henceforth P. aurea), P. lacticolor Salisb. and P. punctata
Meisn. (figure 1). The latter three species are from section Exsertae,
a monophyletic six-species clade [39]. Protea repens is from a two-

species clade, but by itself has the largest geographical range of

all Western Cape species. We sampled across each species’ geo-

graphical range by selecting 18 populations of P. repens, four

populations each of P. aurea and P. punctata, and only two of

the geographically restricted P. lacticolor (figure 1). Most Exsertae
populations were also used in previous studies [34,37], and

sampling for this and previous studies was sometimes concurrent,

spanning from 2009 to 2014.

We visited each population two times on average (range: 1–4)

to collect data on floral traits, biotic interactions and colour morph

frequency. For traits and biotic interactions, we sampled an aver-

age of 43 plants along transects through the population centre,

with at least 1 m between each sampled plant for small popu-

lations (less than 100 plants), and 5 m for larger populations. For

each study plant, we collected one to five seed heads (average

2.3) that had matured from the previous year and were at least

six months old. After air-dried heads had opened, we counted
and weighed all viable seeds, i.e. achenes containing seeds with

endosperm. In P. repens, it was necessary to cut open three to

five seeds to estimate the frequency of inviable woody seeds. The

average number of viable seeds (based only on undamaged

heads) was our estimate of per-head plant fecundity. As seeds

were removed from each seed head, we also recorded whether

any seed predation had occurred (i.e. either frass, damage or a

larvae was observed). We used these data to calculate seed preda-

tion intensity, which was the number of sampled seed heads that

were predated divided by the total sampled heads per population.

Finally, we counted the number of flowers per inflorescence, i.e.

inflorescence size, from photographs of empty seed heads.

We estimated frequency of pink and white morphs in each

population using field-based surveys, which we ultimately

used to classify each population into one of five morph frequency

classes. We recorded frequency as classes because most popu-

lations were far too large and widespread to count all

individuals, and in many sites, one colour morph was rare

(less than 0.05 frequency). In these situations, estimates derived

from transects or point counts could have been misleading

[48], because the rare colour could be missed entirely. By scoring

frequency categorically, we reduce our power to detect associ-

ations that are present, but we do not increase our chances of

declaring an association present when it is not there (details in

the electronic supplementary material, Appendix S2).

Contrasting colour morphs could be identified visually with

relative ease, so we focused our sampling efforts on rare colour

detection. We scanned each population from at least five periph-

eral points and along 200þ m transects through the population’s

centre. If all plants seen during 1–2 h of sampling were the same

colour, the population was categorized as 100% pink or 100%

white. If fewer than 10 contrasting morphs were seen in groups

of approximately 100 plants, the population was categorized as

http://www.ispot.org.za
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heavily skewed white or heavily skewed pink. The remaining

populations were categorized as having moderate frequencies

of each.

Finally, we characterized the abiotic environment of each

population, based on the site’s GPS coordinates. Focal variables

were longitude, elevation and mean annual precipitation

(MAP). Elevation and MAP were from GIS layers by Schulze

[40]. Longitude was included as a measure of distance eastward

as well as a proxy for rainfall seasonality: western sites have

winter-concentrated rain and eastern sites have more aseasonal

rain. Electronic supplementary material, table S3 has site-

specific data for dates visited, sample sizes, additional traits

and environmental variables.
three species from Protea section Exsertae.
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(c) Polymorphism definition and species-level
classifications

A colour polymorphic Protea species is defined as having at least

one population where both pink and white colour classes co-

occur, i.e. some plants with anthocyanin in their inflorescences

and some without it. We further stipulate that neither morph

can be so rare across the species’ entire distribution that spon-

taneous mutation alone could easily explain its presence (i.e.

we require ‘true’ polymorphisms sensu [49]). Polymorphic

Protea species often have both polymorphic and monomorphic

populations (e.g. P. repens but not P. punctata in figure 1), but

no Protea species, to our knowledge, has complete colour

morph allopatry among monomorphic populations. Mono-

morphism is defined as having one of two conditions: all

members of a species produce some floral anthocyanin or all

members do not.

