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Male hummingbirds have repeatedly evolved sexually dimorphic tails that they use as ornaments during courtship. We examine

how male ornament evolution is reflected in female morphology. Lande’s two-step model of the evolution of dimorphism predicts

that γ (the genetic correlation between the sexes) causes trait elaboration to first evolve quickly in both sexes, then dimorphism

evolves more slowly. On the hummingbird phylogeny, tail length does not fit this two-step model; although hummingbirds

repeatedly evolved ornamental, elongated tails, dimorphism evolves on the same phylogenetic branch as elongation, implying

that γ quickly evolves to be low over phylogenetic timescales. Male “bee” hummingbirds have evolved diverse rectrix shapes that

they use to produce sound. Female morphologies exhibit subtle, pervasive correlations with male morphology. No female-adaptive

hypotheses explain these correlations, since females do not also make sounds with their tail. Subtle shape similarity has arisen

through the genetic correlation with males, and is subject to intralocus sexual conflict. Intralocus sexual conflict may produce

increased phenotypic variation of female ornaments. Other evolutionary constraints on tail morphology include a developmental

correlation between neighboring tail-feathers, biasing tail elaboration to occur most often at the ends of the feather tract (rectrix

5 or 1) and not the middle.
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Why are exaggerated courtship ornaments of males, such as

elongated tails or bright colors often also expressed in reduced

form in females? Female ornamentation is either adaptive in fe-

males (Amundsen 2000; Price and Eaton 2014), or the correlated

byproduct of selection for the trait in males (Lande 1980; Bon-

duriansky and Chenoweth 2009; Poissant et al. 2010). The sexes

share a genome, most genes are autosomal and most traits are ex-

pressed via developmental pathways common to both sexes. This

architecture makes it likely that the genetic correlation between

the sexes, hereafter γ, is high for most phenotypic traits. A review

of >100 empirical measures of γ on a wide range of taxa found

that monomorphic traits tend to have γ near 1 (figure 4 in Poissant

et al. 2010).

Lande (1980) proposed that high γ causes sexual dimorphism

to evolve in two distinct stages. First, a new selective pressure

∗
This article corresponds to Robert, A. 2020. Digest: Evolution of mutual or-

namentation in hummingbirds. Evolution. https://doi.org/10.1111/evo.13917.

arises that favors an exaggerated trait in one sex (e.g., females be-

gin to prefer a long tail in males). If the trait is highly evolvable, it

relatively rapidly evolves to a new optimum in which both sexes

are monomorphic and somewhat exaggerated. The new optima

is set by intralocus sexual conflict, in which selection favoring

further elaboration of the trait in males is opposed by selection

against further trait elaboration in females (Rice and Chippin-

dale 2001; Bonduriansky and Chenoweth 2009; Abbott 2011).

Second, dimorphism evolves, more slowly. As genetic changes

arise that erode γ, selection returns the female trait to the original

unelaborated state favored by natural selection, while the male

trait, now released from opposing selection acting on females,

may elaborate further. The assumption of Lande’s argument is

that more genetic variation contributes to trait elaboration than

reduces γ.

If this erosion of γ takes place over phylogenetic timescales

(i.e., longer than the timescale of speciation), then in the context of

a phylogeny, Lande’s model makes a specific, two-step prediction:
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ornaments first arise monomorphically in somewhat elaborated

form in both sexes, then within that clade, dimorphism arises

later as the ornament is subsequently lost in females, while further

elaborated in males (Kraaijeveld et al. 2007; Bonduriansky and

Chenoweth 2009; Kraaijeveld 2014).

Alternately, if γ can quickly erode relative to the rate of

speciation, then on a phylogeny, dimorphism should evolve in

a one-step process, in which both the exaggerated trait and di-

morphism tend to evolve on the same branch of the phylogenetic

tree. Vestiges of the ornament may nevertheless remain in fe-

males, for instance if selection promoting the ornament in males is

strong and selection for complete elimination in females is weaker.

Moreover, this selection differential may predict increased pheno-

typic variation in the female trait, since intralocus sexual conflict

may promote maintenance of genetic variation (Bonduriansky and

Chenoweth 2009).

As an alternative to the genetic correlation hypothesis, female

ornaments may be adaptations in their own right (Amundsen and

Pärn 2006). The most compelling examples of adaptive female

ornamentation arise when dimorphism is reversed, females and

not males have the ornamental trait, such as female horns in

certain species of Onthophagus beetles (Emlen et al. 2005a, b),

or when dimorphism is the ancestral character state and females

secondarily gained an ornament previously present in males, such

as birdsong (Odom et al. 2014), or ornamental female plumage

(Burns 1998; Price and Eaton 2014).

Few empirical studies that trace the evolution of sexually

selected female ornaments on a phylogeny have focused on the

genetic correlation hypothesis (Kraaijeveld et al. 2007; Kraai-

jeveld 2014). Instead, recent studies have generally tested adap-

tive explanations for female ornamentation (Amundsen and Pärn

2006). One reason recent studies have tended to support adaptive

hypotheses rather than the genetic correlation hypothesis is epis-

temological: the genetic correlation between the sexes is often

treated as a null (Amundsen and Pärn 2006) and nulls are hard to

prove. Direct evidence that γ is high (or low) in an extant species

does not reveal how evolvable γ is over macroevolutionary time.

Instead, the strongest positive evidence that a genetic correlation

between the sexes has driven female morphology will derive from

examination of proximate (developmental, hormonal, or genetic)

mechanisms that underlie a nonzero γ (Kraaijeveld et al. 2007;

Kraaijeveld 2014, 2019).

Here, we examine the correlated evolution of ornamental

male and female hummingbird tail morphology (Fig. 1), on two

different data sets. We study the evolution of tail feather length

across nearly all hummingbirds (comprising >332 species), and

tail feather shape within 20 species of a single subclade, the “bee”

hummingbirds (tribe Mellisugini). Male hummingbirds experi-

ence high levels of sexual selection via female choice: all species

have polygynous mating systems (lekking or resource defense

polygyny) and none are known to have paternal care (Schuch-

mann 1999).

