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ABSTRACT 

Sexual size dimorphism (SSD) is one of the most apparent and puzzling differences 

between males and females across many different taxa. This dissertation explores the 

evolution and maintenance of female-biased SSD (females larger than males) in 

Magnificent Frigatebirds (Fregata magnificens) breeding on Barbuda, in the eastern 

Caribbean. I tested two hypotheses to explain SSD. The first, the resource division 

hypothesis, implicates natural selection in the evolution of SSD through selection for 

reduced intersexual competition via trophic niche divergence. Using prey, stable isotope, 

and foraging location data, I tested specific predictions relating to larger female size. My 

results did not support the resource division hypothesis in frigatebirds, given the 

similarities in breeding season prey, stable isotope values, and foraging locations between 

males and females. A second hypothesis attempting to explain smaller male size is the 

aerial agility hypothesis, which proposes that smaller males have an advantage during 

mating displays or other aerial acrobatics. Wing traits affecting flight performance and 

predicted to be under selection were measured from breeding birds, and fledging success 

was used as a measure of fitness. Projection pursuit regression and cubic splines were 

used to explore the strength and shape of selection acting on wing traits, respectively. 

Male wing traits influencing manoeuvrability were under stronger selection than in 

females and correlated with nest volume, providing support for the aerial agility 

hypothesis maintaining small male size. This likely reflects the male’s role in collecting 

nest material. Large female size may be a result of extended parental care relative to 

males, and requires further study. Because of low fledging success early in the study, I 

also conducted an experimental study and meta-analysis on the effects of wing tags, a 
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common avian field marker. Wing tags had a significant negative effect on nest success 

in Magnificent Frigatebirds, and on survival and hatch and nest success in other birds. 

Based on these findings, I strongly recommend against the use of wing tags in future 

studies. 
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Chapter 1 - General Introduction 

Body size is among the most important traits organisms have, because it is strongly 

correlated with many physiological and fitness characters (Blanckenhorn 2000, 2005). A 

great deal of attention has been focused on differences in body size between males and 

females, known as sexual size dimorphism (SSD). SSD varies widely across taxa; 

females are typically larger than males in invertebrates, fish, and amphibians, while 

males are often larger in mammals, birds, and reptiles (Andersson 1994, Abouheif & 

Fairbairn 1997). Dramatic extremes are evident in some species—from elephant seal 

males that are five times the mass of females, to parasitic (rhizocephalan) male barnacles 

attached inside the female (Andersson 1994). This diversity has prompted a variety of 

explanations and tests of the evolutionary forces leading to SSD.  

 

My personal interest in SSD began early. As a teenager, I wrote an exam to obtain my 

recreational falconry license. My family mainly flew Peregrine Falcons, and I studied the 

ideas of Cade (1960) and others on why female raptors are larger than their mates. While 

the reasons for the size dimorphism exhibited by raptors were controversial, in our 

falconry practice body size seemed associated with the size of prey; the smaller males 

seemed more likely to take smaller ducks like teal, while the females seemed more 

willing to tackle a drake mallard. But was this a clue to the reason for the size 

differences, or merely a side effect of some other driving mechanism?  
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These questions lingered until I was introduced to another group of birds in which the 

females are larger than males: frigatebirds. Some of the explanations proposed to explain 

SSD in raptors, such as greater incubation ability by larger females, did not seem 

appropriate in frigatebirds, where both sexes incubate. While frigatebirds share many of 

the traits that are used collectively to define seabirds (e.g., marine dependency, longevity, 

colonial nesting, low annual reproduction), their male ornaments and SSD set them apart 

and provide an opportunity to test the mechanisms leading to the evolution of these traits. 

Researchers have focused heavily on male ornaments and sexual selection in frigatebirds; 

here I investigate the mechanisms giving rise to small males and large females.  

 

In this chapter, I provide an overview of the main hypotheses proposed to explain the 

evolution of SSD. I discuss some limitations of these hypotheses, and the basic 

requirements for testing them. I then outline my research objectives, and provide 

background information on SSD in birds, and also flight and wing morphology. Finally, I 

provide an introduction to Magnificent Frigatebirds and my study site.  

 

Sexual Size Dimorphism: Theory 

Through its strong influence on physiology and ecology, body size is subject to a suite of 

complex selection pressures. SSD arises from differences in the sum of these selection 

pressures acting on each sex (Ralls 1976, Fairbairn 1997, Blanckenhorn 2000, Figure 1-

1). In order for SSD to arise, fitness gains in one sex must be countered by losses in the 

other; otherwise, correlational selection should prevent size differences from evolving 
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(e.g., Lande 1980, Lande 1987). While there is much support for sexual selection for 

large males and fecundity selection leading to large female size (e.g., large females laying 

more eggs) as major evolutionary forces selecting for large body size, a host of other 

factors, including those selecting for small body size (e.g., viability selection), are also at 

play (Andersson 1994, Blanckenhorn 2000, Fairbairn et al. 2007). Many explanations 

have been proposed to explain SSD (reviewed in Ralls 1977, Hedrick & Temeles 1989, 

Shine 1989, Andersson 1994, Fairbairn 1997, Badyaev 2002), which can result from 

natural and/or sexual selection (Darwin 1871, Lande 1980). The general hypotheses 

proposed to explain SSD under these two categories are described below. 
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Figure 1-1. Distributions of body size for the arbitrary case where males are larger than 
females, demonstrating multiple selection pressures acting on size within a species. 
Selection pressures on body size may have different directions and magnitude across 
taxa. In this example, fecundity selection (FS) selects for increased body size in females, 
and sexual selection (SS) for increased body size in males. Viability selection (VS, i.e. 
survival until reproduction) in this example selects for smaller body size in both sexes. 
Foraging specialization (For) may select for divergent body sizes of males and females. If 
these major selective pressures equilibrate differently in the sexes, sexual size 
dimorphism results. Some general constraints (e.g., developmental, physiological, 
phylogenetic) and genetic correlations between the sexes potentially limiting the 
evolution of SSD are indicated (adapted from Blanckenhorn 2000).  
 

Sexual Size Dimorphism: Sexual Selection 

The traditional view for the origin of SSD stems from Darwin’s (1859) sexual selection 

hypothesis, suggesting that size differences evolve when characters conferring an 

advantage in either competition for mates or mate choice are selected for in one sex. He 

postulated that if competition between members of one sex (typically males) is more 
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intense than between members of the other sex, then sexual selection should lead to 

larger size in the more competitive sex. In part through this mechanism, dimorphism may 

evolve through mating preferences for larger individuals of the opposite sex as honest 

signals of their competitiveness, together with opposing selection pressures in the smaller 

sex. Since then, empirical evidence has grown for sexual selection as a contributor to 

SSD via male competition or female choice, particularly in mammals, birds, and reptiles 

(Payne 1984, Shine 1989, Andersson 1994, Fairbairn et al. 2007).  

 

While sexual selection is typically associated with larger males, in some cases small 

males may gain a fitness advantage (Payne 1984, Jehl & Murray 1986, Andersson 1994, 

Figuerola 1999, Székely et al. 2000). In flying insects, small males are more agile and 

manoeuvrable during mate search and courtship, leading to increased mating and 

reproductive success (Blanckenhorn 2000). It has also been suggested that in some birds 

(e.g., shorebirds), small males perform better in acrobatic displays, leading to the aerial 

agility hypothesis that the "reversed" (females larger than males) SSD in these species 

has arisen from female choice for agile males (Jehl & Murray 1986, Figuerola 1999). 

Aerial agility might be improved by a smaller wingspan (and wing area), and 

manoeuvrability by lower wing loading, given the functional significance of these traits 

for flight described below (see: Wing morphology and flight performance). While sexual 

selection for large males has undoubtedly been an important factor in the evolution of 

SSD, it seems not to explain all the variation. For example, it cannot explain SSD in 

monogamous species where sexual selection is often considered weaker compared to 
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polygynous species (where variation in mating success is higher), particularly when 

females are the larger sex (Andersson 1994). 

 

Sexual Size Dimorphism: Natural Selection 

An alternative explanation for SSD is natural selection for ecological differences between 

the sexes. It has repeatedly been suggested that selection for reduced foraging 

competition between the sexes has led to independent adaptations for foraging in males 

and females (e.g., Darwin 1871, Selander 1966, Slatkin 1984, Shine 1989, Andersson 

1994, Serrano-Meneses & Székely 2006). Darwin (1871) realized that even slight sexual 

differences in trophic structures might have ecological significance. For example, he 

noted that the slightly (9%) larger bill of the male European goldfinch (Carduelis 

carduelis) enables it to feed on seeds of the teasel (Dipsacus sp.), which cannot be 

exploited efficiently by the smaller-billed female. The hypothesis for the evolution of 

SSD through ecological means has been referred to by a variety of terms, including 

ecological role division, foraging specialization, natural selection for resource 

partitioning, differential niche utilization (Selander 1966, Shine 1989, Andersson 1994, 

Serrano-Meneses & Székely 2006), the intersexual (food) competition hypothesis (Jehl & 

Murray 1986, González-Solís et al. 2000, Shaffer et al. 2001, Mancini et al. 2013), the 

intrapair competition hypothesis (Székely et al. 2000), as well as the resource division 

hypothesis (Lislevand et al. 2009), which is the term I use throughout. 
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Fecundity selection for large size has been proposed to explain female-biased SSD in 

many invertebrates, fish, and birds (Andersson 1994, Serrano-Meneses & Székely 2006). 

This leads to the fecundity hypothesis, predicting directional selection on female size 

through increased investment in reproduction (Selander 1972, Snyder & Wiley 1976, 

Lindenfors 2002). In most ectotherms, the number of eggs a female produces increases 

strongly with body size (Andersson 1994, Blanckenhorn 2000). Even in endotherms, 

where propagule number typically does not limit female reproductive success, larger 

females can produce offspring of better quality (Clutton-Brock et al. 1982, 1988). In 

mammals, fecundity selection has also been proposed to select for small female size, 

since smaller females are able to mature and reproduce earlier in life (Charnov 1993, 

Lindenfors 2002, Fairbairn et al. 2007). However, comparative analyses in reptiles and 

birds have found weak (or non-detectable) effects of female size on fecundity (Fairbairn 

et al. 2007).  

 

The dimorphic niche hypothesis for SSD attributes SSD to intrinsic differences in the 

reproductive roles of males and females (Darwin 1871, Hedrick & Temeles 1989, 

Andersson 1994). For example, if there are differences between males and females 

because of different social roles or energetic needs for successful reproduction, then it is 

possible that there is a different optimum value of body size in each sex (Slatkin 1984, 

Jönsson & Alerstam 1990, Weimerskirch et al. 2009a). This general view of selection for 

SSD may incorporate some of the other hypotheses described above. 
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Sexual Size Dimorphism: Models and Tests 

Several genetic models have suggested that the above hypotheses are plausible. For 

example, models by Lande (1980) and Lande & Arnold (1985) demonstrate that, under 

polygenic inheritance of SSD, size differences between the sexes can arise from an initial 

state of monomorphism when selection acts on the two sexes in opposite ways. The 

evolution of SSD also depends on the genetic correlation between the sexes in the trait of 

interest. Such a correlation means that male and female traits do not evolve 

independently—selection on a trait in one sex produces a direct evolutionary response, as 

well as an indirect response in the opposite sex. When genetic correlation is high (close to 

1.0), the rate of evolution for a particular trait may be slow. A more recent stochastic 

genetic simulation model (Reeve & Fairbairn 2001) suggested that genetic correlations 

slow the evolution of SSD even less than predicted by the Lande (1980) model. In 

another series of models, Slatkin (1984) explored whether there could be purely 

ecological causes for the origin of SSD. He found that under the dimorphic niche 

hypothesis, each sex could evolve to a separate optimum value of a trait when the genetic 

correlation between the sexes was less than 1.0. Under the intersexual competition 

scenario, Slatkin found that competition alone could lead to the evolution of SSD as long 

as the trait is positively but not perfectly genetically correlated between the sexes.  

 

These models suggest that the hypotheses proposed to explain SSD are robust, and yet 

they have several limitations. First, several SSD hypotheses (e.g., fecundity hypothesis, 

sexual selection hypothesis) attempt to explain selection pressures on only one sex. Due 

to correlational selection, selection on one sex alone cannot account for SSD. Another 
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difficulty arises when the hypothesis does not predict which sex should be larger, as is the 

case with the resource division hypothesis proposing size differences between the sexes 

but not the direction of dimorphism. Much of the early literature on SSD in birds focused 

on the ecology and hunting of raptors, and has been criticized for not being generally 

applicable (e.g., Jehl & Murray 1986). Likewise, the aerial agility hypothesis has 

primarily been used in the context of SSD in shorebirds, and should be tested more 

generally. The dimorphic niche hypothesis broadly describes inherent differences 

between the sexes, and as such could include several of the hypotheses described above 

(Hedrick & Temeles 1989, Ruckstuhl & Neauhaus 2005, Fairbairn 2013). For example, 

in our study, selection for aerial agility in males and fecundity in females might support 

evolution driven by different breeding roles. Under this scenario, and lacking testable 

predictions for the dimorphic niche hypothesis, I do not directly address it in the 

following chapters.  