We classified each of the 31 species as polymorphic (n ¼ 18),

monomorphic pink (n ¼ 8) or monomorphic white (n ¼ 5) using

data from several published sources [e.g. 38,46,50–52]. Variation

in floral colour is well documented in Protea, owing to long-

standing public, horticultural and scientific interest in the

genus, including the 10 year Protea Atlas Project [53]. Published

records were also confirmed in the field, with experts, and in

iSpot Southern Africa, with approximately 2000 photographs of

Protea since 2011 (www.ispot.org.za). Although nearly all species

were easily assigned a polymorphism status, two monomorphic

pink species—P. eximia and P. compacta—included extremely rare

white morphs. For the former, only one white-flowered plant

was recorded, and for the latter, white morphs were known at

less than or equal to 1% in a few populations ([38], A. Rebelo

2011, personal communication). These rare mutant white

morphs are probably not maintained by selection, so neither

P. eximia nor P. compacta are classified as polymorphic.
(d) Cross-species comparisons
For our predictors of species-level polymorphism status, we

selected seven variables that characterized species environmental

means, breadths and geographical range sizes. We extracted the

elevation, MAP and longitude for every locality record in the

Protea Atlas database for each study species (76 554 total).

Elevation, longitude and MAP were summarized as both the

average and the data range for each species (maximum locality

value minus minimum locality value). The geographical range

of each species was approximated as the convex hull area

around all Protea Atlas points for a given species, using the

Albers Equal Area projection and R software (package alpha

hull, alpha ¼ 100; [54]). For the monomorphic species alone

(8% of extracted records), we retained MAP, elevation and longi-

tude for each record. We used the 4997 records for monomorphic

pink species and 1353 records for monomorphic white species in

separate monomorph-only analyses.
(e) Statistical analyses
(i) Within-species comparisons
We used path analysis on our within-species dataset to determine

whether abiotic conditions, traits or biotic interactions were associ-

ated with pink morph frequency in P. repens or section Exsertae
(figure 2). Although we used only abiotic effects in our cross-species

comparisons, we included data on plant traits and biotic effects here

to refine our understanding of within-species processes. Abiotic

variables were elevation, longitude and MAP. Plant traits were

per-head plant fecundity, inflorescence size and individual seed

mass, each averaged across all measured individuals per popu-

lation. The sole biotic variable was seed predation intensity. Each

plant trait was a predictor of seed predation as well as of pink

morph frequency class. Covariation between all pairs of traits was

accounted for in the path model, as was covariation between

pairs of abiotic variations.

We standardized each of the variables to a mean of zero and unit

variance before fitting the path model in JAGS (http://mcmc-jags.

sourceforge.net/). The regression of fecundity, inflorescence size

and seed mass on abiotic variables treated the response variables

as multivariate normal, with the mean determined by the regression

and the covariance matrix estimated from the data. We modelled

seed predation intensity as a simple multivariate regression on all

preceding variables. We modelled pink morph frequency as

ordered categorical variables using adjacent category logits [55].

With this approach, the logit for category i represents the log odds

of that category relative to all higher categories. All regressions

included a random intercept per species. We used a vague Wishart

prior (5 d.f. with mean¼ identity matrix) for the covariance matrix

of the multivariate normal, and we used independent normal priors

(mean ¼ 0, variance ¼ 10) for each of the regression coefficients and

species random effects. The Gelman–Rubin convergence diagnos-

tic [56] was less than 1.003 for all parameters using five chains

with a burn-in of 5000 iterations and a sample of 25 000 iterations

(thinned by 5).

Although all regressions included separate random inter-

cepts for all four species, separate slopes (or categorical

transitions) were estimated only for P. repens and the three sec-

tion Exsertae species combined. We grouped Exsertae species

because they are closely related [39] and have similar pink

morph correlates [34]. The selected model had an improved

DIC (189), compared to one where P. repens and Exsertae species

shared a common slope (314). For populations belonging to our

lowest frequency category (less than 10%), the rare morph might

simply reflect rare mutation or gene flow rather than polymorph-

ism maintained by selection. To assess this possibility, we also

analysed our data using a threshold of less than 25% rather

than less than 10% for the lowest frequency class. Results were

indistinguishable between models, so we report only the less

than 10% results.