Hummingbirds have five bilateral pairs of tail-feathers,

termed rectrices, labeled R1 (innermost) to R5 (outermost). Dif-

ferent rectrices have been elongated in different taxa, allowing

a fine-grained look at what happens to female tail length when

male morphology becomes elaborated. Clark (2010) examined

tail allometry across nearly every species of hummingbird in the

context of aerodynamic hypotheses about how tail shape evolves.

Here, we conduct further analyses on the feather length data from

Clark (2010) to evaluate how tail length dimorphism evolves as

the tail is elongated against the two versions of Lande’s model.

We also examine a second dataset on tail-feather shape in 20

species of hummingbird within “bee” hummingbirds. In this clade

the shape of the male’s tail-feathers is under diversifying selection

as a “musical instrument” (Clark et al. 2018). During a high-speed

courtship dive, males make species-specific sounds with their tails

(Clark et al. 2018). Subtle differences in male feather shape in any

of the rectrices produces relatively pronounced changes in sounds

that courting males produce for females (Clark and Feo 2010; Feo

and Clark 2010; Clark 2011, 2014).

In the bee hummingbirds, “male” tail-feather shape is

exquisitely tuned to produce relatively loud sounds. Below, we

show that female morphology is correlated with the subtle aspects

of male morphology that are responsible for sound-production (in

males only) in ways that suggest that this variation is unlikely

to be adaptive in females, implying it is the product of genetic

correlation. Then, rather than treating the genetic correlation hy-

pothesis as a null, we explore related patterns in hummingbird

feather evolutionary development that all support our argument

that genetic correlations and associated developmental constraints

have played a role in female hummingbird tail evolution.

Methods
TAIL LENGTH EVOLUTION IN ALL HUMMINGBIRDS

Body mass, folded wing chord (hereafter, wing length), and length

of the five tail-feathers (R1, R2, R3, R4, and R5) were measured

from museum specimens of 332 species of hummingbird (as de-

scribed in Clark 2010), supplemented with measurements of live

birds from field work or from the literature, including a large

sample of adult T. polytmus caught near Hardwar Gap, Portland

Parish, Jamaica in 2004 and 2005.

PHYLOGENY

An ultrametric phylogeny of 294 hummingbirds from McGuire

et al. (2014) was supplemented with eight additional taxa from

Clark et al. (2018). Due to differences in taxonomy (e.g., splits and

recently described taxa), 21 taxa lacked phenotypic data and were

pruned from the phylogeny, thus phylogenetic analyses included
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Figure 1. Examples of elongated tails in hummingbirds. (A) Male dimorphic (long ♂, short ♀), red points (f, d) in Figure 2. Dimorphic

male tails tend to have visual ornamentation. (B) a Male-dimorphic species, Thaumastura cora (h in Fig. 2), courting a female, holding its

greatly elongated, sexually dimorphic inner rectrices (R2) out to either side. Arica, Chile, 23 Sept. 2010. (C) Monomorphic long tails (long

♂, long ♀), blue points in Figure 2. (D) Female dimorphic (short ♂, long ♀) evolved once, in Heliothryx spp. (yellow in Figure 2). Females

apparently use their tails to mimic falling leaves when departing their nest. Photos Courtesy Anand Varma (A–C), and Gabriel Mello (D).

a total of 281 taxa. Moreover, a few taxa lacked body mass data,

and Loddigesia mirabilis was dropped from some analyses as an

extreme outlier: males have vestigial R2, R3, and R4 that are each

>7 SD below the mean, and a spectacularly elongated R5 (Zusi

and Gill 2009), so certain analyses had slightly lower sample

sizes.

Independent contrasts (IC) of male and female values for

each trait were calculated using the PDAP module (Garland and

Ives 2000) in the program Mesquite 3.51 (Maddison and Maddi-

son 2018). Branch lengths were transformed using Nee’s method

because this transformation yielded independent contrasts that

were not correlated with the SD of branch length for any variable

(Garland et al. 1992).

PARTIAL CORRELATIONS OF TAIL LENGTH

To examine how ipsilateral (neighboring) tail-feathers evolve in

concert in the same and opposite sexes, partial correlations of

independent contrasts of wing length and lengths of the five rec-

trices for each sex were computed in the program JMP Pro 13.0,

SAS institute Inc. Partial correlations measure the degree to which

each pairwise variable combination is correlated independent of

the effect of every other variable in the matrix.

To ensure that the results we present were robust, we ran

several permutations of this analysis, including body mass as

a covariate; running the analyses on the raw species data; and

dropping the extreme outlier Loddigesia mirabilis. Among these

permutations, dropping L. mirabilis had a greater effect on the

effect sizes than did the difference between the raw species data

and the independent contrasts. With abundant statistical power

(n = 279 contrasts), most partial correlations were significant

at P < 0.0001, and instead our interpretation focused on the

magnitude of effect sizes. None of these permutations yielded a

result with a different interpretation, thus for simplicity only one

version of the analyses is presented.
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EVOLUTION OF ELONGATION

We examined whether all of the evolutionary stages predicted by

Lande’s two-step model were represented within hummingbirds,

and specifically, whether the two steps of Lande’s model were

ordered, with dimorphism in tail feather length tending to evolve

within clades that had previously evolved elongated, monomor-

phic tail-feathers. To test this, we regressed length of each tail-

feather against body mass and took the residual length, yielding

five values (residual R1, R2, R3, R4, R5) each for males and

females that were independent of body size, controlling for the

sexual size dimorphism present in most hummingbird species

(Colwell 2000). Clark (2010) showed that all five rectrices have

similar allometric slopes of �0.5, and that phylogenetic correc-

tions yield essentially the same allometric slope as a regression

of the raw species data. Thus, relative length of each of the five

rectrices can be compared directly, after controlling for the effects

of body size, without additional scaling.

We selected the maximum of these five values for males and

females as a univariate measure of male and female tail length.

