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Observations of exaggerated traits and ornamentation in female animals are 

foundational to evolutionary theory, yet they have historically been cast aside as 

anomalous or byproducts of sexual selection on males. More recently, many cases of 

ornamentation in females have been found to be adaptive, and often for different 

reasons as those in males (i.e., sexual selection). Hypotheses for the function of female 

ornamentation would ideally be studied through discrete within-species variation in 

female ornaments. However, this type of variation, female-limited polychromatism 

(FLP), is understudied despite its unique ability to address questions of ornamentation 

and sexual dimorphism. In this dissertation, I developed and tested hypotheses to 

explain FLP in a tropical hummingbird, the white-necked jacobin (Florisuga 

mellivora).   

In Chapter 1 I show that coloration in white-necked jacobins is polymorphic. 

All males express an ornamented plumage type (the “androchromic” type). However, 

30% of females are androchromic like males, while the rest express a drab plumage 

type (the “heterochromic” type) distinct from androchromes. I found a remarkable 

developmental molting pattern in which both male and female juveniles were 

ornamented in androchromic plumage like adult males. Males continue in this 

plumage after molting, while most females shift into the heterochromic type as adults. 

This unique ontogeny excludes competition for mates as an explanation for 

ornamentation in females. Instead, my observations are consistent with the idea that 

social harassment underlies this female-limited polymorphism. 



 

While Chapter 1 shows that social, not sexual, selection benefits androchrome 

females by allowing them to escape aggression, Chapter 2 explores why this benefit 

has evolved. Androchomic plumage is either an indicator of resource holding potential 

(RHP) in both males and females, or androchromic females avoid aggression from 

other hummingbirds through mimicry of males. I tested critical predictions of these 

hypotheses by observing behavior and comparing measures of RHP between males 

and females. I found that males had higher RHP than females, but RHP did not differ 

between female types. Observations of birds implanted with radio-frequency 

identification (RFID) tags utilizing a network of logger-equipped feeders revealed that 

androchrome females accessed high quality feeders for longer durations than did 

heterochrome females. Androchrome females therefore have higher access to 

resources through mimicry of males rather than through direct advertisement of 

competitive ability. 

Female-limited polymorphism, such as in white-necked jacobins, is less 

studied than male-limited polymorphism, and no unifying theory exists for its 

evolution. Alternative hypotheses are typically only developed within taxonomic 

groups or specific cases, and the relationship between hypotheses across taxa and 

sexes are typically not considered. In Chapter 3 I show that hypotheses for most 

polymorphisms can be described two major axes: (1) the type of balancing selection, 

and (2) the type of competition involved. I demonstrate how female-limited 

polymorphism, in hummingbirds and other taxa, has evolved repeatedly through non-

sexual social selection and typically persists through negative frequency dependent 

fitness.  



 

v 

BIOGRAPHICAL SKETCH 

 

Jay Falk has stared at birds a lot during his life. As a child, Jay’s grandfather would 

take him to the local sewage plant in Austin, Texas, where they would stare at birds 

for a while. At this point in his life, Jay was less interested in the birds and more 

interested in the pancakes from McDonald’s his grandparents would give him as a 

reward for staring at the birds at the sewage plant. As he grew, Jay started to stare at 

other animals like fish and insects, and as a student at the University of Texas – 

Austin, he was getting increasingly interested at staring at things while also walking 

around outside. By now he had branched out to non-sewage plant locations. After 

graduating with his B.S. Jay took a few years off from school and went to places like 

Panama, where he fell in love with the tropics. He decided to go to graduate school at 

the Cornell University Department of Neurobiology and Behavior where he studied 

hummingbirds. Jay no longer requires pancakes as a reward to stare at birds, but he 

still wants them.   

 

 

 

 

 

 

 

 

 

 

 



 

vi 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to Eleanor Falk, who showed me a love of nature derived from the heart.



 

vii 

ACKNOWLEDGMENTS 

 

I thank my advisors, Mike Webster and Dustin Rubenstein, as well as my committee 

members Maren Vitousek and Kern Reeve for always challenging me to think broadly, 

write clearly, and to strive for hypothesis-driven research. Since before graduate 

school, Rachel Page at the Smithsonian Institution has been crucial for giving me a 

space to grow as a field biologist. Daniel Buitrago welcomed me to Panama with open 

arms and gave me the tools necessary to become an ornithologist in a foreign country. 

I also thank my incredibly intelligent and wonderful friends who have been my 

consistent source of community as I move around the world in order to complete my 

studies. My family has been there for me during the best and most trying times of this 

journey, which I appreciate endlessly. Finally, I thank my funding sources for opening 

the doors for me to study and discover something new about the natural world: Cornell 

University, Cornell University Department of Neurobiology and Behavior, Sigma Xi, 

the National Science Foundation, The Cornell Lab of Ornithology, the Smithsonian 

Tropical Research Institute, and the American Society of Naturalists.   
  



 

viii 

TABLE OF CONTENTS 
 
 

Biographical Sketch v 
Dedication vi 
Acknowledgments vii 
Chapter 1 1 
Chapter 2 37 
Chapter 3 64 

 



 1 

 
 
 
 
 
 
 
 
 

 
CHAPTER 1 

Ornamentation in male-like female 

hummingbirds results from social harassment 

rather than sexual selection 
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SUMMARY 

The evolution of ornamentation can be challenging to explain because it often reduces 

survival [1–5]. In birds, support for the sexual selection hypothesis comes from 

observations that ornaments are typical of sexually mature adults, dimorphic in 

expression, and most apparent during the breeding season [6]. However, increasing 

evidence suggests that non-sexual social selection may play an important role in 

ornamentation, especially in females [7–11]. Distinguishing between these two 

alternative hypotheses remains challenging because sexual versus non-sexual factors 

are often intertwined [9,12]. Here we show that female ornamentation in the 

dichromatic hummingbird the white-necked jacobin (Florisuga mellivora) cannot be 

explained by sexual selection. Although all males are ornamented, nearly 30% of 

females have male-like plumage. Remarkably, all juveniles of both sexes express 

ornamented plumage similar to that of adult males (androchromitism), but as adults, 

roughly 80% of females acquire non-ornamented plumage (heterochromatism). This 

unique ontogeny excludes competition for mates as an explanation for ornamentation 

in females because non-reproductive juveniles are more likely to be ornamented than 

adults. Instead, our observations are consistent with the idea that social harassment 

underlies female-limited polymorphism, as heterochrome taxidermy mounts received 

more aggressive and sexual attention than androchrome mounts from both this and 

other hummingbird species. Ultimately, our findings demonstrate that male-like 

ornamentation in females can arise purely through non-sexual means, and that both 

con- and heterospecific social selection must be considered when studying not just the 
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evolution of female-limited polymorphism, but more generally the spectacular 

ornamentation often assumed to result from sexual selection. 

 

INTRODUCTION 

The theory of sexual selection is a powerful tool to understand natural diversity within 

and between sexes [4,13] and across species [14]. Although ornamentation can often 

be explained by sexual selection, particularly in males [4,6,15], social competition for 

resources—whether used for breeding or reasons unrelated to reproduction—can also 

favor the evolution of ornamentation, especially in females [7,9,16]. Therefore, social 

selection provides a broader framework for the evolution of ornamentation by 

including sexual selection as one of many types of social competition [7,11]. While 

useful as a unifying theory, it remains difficult to determine whether non-sexual forms 

of social selection alone can lead to exaggerated traits similar to those evolved through 

sexual selection [9,12,17]. Ornaments are often used in both sexual and non-sexual 

contexts throughout an animal’s lifetime and distinguishing the relative contribution of 

differing types of competition is a major challenge.   

Direct tests of the social selection hypothesis can also be challenging because 

intraspecific variation in female ornamentation is rarely discrete, and interspecific 

comparisons can be difficult to interpret because unrelated trait associations may arise 

due to reproductive barriers. However, female-limited polymorphism in which some 

females resemble males (androchromes) and other do not (heterochromes) occurs in a 

variety of taxa including damselflies [18,19], lizards [20], butterflies [21], fish [22,23], 

and other lineages [24,25].  



 4 

Recent work in birds suggests that female-limited polymorphism may be 

particularly common in hummingbirds, where over 40% of sexually dimorphic species 

contain polymorphic females (unpublished data). Intriguingly, some specimens of 

juvenile females in one species contained varying numbers of male-like gorget 

feathers while adult females contained none [26]. Since these male-like plumages 

appear precisely during the non-reproductive life stage when sexual selection is not 

possible, it suggests a potential role for non-sexual social competition [26]. However, 

aspects of this molt ontogeny remain unclear, have not been confirmed in a live 

population, and hypotheses for its adaptivity have not been explicitly tested. We 

studied one widespread hummingbird species, the white-necked jacobin (Florisuga 

mellivora), to determine whether sexual or social selection underlies female-limited 

polymorphism and male-like ornamentation. We did so by describing the frequency 

and ontogeny of color variation in both sexes, and by performing experiments to test 

key predictions and assumptions of the sexual and social selection hypotheses.   

 

RESULTS AND DISCUSSION 

Between July 2015 and June 2019, we captured 450 white-necked jacobins (with 155 

of these recaptured in at least one subsequent year) in and around the town of 

Gamboa, Panama (9°7'12", -79°42'0") using mist nets and mesh drop-traps baited with 

sugar water feeders. In total, 324 individuals were scored by one person as 

androchromic and 107 as heterochromic based on their plumage (Figure 1). Clear 

categorization was not possible for 7 individuals that were scored as mixed plumage 

type. To verify this categorization method, we extracted RGB color values from 
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photographs of the head (dorsal and ventral) and tail (ventral) of 208 birds. No 

additional plumage patterns were revealed in ultraviolet (UV) channels (see Methods). 

Unsupervised clustering of principle color components identified two color clusters 

that matched categorical scoring in all but three individuals that were categorized as 

mixed plumage type (Figure 2). Genetic sexing of all individuals scored for plumage 

(n = 401) revealed that all males and 28.6% of females were androchromic. Thus, all 

male white-necked jacobins appear to be androchomic, but females can be either color 

type (Figure 2).  

After characterizing the prevalence of female-limited polymorphism, we 

explored the ontogeny of plumage coloration in female white-necked jacobins. 

Corrugations on the bills of hummingbirds can be used to age individuals, as more 

corrugation is found on immature than on adult birds [27–29]. We found the 

percentage of bill corrugation to be predictive of female plumage type (accuracy = 

0.813, CI95 = [0.734, 0.876], p = 0.0003). Most notably, females with the highest 

amount of corrugation (60 - 80%, n = 14) were all androchromic, whereas only 20.2% 

of females with little corrugation (0 - 40%, n = 104) were androchromic (Figure 3). 

These results indicate an ontogenetic shift for most females from ornamented 

androchromatism when young to drab heterochromatism when older. However, 

approximately 20% of females retain androchromic plumage as adults. The ontogeny 

of female color change also was supported by the recaptures of two juvenile females 

in subsequent years. In both of these cases, females were androchromic as juveniles on 

first capture, but heterochromic when captured the following year. In contrast, when 

we captured three androchromic females as adults (n = 3), all retained their 
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androchromic plumage when recaptured in subsequent years. Females captured in 

heterochromic plumage were always recaptured in the same plumage type in 

subsequent years (n = 17). Thus, plumage type shifts can occur during the immature 

period, but there is no evidence that shifts occur in adulthood.   