 

Researchers attempting to understand the evolution of SSD have also faced difficulties in 

their approach. Many attempts to explain size differences between the sexes demonstrate 

selection on only one sex (Kappeler 1990, Ydenberg 1991, Karubian & Swaddle 2001); 

as described above, this is insufficient to demonstrate selection for SSD when there are 

genetic correlations between the sexes. Secondly, in spite of the fact that SSD may result 

from multiple mechanisms (Figure 1-1), most studies of SSD have addressed only one 

possible mechanism (e.g., Björklund 1990, Miller & Hickling 1990, Oakes 1992, 

Blomqvist et al. 1997, Bulté et al. 2008, Temeles et al. 2010). However, demonstrating 

the occurrence of a mechanism does not indicate that it actually results in selection for 
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size dimorphism, as the forces maintaining SSD may be different from those that gave 

rise to it. Another criticism levied against studies of SSD is that measuring the correlation 

between the degree of SSD in a species and its presumed selection pressures cannot 

distinguish between evolutionary and maintaining mechanisms (e.g., Hedrick & Temeles 

1989). In spite of this concern, broad scale comparative analyses relying on correlation 

and showing support for one or more hypotheses can provide a path forward for future 

SSD studies.  

 

What methods are available to researchers to overcome these common pitfalls in SSD 

research? Tests of hypotheses for SSD require evidence that the mechanism results in 

differential survival and/or reproduction among the members of one or both sexes, such 

that the two sexes could experience divergent selection pressures (Hedrick & Temeles 

1989). Lande & Arnold (1983) developed an appropriate multivariate statistical method 

for measuring selection on correlated traits. This is a measure of the direct force of 

selection on a trait after the indirect effects from other measured traits are removed, 

called a selection gradient. Selection gradients measure the impact of a trait on fitness, 

and were used by Price (1984) to demonstrate sexual selection for large males and 

fertility selection for smaller females (because smaller females began breeding at an 

earlier age) in the Medium Ground Finch (Geospiza fortis). Preziosi & Fairbairn (2000) 

used selection gradients in their study of lifetime selection on body size in a waterstrider 

(Aquarius remigis). Future empirical studies of SSD should make use of selection 

gradients to explore selection pressures on body size directly. In addition, considering 

multiple competing hypotheses under natural and sexual selective pressures that affect 
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size in both sexes separately is required to understand the adaptive function and evolution 

of SSD (Hedrick & Temels 1989, Kappeler 1990). 

 

Sexual Size Dimorphism in Birds 

Birds have featured heavily in studies of sexual selection, as they exhibit a diverse array 

of conspicuous secondary sexual traits and variation in the extent and direction of SSD 

(Selander 1966, 1972; Payne 1984; Björklund 1990; Webster 1992; Owens & Hartley 

1998; Serrano-Meneses & Székely 2006). The traditional view of SSD in birds has been 

that it results from sexual selection for large male size, and that sexual selection is 

strongest in polygynous mating systems. In comparative analyses in birds, a relationship 

between SSD and mating system has been supported in several studies (Payne 1984, 

Webster 1992, Owens & Hartley 1998, Dunn et al. 2001), but mating system does not 

explain all of the variation (Payne 1984, Webster 1992) and other studies have failed to 

find any significant correlation between SSD and mating system (Höglund 1989, 

Bjorklund 1990, Oakes 1992). While in some cases the differences in conclusions may be 

the result of different methods across studies (Oakes 1992, Dunn et al. 2001), a variety of 

factors likely influence the evolution of SSD (Webster 1992, Karubian & Swaddle 2001).  

 

While male-biased SSD (males larger than females) is the norm in birds, there are notable 

exceptions, with female-biased ("reversed") SSD being more common in raptors 

(Falconiformes), owls (Strigiformes), jaegers and skuas (Stercorariidae), frigatebirds 

(Fregatidae), boobies (Sulidae), and some shorebirds (Charadrii). Raptors especially have 
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prompted much attention, and explanations of female-biased SSD in this group fall into 

three categories: i) resource division to reduce intersexual competition, ii) role division 

suggesting that females have become larger to form and/or protect the egg or to increase 

incubation efficiency, while males have become smaller for more efficient foraging or 

territory defense, and iii) behavioural hypotheses suggesting that female size confers 

dominance over her mate, and therefore aids in maintenance of social pairing (reviewed 

in Selander 1972, Krüger 2005). In raptors, the degree of SSD increases with the 

proportion of birds in the diet, and some authors have argued that territorial predators of 

agile prey may benefit the most from specializing on different prey classes, with each sex 

hunting efficiently on a size range of birds whose flight skill it can match (Snyder & 

Wiley 1976, Andersson & Norberg 1981). In comparative analyses of hawks, owls, and 

falcons, Krüger (2005) concluded that ecological pressures (niche divergence or efficient 

foraging by males) were more likely to lead to SSD than sexual selection, because he 

found evidence of correlated evolution between SSD and hunting method and species 

with small males hunted agile and/or large and rare prey.  

 

Shorebirds have also attracted much attention due to their variability in SSD, with 

extremes in both male- and female-biased SSD as well as monomorphism. While some 

authors have considered energetics and parental role division during breeding (the 

dimorphic niche hypothesis) an important factor explaining this variation (Jönsson & 

Alerstam 1990), other comparative analyses have found support for the aerial agility 

hypothesis and the importance of aerial breeding displays in selecting for smaller males 

(Figuerola 1999, Sandercock 2001), or for both aerial agility and sexual selection 
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(Székely et al. 2000, Székely et al. 2004). Phylogenetic comparative analyses of how size 

dimorphism has changed over evolutionary time in Charadrii (shorebirds, gulls, and 

alcids) suggested that male body size has responded more sensitively to sexual selection 

than female body size, which may be under stronger fecundity selection (Lindenfors et al. 

2003). These studies collectively implicate multiple selection pressures on each sex in the 

evolution of SSD in shorebirds.  

 

Seabirds also exhibit a range of SSD, from strongly male-biased (e.g., giant petrels, 

Macronectes spp.), to female-biased (boobies, frigatebirds, and jaegers and skuas; 

Serrano-Meneses & Székely 2006). Until recently, SSD in seabirds has received 

relatively little study (Fairbairn & Shine 1993, Serrano-Meneses & Székely 2006), but 

two comparative analyses have explored possible causes.  

 

Fairbairn & Shine (1993) studied patterns of SSD in southern hemisphere seabirds, and 

found that males were larger than females in species with large body size and in areas of 

high ocean productivity. They suggested that starvation buffering in large females, and 

foraging efficiency and aerial agility in small males are possible advantages of body size, 

but did not draw any conclusions about the origin of SSD, as their correlational analyses 

cannot establish causal connections. Serrano-Meneses & Székely (2006) tested sexual 

selection, fecundity selection, and the dimorphic-niche hypothesis for SSD using 

phylogenetic comparative methods. SSD was correlated with the agility of male displays, 

supporting sexual selection via male agility, and these authors identified a need to test the 

resource division hypothesis more thoroughly.  



 

 

 

14 

 

Other studies of SSD in seabirds have focused on large species with strong male-biased 

SSD (e.g., albatrosses and giant petrels), and species exhibiting female-biased SSD 

(boobies). In the former instance, male-biased SSD has attracted research attention in 

terms of foraging specialization and niche divergence attributable to dimorphism in traits 

affecting flight performance (see Wing morphology and flight performance, below), 

lending correlational support for resource division as an important factor contributing to 

SSD. For example, studies of giant petrels have demonstrated diet differences between 

males (dominant at carcasses) and females (foraging at sea; González-Solís et al. 2000, 

González-Solís 2004, Forero et al. 2005), while size differences in albatrosses have been 

linked to differences in their at-sea foraging distributions (Shaffer et al. 2001, Phillips et 

al. 2004). In boobies, researchers have focused on differences in foraging strategies, 

breeding investment, and role division, with males (the smaller sex) tending to do more 

nest defense while females provision chicks (Guerra & Drummond 1995, Lewis et al. 

2005, Weimerskirch et al. 2006, Weimerskirch et al. 2009a, 2009b). However, some 

boobies did not exhibit sexual foraging differences, suggesting a high degree of 

variability in foraging behaviour across sites (Zavalaga et al. 2010, Young et al. 2010).  

 

Wing Morphology and Flight Performance 

Because agility is a key hypothesis for the evolution of SSD in birds, it is important to 

understand how wing morphology and body size influence flight performance. Flight 

theory has produced several predictions regarding wing shape and flight performance 
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(e.g. Saville 1957; Tucker 1973; Pennycuick 1975; Rayner 1979, 1988; Anderson & 

Norberg 1981). The main function of a wing is to produce lift (the force perpendicular to 

the flow of air over the wing), and overcome drag (the force parallel to the airflow). An 

airfoil such as a wing creates lift by causing faster airspeed (and thus negative pressure) 

over the top, and slower airspeed (and thus positive pressure) below. A morphological 

trait that affects lift and drag is wing area (see equations 1 and 2, Table 1-1). From these 

equations, it becomes apparent that wing area and shape have important functional 

significance in flight performance. Other important wing characteristics in terms of flight 

performance are wing loading, wingspan, and aspect ratio (Norberg 1985). 

 

The wings of flying animals are a result of multiple selection pressures and functional 

tradeoffs. In flight theory, flight performance is described by specific terminology 

describing various flight elements. For example, manoeuvrability refers to the minimum 

space required for a turn, or the turn radius; agility refers to the rate of roll (i.e., rotation 

around the front-to-back axis; Norberg & Rayner 1987). Wing loading, calculated as 

mass divided by wing area (Table 1-1, equation 3), is the main factor contributing to 

manoeuvrability, as turn radius increases with wing loading (Norberg 1985, equation 4 in 

Table 1-1). While birds with high wing loading experience a cost in terms of 

manoeuvrability, they are able to fly faster than birds with low wing loading (Norberg 

1985, equation 5 in Table 1-1). 
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Table 1-1. Summary of aeronautics equations discussed above for flight performance. 
Equation Number corresponds to main text. Terms are consistent throughout table. From 
Norberg 1985, Norberg & Rayner 1987, Pennycuick 2008. 

Number  Dependent 
Variable 

Equation Definition of Terms 

(1) Lift L=1/2ρV2SCL L=lift, ρ=air density, V=airflow, 
S=wing area, CL=coefficient of 
lift (CL is affected by the angle of 
the wing relative to airflow) 
 

(2) Drag D=1/2ρV2SCD D=drag, CD=coefficient of drag 
(affected by aspect ratio) 
 

(3) Wing load LW=mg/S (LW=m/S) LW=wing load, m=mass, 
g=gravitational acceleration 
(usually considered a constant 
g=9.81 m/s2, sometimes omitted) 
 

(4) Turn radius R=LW/ρCLsinθ R=turn radius, θ=banking angle 
 

(5) Flight speed V∝(mg/S)0.5 ∝ LW
0.5 V=flight speed. Equation is useful 

for gliding flight. Relationship 
becomes more complex in 
flapping flight.  
 

(6) Induced 
power 

Pind=2k(mg)2/(VtπB2ρ) Pind=induced power, k=induced 
power factor, Vt=true airspeed, 
B=wingspan 
 

(7) Aspect ratio AR=B2/S AR=aspect ratio 
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Many birds engage in complex flight manoeuvres such as rapid rolls, dives, and climbs 

during prey capture, mating displays, territorial conflicts, etc. Agility, or roll rate, has a 

complicated relationship with morphology, but from flight principles, it seems reasonable 

to assume that reducing the length of the wing (and, to a lesser extent, wing area) will 

lead to a decrease in inertia, therefore allowing faster entry into, and completion of, a roll 

(Andersson & Norberg 1981, Norberg & Rayner 1987). Long wings also produce less 

power, which is inversely proportional to the square of wingspan, measured as the 

distance between the tips of the extended wings (equation 6 in Table 1-1, Pennycuick 

2008). As with wing loading, there are functional tradeoffs associated with wingspan. 

While a large wingspan reduces agility, it also increases flight efficiency, by spreading 

the wake from the wing tips and reducing drag (Norberg 1985). Long wings are therefore 

the basic adaptation for economic soaring, or flight at low speeds (Pennycuick 2008).  

 

Another important wing trait affecting flight performance is the aspect ratio (equation 7, 

Table 1-1). Aspect ratio is a dimensionless index of the shape of the wing, being high for 

a long narrow wing and low for a short broad one (Pennycuick 2008). High aspect ratio 

wings develop more lift and less drag at the same angle of attack, and therefore allow for 

efficient flight. While significant variation exists in wing morphology between species, in 

this dissertation I explore the functional significance of sexual dimorphism in wing traits. 
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Frigatebirds: an Introduction 

“Almost everything about frigatebirds is unusual or spectacular,” wrote Nelson (1975). 

As mentioned at the start of this chapter, frigatebirds possess many of the traits associated 

with the “seabird syndrome” (Gaston 2004), including marine dependence, colonial 

breeding, low annual fecundity, longevity, and annual pair bonds; however, they have 

attracted attention due to several characteristics unusual among seabirds, including their 

striking male ornaments, leklike breeding strategy, and female-biased SSD. With their 

derived life-history traits, this seabird family provides an exciting opportunity to explore 

macroevolutionary patterns. In particular, female-biased SSD in frigatebirds provides a 

good case study to explore the roles of sexual and other selection pressures described 

above, particularly as female-biased SSD in monogamous birds is largely unexplained 

(Andersson 1994).  

 

Five species make up the family Fregatidae, characterized as large tropical seabirds with 

long wings, forked tails, and highly efficient flight. The five species are closely related, 

with Fregata ariel basal to two sister groups: F. minor and F. andrewsi, and F. 

magnificens and F. aquila (Kennedy & Spencer 2004). Females are larger and 

approximately 12-30% heavier than males (Nelson 1975, Diamond & Schreiber 2002, 

Table 1-2). Along with size differences, frigatebirds are also the only family of seabirds 

with obvious sexual dimorphism in plumage (Diamond & Schreiber 2002): females are 

brown and white, while males are shiny black (Figure 1-2). Male frigatebirds also exhibit 

exaggerated secondary sexual traits, including an inflatable red throat pouch and an 

iridescent ruff of feathers. These traits are highlighted by extravagant courtship displays, 
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in which a male inflates the throat pouch, erects his iridescent ruff, tilts and wags his 

head, fully extends and trembles his wings, and vocalizes (Nelson 1975). These displays 

are performed communally to females flying overhead, where females can assess many 

potential mates at once and land next to one for closer inspection. 