To calculate dimorphism, we took the difference between male

and female residual values for each of the five tail feathers, and

used the maximum of these five values as a measure of male

dimorphism (i.e., which residual tail feather length has the greatest

difference between males and females). Out of �319 species, 22%

of males have at least one tail-feather with a residual length of

>12 mm. The distribution of tail dimorphism is continuous and

unimodal (Fig. 2A), but with a small break in the distribution

at 12 mm (arrow, Fig. 2A), so we discretized tail length into a

binary character, “long” and “short,” defining species with a long

tails as those with at least one tail-feather with residual length

>12 mm, and defined dimorphism as a difference between males

and females of at least 12 mm in one tail feather. There were no

instances in which sister taxa had elongated different rectrices,

thus combining elongations of different rectrices into a single

variable did not obscure relevant evolutionary changes within a

clade with an elongated tail.

Considering the sexes jointly, there are four character states

for a binary character: short ♂, short ♀ (state 0), long ♂, long ♀

(state 1), long ♂, short ♀ (state 2), and short ♂, long ♀ (state 3)

(Fig. 2E). State 3 (short ♂, long ♀) was rare, evolving once in

one clade of two species. For four character states there are up

to 12 rate parameters (q01, q02, q03, q10, q12, q13, q20, q21,

q23, q30, q31, q32) that describe the separate rates of evolution

between each state, where q01 is the rate of evolution from state

0 to state 1, q10 is the rate of evolution back to state 0 from state

1, and so on (Fig. 2E).

We tested different models of the rate of evolution between

these states using the Multistate test as implemented by the pro-

gram BayestraitsV2 (Pagel and Meade 2006). The Multistate test

employs Markov chain Monte Carlo (MCMC) simulation to find

models of the rate parameters with the best likelihood score. For

all analyses, we assumed that male-dimorphism (long ♂, short

♀; state 2) did not evolve directly into female-dimorphism (short

♂, long ♀; state 3), or vice versa, because such transitions (1)

are biologically difficult to interpret (they could imply the sexes

are negatively genetically correlated, whereas we sought to test

Lande’s 2-step model of a positive correlation); (2) was unlikely to

actually occur, given our data (state 3 was rare) and (3) multistate

is sensitive to over-parameterization, particularly of parameters

with an expected value of zero (Meade and Pagel 2014). There-

fore, parameters q23 and q32 were set to zero a priori (i.e., not

shown in Fig. 2E) meaning we assumed that any transitions be-

tween state 2 to state 3 occurred via states 1 or 4, rather than

directly.

Multistate, preliminary analyses: Over-parameterization was

a problem (Meade and Pagel 2014), likely on account of character

state 3, which was extremely rare (yellow in Fig. 2D). To produce

a stable model, we fixed parameters that were unrelated to testing

Lande’s two-step model. Preliminary MCMC simulations that

converged on a high (>99%) probability of an ancestral character

state of state 0 always had substantially better log likelihood, but

some runs failed to converge on this value. So, we fixed the root of

the tree to character state 0 for the presented analyses. Similarly,

we used the reversible-jump version of the MCMC simulation

(Pagel and Meade 2006), where “reversible-jump” means that

the analysis will occasionally jump to and test the likelihood

that a given parameter is zero. These simulations revealed that

parameters for evolving away from state 3 (q30, q31) were often

zero. So, we set parameters q30 and q31 to zero for all analyses

presented, making state 3 a sink (no way to evolve away from

it once it arises). After doing so, replicate runs of Multistate to

reliably converged on models with highest log likelihood score

(Meade and Pagel 2014).

Thus, these exploratory analyses yielded a final eight-

parameter null model that included q01, q02, q03, q10, q12, q13,

q20, and q21. Priors were set to an exponential distribution with

a mean of 0.02, where 0.02 was the average parameter value from

a preliminary maximum likelihood analysis. Each model was run

multiple times (up to five), as recommended by the Multistate

manual (Meade and Pagel 2014), to ensure the global optima was

found. Replicate runs usually had nearly identical parameter esti-

mates and likelihood scores, thus the single run with the best log

likelihood is presented.

Tests of Lande’s two-step model in multistate: Lande’s two-

step model hypothesizes that the two dimorphic states, state 2

(long♂, short♀) and state 3 (short♂, long♀) arises out of state 1

(long ♂, long ♀). Thus, we tested the likelihood of Lande’s two-

step hypothesis by setting the parameters q02 and q03 to zero (i.e.,

yielding a six-parameter model), which we tested against the one-

step eight-parameter null model described above in which q02
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Figure 2. Evolution of sexual dimorphism in hummingbird tail morphology: dimorphism tends to evolve in one step, not 2 steps.

(A) Distribution of maximum residual tail feather length (maximum of 5 feather lengths). Arrow indicates 12 mm cutoff used to define

elongated tails. (B) male tail dimorphism against tail elongation (species data). Inset: Independent contrasts computed from same data.

(C) Female tail dimorphism. In both (B) and (C), dimorphism was calculated by subtracting residual rectrix length of one sex from the

other for each of the five rectrices, and selecting the maximum values for males and females respectively. For example in the Jamaica

Streamertail Trochilus polytmus, residual male rectrix lengths are 0.2, 1.1, 5.8, 121, and 4.1 mm for R1 through R5, and residual female

rectrix lengths are 2.7, 4.5, 8.1, 8.1, and 1.3 mm (see Fig. 3B). Male dimorphism is greatest for R4, and is (121–8.1) 113 mm, while female

dimorphism is greatest for R2, and is (4.5–1.1) 3.4 mm. Tail elongation is maximum of these five residual rectrix length (as in A). (D)

Phylogeny of 280 hummingbird taxa (from McGuire et al. 2014; Clark et al. 2018), with elongations plotted with parsimony (black: short

tail; blue: monomorphic elongated; red: male elongated; yellow: female elongated). Letters show individual genera shown in (B) and (C),

and R1, R2, R3, R4, and R5 indicate longest tail feather. Position of Hylonympha macrocerca is approximate; it is not closely related to

any other species with a greatly elongated tail (C. Witt pers. comm.). (E) Four-state Multistate model initially considered. Transitions q30

and q31 (dashed lines) were set to zero after preliminary analyses indicated Multistate was not stable with their inclusion. Astrisks: q02

and q03 were set to zero to test Lande’s hypothesis that state 2 (and state 3) evolves from state 0 through state 1, rather than directly.