To explore the potential function of color differences in female white-necked 

jacobins, we observed hummingbirds’ initial interaction with pairs of taxidermy 

mounts on feeders that differed in sex and/or plumage type. We presented three 

combinations of taxonomic mounts: (1) heterochrome female versus androchrome 

male (Hf-Am: different sex/different plumage); (2) heterochrome female versus 

androchrome female (Hf-Af: same sex/different plumage); or (3) androchrome female 

versus androchrome male (Af-Am: different sex/same plumage) (Table 1). Sexual and 

aggressive behaviors (Table S2) of all interacting hummingbird species toward mounts 

were recorded, since heterospecific interactions are common at nectar resources. 

Sexual behaviors more often directed towards androchrome mounts would support a 

sexual selection hypothesis for androchrome plumage in adult females. Alternatively, 

social harassment may also favor the evolution of ornamentation in females. Social 

harassment may manifest either as detrimental sexual attention or through aggression 

toward heterochrome females, both of which are aspects of non-sexual social selection 

[11]. Hummingbirds compete intensely for nectar resources and interactions with other 

species are common, especially in the tropics [30,31]. With the highest metabolic rate 

of any vertebrate [32], any frequent interruption to efficient nectar consumption, 

aggressive or sexual attention or from either con- or hetersopecifics, may have 

negative consequences. 
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Our mount experiment revealed that sexual attention by presumed male white-

necked jacobins was more often directed toward heterochrome than androchrome 

female mounts. If heterochrome female mounts were present in a trial (Hf-Am and Hf-

Af), the first incidence of sexual behavior was directed toward heterochrome female 

mounts in 100% of trials (Table 1). However, we found no directional preference 

when both mounts were androchromic (Af-Am, Table 1). These results indicate a clear 

sexual preference for heterochrome females. Similarly, aggression from interacting 

hummingbirds was more often displayed towards heterochrome females in trials in 

which they were present (Hf-Am and Hf-Af trials, Table 1), rather than towards 

androchrome females or males. In trials with both female and male androchrome 

mounts (Af-Am), territorial aggression was unbiased toward mount type (Table 1). To 

rule out the possibility that some androchrome sexual behaviors could have been 

misinterpreted as aggression, we removed androchrome interactions from the analysis 

and found qualitatively similar results (binomial tests: Hf-Am, n = 14, p = 0.057; Hf-

Af, n = 18, p = 0.001; Af-Am, n = 6, p = 1.00). In addition, we found that individuals 

avoided aggression toward androchrome females in Hf-Af trials even when white-

necked jacobins were removed from the data set, leaving only heterospecifics 

(binomial test: n = 15, p = 0.007). Sample sizes were too small (n < 10) to test only 

heterospecifics in Hf-Am and Af-Am trials, but the proportion of individuals choosing 

each mount type did not differ between white-necked jacobins and heterospecifics in 

any of the trial types (Fisher’s exact test: Hf-Am, p = 1.00; Hf-Af, p = 0.451; Af-Am, 

p = 1.00). Overall, mount color type played a larger role in predicting aggression than 
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did genetic sex, with heterochrome female mounts receiving more aggression than 

either androchrome female or male mounts.  

These patterns of aggressive behavior toward mounts are consistent with 

observations of chases in the wild. During 78 hrs of video-recorded observation of 

mount trials we noted every in-frame displacement chase. Of 269 chases involving an 

androchrome, androchromes were more often chasing rather than being chased (1.45 

chaser:chasee ratio). In contrast, in the 90 chases involving a heterochrome, 

heterochromes were chased by other hummingbirds more than 10 times as often as 

they chased others (0.08 chaser:chasee ratio). Therefore, androchromes were far more 

socially aggressive than heterochromes (chi-square test of independence, X2 = 81.04, p 

< 0.0001). Although the sexes of aggressive androchromes were unknown, both con- 

and heterospecifics might avoid social aggression by limiting attacks on 

androchromes, which is consistent with our findings from the mount experiment.   

Sexual selection has long offered a rich theoretical background for 

understanding not only the appearance of biological ornamentation, but also sex 

differences in the way animals look and behave [4,13,33]. Yet, we found that the vast 

majority of female white-necked jacobins exhibit male-like ornamentation only during 

their non-reproductive life stage. Most females then shift to a drab coloration during 

adulthood. Similarly, an examination of another hummingbird species, the amethyst-

throated sunangel (Heliangelus amethysticollis), found that some juvenile females had 

variable numbers of androchromic gorget feathers but adults did not [26]. Male white-

necked jacobins also showed strong sexual preference for heterochromes in mount 

observations. Thus, based on ontogenetic and behavioral evidence, sexual selection 
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cannot explain the presence of male-like female ornamentation in this dichromic 

species.  

What then explains the presence of ornamented male-like plumage in females 

of this and other hummingbird species? Ornamentation in young birds, which is 

typically present at hatching, different from adult coloration in either sex, and 

significantly or completely replaced at fledging, occurs in a range of species and 

typically results from selection to mediate social interactions between parents and 

offspring [34–39]. However, androchromic ornamentation in white-necked jacobins is 

not present at hatching, does not appear until the latest stages of maternal care, and is 

retained into adulthood by a fifth of adult females. Parent-offspring interaction 

therefore cannot readily explain the presence of androchromic features in the non-

reproductive juveniles of this and some other taxa [40,41]. 

Since young white-necked jacobins maintain androchromic plumage after 

fledging, the trait may be adaptive to females because it allows them to escape social 

harassment. Social harassment could take the form of excessive or detrimental sexual 

attention from males, as has been suggested in damselfly species exhibiting female-

limited polymorphism [18,42]. Consistent with this idea, male sexual behavior was 

first directed toward heterochrome mounts in every case in which one was present. 

However, during 26 3-hour trials of the mount experiment, we recorded only 136 

instances of sexual behavior toward the mounts (28 toward Hf, 28 toward Af, 80 

toward Am) and none between wild birds. Courtship was rarely witnessed during the 

breeding season, despite the fact that white-necked jacobins were extremely common. 

Accordingly, sexual attention does not appear to be frequent or otherwise harmful to 
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white-necked jacobin females, and it is therefore unlikely that sexual attention is 

sufficiently detrimental to limit female fitness in this species. Social harassment, 

however, could also take the form of aggressive interactions, which are highly 

prevalent in the wild. During the 26 trials of the mount experiment, we witnessed 1790 

instances of aggression toward mounts (510 incidences toward Hf, 529 toward Af, 751 

toward Am), and 359 chases in which a white-necked jacobin was involved. 

Aggressive behaviors play a very salient role in the lives of white-necked jacobins, 

and androchromic plumage coloration reduced the likelihood of aggression in this 

study. Data presented here cannot distinguish whether androchrome plumage is an 

honest signal of high resource holding potential in both sexes, or if competitive 

mimicry between the sexes is involved [43]. In the wild, androchromes of unknown 

sex initiated chases much more often than heterochromes. From the perspective of a 

hummingbird seeking food from a source where a white-necked jacobins is already 

present, attacking a heterochrome rather than an androchrome may be less likely to 

result in retaliation. This idea is consistent with results of aggression allocation in the 

mount experiments where heterochrome mounts tended to receive aggressive 

behaviors before androchrome mounts. Thus, regardless of potential behavioral 

differences between males and females, androchrome plumage itself appears sufficient 

to deter aggressive interactions. 

Aggression and detrimental sexual attention are distinct forms of social 

harassment, and a notable difference is in the source of selection. Whereas sexual 

attention will primarily come from conspecifics, social aggression may come from any 

individual that overlaps in niche space with white-necked jacobins, regardless of 
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species. This idea is consistent with our observation that both white-necked jacobins 

and heterospecifics appeared to avoid aggression toward androchrome females. The 

relative frequency of sexual versus social harassment—as well as con- versus 

heterospecific harassment—may shift across seasons and across the lifetime of an 

individual, a topic that deserves further study. Finally, although we focus primarily on 

females in this study, the ornamented plumage found in male juveniles is also unusual 

and cannot be explained by sexual selection. The social harassment hypothesis may 

also apply equally to juveniles of both sexes and explain why both young males and 

females are ornamented in this and possibly other hummingbird species. Ultimately, 

social harassment from sympatric hummingbird species offers an intriguing potential 

explanation for why female-limited polymorphism has evolved repeatedly (at least 28 

times) and frequently (in >40% of dimorphic species) in the hummingbird clade 

(unpublished data).   

Females of many species are as brilliantly ornamented as males [44,45], and in 

many hummingbirds species like the one described here, variation in female 

ornamentation sometimes exceeds that seen in males. The plumage ontogeny of white-

necked jacobins demonstrates that, even in highly dimorphic animals that are likely to 

be under strong sexual selection, intrasexual competition for mates or other breeding 

resources—the classic view of social selection [7,9,16]—does not provide a complete 

understanding for the evolution of ornamentation, particularly in females. Instead, 

social selection in the form of harassment from both males and females, as well as 

from con- and heterospecifics, over access to critical food resources appears to explain 

the existence of female-limited polymorphism and female ornamentation in the white-
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necked jacobin, and possibly other hummingbird species. Thus, non-sexual social 

selection can lead to extreme ornamentation similar to those seen in systems with 

strong sexual selection. Incorporation of these alternative ideas into a framework of 

animal ornamentation and weaponry that considers both con- and heterospecific social 

competition will continue to provide valuable insight to the evolution of exaggerated 

traits in both sexes. 
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METHODS 

Sampling 

White-necked jacobins were captured by placing mist nets next to hummingbird 

feeders, or in mesh drop-traps placed around feeders in the town of Gamboa, Panama 

and the surrounding region. Blood samples (5-15 ul) were collected with a 75 ul glass 

capillary tube by puncturing the tarsal vein with a 27-gauge needle. We immediately 

transferred the blood to vials containing 0.25 ml of 2% SDS lysis buffer, and stored 

the samples at room temperature. 

 

Genetic Sexing  

At the Cornell Lab of Ornithology, all DNA samples were extracted using Qiagen 

DNeasy Blood & Tissue Kits. We used 2550F/2718R primers to amplify fragments of 

the sex chromosomes [46], but were unable to achieve adequate amplification and 

visualization on 2% agarose gels for some individuals. For those individuals that we 

could not sex clearly with this approach, we used 1237L/1272H primers [47] with 

fluorescently labeled 1237L. Amplified fragments were detected with an Applied 

Biosystems 3730xl sequencer and analyzed using the Peak Scanner module on 

Thermo Fisher Connect. We verified the accuracy of both methods using frozen tissue 

from three male and three female white-necked jacobins from the L.S.U. Museum of 

Natural Sciences Collection that had been sexed by gonad morphology (specimens B-

37138, B-37139, B-71913, B-71964, B-2641, B-4927).  
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Corrugation Estimation and Accuracy 

Hummingbird bills are highly corrugated when the birds are young, making it a useful 

ageing tool [27–29]. JJF estimated the degree of corrugation to the nearest 10% on all 

captured birds from the distal end of the nasal groove to the tip of the bill. In 2019, 

after estimating corrugation proportion, we additionally measured the corrugation with 

calipers (± 0.05 mm) to assess the accuracy of estimations. Of 133 measurements, 71 

had >0% corrugation. We assessed the accuracy of estimations in two ways. First, we 

measured the distance between true and estimated percentages. True corrugation 

percentage was different from the estimate by a mean difference of 3.53 percentage 

points (SD = 2.95) when excluding individuals with no corrugation, and 1.88 

percentage points (SD = 2.78) if these individuals are included. Measurements and 

estimates were correlated in individuals with corrugations (R2 = 0.94, p < 0.0001) and 

across all individuals (R2 = 0.98, p < 0.0001). Second, we reduced the precision of the 

measured percentage by rounding to the nearest multiple of 10% and compare with the 

estimations. Estimates matched the rounded measured percentage in 80.3% of cases 

with corrugation, and 89.5% overall. In those that did not match, estimates never 

exceeded a 10% difference from the rounded measurement. Thus, estimates and 

measurements of corrugation are largely similar.   