 

Table 1-2. Sexual size dimorphism index (SDI), calculated as (female mass : male mass) 
– 1 (Lovich & Gibbons 1992) in the five species of frigatebirds. Caution must be used in 
interpreting SDI values for Fregata aquila, for which the mass of adults are estimated, 
and for F. minor and F. ariel, for which a SDI index was averaged over the range of 
values provided.  
 

Species Common  
Name 

Female  
Mass (g) 

Male  
Mass (g) 

SDI Source 

Fregata 
aquila 

Ascension 
Frigatebird 

1238 1086 0.14 Nelson 1975 

Fregata 
andrewsi 

Christmas 
Frigatebird 

1550 1400 0.11 del Hoyo et 
al. 1992 

Fregata 
magnificens 

Magnificent 
Frigatebird 

1483 1245 0.19 This study 

Fregata 
minor 

Great Frigatebird 1215-1640 1000-1450 0.17 del Hoyo et 
al. 1992 

Fregata 
ariel 

Lesser 
Frigatebird 

760-955 625-875 0.15 del Hoyo et 
al. 1992 

 

 

While the dramatic ornaments of male frigatebirds are often used as an example of 

selection via female mate choice, studies testing that assumption have been surprising: 

female choice in a Mexican population of Magnificent Frigatebirds (Fregata 

magnificens) was not related to male size, gular pouch coloration, or reflectance spectra 

of iridescent ruff feathers (Madsen et al. 2007). However, acoustic differences such as the 

fundamental frequency, cadence, and consistency of drumming sounds during display 



 

 

 

20 

were associated with mating success (Madsen et al. 2007). In a Hawaiian population of 

Great Frigatebirds (F. minor), pairing date was not related to male morphology (Dearborn 

& Ryan 2002), and male mating success was predicted not by gular pouch colour, ruff 

length, or iridescence, but by wing length (Wright & Dearborn 2009). Female frigatebirds 

may base assessment of male display on more subtle characteristics than the ornaments 

obvious to a human observer, which may be akin to a “password” (i.e., a signal of 

availability as a potential mate) that attract a female close enough to assess other features 

(Wright & Dearborn 2009). 

 

          

Figure 1-2. Magnificent Frigatebird (Fregata magnificens) pair at a nest on Barbuda, 
Lesser Antilles 
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In species in which males possess extravagant ornaments, females typically exert mate 

choice and subsequently provide most or all of the parental care. However, despite a 

leklike mate choice system, males and female frigatebirds form social pair bonds, and 

males invest in parental care and gather all of the nest material (Nelson 1975). Character 

mapping onto a molecular phylogeny has shown that biparental care is a conserved 

ancestral trait in a clade of more than 200 seabird species, while dramatic male ornaments 

are a derived trait found only in the five species of frigatebirds (Dearborn et al. 2001). 

However, in Magnificent Frigatebirds biparental care is not completely equal: males help 

incubate and feed the chick until it is 20-100 days old, at which point they depart from 

the colony leaving the female to continue to raise and feed the chick until it is over a year 

old (Diamond 1972, 1973; Osorno 1999). This difference in parental investment may 

contribute to differences in reproductive roles and breeding energetics, and therefore 

divergent selection pressures on body size between the sexes, as predicted by the 

fecundity and dimorphic-niche hypotheses.   

 

Another striking difference in the breeding roles of Magnificent Frigatebirds is that males 

collect all of the nest material and bring it to their mates, which construct the nest. Green 

branches are often collected with much effort by breaking them off living mangroves 

while hovering (T. Diamond pers. comm.). Nest material is difficult to acquire, fiercely 

guarded, and stolen by males if left unattended (Diamond 1973). In Chapter 4, I explore 

whether this behavioural difference in reproductive roles leads to different selection 

pressures on male and female wing traits, as predicted by the aerial agility hypothesis.  
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Study Area 

Magnificent Frigatebirds nest primarily on tropical islands off both coasts of North and 

South America, and in the Atlantic Ocean off Florida (Figure 1-3). My study site was 

located on Barbuda, a low-lying island of raised limestone in the middle of the Leeward 

Islands, eastern Caribbean (see Figure A-1, Appendix A). Barbuda experiences nearly 

constant trade winds and low but variable rainfall (approximately 100 cm annually; 

Harris 1965). Apart from coastal areas, the vegetation of Barbuda is mainly an evergreen 

woodland or scrub, and has been severely altered by human activities (Harris 1965). 

Codrington Lagoon, on the west side of the island, is large (extending 16.5 km and 3,600 

hectares including surrounding vegetation), shallow, and bordered by mangroves. While 

nesting habitat for frigatebirds has been threatened on many islands (particularly by 

development and introduced species; Diamond & Schreiber 2002), the mangroves on 

Barbuda provide nesting habitat for the largest frigatebird colony in the Caribbean 

(Diamond 1973, Schreiber 1998, Raffaele et al. 1998, Kushlan 2009). To help protect the 

frigatebirds from being taken for meat, having eggs stolen, or being disturbed by 

fishermen or tourists, the lagoon was designated a national park in 2005. It is also a 

Ramsar Site (a wetland of international importance for migratory waterbirds), and has 

been recognized as an Important Bird Area (a globally important habitat for the 

conservation of bird populations) by BirdLife International. 
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Figure 1-3.  Magnificent Frigatebird (Fregata magnificens) breeding distribution, North 
and Central America. From Diamond & Schreiber (2002). 
 

Research Goals 

The main objective of my dissertation is to explore the underlying mechanisms leading to 

size differences between the sexes, focusing on selection for large females and small 

males in frigatebirds. In addition, over the course of my research, the need to conduct a 

study on the impacts of our field techniques became apparent. During fieldwork, I 

followed the nest fates of both wing-tagged (treatment) and un-tagged (control) birds. 

Preliminary data suggested that handled, wing-tagged treatment groups had lower nest 

success than control birds. To determine why treatment birds had poorer nest success 

than controls, I used generalized linear models and a priori linear contrasts of the marking 

and sampling methods used in our study. I conducted meta-analyses to explore the effect 

of wing markers in avian studies more generally (Chapter 2). Our study inadvertently 
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became a prime example of the critical importance of including controls in animal 

studies, without which we could not have learned of the negative effects of wing markers 

(Johnson & Besselsen 2002).  

 

Chapters 3 and 4 return to the main focus of the thesis: the evolution of SSD. In Chapter 

3, I test predictions of the resource division hypothesis, namely that males and females 

show niche segregation by taking different prey or foraging in different areas. For this 

study, I used a combination of diet, stable isotope, and tracking analyses. In Chapter 4, I 

test the aerial agility hypothesis by calculating selection gradients of male and female 

wing traits that affect flight performance, and examining the effect of a wing handicap on 

the shape of selection. I also discuss the possible role of fecundity selection for large 

female size, although this hypothesis was not tested directly in my project. In Chapter 5, I 

synthesize the key findings and themes, and discuss limitations of my work and potential 

directions for future research. This in-depth study of Magnificent Frigatebirds may 

provide insights into selection pressures acting on body size in other species with female-

biased SSD. 
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Abstract 

The marking of individual birds has a long history in ornithology. This inexpensive and 

simple practice has been used to shed light on migration, behaviour, and age-specific 

survival and recruitment. However, problems associated with markers and tags have 

often been overlooked. Wing tags have been used for over 40 years on frigatebirds, but 

their effects on this family of highly aerial seabirds have not been examined. Following 

higher than expected nest failure of treatment birds in the previous breeding season, we 

designed a study to test the impact of wing tagging and other standard capture and 

sampling methods on the nest success of Magnificent Frigatebirds (Fregata magnificens). 

Twelve nests were assigned to each of various band, measure, bleed, wing-tag, and 

control treatments in the 2010/2011 breeding season on Barbuda, Lesser Antilles. We 

modelled nest fates using generalized linear models. Wing tags had a substantial negative 

effect on pre-fledging nest success, which was 42% (10/24) for control nests, 39% 

(14/36) for all non wing-tagged treatments, and 15% (7/48) for wing-tagged treatments. 

We also conducted two meta-analyses, with different effect size calculations, to explore 

the general impact of wing and patagial tags on all birds. Our log odds ratio (LOR) model 

showed a significant effect on survival and hatch and nest success, while our standardized 

mean difference (SMD) model dealing largely with outcomes of behavioural, condition, 

and reproductive variables (e.g., number of chicks and hatch date) showed no difference 

between marked and control birds. We consider possible mechanisms by which wing tags 

might contribute to lower nest success in frigatebirds, and propose that alternative 

markers be considered carefully before being applied to any species.  
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Introduction 

Simple, inexpensive, field-readable markers are commonly used in studies of migration, 

behaviour, habitat use, population dynamics, and to help form management decisions 

(Culik et al. 1993). Examples of these markers include coloured bands, leg flags, neck 

bands, and nasal and wing tags. Unfortunately, the problems associated with markers 

have often been overlooked (Calvo & Furness 1992, Culik et al. 1993). These may 

include skin abrasion, feather wear, changes in behaviour, reduced flying or swimming 

efficiency, lower reproductive success, increased predation rate, and death (Calvo & 

Furness 1992, Culik et al. 1993, Zuberogoitia et al. 2012). In a review of the effects of 

various bird markers, Calvo & Furness (1992) identified a need for careful testing of the 

effects that marking methods have on the traits under study, as the use of tags may 

influence the accuracy of data collected when using them. Here, we test the impact of 

wing tags as well as other common handling protocols on nest success in Magnificent 

Frigatebirds (Fregata magnificens). To our knowledge this is the first experimental test 

of the effects of wing tags on this seabird family (Fregatidae). We initiated this 

experiment after finding much lower success in nests where at least one adult was 

handled (5%, n=75) relative to control nests (no adult handled, 57%, n=81) in the 

2009/2010 breeding season. Our handling protocol used similar methods to previous 

studies of frigatebirds, including night capture, banding, blood sampling, taking 

morphological measurements, and marking individuals using alpha-numeric wing tags 

(e.g. Osorno 1999, Dearborn et al. 2003, Dearborn et al. 2005, Madsen et al. 2007). Our 

2009/2010 data, however, did not allow us to separate effects of tagging from other 

interventions. 
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To extend our findings more generally, we also examined the overall evidence for the 

effects of avian wing markers using meta-analysis, the recommended approach for this 

type of analysis (Stewart 2010). A quantitative synthesis will clarify how wing-marking 

techniques affect survival, reproductive, and behavioural variables.       

 

Methods 

I. Frigatebird Nest Success 

Study Site 

Barbuda, Lesser Antilles (17º37’N, 61º48’W) is a small (160 km2), low-lying island in 

the Eastern Caribbean (Figure A-1 in Appendix A). On the northwest edge of the island is 

the semi-enclosed Codrington Lagoon, where mangroves (primarily Rhizophora mangle 

and Avicennia germinans) provide nesting habitat for a Magnificent Frigatebird breeding 

colony. Diamond’s (1973) extrapolation from a partial census of the colony was 2500 

nests in June 1973 (late in the breeding season), and Kushlan (2009) counted 1743 active 

nests in March 2009 (mid-season). 

 

Study Organism 

Frigatebirds are large tropical seabirds that exhibit reversed sexual size dimorphism 

(females are larger than males) and male ornaments, including a red inflatable gular 

pouch used in courtship displays; this combination is unique in birds. They rear one 

highly altricial chick for 12-18 months (Nelson 1975). As in most seabirds, both parents 
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care for the young, but in Magnificent Frigatebirds the male abandons when the chick is 

3-4 months old, leaving the female to feed the chick for the remaining long period of 

parental care (Diamond 1972, 1973; Osorno 1996). Fledging success in frigatebirds is 

typically low, but probably varies between 15-50% (Nelson 1975, Diamond & Schreiber 

2002). Frigatebirds do not have waterproof plumage, and have small, semipalmate feet, 

so avoid landing on the surface of the water. They feed by aerial dipping, or more 

notoriously, by harassing other birds until they disgorge their stomach contents (Nelson 

1975). For their size, frigatebirds have a large wing area and wing span, and extremely 

low wing loading (mass load per unit wing area); they take advantage of these features by 

gliding on thermals at the base of trade wind cumulus clouds to travel great distances in 

search of food (Pennycuick 1983). 

 

Experimental Design 

In December 2010, we randomly assigned 12 nests to each of nine treatments (n=108 [56 

males, 52 females]; Table 2-1). Our design tested for main effects of the handling 

methods used in the previous season: applying a size “7B short” aluminum Bird Banding 

Lab leg band, taking morphological measurements, bleeding, and attaching wing tags. All 

nests were uniquely marked with numbered, blue, metal markers approximately 3 cm 

across with a hole in the top through which snare wire was threaded. The wire was 

wrapped around a mangrove branch adjacent to the nest. We captured adult Magnificent 

Frigatebirds on nests by approaching them at night when the moon was set and dazzling 

them with a headlamp. Eighty-five percent of the nests in this experiment had an egg or 
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chick in December 2010. An adult in breeding condition on a stick nest was considered a 

nest attempt, since roosting adults not defending nest sites were flightier and more 

difficult to capture. We processed birds in a small boat in the shallow water adjacent to 

the colony before returning them to their nests and ensuring that they settled back onto 

their egg or chick. We did not band the chicks, as their legs are larger in diameter than 

adults’ and problems associated with guano build-up and infection have been reported 

(Schreiber 1999). We checked nest status in March and May 2011 by walking around the 

colony to look for nest markers. The final nest check occurred just prior to the fledging of 

the oldest chicks (it is difficult to determine nest fate after fledging). Therefore, “nest 

success” was defined as a chick surviving five months post-treatment.   