F) Character state transitions inferred when q02 and q03 are nonzero (“one-step model” in Table 2).
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Figure 3. The rare examples of elongation of hummingbird tail-feathers falling in the middle of the tail tract (R2, R3, and R4) suggests

the sexes are genetically correlated. Lines depict length of each of the rectrices (R1 through R5) in males and females, with red indicating

positive residual length (from regression of rectrix length against body mass, as in Fig. 2A). (A–C) The three sub-clades in which R2 or R4

is dimorphic and elongated in males. (A) Topaza pella males have elongated R2, (B) Thaumastura cora males have elongated R2, and (C)

Trochilus spp. males have elongated R4. In each case, dimorphism is pronounced, but female morphology has a subtle correlation with

male morphology: the longest female rectrix is the same as the rectrix that is greatly elongated in males (arrows), whereas this is not

the case in the nearest outgroups. D) Adult male hybrid Eulidia yarrellii x Thaumastura cora described by Clark et al. (2013) had R3 as the

longest rectrix, similar to Eulidia; and a transgressive R1 and R4 (blue). See also figure 7 in Clark et al (2013).

and q03 were allowed to freely vary. We also tested an alternative

version of Lande’s 2-step model, in which q02 was set to zero but

q03 was not, to ensure that assumptions about character state 3

(short ♂, long ♀), which was rare (evolved once) did not affect

the model’s likelihood score.

BEE HUMMINGBIRD 2D GEOMETRIC

MORPHOMETRICS

For 20 species in the bee hummingbird clade, tail-feather samples

comprising all five feathers from either the left or right side were

collected from up to three (three sets when possible) adult males

and females during the course of field work. Right-side feathers

were mirrored to produce left-handed images for shape analyses,

and only feathers with no apparent damage or wear were used. We

digitized 29 semi-landmarks on each of the five tail-feathers, in

the program tpsDig264 (Rohlf 2015). Twenty points were placed

on the periphery at 0, 25, 50, 60, 70, 75, 80, 85, 90, 95, and 100%

of the vane, and nine along the calamus (Figure 4A). The first

landmark was a reference (defined as 0,0), and the feathers were

rotated so that the x-axis aligned with point 1 and point 21. Each
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Figure 4. Sexually selected male morphology (an elongated R4

in males) results in increased variance in the homologous female

R4 in adult Trochilus polytmus. (A) Bar and whisker plot of tail-

feather length. Bar indicates 25th and 75th percentiles, whiskers

depict range. (B) residual tail-feather length. Female rectrices have

unequal variances (O’Brien test, N = 91 birds, F = 16.7, P < 0.0001),

as do male rectrices (O’Brien test, N = 10 birds, F = 4.22, P = 0.005).

In both sexes, R4 has the greatest variance (arrow), but in females,

unlike males, R4 is not substantially longer than the other rectrices.

of the five rectrices from a particular bird was a separate sample in

the geometric morphometic analysis (i.e., 107 birds × 5 feathers

per bird = 535 samples total).

In the program MorphoJ 1.06d (Klingenberg 2011), a Pro-

crustes fit was applied to each feather to size-normalize them.

Principal components of feather shape were then calculated. Us-

ing the ultrametric phylogeny from Clark et al. (2018), we took

independent contrasts of the first four principal components of

shape for each of males and females, following the same methods

as the tail length dataset, except branch lengths were not trans-

formed since the standard deviation of branch length was not

correlated with contrasts.

Results
TAIL LENGTH EVOLUTION

A table of our raw data, including wing length, body mass, and

tail length for males and females of most species of hummingbird

is provided in the supplemental material (Table S1). Independent

contrasts of wing, R1, R2, R3, R4, and R5 for each sex were

strongly positively correlated, and nearly all pairwise correlations

were statistically significant at P < 0.0001. In Table 1, we present

partial correlation coefficients, which assess the pairwise correla-

tion of two variables after controlling for the correlation with all

of the other variables, of independent contrasts of wing, R1, R2,

R3, R4, and R5 for each sex.

The 66 partial correlation values in Table 1 can be partitioned

into within-sex and between-sex results, and summarized fairly

simply. Within each sex, neighboring tail-feathers (R1-R2, R2-R3,

R3-R4, and R4-R5) are positively correlated, and the correlation

is strong in most cases (most partial correlation coefficients of

neighboring feathers > 0.4). Other partial correlation coefficients

of within-sex comparisons tend to either be low magnitude (<

0.2) or negative (notably, ♀R2-♀R4 and ♂R1-♂R5).

Between the sexes, partial correlations of homologous rectri-

ces (shaded cells in Table 1) are positive for all five rectrices, and

the partial correlations have large magnitude at each end of the

feather tract: ♂R1-♀R1 (0.60) and ♂R5-♀R5 (0.45). Correlation

between the sexes is weakest in the middle of the tract (♂R3-

♀R3: 0.10). Meanwhile, non-neighboring rectrices are mostly

negatively correlated between the sexes, and the magnitudes are

generally low, <0.2.

To summarize these results, within a sex, neighboring tail-

feathers tend to evolve length in concert (they are positively cor-

related, independent of other tail-feathers). Between the sexes,

homologous feathers at either end of the feather tract also tend

to evolve length in concert, but this effect does not extend to

ipsilateral feathers between the sexes (such as ♂R5-♀R4): non-

homologous feathers do not evolve in concert between the sexes.

ORIGINS OF ELONGATION AND DIMORPHISM

A monomorphic, short tail (short ♂, short ♀) is the inferred an-

cestral character state of extant hummingbirds (Clark 2010), as is

also independently suggested by the morphology of a fossil hum-

mingbird (Louchart et al. 2007). Monomorphic tails elongated by

>12 mm (long ♂, long ♀) have evolved approximately 15 times

(blue in Fig. 2). None of these monomorphic species have evolved

particularly elongated tails; the longest is Eupetomena macroura

(m in Fig. 2) and some hermits (Phaethornis spp, n in Figs. 1B, 2),

which have residual tail lengths of �40 mm. These monomorphic
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Table 1. Partial correlations of independent contrasts of hummingbird wing and tail feather lengths, within and between the sexes.