 

Color Classification 

All birds were classified in-hand by JJF into three categories: androchrome, 

heterochrome, or mixed. We compared this subjective categorization with objective 

unsupervised categorization of color values from photographs of 208 birds. All birds 
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were photographed in a 25 x 25 x 25 cm diffuse light box lined with white felt fabric. 

LED strips (12V battery powered weatherproof IP66 6500K 76 lm/ft) were fixed to 

the top and bottom edges to reduce iridescent effects through use of omnidirectional 

and diffuse lighting. We used a Samsung NX1000 mirrorless digital camera with a 20-

50 mm lens (maximum zoom, ISO 100, f/20) fixed to the top of the box to photograph 

all birds. Birds were photographed in hand at the bottom of the box with a grey 

background in frame with six grey standards from an X-Rite ColorChecker Passport. 

We photographed each bird at six angles: dorsal head, throat, right-lateral head, neck, 

ventral closed tail, and ventral spread tail. Three photographs of each angle were taken 

with bracketed shutter speeds, and the brightest of these with no oversaturation was 

chosen for analysis. 

To extract color information from photographs we used Image Calibration and 

Analysis Toolbox 1.0, which measures reflectance, color, and pattern objectively and 

to animal vision [48]. Photographs were standardized and linearized using three grey 

standards in each photo (3.1, 36.2, and 90.1% reflectance). We chose three regions of 

interest to analyze: dorsal head, ventral head, and ventral closed tail. Regions of 

interest were outlined by individuals who were blind to the sex of the birds. The top of 

the head included the entire dorsum of the head and ended posteriorly at the 

distinctively larger feathers of the shoulder region. The throat region included the 

entire ventral side of the head and ended posteriorly at a lateral line between both wrist 

joint (wings were held folded naturally against the body in all photographs). Ventral 

closed tail included all retrices folded naturally, and undertail coverts. For each region 

of interest, we extracted mean red, green, and blue pixel values, resulting in nine color 
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variables for each individual. One outlier was removed from the analysis because 

piloerection resulted in considerable reduction in reflectance. We then performed a 

principle component analysis in R with all variables [49]. The first and second 

principle components accounted for 82.1 and 11.1% of the variation, respectively. All 

other dimensions accounted for <4% of variance and eigenvalues <0.5 (Table S1).  

To determine the structure of color variation in this species, we used cluster 

analyses to determine whether individuals cluster in coloration, and if so, the degree of 

clustering. We first used the k-means algorithm [50] to calculate the total within-

cluster sum of squares for 1-10 potential clusters using all nine axes from the PC 

analysis in R [49]. An elbow plot illustrates a large drop after k = 1 and bend at k = 2 

clusters (Fig S1), indicating two clusters within the data. We also calculated average 

silhouette width [51] for the same potential clusters using the cluster package in R 

[49,52] and found the highest average width when k = 2 (Fig S2). After concluding 

that the data is clustered into two groups, we assigned each individual bird to a cluster 

using the k-means algorithm [50]. All birds identified as androchromic fell into one 

cluster and all identified as heterochromic fell into the second cluster. For those 

labeled as “mixed”, two clustered with androchromes and one with heterochromes, 

making objective descriptions of these individuals difficult without photographic 

analysis. The results of this analysis demonstrate that color is indeed polymorphic in 

this species. The 100% accuracy of field identification of color type for androchromes 

and heterochromes gave us confidence that those identified without photographic 

analysis were likely accurate. Unsurprisingly, mixed plumage types were not reliably 
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classified into either cluster, but this identification was very rare, with only 7 of 558 

(1.3%) captures labeled as such.  

 

Distinguishing Sex with Color 

Androchromes may be male or female, but subtle differences within this plumage type 

may be able to predict sex. We trained a discriminant function analysis using color 

values from photographs of androchromes and their known genetic sex. We then used 

a permutation analysis to determine whether color values can determine sex better 

than random. After generating a confusion matrix for the observed data using 

predicted values from the discriminant function, we permuted the sex of androchromes 

and generated confusion matrices 5000 times. We then compared the accuracy of the 

observed model versus permuted models. In both female (p < 0.0002) and male (p < 

0.0002) androchromes, color predicted sex better than randomized models. However, 

sex was predicted with jack-knifed models at 95.5 and 63.6% accuracy for male and 

female androchromes respectively, showing that while better than random, accuracy in 

distinguishing sex is low.   

 

Identifying Features of Immaturity 

Androchromes occasionally had a buff facial stripe and/or a wide stripe on the distal 

part of the rectrices that resembled the darker heterochrome tail in coloration (Figure 

1). During capture of androchromes, we marked whether a face stripe was present or 

absent; face stripes were never present on heterochromes. For each sex, we used a 

logistic regression to determine whether corrugation level predicted facial stripe 
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presence. If a significant relationship existed, we measured accuracy of the model 

using the caret package in R [53]. 

Our data suggest these traits are associated with immaturity, with the exception 

of the wide tail stripe in females. In both females and males, corrugation level is 

predictive of the presence of a buff facial stripe (females: p = 0.001, accuracy = 0.82, 

CI95 = [0.68, 0.92]; males: p < 0.0001, accuracy = 0.93, CI95 = [0.85, 0.95]), 

suggesting that androchromy with a facial stripe likely indicates immaturity in both 

sexes. Corrugation level is also predictive of a wide tail stripe, but only in males 

(males: p < 0.0001, accuracy = 0.94, CI95 = [0.88, 0.97]; females: p = 0.68). In 

females, a wide tail stripe was found on nearly all androchomes (42 of 45). Thus, in 

most cases, adult androchrome females may be identified by the presence of a wide 

tail stripe and the absence of a buff facial stripe. 

 

Ultraviolet Reflectance 

Although some hummingbirds can detect wavelengths <400 nm, which are not visible 

to humans [54,55], the degree of hummingbird UV detection capability is debated and 

may vary among species [56]. Nevertheless, we analyzed UV reflectance from 

specimens of white-necked jacobins from collections at The American Museum of 

Natural History to determine (i) the degree of UV reflectance and (ii) whether 

measuring UV reflectance would be valuable in classifying plumage morphs in this 

species. We used five males, five heterochrome females, and five androchrome 

females that were sexed by gonad. All were photographed in visual (red, green, and 

blue) and UV (uv-R, and uv-B) channels with a Canon EOS 7D, 50mm lens at f/0, 
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ISO 400 in a diffuse lighting arena. We included Labsphere Spectralon grey standards 

at 2, 20, 80, and 99% reflectance in all photographs. 

No additional plumage patterns were revealed in UV channels. We compared 

UV reflectance from the top of the head, throat, and ventral closed tail using Image 

Calibration and Analysis Toolbox (see Color Classification methods for details). The 

tail appeared to display the most UV reflectance. However, overall correlation of UV 

and visual channels was high, in particular with the blue channel (0.98 correlation 

between uv-R and blue, 0.98 between uv-B and blue). Similar results were found with 

the throat region (0.98 between uv-R and blue, 0.97 between uv-B and blue). UV 

reflectance is therefore largely redundant with blue reflectance in these regions. The 

top of the head showed a different pattern such that visible and UV reflectance had 

lower correlation (0.53 between uv-R and blue, 0.46 between uv-B and blue). 

However, the reflectance of UV in this region was low and similar between males 

(4.53%, SEM = 0.10%), androchrome females (4.59%, SEM = 0.07%), and 

heterochrome females (4.46%, SEM = 0.15%). Thus, UV reflectance is unlikely to be 

a distinguishing factor between sexes or color types in this species. We therefore opted 

to not take UV photographs with birds in the field given the difficulty of collecting 

both UV and visual reflectance from live animals with limitations on handling time. 

 

Mount Observations 

We observed how birds interacted with taxidermized mounts to understand whether 

and how color differences in white-necked jacobins might mediate behavioral 

interactions. Two heterochrome females, four androchrome females, and four males 
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were collected and sexed by gonad morphology during dissection at the Smithsonian 

Tropical Research Institute Bird Collection (S.T.R.I.B.C.), then later confirmed 

through genetic sexing. All specimens were prepared in a perched position with folded 

wings by Jorge L. Medina at S.T.R.I.B.C.  

The three types of birds were presented in pairs, resulting in three type of 

trials: (1) heterochrome female versus androchrome male (Hf-Am); (2) heterochrome 

female versus androchrome female (Hf-Af); or (3) androchrome female versus 

androchrome male (Af-Am). Between February – May 2017 and 2018, we ran 180 

min trials between 07:00 – 11:30, and in February – May 2019 we ran two 75 min 

trials per day between 07:00 – 11:30. To avoid repeated sampling of the same birds, 

we spaced each trial in a different location at least 50 m apart and with no line of site 

from one location to the next. This restriction limited the number of available spaces 

in which it was possible to do trials, so we repeated locations no less than two months 

apart. Tropical hummingbird feeding territories are thought to shift continuously 

depending on nectar availability and plant flowering times [57], so it is unlikely that 

the same birds inhabited the same areas across this timespan.  

During each trial, we hung Aspect HummZinger Mini hummingbird feeders 

from two 2.75 m poles spaced 3 m apart. Each feeder was filled with 200 ml of sugar-

water (1:4 sugar to water ratio by volume). We randomly chose mounts from each 

type, then flipped a coin to determine the feeder on which each mount would be 

placed. We fixed mounts to the center of the feeder in a perched position facing away 

from the pole so that approaching birds would see the mount when approaching. 

Videos of trials were recorded with a wide angle at 60 frames per second. In order to 
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ensure accurate identification of bird types, we also watched the feeders and recorded 

behaviors with binoculars from a >10 m distance.  

We recorded the species and sex, when identifiable, of each bird that interacted 

with a mount. For white-necked jacobins, we recorded color type rather than sex. 

Individual birds could not be identified, so we recorded the feeder and its associated 

mount for aggressive and sexual behavior of each distinguishable bird for each trial 

(Table S1). Since most birds could not be distinguished beyond species, sex, or color 

type, behaviors for each of these “distinguishable groups” was recorded only once per 

trial. On rare occasions, androchrome white-necked jacobins could be distinguished by 

the thickness of their dark tail band so these were included as separate data points.  