 

Our wing-tag design was based on those used by others studying Great (F. minor) and 

Magnificent Frigatebirds (Osorno 1999; Dearborn et al. 2003, 2005; Madsen et al. 2007). 

Made of yellow, 18 ounce vinyl-covered nylon, the wing tags were 22.7 cm X 8.5 cm and 

weighed approximately 8.5 g each (Figure 2-1). The number-number-letter combination 

was hand-painted using black screen ink (System 2 S2 gloss vinyl, Nazdar) and overprint 

clear (S227, Nazdar) to reduce fading. The tags were placed around the radius and ulna, 

while facing the underside of the wing, with the central notch on the proximal side (i.e., 

towards the wrist). The narrowest portion of the tag was passed between two secondary 

feathers, and each end was rolled up and slipped through the slit in the opposite end to 

hold the tag in place.  
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Table 2-1. Description of handling treatments assigned to breeding Magnificent 
Frigatebirds on Barbuda, Lesser Antilles, in December 2010. n = sample size, F=female, 
M=male. Sample size of control nests indicates sex of adults on the nest at the time of 
nest marking. 

n Treatment Description 
12 (6 F, 6 M) control not handled 
12 (6 F, 6 M) band  aluminum band applied 
12 (7 F, 5 M) band + wing tag aluminum band and wing tag applied 
12 (4 F, 8 M) band + bleed aluminum band applied and blood 

sample taken  
12 (6 F, 6 M) band + bleed + wing tag aluminum band and wing tag 

applied, blood sample taken 
12 (5 F, 7 M) band + measure aluminum band applied and 

morphological measurements taken  
12 (4 F, 8 M) band + measure + wing tag aluminum band and wing tag 

applied, morphological 
measurements taken 

12 (8 F, 4 M) band + measure + bleed aluminum band applied, 
morphological measurements and 
blood sample taken 

12 (6 F, 6 M) band + measure + bleed + wing 
tag 

aluminum band and wing tag 
applied, morphological 
measurements and blood sample 
taken 

Total: 108   
 

 

Blood samples were taken by puncturing the brachial vein with a 25-gauge needle and 

drawing blood up with heparanized microcapillary tubes. We collected up to 120 µL of 

blood from each bird receiving a “bleed” treatment. Measured birds were weighed using 

a Pesola spring balance after being placed in a pillowcase, and the weight of the 

pillowcase was subtracted from the total mass. We measured the right wing from the 

wrist to the tip of the longest primary, using a butt-ended meter stick, and including the 

natural curve in the wing (natural chord). Culmen (bill length) was measured using 
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calipers, and semispan (from spine to wing tip) was measured using a meter stick and 

digital camera.  

 

 

 

Figure 2-1. a) Diagram of wing tags used on adult Magnificent Frigatebirds (Fregata 
magnificens). Left tag goes on the bird’s left wing. Tags are yellow with black numbers 
and letters. The narrowest portion of the tag is fitted between two secondary feathers. 
White lines illustrate slits; the tag ends are rolled up and slipped through the slit in the 
opposite end to secure. Photo of male from Barbuda with wing tags while perched b) and 
in flight c).  

 

Data Analysis 

To test the hypothesis that nest success in the treatment groups was not significantly 

different from control nests, we used a generalized linear model (GLM) with R version 

2.8.1 (R Development Core Team 2008) with a binomial error structure (since nest fates 

were assigned a success/fail status) and a logit link function. Considering the apparent 

handling effect of the previous season, we considered it biologically relevant to conduct 
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model simplification to better distil the cause(s) of lowered nest success. Therefore, 

treatments with similar model estimates were pooled one at a time. Each reduced model 

was compared to the previous model and accepted if not significantly different. Models 

were ranked using Akaike Information Criterion (AIC). 

 

Our experimental design was not fully factorial, because treating birds (e.g., bleed, 

measure) requires a handling treatment. In addition, since our goal was specifically to 

compare each treatment to the control group, we used a priori linear contrasts to test the 

significance of these comparisons. The “control” and “band” groups had identical nest 

success (42%), so we concluded that banding alone was not contributing to nest failures 

and we pooled these two groups under a single “controls” group against which every 

other group was compared. Except for this pooling of the first two rows, treatments were 

coded as they appear in Table 2-1. Coding the data as presence or absence of each 

manipulation treatment (i.e., combinations of four treatments, not shown) resulted in 

qualitatively similar results, with no significant interactions among main effects. The 

coding scheme presented here resulted in seven non-orthogonal contrasts (i.e., each “band 

+” treatment in Table 2-1 versus the “control” and “band” treatments combined). Since 

opinion is divided about the need for orthogonality in planned comparisons, we follow 

the advice of Quinn & Keough (2002), who argue that if the number of comparisons is 

small and there is a firm theoretical basis for them, it is more important to examine all the 

hypotheses than to insist on orthogonality.  
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Though scientists often focus heavily on the risk of Type I statistical errors (“false 

positives”), in some applied studies it is important to also consider the risk of Type II 

statistical errors (“false negatives”), which may have substantial repercussions (Brosi & 

Biber 2009). Here, aware of the risk of failing to detect a treatment effect if there was 

one, we adopted a more cautionary approach by setting alpha to 0.10.    

 

II. Wing-Marker Meta-analyses 

In addition to our experiment, we conducted meta-analyses on the general effect of avian 

wing markers. Studies using both wrap-around style wing tags, like those used on 

frigatebirds, and patagial tags, which are placed similarly to wing tags, but require a pin 

or rod pierced through the patagium (the leading edge of a bird’s wing between the 

shoulder and wrist) to hold them in place, were included. 

 

To obtain wing-marker studies, we first checked all articles in Calvo & Furness’ (1992) 

review for usable studies published prior to 1992. We then searched the Web of Science 

database for all articles related to the subject using “wing tag*” and “patag* tag*” as key 

words. Literature cited in relevant papers was also examined. We included experimental 

and observational studies of both types of wing markers that used “tagged” and “control” 

(banded or unmarked) treatments. To reduce publication bias, unpublished data were also 

included: our own “controls” and wing tag treatments presented above, and “control” and 

“wing tag” nest success from a study on Great Frigatebirds, using the same wing tags we 

describe (Don Dearborn 2005, unpublished data). Model results were not qualitatively 
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different when these unpublished data were excluded. In Dearborn’s study, unpaired 

adults in breeding plumage were captured and wing-tagged at night in February 2005. 

Nests of wing-tagged birds scattered throughout the colony and those of birds nesting in 

three plots (controls) were monitored twice daily to determine incubation success. In 

spite of extensive research, we failed to discover suitable studies of some large, 

commonly wing-tagged groups of birds, such as eagles and vultures.  

 

Eighteen published studies on 17 species met our selection criteria and were included in 

our meta-analyses (Table 2-2, Table A-1 in Appendix A). Twelve studies had multiple 

responses (2-10) that we used to calculate the effect sizes, that is, the quantitative 

measure of the strength of the effect of wing tags (Table A-1). The following data were 

extracted from the studies: author, publication year, type of tag used (patagial or wing 

tag), age class of marked birds, study species, and variable(s) measured. When data were 

presented as means, the treatment and control sample sizes, means, and standard 

deviations were extracted. In one study the error type was not specified and was assumed 

to be standard error (Southern & Southern 1985). Standard deviations, if not provided, 

were calculated as the standard error multiplied by the square root of the sample size. 

When data were not presented as means, the number of “successful” and “failed” birds 

for the tagged and control treatments were used. Birds were coded as “successful”, for 

example, if they returned or were recaptured, or were successful at pairing or hatching 

eggs, and “failed” if they were depredated or lost chicks.  
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Table 2-2. Species considered in the m
eta-analyses assessing the effect of w

ing and patagial tags on bird survival and 
reproduction, and classification of order and type of w

ing m
arker used.   

* classification based on H
edges &

 Sibley 1994 
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Meta-analytical Procedures 

We calculated effect sizes and conducted random-effects meta-analyses on the extracted 

data using the metafor package (Viechtbauer 2010) for R 2.14.0 (R Development Core 

Team 2011). Random-effects models were chosen because they incorporate both within- 

and between-study variability, rather than assuming that one true effect size is shared 

across all studies (Hedges & Vevea 1998). We chose to conduct two separate meta-

analyses because roughly half of the studies presented data as means and errors, which 

can be used to calculate a standardized mean difference (SMD) effect size, and the others 

presented numbers of “successes” and “failures”, suitable to calculate a log odds ratio 

(LOR) effect size. SMD is calculated as (m1i-m2i)/spi, where m1i and m2i specify the 

group means (treatment and control), and spi is the pooled standard deviation of the two 

groups. LOR is calculated as the log of (ai x di)/(bi x ci), where ai and bi are outcome 1 

and 2 of one group, and ci and di are outcome 1 and 2 of the second group. Effect sizes 

were estimated via weighted least squares, with weight equal to the inverse variance 

(Viechtbauer 2010). In cases where studies provided data to calculate SMD and LOR 

effect sizes, we included them in separate analyses (e.g., Southern & Southern 1985).  

 

Studies included in the SMD meta-analysis measured condition, reproductive (e.g., 

number of chicks or fledglings, hatch date), behavioural, and in one case, migratory 

variables (Table A-1). The LOR meta-analysis dealt with survival, hatch success, nest 

success, and in one case whether tagged birds were successful in establishing a breeding 
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territory. The I2 statistic, representing the percentage of variability across studies due to 

heterogeneity (a true difference in effect size across studies) rather than chance, is 

presented for each meta-analysis. 

 

Running a meta-analysis with multiple effect sizes from a single study violates the 

assumption of the analysis, since data from the same individuals are treated as 

independent. To test the effect of this violation on the models, we ran 100 iterations of 

each meta-analysis, randomly selecting one effect size per study in each iteration. These 

results were not qualitatively different from the meta-analyses on the entire data sets, so 

for completeness the models and figures presented here include all data. However, the 

effect of moderator variables (tag type and order) on heterogeneity was explored by their 

inclusion in a linear (random-effects) model on one of the random iterations (therefore, 

using one data point per study). We present funnel plots (scatter plots of the treatment 

effects against a measure of study size) for each analysis and discuss the possibility of 

publication bias.  

 

Results 

I. Frigatebird Nest Success 

Behavioural observations 

We monitored frigatebirds for up to 15 days after handling, and did not observe any 

behavioural differences between wing-tagged and control birds. This was consistent with 

observations from the previous season. We have never observed wing-tagged birds 
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pecking at or pulling their tags, even the morning after capture (cf Jackson 1982, Brua 

1998). Apparently normal pair bonding behaviour, nest exchanges, and copulations 

occurred. Adults wearing wing tags continued to incubate, brood, lay eggs, and feed 

young.  

 

Nest fates 

Nest success was 42% for “controls” (birds only handled or banded), 58% for band + 

measure, 33% for band + measure + bleed, 25% for both band + bleed and band + wing 

tag treatments, 17% for band + bleed + wing tag, and 8% for both band + measure + wing 

tag and band + measure + bleed + wing tag treatments (Figure 2-2). In the initial GLM, 

the estimate of nest success for each treatment was contrasted with the pooled controls, 

with an overall AIC score of 131.75 (Table 2-3a). The two treatments where nest success 

was significantly lower relative to the controls were “band + measure + bleed + wing tag” 

and “band + measure + wing tag”. The final reduced model (Table 2-3b) had 3 groups: 

controls, non wing-tag treatments, and wing-tag treatments, and an AIC score of 126.59. 

Overall, wing-tag treatments were significantly different from the controls (Table 2-3b). 

Controls had an overall nest success of 42%, non wing-tag treatments 39%, and wing-tag 

treatments 15%.     
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Figure 2-2. Nest fates of Magnificent Frigatebirds (Fregata magnificens) breeding on 
Barbuda, Lesser Antilles, were generally lowest for wing-tag treatments. Treatments 
were applied in December 2010 to one adult per nest, and the final nest check occurred in 
May 2011 prior to fledging.  
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Table 2-3. a) Full model output of the effects of treatments on nest success, applied to 
adult Magnificent Frigatebirds on Barbuda early in the 2010/2011 breeding season. We 
used a priori contrasts in a generalized linear model analysis, so slope estimates are 
relative to the controls (in the case of controls, relative to the intercept). Two treatments 
with bolded p-values were significantly different from controls at α=0.10. b) Reduced 
model contrasting nest success of wing tag and all non-wing tag treatments. n = sample 
size. z=test statistic for the Wald test that the treatment and control slopes are equal. 
SE=standard error 

 

b)      
controls (n=24) -0.34 0.41 -0.81 0.42 42 
non wing-tag treatments 
(n=36) 

-0.12 0.54 -0.22 0.83 39 

wing-tag treatments (n=48) -1.43 0.58 -2.46 0.014* 15 
 

II. Wing-Marker Meta-analyses 

From the SMD meta-analysis, which included papers with data on means of body 

condition, reproductive, behavioural, and migratory distance varaiables, wing markers 

had no overall significant effect (z=0.549, p=0.583, mean effect size ± SE = 0.0748 ± 

0.1362, I2 = 88%; Figure 2-3).   