♀Wing ♀R1 ♀R2 ♀R3 ♀R4 ♀R5 ♂Wing ♂R1 ♂R2 ♂R3 ♂R4

♀R1 0.17
♀ R2 0.10 0.54
♀R3 −0.03 −0.01 0.65
♀ R4 0.03 −0.004 −0.24 0.75
♀ R5 0.26 −0.07 −0.01 −0.32 0.77
♂Wing 0.76 −0.15 −0.05 −0.01 0.14 −0.19
♂R1 −0.13 0.60 −0.13 −0.11 −0.03 0.11 0.37
♂R2 −0.13 −0.04 0.31 −0.06 −0.10 0.11 0.03 0.17
♂R3 0.011 −0.21 −0.05 0.10 0.03 −0.06 0.05 0.19 0.68
♂ R4 0.04 −0.09 −0.09 −0.03 0.23 −0.31 −0.08 0.20 −0.15 0.52
♂R5 −0.29 0.13 NS 0.08 −0.05 −0.10 0.45 0.29 −0.24 NS −0.06 −0.004 0.48

All pairwise correlations are significant at P < 0.0001, except those labeled NS, which are P > 0.0001. (The Bonferroni P-value for 66 comparisons is 0.00076).

N = 279 independent contrasts. Five dark-shaded cells indicate between-sex tail feather correlation, for emphasis. Bold values are positive/negative partial

correlations with magnitudes > 0.2 (scaled to unit diagonal). Contrast between L. mirabilis and Eriocnemis glaucopoides has been omitted as an extreme

outlier.

elongations plausibly represent stage 1 of a partially elaborated

monomorphic ornament of Lande’s model.

Male dimorphism, in which a male tail-feather is at least

12 mm longer that the homologous female feather (long ♂, short

♀), evolved 15–16 times in the phylogeny (red in Fig. 2). These

repeated origins of dimorphic, greatly elongated species could

plausibly represent stage 2 of Lande’s model. Female dimorphism

(short ♂, long ♀; Fig. 1D) has evolved once, in Heliothryx spp.

(p in Fig. 2).

LANDE’S TWO-STEP MODEL IS NOT SUPPORTED

Species representing stage 1 and stage 2 of Lande’s two-stage

model have each evolved repeatedly, 15 and 15–16 times, respec-

tively, within hummingbirds. Results of model fitting with the

program Multistate to test two versions of Lande’s two-step model

are presented in Table 2. In version one, female dimorphism is also

constrained (q03 is set to zero) to evolve via state 1 (monomorphic

long) while in the “alternative two-step,” q03 is not set to zero.

Both these two-step models had a log likelihood score of –149.9,

worse than a one-step model (likelihood score: –142.5; Table 2).

Ancestral state reconstructions (parsimony) suggests why this is:

elongated dimorphic clades (red in Fig. 2) only once fall inside

elongated monomorphic clades. Rather, dimorphism and elonga-

tion nearly always evolve on the same branch (Fig. 2C).

Which tail-feather is elongated is not distributed randomly

among the five rectrices: 79% (23 of 29) origins of an elongated

tail are of R5, substantially greater fraction than the 5.8 times

expected if each feather were equally likely to elongate (Binomial

test, P < 0.001). R1, R2, and R4 have elongated three, two, and

one times, respectively. These rare elongations of R2 and R4 are

presented in detail in Figure 3A–C. R3 is never elongated by

>12 mm in any natural hummingbird species with an elongated

tail (Table S3). Figure 3D shows a hybrid hummingbird in which

R3 was longest.

FEATHERS THAT ARE VARIABLE IN MALES ARE ALSO

VARIABLE IN FEMALES

On a large, wild-caught sample of Trochilus polytmus, in which

males but not females have a greatly elongated R4, tail-feather

length shows uneven variance (Fig. 4A and B). ♂R4 have much

greater variance than R1, R2, R3, or R5 (O’Brien test for uneven

variance, N = 10 birds, F = 4.35, P = 0.005). Female rectrix

length also shows the same variance pattern: ♀R4 has higher

variance in length than the other rectrices (O’Brien test, N = 74

birds, F = 12.1, P < 0.0001), even though ♀R4 is similar in

length to the other female rectrices (Fig. 4B).

FEATHER SHAPE EVOLUTION IN THE BEE

HUMMINGBIRDS

The raw data for this analysis are provided in the Supporting

Information (Table S2). The first four principal components of

the geometric morphometric analysis accounted for 95.2% of the

variance in feather shape (Fig. 5). PC1 (83% of variation) loaded

on feather aspect ratio (long and skinny versus short and fat),

while PC2 (7.1% of variation) loaded on a combination of tip-

pointiness and the curvature of the rachis (Fig. 4B). PC3 (3.5%

of variation) loaded on curvature of the entire vane of the feather,

while PC 4 (1.2% of variation) loaded on more subtle aspects of

shape (Fig. 4C).

Some of this variation in PC 1 and PC 2 corresponded with

rectrix type (Fig. 5D). R1 tends to be short, wide, and symmetri-

cal while R5 tends to be curved and with an asymmetrical vane.

PC1 and PC2 loaded on this pervasive underlying geometry, and
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clearly separated R1, R2, R3, R4, and R5 into partially overlap-

ping regions of morphospace (Fig. 5D).

Figure 6 top shows outlines of all of the rectrices analyzed

in this study. The shaded regions are as in figure 5 of Clark

et al. (2018), and represent the hypothesized feather regions that

produce sound in males. Male feathers (blue points in Fig. 5)

show greater interspecific variation than female. Some of the

sound-producing feathers had extreme values of PC1, PC2, PC3,

or PC 4 (feather outlines in Fig. 5B and C).

Against this backdrop of variation among feather types within

the rectrical tract (e.g., R1 vs R5) and variation among species,

there is a pervasive correlation between the shape of the tail-

feathers of male and female bee hummingbirds. Figure 6 (bottom)

shows 20 regressions of male against female values for each of the

first four principal components for each of the five rectrices; 17

of 20 regressions are statistically significant (n = 19 independent

contrasts) at P < 0.05, and 9 are significant at P < 0.0025 (the

P-value of a Bonferroni correction for 20 comparisons).