Once the aggressive and sexual behavior was compiled for each of the three 

trial types, we calculated the proportion of times each distinguishable group directed 

their first behaviors toward different mount types. Androchrome white-necked 

jacobins, rufous-tailed hummingbirds (Amazilia tzacatl), and heterochrome white-

necked jacobins interacted with mounts the most. Since other species were rare when 

treated separately, we grouped them together. We then used a fisher’s exact test to find 

if different distinguishable groups directed their first aggressive behavior to mounts in 

different proportions. This step was unnecessary for sexual behavior because only 

androchrome white-necked jacobins exhibited these behaviors. If we found no 

evidence of group independence, we compiled all incidences of aggression or sexual 

behaviors and used a binomial test to see if the behavior of interacting birds deviated 

from the null expectation of equal interaction rates at the two feeders regardless of 

mount type.  
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Finally, for 26 trials from 2017, we used BORIS v4.1.1 [58] to log all behavior 

events (Table S2) for the entire 180 min trial. This included interactions with the 

mounts, but also included every chase interaction between individuals within frame. 

For chases, we recorded the species, sex, or color type of both the chasing bird and the 

bird being chased. 

 

Permissions 

All experimental procedures were approved by Institutional Animal Care and Use 

Committees (IACUC) at both Cornell University (2009-0105) and the Smithsonian 

Tropical Research Institute (2015-0618-2018-A1, 2016-0120-2019, 2017-0116-2020). 

Collections were permitted by the Panamanian Ministry of the Environment under 

SE/A-84-14, SE/A-11-16, SE/A-15-17, SE/A-100-17, and SE/APHBO-7-18. Blood 

samples were exported from Panama to the U.S.A under C.I.T.E.S. permits SEX/A-

101-15, SEX/A-111-16, SEX/A-73-17, SEX/A-47-2018, SEX/A-36-19, and U.S.D.A. 

Import Permit 52686. All collected specimen skins are a part of the STRI Bird 

Collection (STRIBC) in Panama City, Panama. 
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Figure 1: Plumage types of the white-necked jacobin (Florisuga mellivora). White-

necked jacobins (F. mellivora) are depicted in a perched position (top) and a fanned 

open tail (bottom). Heterochromes (left) are all female and distinguished by 

completely green dorsums, mottled grey and green throats and chests, and shiny dark 

and green and black retrices fringed with white on the outer retrices. Androchomic 

individuals (center, right) have shiny blue heads and throats, green backs, white 

chests, bellies, neck spots, and retrices fringed with a black outline. Juveniles of both 

sexes are androchromic (right) with a buff facial stripe and wide tail band typically 

only seen when tail is fanned. Adult androchromes (center) may be male or female, 

but adult female androchromes typically have a wide tail band similar to juveniles 

rather than the fine edge illustrated here. Illustrations by Jillian Ditner.    
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Figure 2: Color variation in male and female white-necked jacobins. First and 

second principle components of color values extracted from photos of white-necked 

jacobins shows that coloration is clustered in this species. Each point represents a 

single individual’s coloration, with green circles as females and blue triangles as 

males. Unsupervised clustering (k-means algorithm, k = 2) separates coloration into 

two distinct clusters with the blue area on the left corresponding to androchromy and 

the green area on the right corresponding to heterochromy. Males occupy a single 

color region, while females occupy both color regions.   
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Figure 3: Plumage type in relation to age. Proportion of bill corrugation can be used 

to gauge age, with high corrugation corresponding to younger age in both (A) males 

and (B) females. Each bar shows the proportion of individuals with a given 

corrugation level appearing in androchromic (blue bars) versus heterochromic 

coloration (green bars). Number of androchromic individuals is listed on the bottom, 

and heterochromic on the top. All males, regardless of age, are androchromic. 

Youngest females are entirely androchromic, whereas older individuals are mostly 

heterochromic. This indicates an ontogeny involving a shift from androchrome to 

heterochrome in most females. Subtle variation in androchrome tail and facial pattern 

were also predicted by corrugations and can be used to distinguish age and sex in 

some cases (see Figure 1 and Methods).  

(A)

(B)
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Table 1: Taxidermy mounts (Hf = heterochrome female, Am = androchrome male, Af 

= androchrome female) were presented in the wild on hummingbird feeders in three 

pair types (left panel). We recorded first interactions of aggressive and sexual 

behaviors for each distinguishable hummingbird (by species, sex, or color type). Bias 

indicates the percent bias for the mount type depicted on the left minus the percent 

bias for the mount type depicted on the right. Therefore, negative values indicate 

behaviors were more often directed toward the mount type on the left, and positive 

values indicate behaviors more often directed toward the right. Bias magnitude 

indicates preference skew in either direction. p-values were calculated with binomial 

tests, and  indicate the probability that there is no bias in either direction. Arrows 

between mounts also show mount bias aggressive (purple), and sexual (orange) 

behaviors. The skew of the arrow to either side of the dot represents the percent of bias 

toward a mount type. Illustrations by Hilary Burn [59].  

Behavior n Bias p - value

Aggressive 33 -46% 0.01 

Sexual 12 -100% <0.01

Aggressive 42 -58% <0.01 

Sexual 16 -100% <0.01

Aggressive 27 +4% 1.0

Sexual 8 +26% .73

Hf

Hf

Af

Am

Af

Am
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SUPPLEMENTAL INFORMATION 
 
Table S1: Ethogram of behaviors exhibited during interactions with taxidermy mounts. 

Aggressive behaviors have the potential to physically damage another bird. Sexual 

behaviors included copulation behavior (a stereotyped and recognizable behavior 

across avian taxa) and behaviors associated with copulations. Sexual behaviors listed 

here were only exhibited by androchrome white-necked jacobins.    

 
Behavior Category Description 

Peck Aggressive Bill briefly makes contact with any part of the 

mount. Tail occasionally fanned. 

Slam Aggressive Rapid acceleration toward the mount, with 

contact. Tail occasionally fanned. 

Mount attack Aggressive Feet contact the mount, with bill driven repeatedly 

into the mount body 

U dive Sexual Downward dive toward the mount, followed by 

backwards and upwards flight with mid-air 

bounces. Tail constantly open. Almost always 

accompanied with high-pitched “peep” call.   

Copulation Sexual Feet contact the back of the mount, with body 

positioned in parallel alignment with the mount. 

Rapid lateral tail wags.  
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Table S2: Principle components of mean red, green, and blue pixel values from the 

dorsal head, ventral head, and ventral tail.  

 
PC# Proportion of 

variance 

Cumulative % 

variance 

Eigenvalue 

1 0.821 82.1 7.385 

2 0.110 93.1 0.991 

3 0.039 96.9 0.350 

4 0.025 99.4 0.223 

5 0.004 99.8 0.038 

6 0.001 100.0 0.011 

7 <0.001 100.0 0.002 

8 <0.001 100.0 0.001 

9 <0.001 100.0 <0.001 
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Figure S1: Total within sum of squares (top) and average silhouette width (bottom) 

were calculated from principle component values of color data extracted from photos 

of white-necked jacobins for 1-10 clusters assigned with a k means algorithm. An 

“elbow” in total within sum of squares, and a maximum average silhouette width were 

found at k = 2. Both metrices indicate 2 clusters of plumage color in this species.   
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CHAPTER 2  

Female hummingbirds that mimic male 

plumage increase access to high quality 

resources 
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ABSTRACT 

Female-limited polymorphism, where females have multiple forms but males only 

one, have been described in a wide variety of animals, yet remain difficult to explain 

because the phenotype with higher fitness is expected to outcompete others. Here, we 

studied a hummingbird species with female-limited polymorphism, the white-necked 

jacobin (Florisuga mellivora), in which roughly a quarter of females have ornamented 

male-like (androchromic) coloration while other females are drab (heterochromic). 

Previous observations in this species suggest that androchomic plumage is an indicator 

of resource holding potential (RHP) in both males and females, or that androchromic 

females avoid aggression from other hummingbirds through mimicry of males. We 

tested critical predictions of these hypotheses by observing behavior and comparing 

measures of RHP between males and females. We found that males had higher RHP 

than females, but RHP did not differ between female types. Observations of birds 

implanted with radio-frequency identification (RFID) tags utilizing a network of 

logger-equipped feeders revealed that androchrome females accessed high quality 

feeders for longer durations than did heterochrome females. Together, these results 

indicate that female plumage types differ little in their ability to hold resources, but 

that simply appearing male-like allows for increased access to higher quality 

resources. Androchrome females therefore have higher access to resources through 

mimicry of males rather than through direct advertisement of competitive ability. 

Although this type of social dominance mimicry to gain access to resources has 

previously been hypothesized to explain interspecific mimicry, our results show that 
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social dominance mimicry may also explain within-population polymorphism and is 

perhaps an understudied explanation for sexually monomorphic ornamentation.  

 

INTRODUCTION 

Competition with conspecifics for limited resources can favor the evolution of 

seemingly deleterious phenotypes such as conspicuous ornamentation [1–3]. 

Ornaments in males have been widely attributed to competition for mates [4]. 

Although female ornamentation can also be explained by sexual selection [5,6], in 

many cases females appear to be competing for resources other than mates [2,7–9]. 

Moreover, in many systems some adult males (or females) are ornamented whereas 

others are not [10]. The study of such sex-limited polymorphisms, where one sex 

shows variation but the other does not, has traditionally focused on male-limited 

polymorphism and ways in which sexual selection maintains diversity of breeding 

phenotypes [10,11]. Female-limited polymorphism (FLP) has been studied in an 

increasing diversity of taxa (e.g. [12-15]). However, much like female ornamentation, 

the adaptive hypotheses used to describe female-limited polymorphism are diverse and 

relatively untested compared to those in males [10].  

Hummingbirds contain spectacular examples of plumage ornamentation, yet 

there are few studies on female ornamentation in this large family of birds. In 

particular, many species of hummingbird show FLP [16,17], and a recent study 

showed that roughly a quarter of the species in this family had polymorphic females, 

and also that the evolution of these traits cannot be explained by non-adaptive 

hypotheses [18]. Instead, previous comparative [18,19] and empirical [20] work 
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suggest that hummingbird FLP may evolve through competition among females for 

resources other than mates (i.e., non-sexual social selection, see [1]). To further test 

adaptive hypotheses for this phenomenon, we studied variation with a single species of 

hummingbird, the white-necked jacobin (Florisuga mellivora). In this species roughly 

30% of females are ornamented like males (androchromic) and seemingly 

indistinguishable from males in the field, whereas other females are drab in coloration 

(heterochromic). We showed previously in this species that both con- and 

heterospecific hummingbirds were less aggressive toward male and female 

androchromes than toward heterochromes [20]. Although these results suggest a 

potential advantage to androchome plumage, it remains unknown whether 

androchrome plumage confers an actual benefit to females in the wild, and also 

whether plumage color is an honest signal of competitive ability signals.   

These previous findings are consistent with at least two hypotheses. The 

feeding strategy hypothesis proposes that females with higher resource holding 

potential (RHP) are androchromic utilize a more male-like territorial feeding strategy 

compared to heterochromes [21]. Accordingly, plumage ornamentation in males and 

androchromic females of species with FLP would indicate territorial behavior and 

capability in both sexes. Androchrome resource holding potential (RHP) should 

therefore be higher than that of heterochromes, and more similar to that of males. 