 

a) Treatment Slope 
Estimate 

SE of Slope z p % 
success 

Controls (n=24) -0.34 0.41 -0.81 0.42 42 
band + bleed (n=12) -0.76 0.78 -0.97 0.33 25 
band + measure + bleed 
(n=12) 

-0.36 0.74 -0.48 0.63 33 

band + measure (n=12) 0.67 0.71 0.94 0.35 58 
band + bleed + wing tag 
(n=12) 

-1.27 0.88 -1.45 0.15 17 

band + measure + bleed + 
wing tag (n=12) 

-2.06 1.12 -1.84 0.067* 8 

band + measure + wing tag 
(n=12) 

-2.06 1.12 -1.84 0.067* 8 

band + wing tag (n=12) -0.76 0.78 -0.97 0.33 25 
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Figure 2-3. Forest plot of SMD meta-analysis, showing the results of 34 effect sizes 
calculated from 11 studies, examining the effects of wing markers on condition, 
reproduction, behaviour, and migratory distance. For each effect size, the standardized 
mean difference in the marked versus control groups is shown with corresponding 95% 
confidence intervals, based on a random-effects (RE) model. Observed effect sizes are 
drawn proportional to the precision of the estimates. A diamond indicates the summary 
estimate based on the model, with the outer edges representing the confidence interval 
limits. Reference superscripts indicate number of within-study effect size calculations, 
and are the same as in Table A-1 (Appendix A).  
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The LOR meta-analysis model, which included “success” and “fail” data from studies 

measuring survival and hatch or nest success, showed that wing tags and patagial markers 

had a significant effect (z=-5.18, p<0.0001, mean effect size ± SE = -1.277 ± 0.247, I2 = 

69%). The negative value of the effect size indicates that the probability of success for 

the treatment (tagged) group is 21.8% that of the control group, suggesting a negative 

effect of wing markers on survival and reproduction (Figure 2-4).  

 

I compared the effects of marker types by setting it as a moderator variable in the LOR 

meta-analysis. Having patagial (z=-1.960, p=0.050, mean effect size ± SE = -1.950 ± 

0.995) or wing (z=-1.993, p=0.046, mean effect size ± SE = -1.677 ± 0.841) tags had an 

overall significant negative effect; tagged birds were 12.3 and 15.7% as successful as 

controls, respectively. Setting Order as a moderator variable, Galliformes were not 

negatively affected by tags (z=2.768, p=0.0056, mean effect size ± SE = 1.824 ± 0.659), 

while all other orders were. 

 

A common concern when conducting a meta-analysis is the potential for selective 

publication of studies showing significance. Funnel plots—scatter plots of the treatment 

effects estimated from individual data points against a measure of study size (here, 

standard error)—can be useful for diagnosing heterogeneity and publication bias (Sterne 

et al. 2005). For example, if small studies failing to detect a significant negative effect 

remain unpublished, then the funnel plot will appear skewed to the right, and the meta-

a 
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analysis will overestimate the effect (Sterne et al. 2005). In general, there was 

heterogeneity in effect size across data points, for studies with small and large sample 

sizes (Figure 2-5).  
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Figure 2-4. Forest plot of LOR meta-analysis, showing the results of 17 effect sizes 
calculated from 12 studies, examining the effects of wing markers on survival and 
reproduction. For each effect size, the log odds ratio (success versus fail) of the marked 
versus control groups is shown with corresponding 95% confidence intervals, based on a 
random-effects (RE) model. Observed effect sizes are drawn proportional to the precision 
of the estimates, and the summary estimate and confidence intervals of the model are 
indicated by the diamond. Reference superscripts indicate number of within-study effect 
size calculations, and are the same as in Table A-1 (Appendix A).     
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Figure 2-5. Funnel plots of the complete data set for a) the standardized mean difference 
(SMD) and b) log odds ratio (LOR) meta-analyses on the effect of wing and patagial tags 
on bird survival and reproduction. SMD and LOR are measures of effect size, and 
standard error is a measure of study size (small studies have larger SE, and vice versa). 
Model estimates are indicated by the vertical lines, with dashed lines indicating 95% 
confidence intervals.  
 
 
 

Discussion 

We suggest that, though wing tags have been used on frigatebirds for over 40 years 

(Diamond 1975), their use be re-evaluated in light of our experimental evidence. The 

behaviour of adult breeding Magnificent Frigatebirds shortly after wing tagging 

suggested to us that there was no immediate negative effect of the handling protocol. 

However, the wing-tag treatments had significantly lower nest success relative to controls 

and to other treatments such as measuring and bleeding. In the original model, our “band 

+ wing tag” treatment had 25% nest success, which alone may not have raised any alarms 
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had we not tested controls. The nearly three-fold difference in percent nest success of 

wing-tagged versus control nests raises concerns for us about this marking technique.  

 

Frigatebirds are heavily dependent on soaring flight performance and on agility near the 

water’s surface; their body structure and foraging strategies may cause them to be 

particularly susceptible to a “wing-tag effect”. However, our meta-analyses demonstrated 

that a negative impact of wing tags is not unique to our study. Overall, in studies 

measuring survival and nest success, wing- and patagial-tagged birds were less successful 

than controls, while this was not the case in studies measuring condition, behaviour, and 

variables such as number of chicks and hatch date. This suggests that the effects of wing 

markers on nesting success and mortality are not easily predicted from obvious effects on 

condition, behaviour, or short-term reproductive variables.  

 

While we did find differences in the effect of tags among orders, we acknowledge small 

sample sizes and high heterogeneity of effect size between studies used in our meta-

analyses, and there may be other important variables such as age at marking and study 

species that we lack the power to test. In this case, publication may be biased by fewer 

studies showing significant effects of wing markers being published rather than the 

reverse; this might be the case if finding such an effect invalidates the study. Rigorous 

tests, particularly of longer-term survival and reproductive variables (and not only 

behaviour and condition, or other short-term measures) are necessary to demonstrate that 

wing and patagial tags are safe to use for a given species before being widely applied. 

Experiments testing for a “tag effect” should be designed with sensitivity to Type II error 
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in mind, since failure to detect a small but real effect should be of greatest concern in this 

instance.         

 

We did not attempt to demonstrate a mechanism by which wing tags reduce nesting 

success, which is an important step in designing field-readable markers that will not 

significantly alter the variables under study or have deleterious effects on survival and 

reproduction. One possible mechanism leading to lowered nest success is that the colour 

or general appearance of the wing tags caused behavioural changes that affect 

reproduction, as in Seamans et al. (2010). However, based on our observations of paired 

birds interacting, tagged bird behaviour appeared to mirror that of untagged birds. A 

second possibility is that the extra mass of two wing tags was great enough to decrease 

foraging efficiency and mass gain at sea, as in Cory’s Shearwaters (Calonectris 

diomedea) wearing 30 and 60 g weights (Passos et al. 2010). However, a pair of wing 

tags was 1.1 and 1.3% of female and male mass, respectively; much less than the 3% 

limit often used in seabird studies (Phillips et al. 2003). We suggest the likely mechanism 

causing higher nest failure is that wing tags impair the aerodynamic functioning of the 

wing. Wing tags likely cause the boundary layer to detach from the wing, which would 

reduce lift and increase drag, and lower the lift-to-drag ratio; in effect acting like an 

airbrake on a glider (Pennycuick 2008, pers. comm C. Pennycuick). Aerodynamically, 

the upper leading edge is the most sensitive part of the wing, which would be disrupted 

by any wrap-around style wing tag. The tags may also affect maneuverability, by adding 

mass (albeit small) at a point on the wing that is subject to large accelerations in flapping 

flight (Pennycuick 2008). The ends of the wing tags, which occasionally hang down, and 



 

 

 

59 

the gap sometimes created between the secondary feathers, may also affect flight 

performance by increasing drag or reducing lift. Wing- and patagial-tag designs, by 

altering the flow pattern of air over the wing, may increase the energy requirements for 

flying. With this consideration, other marking strategies should be considered which have 

less direct impact on a bird’s main mode of locomotion.   

 

In light of our evidence of negative effects caused by wing and patagial tags, we 

recommend against placing field-readable markers on wings, and suggest researchers opt 

for body-, tail-, or leg-mounted markers, with less aerodynamic consequences. While 

weight is often taken into consideration when designing markers, it is increasingly clear 

that reducing drag is also important (e.g., Bowlin et al. 2010, Saraux et al. 2011). For 

species where coloured bands are not practical, one option could be a uniquely marked 

“fin” made of a thin vertical plastic sheet mounted by attachment to the base of the tail 

feathers. Another option could be to mount the “fin” on a horizontal base on the bird’s 

back, and hold it in place with loops around the thighs. Such a design would have very 

little aerodynamic effect (C. Pennycuick, pers. comm.), but would still need to be 

rigorously tested for other detrimental effects.   

 

We are not the first to suggest that casual observation of wing-tagged birds’ behaviour 

and breeding success is not adequate to determine that tags do not have a significant 

impact, and that detailed comparison of wing-tagged and untagged birds is necessary to 

assess the impact of markers on behaviour, reproduction, and survival (Howe 1980, 

Green et al. 2004). The general mechanisms by which we predict wing tags to affect 
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flight performance are not species-specific, and our meta-analysis on survival and 

reproductive measures extends our concern regarding the use of wing and patagial tags to 

other species. The costs to the birds and the reliability of the data obtained may outweigh 

the benefits of their use.  
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Abstract 

Size difference between the sexes, or sexual size dimorphism (SSD), is generally 

attributed to either sexual or natural selection. Sexual selection is predicted to lead to 

SSD when larger size in one sex confers an advantage in obtaining mates. Natural 

selection has been implicated in SSD through size-based niche divergence and reduced 

intersexual competition. Here, we test predictions of an ecological role for SSD in 

Magnificent Frigatebirds (Fregata magnificens), a tropical seabird with larger females 

than males. We predicted that females would take larger prey, forage at a higher trophic 

position, or forage farther from the colony compared to males. Our analysis of 

regurgitated prey demonstrated that males and females ate similar diets dominated by 

flying fish (Exocoetidae) of the same size. Stable isotope analysis of blood reflected a 

short-term breeding diet dominated by flying fish. Feather and claw samples suggested 

males fed on higher trophic position organisms than females during the non-breeding 

period, when competitive overlap should be low. There was a high degree of overlap 

between the sexes in foraging area and foraging direction. Overall, our data do not 

support the proposition that natural selection for ecological segregation has resulted in the 

size differences observed in frigatebirds. We discuss this finding in light of research on 

SSD in other tropical seabirds.  

 

Introduction  

Differences between males and females in size and shape are common among animals, 

and are thought to result from selective pressures acting differently on each sex (Ralls 
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1976, Price 1984, Andersson 1994, Fairbairn 1997, Blanckenhorn 2000). Such sexual 

size dimorphism (SSD) is often attributed to one of two main selection mechanisms: 

sexual selection or natural selection. Under sexual selection, SSD is predicted when 

certain characters are favoured in one sex because they confer an advantage in mate 

acquisition (Darwin 1871, Székely et al. 2000). For example, the traditional view for the 

origin of SSD stems from Darwin’s (1859) sexual selection hypothesis, where, under 

stronger competition for mates in one sex (typically males), dimorphism may evolve 

through mating preferences (of females) for larger individuals of the opposite sex as 

honest signals of their competitiveness. Another impoprtant driver of SSD is selection 

through male-male contests, and is the most common cause of male-biased size 

dimorphism (Fairbairn et al. 2007, Fairbairn 2013). Alternative explanations for SSD are 

natural selection via fecundity selection for large female size, or ecological differences 

between the sexes. For example, if males and females compete for resources, each sex 

may benefit from avoiding extensive overlap with the other. Under this scenario, 

intersexual competition might be reduced by the evolution of different phenotypes that 

facilitate the separation of feeding niches between the sexes (differential niche utilization, 

Selander 1966, Shine 1989, Andersson 1994, Navarro et al. 2009, Ruckstuhl & Neahaus 

2005). We refer to this path to SSD, driven by natural selection, as the resource division 

hypothesis (Lislevand et al. 2009). 

 

Whether selection for ecological segregation between the sexes actually leads to SSD has 

been an important debate in evolutionary biology. Many authors consider sexual selection 

as the primary driver of SSD (Payne 1984, Arak 1988, Mueller 1990, Reynolds & Harvey 
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1994, Owens & Hartley 1998) and argue that ecological segregation between the sexes 

plays only a minor role in the evolution and maintenance of SSD (Price 1984, Jehl & 

Murray 1986, Fairbairn 1997) because ecological selection forces are weak, do not act 

directly on sex, and are constrained by genetic correlations between the sexes. Genetic 

correlation arises when male and female traits do not evolve independently – selection on 

a trait in one sex produces a direct evolutionary response in that sex, as well as an indirect 

response in the opposite sex. While the underlying genetic mechanisms leading to SSD 

are not well understood (Reeve & Fairbairn 1996, Fairbairn et al. 2007), Slatkin (1984) 

used models analogous to the competitive Lotka-Volterra equations to demonstrate that 

under certain assumptions (e.g. a polygenic basis for SSD and a genetic correlation 

between the sexes <1.0), intersexual competition can lead to SSD when there is a positive 

genetic correlation of the trait between the sexes, even when the genetic correlation is 

high. A more recent genetic simulation model suggests that under sexual or natural 

selection, the evolution of SSD is constrained less by genetic correlations than earlier 

(Lande 1980) model predictions (Reeve & Fairbairn 2001). These models suggest that 

adaptations to reduce intersexual competition could play a role in the evolution of SSD in 

some taxa, particularly when the extent or direction of dimorphism cannot be fully 

explained by sexual selection. 