We summarize the results by plotting the probability that a

population falls into one of the five pink frequency classes as a
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function of the three abiotic predictors, three traits and seed pre-

dation intensity. For interpreting these plots (e.g. figure 3a), the

visual impression of darker shaded sections expanding from

low to high elevation corresponds to an increasing posterior

probability of pinker categories at high elevations. We summar-

ize this as ‘the frequency of pink morphs increases with

elevation’. Additional details on the post-stratification method-

ology used for creating these plots are in the electronic

supplementary material, Appendix S3.

(ii) Cross-species comparisons: polymorphism versus
monomorphism

For all 31 polymorphic and monomorphic species, we tested

whether species-level polymorphism or monomorphism was

associated with species range size, mean environment and

environmental breadth. The seven covariates in the generalized

linear model were the geographical range sizes plus means and

ranges for elevation, MAP and longitude. We used a Bernoulli

distribution with a logit link and accounted for variation due

to evolutionary relationships among taxa using the molecular

phylogeny of Valente et al. [39] and the MCMCglmm package

in R (http://www.r-project.org/). Covariates were standardized

to a mean of zero and unit variance before analysis. The Valente

et al. [39] tree was smoothed using the default parameters for

chronos() in the ape package in R. The prior for the residual

variance was inverse gamma (1,1), and the prior for the variance

of species random effects was inverse Wishart with 3 d.f.

Covariation among abiotic variables was accounted for in a

multiple-regression-type model. Again, we visually summarized

our results using post-stratification. In both the within-species

analysis and this analysis, we identified significant covariates

as those with quantile-based 95% credible intervals (CI) that

did not overlap zero.

(iii) Cross-species comparisons: monomorphic pink versus
monomorphic white

In a separate pair of analyses using only the 13 monomorphic

species, we tested whether population-level and species-level

colour (pink versus white) could be predicted using three abiotic

variables. For the first model, the binary response was whether a

given population was from a monomorphic pink versus mono-

morphic white species, and the three predictors in the multiple

regression were the population’s elevation, longitude and

MAP. To overcome non-independence of species and colour,

we used a GEE-type marginal model with empirical variance

estimates [57]. This procedure accounts for correlations within

species without an explicit species effect. For the second model,

the binary response was whether a monomorphic species was

pink versus white, and the predictors were species-wide

averages for elevation, longitude and MAP. Unlike all previous

analyses, the two monomorph-only analyses were performed

in PROC GLIMMIX of SAS v. 9.3, and their significance was

tested with p-values based on F-statistics, as opposed to 95%

CI. Finally, we qualitatively tested for extrapolation by compar-

ing significant predictors of pink monomorphism to predictors

of pink morph frequency that were significant within both
P. repens and section Exsertae.
3. Results
(a) Within-species comparisons
Across the 28 study populations of four Protea species, our

path analysis showed that the frequency of pink morphs

increased with elevation, and for P. repens alone, with longi-

tude east (figure 3a,b; 95% CI in the electronic supplementary
material, table S4). Higher elevation populations of P. repens
and section Exsertae were increasingly likely to have moder-

ate pink morph frequencies as opposed to being heavily

skewed towards or entirely white (figure 3a). The pattern

was particularly striking in P. repens, for which the prob-

ability of being skewed white or all white was 70% at sea

level but decreased to 10% at 1000 m elevation. Unlike

elevation and longitude, the third abiotic variable (MAP)

was not significantly associated with pink morph frequency

(electronic supplementary material, table S4).

Pink morph frequency in the path analysis was also related

to seed predation intensity in Exsertae and to inflorescence size

in P. repens, but not to any other plant traits (figure 3c,d;

electronic supplementary material, table S4). As predation

intensity increased, Exsertae populations were more likely to

be moderately pink as opposed to skewed white or all white.

As the average size of inflorescences increased in P. repens,

there was increasing probability that all inflorescences at that

site would be white.

The three plant traits included in the path analysis were

significantly related to additional variables, but only for

P. repens (95% CI in electronic supplementary material,

table S4). As the elevation of a population increased, plants

tended to have larger inflorescences, more seeds per head,

but lighter seeds. Finally, populations increasingly close to

the western coast had heavier seeds, and populations that

received less rainfall per year produced fewer seeds per head.