Alternatively, the intersexual social dominance mimicry (SDM) hypothesis proposes 

that androchrome females mimic males, which are more aggressive and territorial, in 

order to gain access to higher quality food resources. This hypothesis is similar to the 

“competitive mimicry” hypotheses proposed to explain phenotype convergence 
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between different species [22–24], where members of one group mimic a more 

socially dominant ecological competitor in order to gain access to ecological 

resources. Under this hypothesis, we expect androchrome females to have increased 

access to resources, but for androchromes and heterochromes to have similarly low 

RHP compared to males.   

Here we test critical predictions of the feeding strategy and intersexual 

mimicry hypotheses by using three indicators of RHP and the behavior of individual 

birds at artificial feeders. First, we used a weight-lifting assay to assess muscle 

capacity, which is an indicator of many aspects of flight performance in hummingbirds 

[25,26]. Second, we measured wing loading (i.e., the ratio of body weight to wing 

area), which is associated with aspects of maneuverability such as in-flight rotations, 

turns, and acceleration [25]. Third, we compared overall body size, as larger size is 

thought to be associated with dominance across hummingbird species [27,28] and 

other taxa [29]. Under the feeding strategy hypothesis, we predicted that RHP 

indicators of androchromes would be high, and more similar to those of males, 

compared to heterochrome females. Furthermore, we predict that androchrome female 

behavior will be more similar to that of males, as both should be dominant over 

heterochrome females. To observe behavior, we monitored birds tagged with radio-

frequency identification (RFID) tags in at a network of feeders with RFID-detecting 

antennae. We assumed greater ability to access resources would be indicated by higher 

frequency of visits, longer duration visits, and higher probability of visitation to high 

rather than low quality resources. Comparing morphology, physiology, and behavior 
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across both sexes and plumage types can elucidate the mechanisms by which discrete 

variation in females are maintained.   

RESULTS 

Androchrome and heterochrome females had similar burst muscle capacity (mean 

difference = -0.287, 95% CI = -1.300, 0.752; Figure 1A), even when excluding 

juveniles from the analysis (mean difference = 0.895, 95% CI = -0.514, 2.140). 

Similarly, mean wing loading was similar both between female types (mean difference 

= -0.080, 95% CI = -0.22, -0.08; Figure 1B), even when excluding juveniles (mean 

difference = -0.028, 95% CI = -0.23, 0.176). For overall body size, the discriminant 

function analysis with just the two female types showed that female plumage types 

cannot be accurately predicted by morphology. The model based on observed 

morphologies was more accurate than in 79.0% of permuted models in predicting 

heterochrome females, and in 23.7% of permuted models in predicting androchrome 

females. Thus, female plumage type cannot be distinguished by muscle capacity, wing 

loading, or overall body size.  

In contrast, males showed higher measures of RHP than females in all three 

measurements. Males muscle capacity was about 23.7% higher than that of females 

(mean difference = 2.7, 95% CI = 2.07, 3.385; Figure 1A) and 25.0% higher when 

juveniles were removed (mean difference = 2.91, 95% CI = 2.17, 3.65). Wing loading 

was not different between all males and females (mean difference = -0.075, 95% CI = 

-0.169, 0.0115; Figure 1B) but was significantly different when juveniles were 

removed (mean difference = -0.147, 95% CI = -0.25, -0.05). Discriminant function 

analysis showed males were overall larger than females (Figure 2). Models based on 
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observed data showed a high degree of accuracy in predicting the genetic sex based on 

morphology: in > 99.9% of permutations, both males and females were identified with 

better accuracy in the observed rather than randomized data sets. Together, these 

results are consistent with the intersexual SDM hypothesis.  

 

RFID Behavior Data 

When comparing the probability of visiting high- versus low-quality feeders, we found 

no differences between female plumage types (β = -0.403, SE = 0.292, p = 0.169) or 

between sexes (β = 0.138, SE = 0.182, p = 0.45). We also found no difference in 

visitation frequency to feeders between female plumage types, regardless of the feeder 

quality (β = 0.541, SE = 0.505, p = 0.284). However, males fed more frequently than 

females overall (β = 1.263, SE = 0.357, p < 0.001) with an estimated mean male feeds 

per day of 3.15 (95% CI = 2.088, 4.76) and female feeds per day of 0.89 (95% CI = 

0.449, 1.77). Androchrome females accessed feeders for longer durations than males 

(β = 0.388, SE = 0.148, p = 0.024, Figure 3) and heterochrome female (β = 0.500, SE 

= 0.145, p = 0.002, Figure 3). We also found a non-significant interaction between 

female plumage type and feeder quality, showing that the difference between 

androchrome and heterochrome visit duration tended to be greater at high quality than 

at low quality feeders (β = -0.218, SE = 0.120, p = 0.070). Estimated mean duration 

for androchromes was 40.0% longer at high quality feeders (estimated mean 11.6 sec 

heterochrome duration versus 16.2 sec androchrome duration) and 22.7% higher at 

low quality feeders (estimated mean 13.2 sec heterochrome duration versus 16.2 sec 

androchrome duration).  
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DISCUSSION 

Although androchrome females and males are remarkably similar in their plumage 

coloration, our results indicate that they differ in morphology, physiology, and 

behavior. Indeed, other than plumage color, the two female types were actually quite 

similar to each other. These findings are inconsistent with predictions of the feeding 

strategy hypothesis, which suggests that both androchrome females and males are 

dominant over, and have higher RHP, than heterochromes. Based on our 

measurements, sex—not plumage type—should determine the likely outcome of an 

aggressive interaction should one occur. Instead, our results are consistent with an 

intersexual mimicry hypothesis in which androchrome females mimic males in order 

to dishonestly signal dominance capability. Despite the lack of differences in RHP 

between female types, androchrome females had a considerable advantage over 

heterochrome females in terms of visitation duration to food resources. In a previous 

study, androchrome female mounts experienced less aggression than heterochrome 

females at food sources [20]. The results shown here suggest those findings are 

reflected in a realized advantage in gaining access to food resources. Taken together, 

we suggest that males are more socially aggressive than females and their morphology 

and physiology are adapted to this behavioral strategy. In addition, con- and 

heterospecific hummingbirds associate aggression with jacobins with androchrome 

plumage coloration, and therefore avoid aggressive interactions with them even when 

some are in fact females. Finally, androchrome females are receive less aggression at 

food sources and are able to access food for longer durations.   
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Although female color types did not differ in their feeding frequency, overall 

feeding frequency for females was nearly half that of males. Counter to our 

expectation, all jacobins appeared to visit high- and low-quality feeders at similar 

rates. Differences in the duration of feeder visits were more complex than our 

expectations. At low quality feeders, both sexes and female types visited for similar 

lengths of time. However, at high quality feeders androchrome females visited on 

average 40% longer than did heterochrome females. Overall, males seem to feed at 

higher rates than females but androchrome females appear to have a considerable 

advantage over heterochrome females in their visit duration. This duration advantage 

may be critical for a hummingbird, which have the highest mass-specific metabolic 

rates among vertebrates [30].  

Our results contrast somewhat with studies of FLP in other taxa. In Ischnuria 

damselflies, FLP is thought to play a role in reducing detrimental sexual attention 

from males [31,32]. In white-necked jacobins, there is little evidence that sexual 

attention from males is harmful or common enough to limit female fitness in 

comparison to displacement aggression [20]. The intersexual social dominance 

mimicry hypothesis as described here is similar to the sexual attention hypothesis in 

that females mimic a male model but the receiver, or operator, of the signal is not 

limited to male white-necked jacobins. Since access to food resources can be limited 

by any ecological competitor, appearing male-like may deter aggression from other 

females and males of white-necked jacobins as well as other species if contact is 

common. This is consistent with previous findings that other species did not behave 
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differently from white-necked jacobins in their aggressive behavior toward mounts 

[20]. 

The RFID data show that appearing male-like gives access to energetic 

resources, and in combination with results from previous mount experiments, the most 

likely reason for this is due to escape from aggression. However, RFID data only 

shows the presence and absence of tagged birds, and therefore we cannot be 

completely certain that decreased access of heterochrome females was directly a result 

of aggression. Therefore, evidence so far is consistent with the intersexual social 

mimicry hypothesis, but more tests may come from experiments that seek to explicitly 

identify a cost to androchrome plumage and how it shifts with mimic frequency and 

the social environment.  

Discussion on competitive and social dominance mimicry is typically centered 

around inter-specific mimicry [24, 33-35]. Intersexual mimicry, however, should be 

easier to evolve since males and females share much of their genome [36]. While in 

white-necked jacobins intersexual SDM may explain a polymorphism, polymorphism 

is not necessarily the end result in all cases of this type of selection. If the benefits to 

mimicry are strong enough, it may be possible for the species to become sexually 

monomorphic. Conversely, intersexual SDM may allow one sex of a monomorphic 

species to evolve dishonesty without changing outward appearance. In white-necked 

jacobins we harnessed the variation in female white-necked jacobins to test predictions 

of intersexual SDM. However, given how common monomorphism can be in systems 

with large differences in reproductive behavior, SDM between sexes should also be 

considered as an alternative to other hypotheses for similarity between the sexes.  
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In summary, within-sex polymorphism can provide unique perspectives on 

both identifying the types of selection that can lead to variation, but also in studying 

the differences in behavior between sexes. These findings support the intrasexual 

SDM hypothesis, which adds to a diversity of explanations for female-limited 

polymorphism in animals. As adaptive hypotheses are considered in other taxa, 

understanding the connections between cases of FLP should lead to a broader 

understanding of polymorphism and ornamentation in general.  

 

METHODS 

We captured white-necked jacobins from August 2015 to May 2019 in and around 

Gamboa, Panama (9°7'12", -79°42'0"). At the time of each capture, we collected 

morphological measurements: mass (± 0.01 g digital scale), length of culmen, length 

from nare to bill tip, tarsus (± 0.1 mm manual calipers), right wing chord length, 

maximum right wing width, and tail length (± 0.5 mm ruler). Since young 

hummingbirds have more bill corrugation than older birds we used this as an indicator 

of age [37,38]. We collected 5-15 µl of blood from the tarsal vein into 2% SDS lysis 

buffer for genetic sexing. Samples were stored at room temperature and shipped to the 

Cornell Lab of Ornithology, where all DNA samples were extracted using Qiagen 

DNeasy Blood & Tissue Kits. We sexed individuals using either 2550F/2718R 

primers or 1237L/1272H primers to amplify fragments of the sex chromosomes. 

Plumage type of all birds were photographed and identified as either 

androchromic, heterochromic, or mixed by JFF while in hand. We verified this 

classification strategy with the procedure described in [20]. Briefly, we extracted color 
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values from photographs of 208 white-necked jacobins and used PC analysis and 

unsupervised clustering methods to show two clusters of color in this species. This 

objective and unsupervised classification of photos matched in-hand identifications of 

androchromes and heterochromes in 100% of cases. We therefore included all birds 

with in-hand identification in these analyses except those identified as “mixed” which 

could not be consistently classified but made up only 1.3% of all captures. 