This geometric morphometric analysis only partially cap-

tures the subtle, pervasive nature of the correlation in feather shape

between the sexes. Figure 7 presents five species with noteworthy

tail-feather shapes. Shaded regions show approximate regions of

tail feathers that flutter (vibrate) to produce sound in males only;

in each species, the shape of the tail-feather is related to the mode

of flutter (colors as in Clark et al. 2011). Black-chinned humming-

bird (Archilochus alexandri): males have a tapered tip of R5 that

affects its mode of flutter (Feo and Clark 2010); female R5 is also

tapered. This variation was captured by PC4 (Figure 5C). Costa’s

Hummingbird (Calypte costae) males have a narrow, curved R5,

in which the back edge of R5 flutters to produce sound (Clark

and Feo 2010). Female R5 is also curved near the tip; this vari-

ation was captured by PC3. Rufous (Selasphorus rufus): males

have two notches in the tip of R2 that cause R2 to flutter and

make sound with many strong harmonics (Clark 2014). Females

have a single nearly invisible notch in tip of R2 (arrow), which is

one of the primary morphological characters used to distinguish

female Rufous from female Allen’s Hummingbirds that lack the

notch (Stiles 1972). This variation was not well captured by any

of the principal components. Allen’s Hummingbird (Selasphorus

sasin): males evolved to produce sound with R4 (Clark 2014),

which seems to have selected for a narrow R5 (arrow). Females

also have a narrowed R5 relative to close relatives such as Rufous

and Calliope (Fig. 5). Calliope Hummingbird: males have evolved

stiff tail-feathers that collide with each other to produce sound

(Clark 2011). R1 is subtly spade-shaped; female Calliope tail

feathers also seem stiff and have an even more subtle spade shape.

Some of these shapes that are closely tied to sound production

were captured by the geometric morphometric analysis (Black-

chinned, Costa’s, Allen’s R5), and some were not (esp. Rufous

Hummingbird R2).
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Figure 5. Principal components of tail feather shape of “bee” hummingbirds, after a procrustes fit. Each point is a species mean for a

particular feather type. (A) Twenty-nine landmarks were digitized on each of the five rectrices (R1, . . . R5) of one to three adult males

and females of 20 species of “bee” hummingbirds. Outlines: male Rufous Hummingbird; the notch in R2 (arrow) is not well captured by

these landmarks. (B) Principal component 1 loaded on feather skinniness, while PC 2 was an index of ’pointiness’ of the tip and curvature

of the rachis. (C) Principal component 3 (3.5% of variation) loaded on curvature of the entire feather, while PC 4 (1.2% of variation)

loaded on more subtle aspects of shape. Line drawings as in Figure 6 and are not procrustes-adjusted. (D) Principal components 1 and

2 separated rectrix identity: inner rectrices (e.g., R1) were straighter, fatter, and more symmetrical, while outer rectrices were narrower,

more curved, and more asymmetrical.
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Figure 6. Male and female tail shape of 20 species of bee hummingbird. Top: Scale line drawings (traced from photographs) and

phylogeny from Clark et al (2018). Shaded regions of feathers show hypothesized sound-producing regions in males, shaded as in figure 5

of Clark et al (2018).

Bottom: Male and female shape variation (PC 1–4, rectrices R1–R5, of male value regressed against female value) are in most cases tightly

correlated. Shown are “raw” species data, while regression p-value (lower right) is from Independent Contrasts (PDAP module, Mesquite

3.51, N = 19 contrasts). Seventeen of 20 regressions are significant at α of 0.05, and nine are significant at an α-value of 0.0025 (the

Bonferroni-corrected α for 20 comparisons). Line drawings show feather pairs for points falling near the regression line.
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Figure 7. Tails of five hummingbird species, in which males produce sounds with regions of their tail feathers that have modified shape

(shaded area) and females do not make sound, yet female morphology is subtly correlated in shape with male morphology. Females of

many of these species are difficult to differentiate (e.g., Allen’s vs. Rufous); a primary character used to differentiate females of these

species is shape of the tail-feathers (Pyle 1997). See text for further details.

The nature of this tail-shape dataset did not permit statistical

testing of Lande’s two-step model, since the male modifications

of feather shapes to produce sound are subtle, not exaggerated

(Fig. 6A), thus there was not a clear “stage 1” and “stage 2” of

Lande’s model. But the ubiquitous pattern is that very close rela-

tives tend to evolve differences in feather shape, and all are sexu-

ally dimorphic. The only species in the bees with a monomorphic

tail are Atthis spp. (for which we did not have female tail-feather

samples and thus could not include in the morphometrics). Atthis

spp. have monomorphic tails, have lost the behavior of diving,

and do not make sounds with their tails (Clark et al. 2018). Male

modification and dimorphism always evolve on the same branch

in the bee hummingbirds, in congruence with how species with

dimorphic tail lengths tends to evolve.

Discussion
Both hummingbird tail feather length (Figs. 1–4; Table 1;

Table S3) and tail feather shape (Figs. 5–7) show the same general

pattern: when male hummingbirds evolve ornamental tail mor-

phology used in courtship displays, there are subtle, pervasive

correlations of these male traits present in female tail morphol-

ogy. The female variation in tail feather shape is not consistent

with adaptive function in females, since male bee hummingbirds

use these specific feather shapes to make sound (Clark et al. 2018)

and female bee hummingbirds do not. The biomechanics of the

mechanism that produces the sound makes it unlikely that the cor-

related female tail feather shapes are functional. The underlying

mechanism is flutter (Clark et al. 2011) in which sound is only

generated when the bird flies fast enough to exceed a critical ve-

locity of �8 m/s (table S4 in Clark et al. 2018). Although females

are capable of flying this fast (Clark and Dudley 2010), unlike

males, they do not perform a ritualized display, such as a dive, in

which they fly fast enough to elicit this sound. Moreover, female

tail-feathers shapes are mis-tuned for sound production. Tested

in a wind tunnel, sounds produced by female feathers tend to be

quiet and difficult to elicit, unlike the sounds produced by male tail

feathers (Clark et al. 2011). These patterns suggest it is unlikely

female tail shapes are under positive selection to have vestigial

versions of the precise, species-specific tail feather shapes that

males have (Figs. 6 and 7). Why do females feather shapes re-

semble the males of their own species? The simplest explanation

for this association between male and female tail feather shapes is

that female tail shape has evolved under the influence of a genetic

correlation between the sexes.