 

A basic assumption of the resource division hypothesis is that resource use is partially 

determined by the size of a particular trait (e.g. beak shape, body size); for example, large 

individuals can consume larger food items than smaller individuals can (Selander 1966, 

Slatkin 1984). Resource partitioning may arise from differences in prey choice, foraging 
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strategies, or distributions associated with morphological differences that segregate the 

sexes in space and time (Selander 1966, Phillips et al. 2011, Linnebjerg et al. 2013). In 

pelagic seabirds, many species showing SSD also show trophic niche partitioning 

between the sexes, through sex differences in prey size (Kato et al. 1996, Cook et al 

2007), trophic position (Bearhop et al. 2006; Phillips et al. 2009, 2011; Michalik et al. 

2013), or foraging behaviour and distribution (Gilardi 1992, 1994; Weimerskirch et al. 

1993, 2006, 2009a; Cummins 1995; Kato et al. 1996; González-Solís et al. 2000; Shaffer 

et al. 2001; Phillips et al. 2004; Bearhop et al. 2006; Quintana et al. 2011). These patterns 

of partitioning could result directly from divergent evolution that minimizes intersexual 

competition, or indirectly from other selection pressures on male and female 

morphologies that influence foraging behaviour (Lewis et al. 2002, Young et al. 2010a). 

 

A major problem in evolutionary ecology is the general difficulty of separating causes 

and consequences of differences in body size (Ralls 1976, Lande 1980, Shine 1989, 

Andersson 1994, Reynolds & Harvey 1994, Fairbairn 1997, Blanckenhorn 2005). In 

other words, has selection for sex differences in foraging led to SSD, or are foraging 

differences a consequence of size differences that have arisen via other selection forces? 

Considering multiple, non-mutually exclusive hypotheses is therefore important when 

considering the evolution of SSD (Hedrick & Temeles 1989). Given some theoretical and 

empirical support for a potential ecological role in the maintenance and evolution of size 

dimorphism, in this chapter we consider the resource division hypothesis in seabirds. This 

observational study is complemented by tests of the sexual selection hypothesis for SSD 

in the following chapter.  
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Tropical seabirds face foraging challenges because productivity in these marine 

ecosystems is typically low and prey are patchily distributed (Ashmole 1971, Longhurst 

& Pauly 1987). Many seabird species feed near the surface and depend on other marine 

predators to bring prey within reach; no pelagic tropical seabirds forage by pursuit-diving 

(swimming after active prey in the water column, Cairns et al. 2008). Strong food 

competition is expected during the breeding season because thousands of breeding pairs 

often congregate at colonies and foraging range is restricted by the need to return to land 

to provision young (Ashmole 1963, Lewis et al. 2001). These factors presumably expose 

tropical seabirds to intense selection for efficient foraging (Ainley 1977, Ballance & 

Pitman 1999, Weimerskirch et al. 2008) and may in turn exert strong selection pressure 

for maintaining morphological and foraging differences (Weimerskirch et al. 2006). 

Therefore, tropical seabirds provide appropriate case studies for investigating patterns of 

body size and resource partitioning.  

 

Stable isotope analysis (SIA) provides a powerful complementary tool to diet and 

foraging analyses in studies of resource partitioning in seabirds, providing both spatial 

and trophic position information (Inger & Bearhop 2008, Phillips et al. 2009). Stable 

isotopes of carbon and nitrogen in seabird tissues are derived from isotopic values of their 

diet and give insight into the origin and type of prey consumed. Because tissues turn over 

at different rates, these isotopic signatures are integrated over different temporal and, if 

the animal is moving, spatial scales (Hobson & Clark 1992a, Bearhop et al. 2002). In 

tropical surface-feeding seabirds, 13C:12C shows an increasing offshore to inshore 
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gradient and can indicate foraging habitat (Hobson et al. 1994, Thompson et al. 2000). 

Additionally, 13C isotope signatures in pelagic seabirds have been shown to vary 

geographically, with relatively well-defined shifts in isotope signatures across frontal 

boundaries (Cherel et al. 2000). Therefore, sexual differences in carbon signatures may 

indicate spatial segregation in foraging between males and females. The heavy nitrogen 

isotope 15N shows trophic enrichment (3-5‰ per trophic level, DeNiro & Epstein 1981, 

Hobson & Clark 1992b (laboratory feeding trials); more specific to this study, 2.3‰ for 

bird blood (literature review by Caut et al. 2009)) and can therefore indicate differences 

in diet composition. Variation in δ15N values of seabird tissues is informative not only of 

differences in prey trophic position, but can also reveal information about prey size, as 

δ15N values of some fish and squid are thought to increase with size/age class due to 

foraging at higher trophic levels (Kurle & Worthy 2001, Revill et al. 2009, Kurle et al. 

2011).  

 

Frigatebirds are large, aerial seabirds, in which females are larger than males (Nelson 

1975). It is reasonable to explore diet differences between small males and large females 

for two reasons. First, beak size may influence feeding performance. Frigatebirds feed 

primarily by aerial dipping (Nelson 1975), taking mainly flying fish (Exocoetidae) and 

squid (Ommastrephidae; Diamond 1975, Schreiber & Hensley 1976, Harrison et al. 1983, 

Weimerskirch et al. 2004).  Other modes of acquiring food, whose importance seems to 

differ between colonies, include kleptoparasitism (stealing prey from other birds) and 

opportunistic feeding such as scavenging from fisheries, taking hatchling turtles, and 

snatching seabird chicks (Nelson 1975, Sage 1995, Calixto-Albarrán & Osorno 2000, 
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Diamond & Schreiber 2002). Size dimorphism in bill length may affect the proficiency of 

different foraging modes, e.g., catching prey of a certain size. The second reason for 

exploring diet in males and females is that differences in flight performance may arise via 

SSD. For example, male and female albatrosses exhibit spatial segregation while 

foraging, with the larger males exploiting windier zones than females (Shaffer et al. 2001, 

Phillips et al. 2004). Frigatebirds, compared with other seabirds, have a specific energy-

saving flight pattern involving thermal soaring to gain altitude, followed by slow gliding 

to move horizontally; the latter is enabled by very low wing loading (Pennycuick 1983; 

Weimerskirch et al. 2003, 2004). Wing load is a measure of force per unit wing area, 

which increases with mass and directly affects gliding speed (Pennycuick 1987, 2008). A 

heavier bird can glide faster than a lighter one with comparable wing area, but requires 

stronger winds to do so. This relationship has led to suggestions that SSD, through the 

functional influence of mass and wing load on flight performance, might affect at-sea 

distributions of frigatebirds (Harrington et al. 1972, Diamond 1975). Thus, sexual 

differences in morphology may make it differentially costly for the sexes to exploit 

different feeding grounds. Foraging zones differing in isotopic composition will be 

reflected in differing δ13C tissue values between the sexes.  

 

In this study, we explore the possible role of natural selection via intersexual competition 

in the evolution and maintenance of SSD exhibited by Magnificent Frigatebirds (Fregata 

magnificens). We test predictions of the resource division hypothesis using a combination 

of diet analysis of regurgitated prey, stable isotope analysis, and GPS loggers providing 

high-resolution location fixes of foraging areas. Specifically, we test whether females 
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compared to males take larger and therefore higher trophic position prey given their 

longer bills and larger size, or differ in their foraging areas or flight directions relative to 

the predominant winds given their higher wing loading (see Table 4-1 for measurements).  

 

Methods 

Study Area 

We captured Magnificent Frigatebirds at a large breeding colony on Barbuda (17°41’ N, 

61°51’ W), a small low-lying island in the Eastern Caribbean. Codrington Lagoon, at the 

northwest edge of the island, is semi-enclosed and ringed by mangroves (primarily 

Rhizophora mangle and Avicennia germinans) providing nesting habitat for Magnificent 

Frigatebirds. Fieldwork was conducted during the main breeding period (November-

March) in 2009-2012. During this time, we captured 233 males and 224 females for 

collection of regurgitated prey.  

 

Diet Analysis 

On capture or during handling, just over one quarter of birds (71 females, 51 males) 

regurgitated their last meal; the likelihood of the sexes regurgitating was compared using 

Fisher’s Exact Test. These prey samples were collected in labeled plastic bags and frozen 

for later analysis. In the lab, frozen regurgitated samples were thawed and each prey item 

was blotted dry and weighed to the nearest one hundredth of a gram. The length of 

individual prey items was measured using vernier calipers: total and fork length for fish, 
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or pectoral-tail length in the case of partial digestion (Murphy & Willis 1996). Squid had 

the following measurements taken: dorsal mantle length (from mantle margin to posterior 

tip) and standard length (from mantle to tip of arms). As the digested state of many 

samples precluded identification to species, we classified prey items into the following 

groups: flying fish, squid, other fish species, and unidentified fish. We compared the 

mass of individual prey, and the total length of flying fish and standard length of squid, 

measured directly or estimated from linear regression of partial lengths, between the 

sexes using Mann-Whitney U tests (as the data were not normal and had unequal 

variances). These tests were one-sided, based on the predicted relationship between body 

size and prey size associated with the resource division hypothesis. Sex differences in 

prey composition were tested by PERMANOVA (nonparametric MANOVA, Anderson 

2001) on Euclidean distances, using the adonis function in the vegan package for R 

(Oksanen et al. 2013). We used vegan’s TukeyHSD.betadisper function to calculate 

confidence intervals for these differences. P-values were generated using 1000 

permutations. R 2.15.3 was used for these analyses. 

 

Stable Isotope Analysis (SIA) 

Several tissue samples were collected from each bird for stable isotope analysis: blood, 

claws, and feathers. To obtain a short-term reflection of the breeding diet, we sampled 

whole blood (reflecting diet assimilation over ~1-5 weeks; Hobson & Clark 1992a, 

Bearhop et al. 2002, Cherel et al. 2008). Blood samples (up to 120 µL per bird) were 

taken by brachial venipuncture using a 25-gauge needle and heparinized microcapillary 
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tubes. Claws reflect a longer period of integration of weeks to months, and as we sampled 

only the distal tip, likely reflect diet during pre-breeding in frigatebirds (Bearhop et al. 

2003, Hahn et al. 2014). Small pieces (approximately 2mm) of the distal tip of a claw 

from the second or fourth digit were removed using animal nail clippers and stored in 

labeled envelopes. Moult occurs during the nonbreeding period and the isotopic 

composition of feathers reflects diet during this time (Hobson & Clark 1992b, Cherel et 

al. 2000, Bearhop et al. 2002). A small section of the distal tip of primary (flight) feathers 

or several body feathers were removed from each bird. 

 

In the laboratory, we cleaned feathers and claws of surface oils using a 2:1 

chloroform:methanol solution and dried them for 72 hours in a fume hood. We cut 

samples of feather vane and claw from the distal end using sharp scissors or scalpel. For 

reference to frigatebird tissues, muscle samples of fish and squid were also freeze-dried, 

homogenized, and submitted for SIA. Blood and prey muscle samples were freeze-dried 

for 24 hours, ground and homogenized with mortar and pestle. We weighed subsamples 

into tin cups for SIA. Target weights of tissue samples were 0.22±0.02 mg (2009-2010) 

or 0.40±0.02 mg (2011-2012). No lipid extraction was conducted, as preliminary 

analyses demonstrated low lipid concentration via C:N ratios (consistently < 3.5) in all 

tissues (Cherel et al. 2005, 2007; Post et al. 2007).  

 

Tissue samples were submitted to the Stable Isotopes in Nature Laboratory (SINLAB) at 

the University of New Brunswick. Samples were converted to gases by combustion in 

either a Carlo Erba NC2500 or Thermoquest NC2500 elemental analyzer, and analyzed 
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for δ13C and δ15N using either a Delta Plus or a Delta XP continuous flow isotope-ratio 

mass spectrometer (Thermo-Finnigan; Bremen, Germany). The SINLAB conducts a 

series of daily quality control and quality assessment tests, ensuring that delta values are 

unaffected by the combination of equipment used and are also consistent with those 

generated from other laboratories. Stable isotope results are reported in the typical δ 

notation as parts per thousand (‰) relative to Vienna Pee Dee Belemnite for carbon and 

atmospheric air (N2) for nitrogen. Isotope values were normalized using secondary 

standards: commercially available pure compounds (nicotinamide, acetanilide) and 

internal standards (bovine liver standard (BLS), smallmouth bass muscle standard 

(SMB)). All of these standards were calibrated against IAEA primary standards (CH6, 

CH7, N2).  

 

Measurements of standards across all runs were accurate and precise; mean ± SD for 

nicotinimide (expected batch value: δ13C=-34.52‰, δ15N=-1.71‰) was -34.23±0.15‰ 

for δ13C and -1.77±0.11‰ for δ15N (n=30), while BLS (expected batch value: δ13C=-

18.8‰, δ15N=7.18‰) had δ13C values of -18.70±0.09‰ and δ15N values of 7.22±0.09‰ 

(n=30). Within an analytical run, replicate samples produced a SD of 0.12‰ for δ13C and 

0.11‰ for δ15N (n=24).  

 

Since a preliminary analysis (PERMANOVA) exploring differences in δ13C and δ15N 

grouped by sex showed no significant differences between feather types (body feathers, 

primaries) (pseudo-F(1,123)=0.37, p=0.68), we pooled both feather types in subsequent 

analyses and subsequently sampled only body feathers. Sampling body feathers was 
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preferred, as trimming flight feathers likely impairs birds’ flight. Differences in stable 

isotope (13C:12C and 15N:14N) ratios between males and females were tested for each 

tissue type using PERMANOVA on Euclidean distances with 1000 permutations. Tissue 

types were analyzed with year as a grouping factor, and also by tissue and year 

separately.  