(b) Cross-species comparisons
Across the 31 bird-pollinated species, polymorphism was

more likely than monomorphism in species with distri-

butions spanning broad elevational gradients (figure 4; 95%

CI ¼ 48.21, 399.31). There was also evidence for a negative

association of mean elevation with polymorphism, i.e. poly-

morphs occurred at lower elevations, on average, than did

monomorphs (95% CI ¼ 2256.59, 217.29). Although there

were five other covariates in the multiple-regression model,

we detected no additional significant associations with

species-level polymorphism.

For monomorphic species alone, the population-level

analysis revealed one significant abiotic predictor. The prob-

ability of a population being pink versus white was positively

associated with elevation (F1,6334 ¼ 4.3, p ¼ 0.038). Two pre-

dictors in the population-level multiple regression were

non-significant (longitude: F1,6334 ¼ 0.782, p ¼ 0.78; MAP:

F1,6334 ¼ 2.67, p ¼ 0.102), as were all predictors in the

species-level analysis (F1,9 , 1.74, p . 0.21).

(c) Extrapolation from within to across species
Two of the results from cross-species analyses were consistent

with extrapolation of patterns detected within-species, and

both involved elevation. In the within-species analysis, pink

frequency increased with elevation for both P. repens and sec-

tion Exsertae. If cross-species patterns were an extrapolation

of those results, we would expect that: (i) monomorphic

pink species should occur at higher elevations than mono-

morphic white species, and (ii) species spanning a wider

range of elevations were more likely to be polymorphic

than monomorphic. Both of these expectations were met in

the cross-species analyses, although for (i), support came

only at the population level and not the species level. No

other abiotic variables showed significant trends within

http://www.r-project.org/
http://www.r-project.org/
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both P. repens and section Exsertae, and similarly, no other

abiotic variables showed significant cross-species trends.
4. Discussion
Our study revealed that elevation was consistently associated

with floral colour both within and among bird-pollinated

Protea, suggesting that elevational clines have shaped the

evolution of polymorphism repeatedly across the genus.

Divergent selection at low versus high elevations may

promote polymorphism, and directional selection on high-

elevation (or low-elevation) species may maintain pink (or

white) monomorphism. This study is, to our knowledge,

the first to demonstrate parallels between local selection

pressures and broad phylogenetic patterns in plant colour

polymorphism. Our study is not the first, however, to docu-

ment distribution of floral colour polymorphism and

monomorphism across several plant species. Published esti-

mates range from 22% of species from a clade within

Aquilegia (from [58]) and 36% of species in Polemoniaceae [9].

Other studies of cross-species patterns take an approach

different from the one used here but still point to divergent

selection as favouring pigment polymorphism [e.g. 59,60].

Galeotti et al. [61] used phylogenetically independent

contrasts to test for ecological correlates of plumage poly-

morphism in birds. Polymorphic bird species were more

often associated with varied habitats and activity patterns

that included both day and night, suggesting that evolution-

ary convergence on plumage polymorphism was promoted

by within-species variation in the light conditions used

(and a given pattern’s crypticity under those settings). The

only analogous study in plants compared collection records

and pollination syndromes of 341 Erica species and con-

cluded that polymorphic species were more strongly

associated with bird pollination and large elevational gradi-

ents [33]. In Protea, we also find an association between
polymorphism and elevational ranges, but in contrast to

other studies, we provide more direct evidence for this

pattern’s underlying causes, by extrapolating from within-

species patterns. The altitudinal increase in floral pigmentation

shown here is rare, but not entirely unique to Protea [62];

in other species, however, morphs tend to be lighter at

high elevations, which is a pattern most often attributed to

pollinators [63–65].

(a) A widespread mechanism for maintaining colour
polymorphism within species

The parallel elevational trends in pink morph frequency

within and across Protea species could very well result from

a common physiological mechanism. Such a mechanism

might involve the harshness of high elevation sites, which

would influence floral colour polymorphism directly or

indirectly through trait pleiotropisms between floral and

vegetative anthocyanins [e.g. 31,66]. Genotypes with

increased vegetative anthocyanins may have an advantage

when faced with abiotic stressors, because anthocyanins

absorb some of the blue-green and UV wavelengths that

contribute to photoinhibition, i.e. photosystem inefficiencies

that are caused by high light but exacerbated by cold,

drought or nutrient stress [32,67]. Indeed, several studies

have found an association, albeit without direct evidence

of the mechanism, between vegetative anthocyanins and

increased tolerance of drought, cold, UV and nutrient

deficiency [28,30,68].