Regarding female tail feather length, we also fail to support

the female adaptation hypothesis, albeit with less certainty, be-

cause the precise function of the avian tail is incompletely known,

particularly with respect to how the relative length of individual

rectrices influences aerodynamic forces it produces (Clark 2010).

One hummingbird clade, Heliothryx spp. (p in Fig. 1, yellow

points in Fig. 2) has “reversed” elongation: females have evolved

elongated, dimorphic tails apparently as a part of behavioral

mimicry of a falling leaf when leaving the nest (Cintra 1990;
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Schuchmann 1990). Elongated, monomorphic tails have evolved

in a high-elevation clade spanning Polyonymus-Oxypogon, and

also separately in Pterophanes cyanopterus where perhaps high

elevation has selected for positive residual tail length that is

correlated with the relatively long wings in these clades (Altshuler

et al. 2004; Clark 2010). Monomorphic, elongated tails have

also arisen in Heliactin bilophus, Phaethornis spp, and indi-

vidual species within Heliodoxa, Heliangelus, Thalurania, or

Chlorostilbon. With the exception of Heliactin bilophus and

Phaethornis spp. (n in Fig. 2D), the tail in these species is not

visually ornamented, R5 is longest, producing a forked tail shape,

and ecological correlate(s) of tail elongation that would suggest

an adaptive hypothesis about function (in either sex) remain

unknown. For instance, does a forked tail make these species

maneuverable (Norberg 1994)?

The most compelling support for the genetic correlation hy-

pothesis derives from the rare tail feather morphologies (Figure 3).

Across this large clade, males rarely elongate R2 or R4 (Table S3),

and yet in each of these rare cases, females always have vestigial

elongations of the same tail feather (arrows in Fig. 3A–C).

Virtually all of the hummingbirds with visual ornaments in

their tails, with English names such as Booted Racket-tail, Thorn-

tails, Streamertails, Red-tailed Comet, Sheartails, Trainbear-

ers, Scissor-tailed Hummingbird, and the Marvellous Spatuletail

(Table S3; Fig. 2D), have strongly male-dimorphic tails. Among

these tail-dimorphic species, courtship displays for most species

are known and always include flamboyant presentation of the

male’s tail to a perched female (references in Tables S3 and S4),

suggesting that these male morphologies are favored by female

choice. No females of these dimorphic species are known to en-

gage in any display in which their dimorphic, subtly elongated

tail-feathers are visually presented to other hummingbirds. By

contrast, Phaethornis spp. have a monomorphic elongated tail,

and females do use their tail in mutual courtship displays with

males on the males’ lek territories (Stiles and Wolf 1979; Araya-

Salas et al. 2019).

Why do hummingbirds typically elongate only one tail

feather, rather than many or all of the rectrices, as in the coverts of

a peacock or rectrices of a widowbird? Birds with many elongated

feathers (e.g., phasianids) tend to stiffly erect then hold their tail

still for part or all of the display. By contrast, hummingbirds with

dimorphic tails typically spread the tail widely in display (e.g.,

Fig. 2B) while flying back and forth, and many species flick the

tail (e.g., fig. 3 in Schuchmann et al. 2016). Male hummingbird

tails typically move continuously during display, suggesting that

elongations and other tail-tip elaborations (rackets, spatulae) af-

fect a female’s perception of male motion (i.e., his velocity, not his

size: Clark 2009), perhaps because the hummingbird visual sys-

tem is uniquely specialized for perceiving velocity (Gaede et al.

2017). It is these dimorphic species in which the females have

tails that show vestiges of the male’s morphology (Fig. 3). This

includes aspects of morphology we have not quantified, such as

tail feather color or the vestigial spatulas present in female Mar-

vellous Spatuletail (e.g., Fig. 1E in Zusi and Gill 2009), suggesting

that this female morphology has evolved in part as a genetically

correlated byproduct of male morphology.

The correlation between the sexes is widespread in hum-

mingbirds, but subtle. Why are the predictions of Lande’s spe-

cific 2-step model not supported (Fig. 2, Table 2)? Lande’s 2-step

model assumed γ is initially high (near 1) and does not readily de-

grade, relative to the evolvability of tail length. Our support for the

one-step model, in which dimorphism evolves on the same branch

as elaboration, suggests this assumption of slow degradation does

not hold over timescales of hundreds of thousands to millions

of generations (i.e., the phylogenetic branch lengths shown in

Fig. 2). Lande’s process could still occur over shorter timescales,

and thus be invisible on a phylogeny. For instance, multiple novel

ornaments in domestic birds have arisen monomorphically over

evolutionary timescales of a few thousand generations that are

consistent with Lande’s two-step model, (Kraaijeveld 2019).

Another possibility is that sexual dimorphism could evolve

directly: how the trait evolves depends on its developmental ba-

sis. Although the sexes share a genome, many sexually dimor-

phic traits are expressed as a function of sex hormone thresholds

(Kimball and Ligon 1999; Kraaijeveld 2014). Trait sensitivity to

hormone thresholds could be well-integrated into the tissue that

gives rise to a dimorphic trait such as tail feather morphology.

Feathers develop in feather follicles in which feather length and

shape is controlled by the deposition of keratin within a collar

of dermis tissue (Feo and Prum 2014; Feo et al. 2015; Feo et al.

2016; Alibardi 2017). Guo et al. (2016) document that elongated

head-feathers on several breeds of domestic chickens arise from

an allele that affects expression of the gene HOXB8 (Kraaijeveld

2019). The rectricial feather follicle is responsive to sex hormones

(Yu et al. 2004 and references therein). Thus, the feather follicle

is a developmental choke point that might intrinsically facilitate

reduction of γ: new genes arising that affect tail feather morphol-

ogy do so in the context of a tissue that either is already sensitive

to sex hormones, or can easily evolve to be.

DOES INTRALOCUS SEXUAL CONFLICT INCREASE

FEMALE PHENOTYPIC VARIATION?