 

Foraging Trips 

To obtain data on foraging trips, we outfitted nine females and seven males with 13 g 

GPS loggers with a Bluetooth remote download option, programmed to take a location 

every two hours (MicroTraX Pathfinder BT supplied by Axiz Ltd., Glasgow, Scotland). 

The remote download allowed us to obtain data for at least one foraging trip per 

individual, even if birds could not be recaptured for tag removal. Researchers are 

increasingly aware of the potential negative effects on behaviour, ecology, and survival 

of tracking devices used to study birds (e.g. Barron et al. 2010, Costantini & Moller 

2013). In seabirds, these effects can be reduced by tracking species like frigatebirds that 

forage on the surface rather than by plunge diving, and by deploying relatively light 

devices for short periods of time, attached by glue or tape (Phillips et al. 2003, Burger & 

Shaffer 2008, Barron et al. 2010, Barbraud & Weimerskirch 2012). With these points in 

mind, we attached GPS loggers that were 1.0% and 0.9% of male and female mass 

(respectively) to the inner tail (rectrix) feathers with Tesa tape (acrylic coated cloth tape 

in black, #4651 from Matco Packaging Inc., St. Laurent, Quebec, Canada), and loggers 

were removed by recapturing birds after 1-2 weeks when possible (in 9 out of 16 birds).   
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We compared foraging variables (trip duration, distance, and flight speeds) of males and 

females using mixed-effects analyses of variance (ANOVA) with sex as a fixed factor. 

Years were pooled as sample sizes were small. As some individuals were tracked over 

multiple foraging trips, individual bird was included as a random factor to avoid 

pseudoreplication (Hurlbert 1984; e.g., Weimerskirch et al. 2009a, Young et al. 2010a).  

Our mixed-effects ANOVA models did not meet the requirement of a balanced design for 

post-hoc analyses. Therefore, to estimate confidence intervals around sex differences in 

foraging variables, we used the corresponding linear mixed effects model for each 

dependent variable and the lmerTest package (Kuznetsova et al. 2014) in R 3.1.1. While 

we considered home-range kernel analysis to measure overlap in foraging areas between 

the sexes, our sample sizes were smaller than recommended for this analysis (Fieberg & 

Kochanny 2005). To compare the initial and return flight direction of males and females, 

we calculated 95% bootstrap confidence intervals of the mean bearings by resampling 

1000 times, using the R package “circular” (Agostinelli & Lund 2011). To avoid 

pseudoreplication in this case and because we had only a single foraging trip for several 

birds, we analyzed only the first foraging trip of each individual. Direction of outbound 

trips between males and females were also compared using Fisher’s exact test.  

 

Results 

Diet Analysis 

Male and female Magnificent Frigatebirds were equally likely to regurgitate when 
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handled (32% of females, 22% of males; Fisher’s exact test, df=1, p=0.21), and prey 

samples between the sexes were very similar. There were no sex differences in mass of 

individual prey items, or fish or squid length (Mann-Whitney U tests), and 95% 

confidence intervals of male-female differences in prey mass and flying fish length 

spanned zero (Table 3-1). Flying fish were the most abundant prey type (Figure 3-1). We 

found no significant difference in prey composition between males and females 

(PERMANOVA, pseudo-F(1,119)=0.91, p=0.51, difference between multivariate 

means=0.004, 95% confidence interval=-0.9, 0.9) with years pooled as there were no 

significant annual differences. Although flying fish often could not be identified to 

species due to digestion, several samples were identified as fourwing flyingfish 

(Hirundichthys affinis; Parin 1998).   

Table 3-1. Diet comparison from regurgitated prey of female (n=71) and male (n=51) 
Magnificent Frigatebirds on Barbuda, Lesser Antilles. Samples were collected during 
peak breeding when both males and females attend nests over four seasons: February 
2009, November 2009, December & February 2010, and February 2011. We used one-
sided Mann-Whitney U tests to explore whether females take larger or more prey than 
males. Values for each sex are presented as mean ± SD (sample size=number of 
individual prey). Differences in means are presented as female-male (nonparametric 95% 
confidence interval). 

Comparison Females Males Difference 
(95% CI) 

W p  

Prey mass (g) 22.7 ± 24.1 
(170) 

23.9 ± 22.1 
(104) 

-1.2 
(-5.1, 2.1) 

8292 0.81 

Flying fish total 
length (mm) 

180.7 ± 67.0 
(34) 

176.9 ± 64.0 
(33) 

3.8 
(-27.9, 41.1) 

599.5 0.32 

Squid standard 
length (mm) 

88.2 ± 40.0 (31) 152.4 ± 41.7 
(7) 

-64.2 
(-108.1, -29.2) 

27 0.99* 

* a two-sided test, not shown, indicated that males took longer squid than females 
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Stable Isotope Analysis 

Stable isotope values of Magnificent Frigatebird claw and feather tissue, but not blood, 

showed significant differences when all data were analyzed, pooled over year (Table 3-

2). To explore these differences further, we analyzed each year and tissue type separately. 

From these analyses, 2010 feathers (pseudo-F(1,94)=13.6, p=0.001), 2010 claws (pseudo-

F(1,29)=9.4, p=0.003), and 2011 claws (pseudo-F(1,30)=4.5, p=0.023) showed significant 

differences in isotope signatures between males and females. The  

 

Figure 3-1. Percent by number of prey items from regurgitate samples from female 
(n=71) and male (n=50) Magnificent Frigatebirds breeding on Barbuda, Lesser Antilles 
from 2009 to 2012. “unk fish sp.” were fish specimens that could not be identified due to 
state of digestion, and “other fish” includes other identified species: ocean surgeonfish 
(Acanthurus bahianus), trumpetfish (Aulostomus maculatus), French grunt (Haemulon 
flavolineatum) and banded butterflyfish (Chaetodon striatus). 
 

PERMANOVA function we used is based on permutation, and a limitation of this method 

is that there are no current post-hoc tests for the adonis package. However, from visually 

examining 95% confidence intervals in isotope biplots of tissue samples across all three 

years, differences between the sexes appear to stem from higher δ15N values in male 

feathers and claws, rather than δ13C values (Figure 3-2).  
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Table 3-2. Comparison of δ13C and δ15N tissue values between male and female 
Magnificent Frigatebirds breeding on Barbuda, Lesser Antilles 2009-2012, using 
PERMANOVA tests. A separate analysis was run for each tissue, with year as a grouping 
factor. Significant p values are shown in bold. df=degrees of freedom, MS=mean square. 

Tissue Source df MS Pseudo-F p  
Blood Sex 1 0.1 0.5 0.47 
 Residuals 98 0.3   
 Total 99    
Claw Sex 1 59.9 11.7 0.002 
 Residuals 93 5.1   
 Total 94    
Feather Sex 1 88.4 13.6 0.001 
 Residuals 161 6.5   
 Total 162    

 

Foraging Trips 

We obtained foraging trip data from 9 females (23 foraging trips) and 7 males (11 

foraging trips). Males and females had similar foraging behaviour in terms of duration, 

speed, and distance traveled per trip, with no significant sex differences in these foraging 

variables and confidence intervals for sex differences spanning zero (Table 3-3, Figure 3-

3). The outgoing flight directions of males (more so than females) appeared to be towards 

the northeast, into the prevailing headwinds, but we did not have adequate sample size to 

make this comparison directly using circular statistics (Agostinelli & Lund 2011). 

Comparing outbound trips heading northeast versus all other directions showed no 

significant difference in males (5 of 7 trips heading northeast) and females (5 of 9 trips 

heading northeast; Fisher’s exact test, df=1, p=0.63). Our 95% confidence intervals 

showed partial overlap of outgoing bearings and complete overlap of return bearings 

(Figure 3-4).   
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Figure 3-2. Stable isotope (13C and 15N) ratios of tissue samples from Magnificent 
Frigatebirds captured on Barbuda, Lesser Antilles in 2009-2011. Error bars are 95% 
confidence intervals. Three significant same-tissue comparisons between sexes are 
circled in grey. n=15-18/tissue/year.  



 

 

 

84 

Table 3-3. Foraging variables of male (n=7) and female (n=9) Magnificent Frigatebirds 
breeding on Barbuda, Lesser Antilles, tracked by GPS loggers during 2010-2012. Data 
presented as mean ± SD. Mixed-effects analyses of variance (ANOVA) are used to test 
differences in these variables between the sexes. Degrees of freedom for each test=1,14. 
Differences in means are presented as female-male (estimated 95% confidence interval 
for corresponding linear mixed model). 
 

Measurement Females Males Difference 
(95% CI) F p 

Duration (h) 35.7 ± 35.3 36.4 ± 41.2 -0.7  
(-64.4, 34.9) 

0.00 0.97 

Average speed 
(km/h) 

12.6 ± 2.4 11.3 ± 4.3 1.3  
(-3.7, 1.0) 

1.56 0.23 

Minimum speed 
(km/h) 

3.4 ± 2.5 3.1 ± 2.6 0.3  
(-2.1, 2.7) 

0.05 0.82 

Maximum speed 
(km/h) 

35.9 ± 14.1 30.6 ± 16.9 5.3  
(-24.8, 7.4) 

0.63 0.44 

Trip Distance (km) 484.7 ± 457.9 510.0 ± 608.5 -25.3  
(-835, 502) 

0.01 0.92 
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Figure 3-3. Foraging trips of male (black) and female (grey) Magnificent Frigatebirds 
breeding on Barbuda, Lesser Antilles tracked by GPS loggers, 2010-2012. Map created in 
R (Brownrigg 2013, Brownrigg & Minka 2013).   
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Figure 3-4. Departure (left) and return (right) flight direction of Magnificent Frigatebirds 
foraging off Barbuda, Lesser Antilles, 2010-2012. Direction of flight paths and 95% 
confidence intervals are shown in black (males) and grey (females). Plots were created in 
R using the package circular (Agostinelli & Lund 2011). 

 

Discussion 

This study is the first to explore sexual segregation in foraging frigatebirds from multiple 

approaches: regurgitates, stable isotopes, and tracking data. Our in-depth exploration of 

feeding niche characteristics in Magnificent Frigatebirds allowed us to ask whether there 

is a possible ecological role for the evolution or maintenance of SSD in this species. Our 

most important finding is that males and females showed no evidence of breeding season 

differences in prey size or trophic level, foraging area, or foraging direction. We did find 

evidence of isotopic niche segregation in the non-breeding season (based on claw and 

feather samples), but these differences were in the opposite direction to that predicted by 

the resource division hypothesis. We discuss these findings in the context of previous 

research on SSD in seabirds, with a tropical focus.  
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Diet of Magnificent Frigatebirds 

SSD has been broadly implicated in foraging segregation in seabirds (e.g., Shaffer et al. 

2001, Weimerskirch et al. 2009a, Phillips et al. 2011). A major assumption of the 

resource division hypothesis is that prey capture should be a function of bill size 

(Selander 1966, Shine 1989). For example, in some species of diving cormorants and 

shags (Phalacrocoracidae), larger males take larger fish (Kato et al. 1996, Cook et al. 

2007). Therefore, we predicted that female Magnificent Frigatebirds, with longer bills, 

would take larger prey than males if SSD results from natural selection for resource 

division by prey size. We found no differences in the predicted direction (i.e., prey taken 

by females would be larger than that of males) in size (length, mass) of the prey 

regurgitated by male and female Magnificent Frigatebirds; there was no difference in 

flying fish, while males took larger squid than females. 

 

Food disgorged by frigatebirds breeding on Barbuda reflects a diet based on direct fishing 

through surface dipping (Diamond 1975, Schreiber & Hensley 1976, Harrison et al. 1983, 

Weimerskirch et al. 2004). Like Calixto-Albarrán and Osorno (2000) studying 

Magnificent Frigatebirds during chick-rearing off the Mexican Pacific coast, we found no 

significant differences in diet composition between the sexes; however, in the former 

study the diet was composed largely of prawn-fishery discards. Another interesting 

comparison between these two studies, not directly related to the resource division 

hypothesis, is that Calixto-Albarrán & Osorno (2000) found that female Magnificent 

Frigatebirds disgorged 62% more food than males, and other studies have also shown that 

larger females bring larger meals to chicks (Anderson & Ricklefs 1997; Weimerskirch et 
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al. 2006, 2009a). On Barbuda, we found no difference in regurgitate mass between males 

and females (Mann-Whitney U test, not shown). Differences in foraging strategy across 

sites (direct fishing versus opportunism) may account for differences in the amount of 

prey disgorged across studies. On Barbuda, flying fish and, to a lesser extent, squid were 

dominant in the diet in both sexes, as previously noted for Magnificent (Diamond 1973, 

Nelson 1975), Great (F. minor, Diamond 1975, Harrison et al. 1983, Weimerskirch et al. 

2004, Cherel et al. 2008), and Lesser (F. ariel) (Diamond 1975) Frigatebirds. Frigatebirds 

are notorious for kleptoparasitism, and sex-related differences in success rate or host size 

have been observed (Diamond 1975, Nelson 1975, Osorno et al. 1992, Gilardi 1994, 

Cummins 1995). However, opportunity for this foraging strategy near the Barbuda 

colony seems low, as there are very few other breeding seabirds on the island, and only 

small numbers of Brown Boobies (Sula leucogaster) come to roost in the colony in the 

evening (personal observation). Frigatebird piracy generally appears to have a low 

success rate, and may be an opportunistic foraging mode performed mainly near shore 

(Diamond 1975, Nelson 1975, Osorno et al. 1992).  