If vegetative and floral anthocyanins are genetically corre-

lated, as has been suggested for section Exsertae and several

other unrelated species [31,34,69], harsh, high elevation con-

ditions will probably favour pink floral morphs. White

morphs may be favoured at milder, low elevation sites due

to negative trait pleiotropisms with pigmentation or costs of

anthocyanin production [32,34]. Warren & Mackenzie [15]

found such a trade-off in five herbaceous polymorphic

species from Britain, with anthocyanin-containing morphs

having higher fitness under experimentally induced drought

than those lacking anthocyanin. The fitness relationships

reversed when plants were well watered. Arista et al. [27]

found a similar pattern in Lysimachia arvensis, and the classic,

long-term studies of Linanthus parryae suggest that environ-

mentally variable natural selection contributes to maintenance

of that blue-white polymorphism [9,68].

Elevational gradients also contribute to other aspects of

phenotypic diversity in P. repens, as is evidenced by eleva-

tional trends in seed mass, fecundity and inflorescence size.

These patterns could be a result of divergent selection, per-

haps involving resource trade-offs, but they could also

reflect environmental plasticity and differences in maternal

condition along elevational clines. It is currently unknown

for most floral traits other than colour whether within-species

floral differences in Protea have a strong genetic component.

(b) Idiosyncratic mechanisms for maintaining colour
polymorphism within species

Longitude and seed predation intensity were significantly

associated with pink morph frequency, but unlike for

elevation, the broad-scale implications of these relationships

are less clear. In P. repens alone, pink morph frequency

increased with east longitude. While rainfall seasonality
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varies dramatically along this axis, there is insufficient

within-species evidence to suggest that this relationship

should be genus-wide. Indeed, neither our analysis of

environmental associations in 13 monomorphic species nor

our analysis of monomorphism and polymorphism across

31 species showed a longitudinal association.

Similarly, we have evidence in Exsertae that pink morphs

are more frequent in sites with heavy predation, yet such evi-

dence is lacking for P. repens. A predation-related advantage

for pink Exsertae morphs is plausible, given that in some sites,

white morphs lost more seeds to pre-dispersal seed predators

[34] or they had a higher proportion of seed heads infested

owing to an indirect association with larger inflorescences

[37]. Many other studies also find that the leaves or flowers

of lighter pigmented morphs are more frequently consumed

or serve as a more-beneficial food source ([24,26,70], but see

[25,71]). Thus, spatial or temporal variation in insect commu-

nities [43,72] combined with intrinsic fecundity advantages of

white morphs could cause pink morph abundance to increase

only when predation is high, thereby favouring polymorph-

ism within a species. Whether this explanation applies

outside of Exsertae is unclear, however, and it is currently

untestable due to lack of data.

(c) Extending mechanisms to cross-species patterns
in colour polymorphism

Our results provide some support for convergent evolution

in patterns of phenotypic polymorphism in a clade, and

specifically, that species-level polymorphism could reflect

an extension of altitudinally driven divergent selection

within Protea species. We found that monomorphic species

spanned smaller altitudinal ranges than did polymorphs,

consistent with the idea that a species is more likely to be

shaped by divergent pressures if it spans a broad range of

environmental conditions. An association between species-

level polymorphism and diversity in abiotic conditions was

also predicted by Forsman et al. [14]. We also found that

populations of monomorphic pink species were more fre-

quent than populations of monomorphic white species at

high elevations. A closer examination of population fre-

quency with elevation (electronic supplementary material,

figure S1), however, shows that pink monomorphs were com-

monly observed at both high and low elevations, whereas

white monomorphs were mainly found at low elevations.

The rarity of high elevation white monomorphs suggests

that pigment production could be among a suite of traits

that promotes population persistence and expansion in high

elevation sites. When other polymorphic species are subject

to harsh experimental conditions, anthocyanin-rich plants

often outperform anthocyanin-deficient ones, as mentioned

previously [15,27]. A powerful test of this hypothesis would

require data from a wider range of polymorphic species

in addition to experimental manipulations that test the

relationship between pigmentation and survival.