We measured burst flight capacity of all captured birds in a 15 x 15 x 24 in 

mesh cage covered on all sides except the top with a dark grey fabric. An LED light 

(Ledlenser SE07R) was placed on top of the cage to attract the bird upwards and a 

rubber loop attached to a string of colored weights was draped loosely over each bird’s 

neck. Birds were encouraged to fly by releasing them ~3 cm from the cage base. We 

recorded videos at 120 frames per second and counted the maximum number of beads 

lifted. We targeted 5-7 separate flights for each bird and were able to extract data 

accurately from the videos for 2-10 lifts per bird but removed trials with less than 4 

lifts, resulting in an average of 6.3 lifts per bird (± 1.4 SD). For each lift, we took the 

mass of the bird and added this to the mass lifted. We averaged all lifts for a mean lift 

capacity for each capture. The number of lifts per bird was not significantly correlated 

with mean lift capacity (p = 0.55).   

Wing loading is the total sustained mass in flight per area of both spread wings 

[39]. The mass of each bird was measured with a digital scale (± 0.005 g). We 

approximated wing area by multiplying the length of the closed wing f (± 0.05 cm 

hand ruler, [40]) by the wing chord cm (the widest point of the hummingbird wing, ± 

0.05 cm hand ruler, [40]). For both burst flight capacity and wing loading we 
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compared heterochromic females, androchromic females, and males with the 

DABEST package in R to calculate and visualize bootstrapped 95% confidence 

intervals with 5000 resamples [41]. All tests were repeated with juveniles removed, 

which we identified as individuals with 50% or more of their bill corrugated.   

We measured several components of body size, including all those listed above 

as well as bill length (proximal end of nare to tip, ± 0.005 cm calipers), culmen length 

(± 0.005 cm calipers), tarsus length (± 0.005 cm calipers), and tail length (± 0.05 cm 

ruler). We used a discriminant function analysis with the MASS package in R [42,43] 

to test whether any particular axes of morphological variation could distinguish 

genetic sex. To test the accuracy of using morphology to determine sex, we first 

generated jackknifed sex predictions with our observed data. We then permuted the 

sex of birds 5000 times to generate an estimation of the null distribution given random 

association of sex and morphology measurements. We compared the number of 

instances that the randomized datasets exceeded prediction capability of the observed 

dataset to calculate p-values. We repeated the test to compare female plumage type 

rather than sex.  

 

Feeding Behavior 

To assess the behavior of individual white-necked jacobins, we used a radio-frequency 

identification (RFID) system to log feeding behavior across the town of Gamboa, 

Panama. White-necked jacobins were sub-dermally tagged with Biomark HPT8 PIT 

tags between the shoulders. To detect tagged birds in the wild, we modified First 

Nature 16 oz. Hummingbird Feeders to attach the RFID loggers [44] and a 51.5mm 
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circular antennae over a single nectar access hole. All other holes were blocked. 

Loggers were set to read three times per second, with each read lasting 0.2 sec. If a tag 

was detected the ID was logged with date and time to the second. To prevent reads 

from logging while a bird perched without feeding, we blocked perching by removing 

the landing ring around the feeder. With our antenna attachment, tags could be 

detected 3-4 cm from the center of the loop in the direction of an incoming 

hummingbird, and roughly 0.5 cm from the outside of the loop. We verified the 

accuracy of this system before deploying feeders in the wild by testing three birds in a 

flight cage (two heterochrome, one androchrome). Immediately after tagging, we 

released the birds in the cage and observed for 90 min. The logger detected the tag in 

every feeding event and did not log during any other behavior. 

We began PIT tagging white-necked jacobins in December of 2017, and we 

tagged most subsequent captures until the experiment ended in May 2019. All birds 

were genetically sexed as described above. We deployed feeder loggers from January 

to May 2018, and from October 2018 to May 2019 but excluded data from October to 

December 2018 to restrict data to the dry season of both years. The number of active 

feeders at any given time ranged from 6 to 28. Feeders were placed a minimum of 50 

m apart with no line of site between any two feeders, and we attempted to keep 

spacing even when changing the number of feeders. We filled feeders with La Estrella 

white sugar and water solution in two different concentrations. “High quality” feeders 

were filled with a 1:3 sugar to water mixture by volume, whereas “low quality” 

feeders were filled with a 1:6 mixture. Feeders were randomly assigned high and low 

quality in equal numbers in January of 2018 and the assignments were switch on April 
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2. In January 2019 we again randomly assigned quality and switched assignments on 

April 8.  

Of birds we tagged, 38 heterochrome females, 15 androchrome females, and 

104 males visited a feeder at least once during the two seasons. Males and 

heterochrome females have never been shown to shift their plumage types, but 

androchrome females may shift to heterochrome plumage [20]. Two females that were 

androchromes in 2018 were also detected in 2019 but we were unable to recapture 

them to identify whether they have shifted type so we removed their 2019 visits from 

the analysis. Another two androchrome females from 2018 were recaptured in 2019 

and we verified that they had molted to heterochromic plumage. Therefore, we 

changed their plumage type to heterochromic in the 2019 dataset.   

Like many animals, when hummingbirds visit a food source, nectar 

consumption is not continuous. Rather, hummingbirds often consume for several 

seconds, hover in the vicinity of the food source, then return to feeding and will cycle 

between these behaviors multiple times before leaving or perching. In order to 

distinguish between separate visits to the feeder versus small gaps between 

consumption, we set a threshold by which gaps of longer periods than the threshold 

would be considered separate visits. To determine this threshold, we first compiled all 

gaps (n = 278,099) in the dataset between reads at the same feeder within the same 

day. As expected, most gaps were very short, but ranged up to the length of the day 

(45821 sec). 41.5% of gaps were only 1 sec, and the cumulative explanatory power of 

adding additional gap durations decreases with each additional second. Above 7 sec, 

the increasing explanatory power of additional seconds was never above 1%. 
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Therefore, we chose 7 sec as the limit to gaps within the same visit. To ensure results 

were not spurious for this particular threshold, we repeated statistical analyses with 5-

12 sec gaps. However, we report the complete results only from analyses using a 7 sec 

threshold.  

 

Statistical analysis of behavior 

We tested whether feeder visit duration, frequency, or resource quality differed 

between white-necked jacobin sexes and phenotypes. To analyze visit duration, we fit 

a linear mixed-effects model with visit duration as the response variable, bird sex and 

feeder quality as fixed explanatory variables, and feeder station, bird identity, and the 

feeder by date interaction as random-intercept variables. This test was repeated within 

females only, with plumage type (heterochrome versus androchrome) replacing sex. A 

square-root transformation of visit duration best fit assumptions of normality and 

homoscedasticity. To test feed frequency, we compiled days in which individual birds 

fed at least once and counted the number of visits the bird made during that day. Days 

in which a bird did not appear in the data set were not included because we cannot 

know whether the bird did not feed at a feeder, or whether the bird was not present in 

the region. We fit a generalized linear mixed-effects model with a truncated negative 

binomial distribution using the glmmTMB package in R [45] because data was 

overdispersed and days with zero feeds were not included [46]. In this model, feed 

frequency was the response variable, bird sex was the fixed explanatory variable, and 

bird identity and date were set random-intercept variables. This was repeated with 

females only, and with plumage type rather than sex as the fixed explanatory variable. 
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Finally, to test probability of visiting high versus low quality feeders we fit a 

generalized linear mixed-effects model with a binomial distribution. Feeder quality 

was set as the response, sex as the fixed explanatory, and date, station, and bird 

identity as random-intercept effects. As with the other tests, we made a second model 

with only females, using plumage type as the explanatory variable.  
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Figure 1: A) We measured the muscle capacity of white-necked jacobins by recording 

the total mass-lifting capability. Each point represents the mean lifting capacity during 

capture. No differences were found between female color types, but males lifted 

significantly more. Only results from adults are shown here but similar results were 

found when juveniles were included.  B) We measured the wing-loading of white-

necked jacobins by dividing the mass of each bird by an approximation of the wing 

area. No differences were found between female color types, but males had slightly 

lower wing-loading. Only results from adults are shown here. When juveniles are 

included, a similar pattern is found but the difference between males and females is 

not significant.    

  



 56 

 

Figure 2: We took seven measurements of body size and analyzed them using a 

discriminant function analysis. The vast majority of discriminant variation in 

morphology fell on a single LD1 axis. While males have distinct morphology from 

females, androchrome and heterochrome females overlap in morphology.   

  

Male

Female

Female
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Figure 3: Mean and 95% CI feeding durations at high- and low-quality feeders are 

shown for androchrome females (blue), heterochrome females (green) and 

androchrome males (grey). Androchrome females fed for longer durations than both 

heterochrome females and males. The difference in feeding duration between the two 

female types was greater at high rather than low quality feeders.   
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ABSTRACT 
 

Polymorphisms, discrete phenotypic variation within populations, have fascinated 

evolutionary biologists since the field’s inception. However, alternative hypotheses for 

the adaptive maintenance of polymorphism are often only considered within 

taxonomic groups or specific cases, and the relationship between hypotheses across 

taxa and sexes are typically given less attention. In this review, we propose a 

framework in which polymorphisms can be compared along two major axes: (1) the 

type of balancing selection, and (2) the form of competition involved. Balancing 

selection may involve any of three types of negative frequency-dependent selection, or 

two types of frequency-neutral selection. To categorize competition type, social 

selection theory offers a nested framework that provides a structure to identify the 

types of selection pressures that maintain polymorphisms. We apply our framework to 

the case of sex-limited polymorphism and demonstrate how it can be used to compare 

hypotheses across disparate taxa and reveal distinctions and commonalities between 

hypotheses for polymorphism in males and females. 

 

BOX: Here we define polymorphism as discrete within-population variation in 

morphology (including shape, form, size, or color) that is persistent throughout 

significant portions of an individual’s lifetime. We include discrete traits with some 

overlap so long as the distribution of the trait is multimodal. Also, while polyphenism 

(environmentally induced discrete variation) is sometimes distinguished from 

polymorphisms, we use “polymorphism” as an umbrella term to include both 

genetically heritable and environmentally induced variation.   



 66 

INTRODUCTION 

The maintenance of discrete phenotypic variation in the face of selection is one of 

evolutionary biology’s most enduring questions [1–4]. Within a population, selection 

should fix variants with the highest fitness, and drift can stochastically eliminate 

variants over time, yet phenotypic variation is ubiquitous in multicellular organisms. 

Particularly puzzling are polymorphisms (see box) wherein variation is discrete. In 

species with polymorphism, an individual’s unique morph can play a crucial role in 

determining survival and reproductive success [5]. Polymorphisms are also thought to 

be “engines” of speciation by providing the raw material that can lead to reproductive 

isolation [6–8]. Despite their prominence across taxa, we lack a general framework for 

understanding the functional significance of polymorphism across sexes and across 

diverse animal lineages. Though similar hypotheses are repeatedly discussed across 

taxa, they are often discussed in isolation within the system in question. A unifying 

framework would allow for categorization and comparison, and also for generating 

hypotheses for unexplained polymorphisms.  