In the hummingbird with the most dimorphic tail, Trochilus poly-

tmus, both males and females have increased variance in length

of R4 relative to the adjacent rectrices (Fig. 4). For male R4, the

variance increase is not surprising, since R4 is also six times the

typical length of this feather. But the female R4 is only vestigially

elongated (Fig. 3C). Why does the female R4, which is the feather

that we infer is under the greatest sexually antagonistic selection,

also have higher variance than neighboring tail-feathers? This may
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also be evidence of the genetic correlation hypothesis. Models of

intralocus sexual conflict predict increased genetic variance (and

hence, phenotypic variance) at loci subjected to intralocus sex-

ual conflict (Pennell and Morrow 2013). Although we only had

the sample size to test for uneven variance for one species, from

incidental observations we hypothesize that increased female vari-

ance in tail-feather length and shape is widespread in the female

feather(s) that correspond to ornamental male tail morphology

across many hummingbird species.

EVIDENCE FOR OTHER DEVELOPMENTAL

CONSTRAINTS

Our support for the genetic correlation hypothesis is indirect. It is

made more likely by the data we have presented that suggest there

are other, related developmental constraint apparent in humming-

bird tail morphology. The adjacent rectrices (within a sex) have

high positive partial correlations, that is, they evolve in concert

(Table 1). Although selection on overall tail shape is likely to be

a contributor to this pattern (Clark 2010), we hypothesize that it

is also the product, in part, of a shared developmental basis. We

hypothesize that genetic controllers of keratin deposition tend to

express in a gradient down the rectrical tract, such that follicles at

the end of the tract (R5 or R1) receive the highest or lowest lev-

els of gene expression. According to this developmental gradient

hypothesis, it is easiest to evolve an elongate R5 or R1, because

these feathers are at the end of the rectricial tract (Baumel 1988).

According to our hypothesis, if there is selection to elongate a

single tail-feather (as a visual ornament), elongating R5 is easier

than R3, because elongating R5 requires elongation genes for R5,

plus elongation-suppressor genes for one neighbor, R4. By con-

trast, elongating R3 requires elongation genes for R3, as well as

elongation suppressor genes for two neighbors, R2 and R4.

The data support this hypothesis: most elongations are of

R5 or R1 (Table S3; Fig. 3). Elongations of R2 or R4 are rare

(Fig. 3A–C) and there are no species that have evolved R3 to

be the longest feather. There is an “exception that proves the

rule” that provides direct evidence for this developmental gra-

dient hypothesis. A wild male F1 hybrid between two species

with drastically different male tail morphology, T. cora and

Eulidia yarrellii had an elongated tail with R3 as the longest

feather (Fig. 3D; see also fig. 7 in Clark et al. 2013). This hybrid’s

tail morphology was transgressive in the length of both R1 and

R4 (Fig. 3D, blue), that is, longer in the hybrid than they were

in either parent species. Transgressive traits in hybrids arise from

epistasis between genes affecting the trait acquired from the par-

ent species (Rieseberg et al. 1999; Albertson and Kocher 2005).

Our developmental gradient hypothesis explains this hybrid:

T. cora must have both genes for an elongated R2 that also promote

elongated neighbor feathers, and elongation suppressor genes that

suppress elongation in neighboring feathers such as R1 and R4.

Since the hybrid inherited only half its genome from T. cora, it is

heterozygous for R2-elongation genes, hence its R2 is intermedi-

ate between R2 in T. cora (long) and E. yarrellii (short). But as

it also did not inherit a full complement of neighboring-feather-

length-suppressor genes either, R2-elongation genes influence R1

and R4, causing them to be longer than they are in either parent.

The developmental gradient hypothesis is also consistent

with our tail feather shape data. Going down the tract from R1

to R5, the first two principle components of shape describes a

gradient, from short, straight, and symmetrical (Fig. 5D top) to

long, thin, curved, and asymmetrical (Fig. 5D bottom). This shape

gradient likely evolved primarily in response to the aerodynamic

forces generated by the tail in all volant birds, which produces

torsional (twisting) stresses in the outer rectrices, necessitating

an asymmetrical vane, but bending loading in the inner rectri-

ces, which does not necessitate an asymmetrical vane (Norberg

1985; Feo and Prum 2014). Imposed on top of this strong, gen-

eral shape gradient, there are more subtle correlations in shape

between neighboring feathers. In male black-chinned humming-

bird, for instance, the tip of R5 is tapered and this tapered tip

flutters to produce sound (Fig. 7). R4 and R3 are also tapered and

had extreme values for PC 4 (Fig. 5C top), yet manipulative ex-

periments have shown no role in sound production for the tapered

R4 and R3 (Feo and Clark 2010). Similarly, Allen’s humming-

bird has evolved a narrower R4 and R5 than close relatives, but

experimental manipulation of R5 and R4 imply that R4 makes

sound while R5 does not (Clark 2014). In each species, our devel-

opmental gradient hypothesis predicts that selection for a specific

shape in one rectrix has had the genetically-correlated effect of

producing a similar shape in neighboring feathers.

Moreover, there is also an ontogenetic correlation (which we

did not quantify here for lack of appropriate samples): the unique

tail-feather shapes present in adult bee hummingbirds also tend to

be vestigially present in juvenile males of the respective species

(Pyle 1997; Williamson 2002). Just like females, juvenile male

bee hummingbirds do not produce the same sounds that adults do

with their tail-feathers (CJC unpubl.).

These developmental patterns provide additional context

for the genetic correlation hypothesis. In addition to producing

a subtle correlation in feather morphology between the sexes,

developmental constraints cause a correlation in length and shape

neighboring tail-feathers within one sex, and cause an ontogentic

correlation between juveniles and adults. This is similar to the

finding of Emlen et al. (2005a), who in Onthophagus beetles

document a correlation between species having small male horns

as juveniles, and horn presence in females, which they suggest

was caused by genetic correlation between the sexes. While

it may be difficult to assemble direct evidence that a female

trait has arisen as a genetic constraint in non-model organisms

(that are not easy to breed in the lab), evidence for other
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kinds of developmental constraints (ontogenetic, and adjacent

developmental units) provides indirect evidence that the genetic

correlation between the sexes is a likely contributor to extant

phenotypic diversity in male and female ornaments (Emlen et al.

2005a).
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