In this study, we use parallel elevational effects observed

within and across species as suggestive of a selection-driven

cause for convergence, yet such correlations may also arise

through other means. First, biotic and abiotic conditions cur-

rently associated with maintaining polymorphism may differ

from those that a species experienced when it evolved

polymorphism. Second, evolutionary transitions between

pink and white may not occur at equal rates. Based on
phylogenetic comparisons in a few well-studied lineages,

floral anthocyanins are more likely to be lost within a lineage

than to be gained [58,73]. Similarly, monomorphism should

be easier to evolve from polymorphism than the inverse

[12]. Even so, white monomorphs are relatively rare in

Protea, and differing transition likelihoods cannot readily

explain the parallel environmental associations observed

both within and across Protea species.

Another caveat comes from the assumption that cross-

species polymorphism patterns can have within-species

origins, and that parallel pressures influence phenotypes in

the same way repeatedly across smaller clades. For this to

be possible, local responses to altitudinally driven selection

must be fairly homogeneous across species, and when new

species form, they must retain their polymorphism status

and environmental associations, or shift them together

when invading new sites. Although these assumptions are

strengthened by parallels with ecological speciation [74],

they ignore the genetic mechanisms underlying colour poly-

morphism, which may differ among species and constrain

certain evolutionary outcomes. Different mutations can pro-

duce the same or similar pigment patterns in congeneric

and even conspecific plants or animals, but each mutation

may nevertheless have its own set of pleiotropic effects

[29,75,76]. In plants, mutations that halt anthocyanin pro-

duction may occur in structural genes for the flavonoid

biochemical pathway or in transcription factor regions, with

the latter presumed more tissue-specific and the former

more deleterious for their plant-wide effects on the pathway

by-products, including compounds that reduce physiological

stress or herbivory [29]. Because we do not know whether

different mutations are involved, we base our extrapolation

purely on phenotypic selection. If white morphs are favoured

at low altitudes and pink morphs are favoured at high alti-

tudes, as suggested by our within-species analyses, we

expect a species with a broad elevational range to include

both white and pink morphs, regardless of the genetic

mechanisms underlying trait differences.

In summary, the parallel biogeographic patterns in colour

within several Protea species and across 31 bird-pollinated

species suggest an important evolutionary role for pigmenta-

tion that varies with elevation at both narrow and broad

phylogenetic scales. By extrapolating from the familiar

intra-specific and species-by-species views of phenotypic

polymorphisms, this study is, to our knowledge, the first to

provide an explanation for why colour polymorphisms

occur where they do in any plant lineage, using the

charismatic genus Protea in a plant biodiversity hotspot.
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8. Ågren J, Hellström F, Toräng P, Ehrlén J. 2013
Mutualists and antagonists drive among-population
variation in selection and evolution of floral display
in a perennial herb. Proc. Natl Acad. Sci. USA 110,
18 202 – 18 207. (doi:10.1073/pnas.1301421110)

9. Schemske DW, Bierzychudek P. 2007 Spatial
differentiation for flower color in the desert annual
Linanthus parryae: was Wright right? Evolution 61,
2528– 2543. (doi:10.1111/j.1558-5646.2007.00219.x)

10. Sanger TJ, Sherratt E, McGlothlin JW, Brodie III ED,
Losos JB, Abzhanhov A. 2013 Convergent evolution
of sexual dimorphism in skull shape using distinct
developmental strategies. Evolution 67, 2180 –
2193. (doi:10.1111/evo.12100)

11. Sakai AK, Weller SG, Wagner WL, Nepokroeff M, Culley
TM. 2006 Adaptive radiation and evolution of breeding
systems in Schiedea (Carophyllaceae), and endemic
Hawaiian genus. Ann. Mo. Bot. Gard. 93, 49 – 63.
(doi:10.3417/0026-6493(2006)93[49:ARAEOB]2.0.CO;2)

12. Sakai S, Wright SJ. 2008 Reproductive ecology of 21
coexisting Psychotria species (Rubiaceae): when is
heterostyly lost? Biol. J. Linnean Soc. 93, 125 – 134.
(doi:10.1111/j.1095-8312.2007.00890.x)

13. Gray SM, McKinnon JS. 2007 Linking color
polymorphism maintenance and speciation. Trends
Ecol. Evol. 22, 71 – 79. (doi:10.1016/j.tree.2006.10.
005)
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