Here we provide a simple conceptual framework for understanding the 

adaptive functions of polymorphism. In the following sections we propose that 

polymorphisms can largely be described by two major factors: (1) a type of balancing 

selection – the form of selection that maintains multiple morphs; and (2) a competition 

type – the life history context that balancing selection acts upon (e.g., competition for 

mates or competition for resources). The purpose of this framework is not to assign 

cases of polymorphism to rigid categories, but to define and clarify major axes by 

which hypotheses for polymorphism can be described. In the final section we 
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demonstrate the utility of this framework by classifying several examples of sex-

limited polymorphisms, a particularly intriguing type of polymorphism in which one 

sex, but not the other, contains multiple morphs. Our framework shows that sex-

limited polymorphism in both sexes is likely driven by different aspects of social 

competition. Lastly, we discuss future questions generated by viewing sex-limited 

polymorphism from a broad cross-sex and cross-taxa vantage point.   

 

TWO DESCRIPTIVE AXES OF ADAPTIVE FUNCTION 

Balancing selection. 

As opposed to directional selection, balancing selection favors the maintenance of 

multiple variants within a population. Therefore, the type of balancing selection is the 

primary force through which multiple morphs coexist in a polymorphism. Three types 

of balancing selection are generally recognized: negative frequency-dependence 

(NFD), heterogenous environments, and heterozygote advantage [3]. Frequency 

dependent selection occurs when the fitness of a morph depends on its frequency in 

the population. Positive frequency dependent selection tends to stabilize single 

variants at fixation or extinction, while negative frequency dependence may generate a 

polymorphism through decreasing fitness as a morph’s frequency moves away from an 

equilibrium point. Most cases of NFD selection fall under the broad categories of (1) 

rarity advantage, (2) deceptive mimicry, and (3) alternative tactics, which we discuss 

in detail below. The other two types of balancing selection, heterogeneous 

environments and heterozygote advantage, are frequency-neutral – the average fitness 

of a morph does not depend on its frequency in the population. Individual examples of 
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polymorphism need not fall neatly into a single form of balancing selection, but each 

form is theoretically sufficient to maintain a polymorphism on its own. Here we 

describe each of these types of balancing selection and provide examples for each.   

 

Negative Frequency-dependent Selection 

Rarity advantage: Selection may directly favor rare phenotypes [9] for no other 

reason than that they are rare. These cases are inherently frequency dependent since 

rare phenotypes will increase in frequency until they are no longer rare, at which point 

alternative morphs may be selected. For example, rarity advantage may appear if 

predators develop search images for common prey and rare prey morphs benefit by not 

resembling those types [10]. Rarity advantage my also act when signal receivers prefer 

rare phenotypes, such as female mate preference for novel male phenotypes [11]. 

Unlike other types of NFD selection, the fitness advantage of one morph over others 

rests simply on its relative frequency to other morphs. Equilibrium frequencies of each 

morph, however, may not be at equal proportions if external factors are at play such as 

the cognitive or sensory biases of direct competitors or mediators of selection 

(predators, prey, mates, etc.) [12].  

Apostatic selection, in which a predator develops a search image for common 

prey forms and rarer forms resist detection, is one way in which this type of rarity 

advantage might manifest [13,14]. This concept was tested using live blue jays 

(Cyanocitta cristata) as predators which interactive with virtual evolving moth 

populations [15]. Jays were presented with digital moths, and individuals with patterns 

that were detected by jays were less likely to reproduce. Atypical moths were least 
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likely to be detected, and phenotypic variance increased in subsequent generations 

[15]. Factors determining the fitness of different phenotypes in apostatic and other 

cases of rarity advantage depend entirely on the frequency of the morph compared to 

other morphs, and the cognitive capabilities of the predator or other class of individual 

exerting selective pressure [16]. 

Deceptive mimicry: Deceptive mimicry occurs when one group of animals, 

mimics, appear similar to another group, models, in order to manipulate the behavior 

of an operator for the benefit of the mimics [9,17]. Batesian mimicry refers to cases 

where the model is toxic or distasteful to a predator the mimic appears similar to the 

model but is not distasteful, and selection is imposed by a predator that learns to avoid 

the prey with the model’s appearance [9,17]. However, similar principles may apply in 

other scenarios when one class of individuals deceptively mimics another, such as 

when one species mimics a socially dominant species in order to gain access to food 

resources [18–20]. Although in many cases all individuals of a species or population 

mimic another sex or species, this need not be the case [21]. Deceptive mimicry is 

most effective when mimics are rare, but if they increase in number, their fitness may 

reach equilibrium with non-mimics in the population before mimicry becomes a fixed 

strategy [22]. Unlike rarity advantage, the success of a morph depends more on the 

relative frequency of the mimic to the model, rather than frequency of one morph to 

another morph. The frequency of mimics may also depend on several factors including 

the degree of model-mimic resemblance, the rate of encounter between the operator 

and the model, and the ratio of model to mimics in the population [9,23,24].  
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In a classic test showing the NFD in deceptive mimicry, Brower (1960) 

modeled a deceptive (Batesian) mimicry system by using the European Starling 

(Sturnus vulgaris) as a predator and painted mealworms as prey. Mealworms painted 

green were dipped in either a distasteful quinine solution (representing models) or 

water (representing mimics), while mealworms painted orange were always edible and 

were used as a control. Various model to mimic ratios were presented to birds, and 

Brower found that when mimic frequency was low almost all mimics survived, but as 

the frequency rose, mimic survival decreased. While it may seem as though the mimic 

fitness should always be higher than a non-mimic, a model [21] later showed that 

under certain circumstances the number of mimics may reach a maximum population 

[16] in which mimics and non-mimics could exist in a stable equilibrium without any 

type of positive selection on the non-mimics [22]. In this example, the stable 

frequencies of the mimic morph depend on the toxicity and frequency of the model, as 

well as the cognitive and sensory capabilities of the operator [22]. However, similar 

principles will apply in any deceptive mimicry system [26]. For example, male 

bluegill sunfish (Lepomis macrochirus) may mimic females in order to “sneak” egg 

fertilizations at the nests of non-mimic males (e.g. Dominey 1980). In this case, rather 

than model toxicity, mimics dishonestly advertise a benefit to the non-mimic male, a 

form of aggressive mimicry [26]. 

Alternative tactics: Alternative tactics are consistent and discrete behavioral 

variants within a population [5]. A “bourgeois” tactic seeks to monopolize a resource, 

and another behavioral tactic(s) increases fitness by exploiting or competing against 

the bourgeois tactic [5,28]. Morphological associations with behavioral tactics may 
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facilitate these differences in behavior, such as enlarged weaponry in bourgeois 

morphs or color signals that display behavioral type. The stability and NFD of 

alternative tactics have been explored extensively (reviewed in Shuster 2010). In short, 

high frequencies of the bourgeois tactic create situations in which few individuals 

exclude many other individuals from access to a critical resource (e.g. mates). Rare 

alternative tactics that exploit rather than engage in the bourgeois tactic are initially 

successful, but as their numbers increase so does their success. The resulting stable 

frequencies of each morph that is maintained by alternative tactics include the relative 

ability of the bourgeois morph to withhold access of the resource from other 

individuals, as well as the rate and degree of success of the alternative tactics in 

competing against the bourgeois morph [29,30]. 

Alternative tactics appear across numerous animal taxa and are especially 

common among males [5,31]. For example, horned beetle (Onthophagus acuminatus) 

males vary continuously in body size but have horns which are bimodal in length. A 

study by Emlen (1997) showed that males under a threshold body size grow minute 

horns while those above the threshold grow prominent horns. This polymorphism is 

associated with a behavioral difference. Males with prominent horns, representing the 

bourgeois type, guard burrow entrances where females lay eggs in collected masses of 

dung, while those with small horns “sneak” past the larger males to mate with females 

in the burrow [32]. Male horn type is not heritable and depends instead on the quality 

of male larval diet [32,33]. 

Another classic example of alternative tactics are the three alternative types of 

marine isopods (Paracerceis sculpta). Large α-males defend spongocoels which 
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attract females and α-males compete for control of these female aggregations, β-males 

externally resemble females and often move between harems of females and sneak 

matings, presumably through deception, and small γ-males hide within spongocoels to 

avoid detection from α-males [34,35]. If female aggregates are small, α-males are 

typically successful in prohibiting access of β- and γ-males. However, as aggregations 

increase, β- and γ-males are able to escape detection and are able to mate, resulting in 

equal lifetime fitness of each male type [36]. Male phenotype has been shown to be 

largely the result of a single Mendelian locus, Ams [37]. 

 

Frequency-neutral Selection 

Heterogeneous environments: Fluctuating environmental conditions over space or 

time may favor the existence of multiple forms through specialization for certain 

environmental conditions [4,38,39]. For example, a morph may exist in relatively low 

frequencies in most years but under certain environmental conditions they may be 

favored. Fluctuating conditions may be either biotic or abiotic and include fluctuations 

in population density of conspecifics. Under heterogeneous environments, 

polymorphisms are maintained by the prevalence of the different environmental types. 

For example, the bill sizes of black-bellied seedcrackers (Pyrenestes ostrinus) are 

bimodally distributed -- large bills best at processing hard seeds, and narrow bills best 

for soft seeds [40,41]. Juvenile seedcrackers with intermediate bills have lower 

survival rates to adulthood [41], and the polymorphism is determined primarily by a 

single gene [42]. While there are few unambiguous examples of genetic 
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polymorphisms maintained through heterogeneous environments [43], polymorphisms 

induced through phenotypic plasticity are numerous [44–47] 

Heterozygote advantage: If a phenotype is associated with a genetic 

polymorphism, and heterozygotes have higher fitness than homozygotes, a trait 

polymorphism may persist because individual fitness is highest when both alleles are 

present [48,49]. In this type of selection, the phenotype frequency when stable 

depends on the relative fitness advantage of heterozygotes over homozygotes [49]. 

There are few examples in which heterozygote advantage unambiguously maintains a 

polymorphism under our definition (but see [50]).  

 

Non-Adaptive Null 

Our focus is on describing adaptive hypotheses for polymorphism, but an alternative is 

that the polymorphism is non-adaptive. Specifically, relaxed selection may allow for 

the existence of multiple types [51]. While possible, a neutral or non-adaptive 

polymorphism should be unstable in the presence of drift. If there is no selection to 

maintain multiple variants, drift should fix a single variant, given time. This 

hypothesis should be considered if adaptive hypotheses are refuted.   

 

Competition type 

Balancing selection acts through the fitness of individuals, but fitness itself is 

multifaceted and the various processes by which natural selection occurs are 

numerous. For example, Darwin (1896) recognized that there are fundamental 

differences between the expectations of selection involved in competition for mates 
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(sexual selection) versus competition to survive (natural selection). This distinction is 

powerful for explaining exaggerated and conspicuously ornamented traits, particularly 

in males [53,54]. However, it also leaves many exaggerated traits unaccounted for, 

such as those expressed during non-breeding stages of an animal’s life, and in females 

or males experiencing low levels of competition for mates (e.g. monogamous species).    

The social selection framework, proposed by West-Eberhard [55], offers a 

broader and more inclusive structuring of the modes of natural selection. Social 

selection distinguishes between ecological versus social selection, and views sexual 

selection as one of several types of social selection. Ecological selection derives from 

abiotic factors, predation, or prey capture ability. Social selection is due to an 

individual’s capability in succeeding in social competition over any type of resource 

important for survival or reproduction [55]. West-Eberhard recognized that any type 

of competition induced by an individual’s social environment may produce similar 

patterns as sexual selection such as weaponry or conspicuous ornamentation. 

Examples of non-sexual selection include competition for access to non-mating 

breeding resources, a critical food resource, or the attention of parents [55–57]. 

Competition in this sense broadly covers both direct competition such as territorial 

aggression, or indirect competition mediated by a third party such as predator 

selection, mate choice, or parental choice in attention toward offspring [57].  

Social selection provides a framework for identifying types of competition, but 

it is not typically used in the context of the adaptive function of polymorphism. Doing 

so, however, creates a structure by which hypotheses for seemingly disparate types of 

polymorphism can be connected and compared. For instance, most discussion of 
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polymorphism focuses primarily on the influence of ecology [10,14] or male 

competition for mates [5,31]. While important, and perhaps more common, there are 

many forms of competition through which balancing selection works to maintain 

polymorphism such as mating avoidance [12] and access to food [58]. By considering 

both the type of balancing selection at play and the specific type of competition 

through which balancing selection acts, we can develop a more general framework for 

understanding the relationships between varying types of polymorphism.  

 

SEX-LIMITED POLYMORPHISM 

To demonstrate the utility of this framework, we consider sex-limited polymorphisms, 

where only one sex is polymorphic (male- or female-limited), while the other only 

exhibits a single type. Both sexes may have different polymorphism schemes, but this 

is uncommon (but see [59,60]). Examples of described female-limited polymorphism 

are less numerous than those in males [5], and occasionally are left out of discussions 

of within-sex variation [31]. As mentioned previously, male-limited polymorphisms 

are often involved in alternative tactics to compete for mates [5]. However, it is 

unclear whether the function of female-limited polymorphisms can also be generalized 

in the same way, and whether both female- and male-limited polymorphisms can be 

discussed under the same conceptual framework.  

In this section we use the framework described above to categorize sex-limited 

polymorphisms (Table 1). We attempted to find most instances in which the adaptive 

function of a female-limited polymorphism has been tested, and we mapped these to 

our proposed framework by identifying the type of balancing selection and the type of 
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competition on which balancing selection acts. We did not review the considerable 

number of male-limited polymorphisms that have been described and reviewed [5], 

but instead include some well-studied and representative examples to demonstrate 

how hypotheses for male- and female-limited polymorphism interact within the 

framework (Table 1).  

To illustrate, we describe female-limited polymorphism in damselflies, which 

has generated considerable theory and empirical work on its adaptive consequences. 

Females of many species in the Ischnura genus have two or three morphs – one which 

appears like the male in coloration (androchrome), and one or more color morphs 

which do not (heterochromes) [61,62]. In at least one species, this polymorphism is 

heritable and follows a pattern indicative of a single gene with three alleles [63]. 

Robertson (1985) hypothesized that there may be conflict between the sexes in mating 

duration and frequency in I. rambui, where average copulations lasted 3 hours. 

Androchrome females might deceive males by mimicking them, thereby mating less 

frequently than heterochromes and giving them a NFD advantage over heterochrome 

females [64]. Therefore, the balancing selection type in this case would be NFD 

deceptive mimicry, functioning through indirect competition to avoid sexual attention 

from males. Many forms of this hypothesis have been proposed for polymorphisms in 

damselflies, varying in subtleties of how the costs and benefits to the mimic and non-

mimic morphs might exist at equilibrium (reviewed in [12,65]).  

Another hypothesis has been proposed [12,66] where male damselflies learn to 

recognize potential female mates, and that polymorphism in female color make it 

difficult for males to cue in to any particular female type. This hypothesis prioritizes 
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the frequency of any given morph rather than the mimicry advantage of the 

androchromes. Therefore, in this case the balancing selection type would be NFD 

rarity advantage rather than mimicry, but the competition type is still the avoidance of 

sexual attention. Models of this hypothesis are distinct from mimicry hypotheses 

because they incorporate negative frequency dependence for all female morphs rather 

than just the androchrome and can also account for the maintenance of multiple 

heterochrome types [12]. While in both of the above hypotheses balancing selection 

acts through competition for mating avoidance, the assumption of frequency 

dependent harassment has not been met in some studies [67,68], and at least one study 

shows evidence for variation due to heterogeneous environments [69]. 

By using the framework suggested here, we do not seek to discredit or obviate 

the many hypotheses that have been specifically suggested for female-limited 

polymorphisms in damselflies or for other specific taxa. Indeed, accounting for life 

history is critical for developing predictions that are specific to each case of 

polymorphism. However, a method for categorization of general hypotheses is 

necessary for comparing and contrasting polymorphisms across taxa and sexes. We 

also caution that hypotheses also may not fall neatly into any single box within Table 

1. For example, in the marine isopods described previously, β-males are both mimics 

of females and an alternative tactic to the bourgeois α-males. As previously 

mentioned, each type of balancing selection is theoretically sufficient to maintain a 

polymorphism, but multiple types may be at play. 
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SEX-LIMITED POLYMORPHISM AND SOCIAL COMPETITION 

What can be learned about sex-limited polymorphism from using this framework? By 

mapping sex-limited polymorphism using the hypothesis framework outlined here, we 

see that female- and male-limited polymorphisms fall into largely separate regions of 

Table 1. Most male-limited polymorphisms relate to competition for mates. In 

contrast, female-limited polymorphisms map over a wide range of categories but are 

most highly concentrated under non-sexual social competition and are not associated 

with competition for mates. In the social selection framework, however, competition 

for mates is one type of selection nested within social competition [55]. Therefore, the 

majority of sex- and female-limited polymorphisms fall under the broader 

categorization of social competition, with males-limited polymorphism primarily 

found specifically under social competition for mates (i.e., sexual selection). This 

suggests that strong social competition may be an important prerequisite or facilitator 

of the evolution of sex-limited polymorphism.  

This hypothesis is consistent with other observations. For instance, why 

exactly are sex-limited polymorphisms limited to a single sex? If social competition is 

indeed an important for the evolution of sex-limited polymorphism, then one potential 

explanation is that intrasexual competition for resources can be high [53,55,70–72]. 

Second, competition for mates can reach especially high levels in males [73], 

potentially explaining why male-limited polymorphism is more common than female-

limited polymorphism [29,30]. 

Another pattern we found in our mapping was that few examples of sex-

limited polymorphism could definitively be categorized as being maintained through 
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frequency-neutral balancing selection (but see [50,60]). Given what we found in terms 

of social competition, there may be reason for this absence. Frequency-dependent 

selection is in some ways inherently social because it cannot exist without the 

interaction of individuals [74]. If social competition is a primary factor in the 

evolution of sex-limited polymorphism, then sex-limited polymorphism should, and 

does, go hand-in-hand with the most socially relevant types of balancing selection. 

Strong sexual selection has long been considered an evolutionary driver of 

polymorphism associated with alternative mating strategies in males [29,75]. Our 

framework here shows that this expectation can be broadened to include 

polymorphism in females simply by considering competition for mates to be just one 

of many types of social competition for resources. Both the type of balancing 

selections and the competition types in which sex-limited polymorphism occur 

indicate that social interaction and competition is potentially an evolutionary of driver 

of sex-limited polymorphism in general. 

 

FURTHER QUESTIONS 

In addition to providing a unifying concept between sex-limited polymorphism, 

comparing hypotheses using this framework raises questions and avenues for future 

study. We briefly discuss three of these here:  

1. How does the genetic mechanism of polymorphism influence the types of 

balancing selection at play? In this paper we have focused primarily on the function 

and adaptation of polymorphisms. However, a number of recent studies have 

identified large inversion mutations as the genetic basis for genetic polymorphism in 



 80 

female-limited polymorphism [76,77], male-limited polymorphism [78], and in 

species-wide polymorphism [79]. Are there particular types of inversions which lead 

to balancing selection, and are there aspects of inversion mutations that can predict the 

type of balancing selection?  

2. How might multiple types of NFD selection interact? Male mimicry of 

females has evolved in some taxa as an alternative to a dominant bourgeois morph. As 

discussed previously, mimicry and alternative tactics are distinct phenomena that can 

independently lead to polymorphic stabilization. In female-limited mimicry 

polymorphisms the role of the model (e.g. model:mimic ratios) has been addressed 

theoretically and empirically [12,21,80]. There are also numerous systems where 

alternative morphs are described as female mimics [27,31,36,81,82]. However, 

mimicry strategies are often treated entirely as alternative tactics [31] with little regard 

to the influence of parameters such as the model:mimic ratio (female:female-mimic 

ratio) and the encounter rate between bourgeois males and females versus bourgeois 

males and female-mimics. In some systems there is little evidence for, or evidence 

against, the critical assumption that bourgeois males perceive female-mimics as 

females at all (e.g. [81]). In other words, female-like males are often referred to as 

mimics, but typically not treated as mimics in empirical studies. Theoretical and 

empirical work studying how traditional alternative tactics interact with mimicry 

should improve our understanding of both of these types of balancing selection.   

3. How do visual biases affect our understanding of polymorphism? The sex-

limited polymorphisms we reviewed in this paper were visual in nature. This likely 

reflects a human visual bias in observation and documentation. Social dominance and 
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status signals are often olfactory rather than visual [83,84], making them ripe for 

communication and facilitation of social competition for various resources. Identifying 

polymorphisms in olfactory or other sensory modalities may allow for further axes of 

description and comparison. 

 

CONCLUSION 

Modeling, testing, and formulating hypotheses for the adaptive function of 

polymorphism can be challenging but has important implications for understanding 

diversity and the ways in which balancing selection pressures act in nature. We have 

taken a broad view of polymorphism and find that the type of balancing selection and 

the type of competition on which selection acts are the two major axes of 

differentiation in proposed and tested hypotheses. By mapping instances of sex-limited 

polymorphism to this framework we show that explanations are diverse but that most 

proposed and supported hypotheses are associated with social competition for 

resources. Interestingly, this reflects findings in studies of ornamentation showing that 

females likely evolve elaborate ornamentation and weaponry in the face of diverse 

types of social competition [85–87]. A broad categorization method aids in identifying 

similarities between seemingly disparate taxa, and distinctions between hypotheses in 

order to better understand the numerous and complex polymorphic systems found 

across animal taxa.  
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Table 1: We compiled species or groups of species in which the adaptive function of 

sex-limited polymorphisms has been studied. Male-limed polymorphism have been 

reviewed previously but we include three representative examples: 1) Ruff males have 

three morphs genetic polymorphism. Resident males hold territories, satellite males 

move between resident territories to access females (alternative tactics), and a faeder 

morph which mimics females to access mates (mimicry). 2) Horned beetles have a 

nutrition-based condition dependent polymorphism (alternative tactics). 3) A species 

of garter snake in which some males produce a female pheromone which attracts male 

mating balls. Improved thermoregulation as well as intrasexual competition have been 

hypothesized. Most examples of female-limited polymorphism fall into the selective 

context of non-sexual social selection. We do not include the frequency-neutral types 

of balancing selection here because there is little support for purely frequency-neutral 

adaptive functions for sex-limited polymorphism (but see [97,98] for proposed 

heterogeneous environment hypothesis in females of Anolis sagrei). Coloration of 

competition types demonstrates the distinction between ecological versus social 

competition, with intrasexual competition for mates (sexual selection) categorized as 

one type of social competition.   
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