 

Isotopic Segregation in Magnificent Frigatebirds 

Stable isotope analysis of tissues grown over different seasons allowed us to investigate 

trophic niche partitioning in male and female frigatebirds across their annual cycle. We 

found no difference between males and females in isotope values of δ13C and δ15N in 

blood (representing diet assimilation while breeding). This was also found in Great 

Frigatebirds breeding on Europa Island, western Indian Ocean and Palmyra Atoll, central 
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Pacific Ocean (Cherel et al. 2008, Young et al. 2010b). The differences between isotopic 

signatures of flying fish and frigatebirds while breeding were consistent with the 15N 

enrichment between fish muscle and seabird blood (Cherel et al. 2005). However, we 

found differences between the sexes in the pre-breeding (2010, 2011 claws) and non-

breeding (2010 feathers) periods in two of three years. These differences stem from δ15N 

values, indicating that outside the breeding season, males foraged on higher trophic-

position prey than females. This finding is counter to predictions of the resource division 

hypothesis; given their smaller bills and body size, males were expected to forage for 

smaller prey with lower δ15N values, particularly when breeding. In the non-breeding 

season when competition is expected to relax, isotopic differences between the sexes may 

reflect behavioural differences that are unrelated to SSD, for example sex differences in 

nutrient requirements (Gray & Hamer 2001, Lewis et al. 2002). They may also reflect 

that trophic niche position may not necessarily be size dependent (e.g., Layman et al. 

2005, Arim et al. 2007). 

 

Our main goal was to make between-sex comparisons; however we briefly explored 

patterns across seasons. Such comparisons must be made with caution, as differences in 

metabolic routing can create tissue-dependent isotope signatures. For example, feather 

(keratin) can be significantly more 15N-enriched (and often 13C-enriched) than whole 

blood (Cherel et al. 2005, 2008). Nevertheless, taking these tissue-related differences into 

account, two patterns emerge. First, larger variances in δ13C (and to a lesser extent also in 

δ15N) values in non-breeding birds reflect wider trophic niches when individuals move 

away from the colony and are no longer limited to being central-place foragers (Cherel et 
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al. 2007). The slightly enriched 13C values during non-breeding may also represent 

foraging away from the colony, and possibly more inshore, as also observed in Great 

Frigatebirds on Europa Island (Cherel et al. 2008). Second, both males and females 

foraged at a higher trophic position when not breeding, even accounting for higher δ15N 

discrimination factors in feathers versus whole blood in piscivorous birds (Cherel et al. 

2005). These findings are consistent with results from Great Frigatebirds on Europa 

Island (Cherel et al. 2008) and Palmyra Atoll (Young et al. 2010b). This may represent a 

shift in foraging mode from direct fishing while breeding, to kleptoparasitism and 

opportunism in the non-breeding season; the latter foraging methods could result in 

consumption of higher trophic position prey (e.g., fisheries discards, seabird chicks).  

 

Isotopic Segregation in Other Seabirds 

Two recent reviews have examined isotopic niche segregation in other seabirds with 

SSD, which help to place our results in a broader context. Counter to our findings in 

Magnificent Frigatebirds, Phillips et al. (2011) found isotopic differences were more 

common in the breeding season compared to the non-breeding season, presumably 

reflecting greater between-sex partitioning when competition is greater. Studies from five 

taxa with male-biased SSD (males larger than females) tended to show segregation in 

trophic level (males had higher δ15N values), distribution (differences in δ13C values), or 

both (Phillips et al. 2011). In boobies (exhibiting female-biased SSD), evidence of 

isotopic segregation was mixed; some studies found differences between male and female 

tissues (blood, feathers) in δ13C and/or δ15N values (Cherel et al. 2008, Young et al. 
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2010b), while other studies did not find differences between sexes in the same 

(Weimerskirch et al. 2009a, Young et al. 2010a) and another species (Weimerskirch et al. 

2009a). These findings and ours in frigatebirds suggest that female-biased SSD and 

trophic position are not clearly associated.  

 

In a second study, Mancini et al. (2013) compared isotopic segregation by sex in tropical 

and non-tropical (temperate and polar) seabirds. From their literature review, 37 studies 

of 49 species showed intersexual foraging differences in δ15N and/or δ13C values. 

Temperate and polar species were more likely (71%) than tropical (19%) to show 

segregation by sex, though there were fewer studies on tropical species (Mancini et al. 

2013). In tropical marine environments, surface-feeding seabirds are tightly associated 

with larger predators such as tuna to make prey, predominantly fish and squid, available 

close to the surface (Ashmole & Ashmole 1967, Au & Pitman 1986, Ballance et al. 1997, 

Spear et al. 2007). This foraging strategy may equate to highly variable, low diversity 

prey, leading to the suggestion that SSD in the tropics may be more related to sexual 

selection or differences in reproductive roles rather than partitioning of feeding resources 

(Mancini et al. 2013). We discuss alternative hypotheses for the evolution of SSD in 

frigatebirds in the following chapter.   

 

Foraging Differences in Frigatebirds 

Given the relationship between wingload, flight performance, and foraging area 

previously demonstrated in seabirds (e.g., Shaffer et al. 2001, Phillips et al. 2004), we 
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explored whether male and female Magnificent Frigatebirds differed in their foraging 

zones during the breeding season, when competition for food is expected to be high 

(Phillips et al. 2011). We found a high degree of overlap in foraging areas used by males 

and females. There were also no differences in foraging trip characteristics (duration, 

speed, or distance travelled) between sexes. This is counter to our prediction that heavier 

females might glide faster due to their higher wing loading. Foraging in frigatebirds may 

be more constrained by wind speed, prey detection, or the need to return to the nest to 

provision the chick or relieve a mate (Pennycuick 1987, Spear & Ainley 1997).  

 

An interesting observation in our study was that maximum flight speeds were frequently 

obtained on the return leg to the colony, presumably when birds had full stomachs and 

therefore higher wing loading. This raises the question of whether frigatebirds’ direction 

of travel is related to the prevailing northeast trade winds of the Leeward Islands, and 

whether such foraging behaviour differs with size, and therefore, sex. The optimal 

foraging strategy in terms of flight direction relative to wind direction may differ between 

males and females, given their differences in wing load. However, while frigatebirds 

likely capitalize on wind direction to forage efficiently, we found no evidence of 

differences in departing or returning flight direction between males and females 

undertaking foraging trips, though our sample sizes were small. Males and females often 

left the colony flying into the prevailing tradewinds or with crosswinds, and returned with 

the wind at their backs. Headwind or crosswind flight may enhance prey detection (Spear 

& Ainley 1997), while flying with a tailwind, particularly when carrying a food load, 

may be more energetically efficient (Pennycuick 1989). Foraging direction may also be 
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related to the success of previous foraging trips (e.g., Weimerskirch et al. 2005), or 

information gathered from other birds returning from foraging (Ward & Zahavi 1973, 

Weimerskirch et al. 2010). Our analyses of male and female foraging behaviour do not 

indicate segregation based on size differences near the colony.   

 

Conclusions 

In the present study on Magnificent Frigatebirds, we found no evidence of sex differences 

in diet or isotopic niche during breeding, in spite of the fact that females have much 

longer bills (see Table 4-1, Chapter 4) and bill dimensions have often been suggested as 

an adaptation to different food resources (Selander 1966, González-Solís 2004, Navarro 

et al. 2009). In addition, there was a high degree of overlap in foraging area and foraging 

directions used by breeding males and females, in spite of the fact that females have 

higher wing loading than males, which has been attributed to differences in foraging 

distribution in albatrosses (Shaffer et al. 2001, Phillips et al. 2004). However, we did find 

evidence of males foraging on higher trophic-position organisms in the non-breeding 

season relative to females. Since intraspecific competition should relax when individuals 

are no longer limited to central place foraging, these differences are not likely the driving 

force behind the SSD exhibited by Magnificent Frigatebirds. Overall, we found no 

support for the resource division hypothesis as a significant factor shaping SSD in 

Magnificent Frigatebirds. Instead, in the tropics, differences in reproductive roles or 

sexual selection may be more important in maintaining SSD (Weimerskirch et al. 2006, 

2009a, 2009b; Mancini et al. 2013). Indeed, it may be universally true that sexual 
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selection is more important in shaping the evolution of size differences between the sexes 

(Fairbairn 1997); we explore whether this is the case for Magnificent Frigatebirds in the 

following chapter.  
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Abstract 

Sexual size dimorphism (SSD), differences in size between males and females of the 

same species, is widespread and variable among organisms, and has been the focus of 

much attention by evolutionary biologists. Darwin’s (1859) proposal that sexual selection 

is a major contributor to SSD has much support in mammals and birds, where males tend 

to be the larger sex. However, in these taxa, female-biased SSD is rarer and less well 

explained. We test predictions of the aerial agility hypothesis to explain female-biased 

SSD in Magnificent Frigatebirds (Fregata magnificens). Wing traits affecting flight 

performance and predicted to be under selection were measured from breeding birds on 

Barbuda, Lesser Antilles, and fledging success was used as a measure of fitness. A 

variety of tools, including projection pursuit regression, cubic splines, and quantitative 

selection gradients were used to explore the strength and direction of selection. To 

expand the natural range of traits in the population, we included birds with a handicap 

(wing tags) as well as control (untagged) birds. Our results provide support for the aerial 

agility hypothesis maintaining small male size. We found a negative relationship between 

wing load (mass per unit wing area, affects manoeuvrability) and nest size. We also 

found strong support for stabilizing selection and evidence of correlational selection on 

male wing traits affecting agility. Therefore, wing traits affecting flight performance were 

under stronger selection in males than females. We suggest this reflects the male’s role in 

collecting nest material. Large female size may be a result of extended parental care 

relative to males, and requires further study. Selection for male speed or agility is not 

limited to birds with aerial displays, and may be an important driver in other species 

exhibiting female-biased SSD.  
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Introduction 

Sexual size dimorphism (SSD) is widespread and variable among animals. While female-

biased SSD is common among invertebrates, amphibians and reptiles, males are the 

larger sex in most birds and mammals (Andersson 1994, Abouheif & Fairbairn 1997, 

Fairbairn 2013). Darwin’s (1871) conclusion that sexual selection is a major contributor 

to SSD through male-male combat or female choice seems to be widely supported, at 

least in mammals, birds, and reptiles (Fairbairn et al. 2007). However, SSD is regulated 

by various other processes (e.g., natural selection, fecundity selection) equilibrating 

differently in the sexes (Ralls 1976, Price 1984, Schluter et al. 1991, Andersson 1994). 

Several alternative hypotheses have been proposed to explain SSD (reviewed in Hedrick 

& Temeles 1989, Shine 1989, Andersson 1994). While sexual selection is typically 

associated with larger males, in some cases small males may gain a fitness advantage 

(Payne 1984, Jehl & Murray 1986, Figuerola 1999). The aerial agility hypothesis predicts 

selection by females for smaller, more agile males in species that perform acrobatic aerial 

displays (Jehl & Murray 1986).  

 

Different evolutionary optima in male and female body sizes may also arise via natural 

selection. For instance, if males and females compete for resources, then each sex may 

benefit from avoiding extensive overlap with the other (resource division hypothesis, 

Selander 1966, Shine 1989). Fecundity selection may be responsible for directional 

selection on female size, via selection for females that are able to invest in greater 
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numbers or quality of offspring or eggs (fecundity hypothesis, Selander 1972, Snyder & 

Wiley 1976, Lindenfors 2002). These hypotheses are not mutually exclusive; multiple 

forcing factors often contribute to differences in optimal body size (Hedrick & Temeles 

1989, Shine 1989, Blanckenhorn 2000). Determining which factors lead to SSD for any 

particular species requires an understanding of sex-specific fitness costs and benefits 

associated with body size (Blanckenhorn 2005). Species showing female-biased SSD 

(without sex role reversal) provide excellent model systems to investigate these 

processes, as forces other than sexual selection for large male size must be operating. 

 

In this study, we test the aerial agility hypotheses for the evolution of female-biased SSD. 

We made specific predictions regarding the form of selection acting on male and female 

wing traits that influence flight performance. Morphological measurements were taken 

from breeding Magnificent Frigatebirds (Fregata magnificens, Mathews 1914) in the 

eastern Caribbean. We compare our predictions under the aerial agility hypothesis to the 

fitness surfaces of individual traits using fledging success as a measure of fitness. We 

also briefly discuss the role of natural selection, incorporating tests of the resource 

division hypothesis from the previous chapter (Chapter 3).  

 

It can be useful in selection studies to expand the range of phenotypes of traits that are 

potentially under selection and observe the fitness consequences. We did this by 

including wing-tagged birds in our study. Flapping flight is one of the energetically most 

expensive activities of birds (Hails 1979). Flight cost is influenced by morphology; 

streamlined body shape, long, narrow (high aspect ratio) wings, and a large wingspan all 
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contribute to a reduction of the costs (Norberg 1985). Therefore, altering wing 

morphology may have measurable fitness consequences. In a previous study, we 

demonstrated that a commonly used field marker, wing tags, negatively affected bird 

reproduction and survival (Trefry et al. 2013). Wing tags likely impair aerodynamic 

function by breaking the boundary layer of airflow over the wing, reducing lift and 

increasing drag, and may affect manoeuvrability (Trefry et al. 2013). This inadvertent 

handicap changes the phenotypic landscape by extending the natural range of flight costs 

in our study organism, similar to studies using feather removal or trimming (e.g., Møller 

et al. 1995, Hambly et al. 2004, González-Medina et al. 2010), and provides an 

interesting opportunity to explore the strength and direction of selection on particular 

traits. The addition of an energy handicap may strengthen selection gradients otherwise 

detectable only in poor foraging years (e.g. during El Niño-Southern Oscillation events, 

see Smithers et al. 2003 and references within). 

 

Frigatebirds are a family of five species of large, tropical seabirds that exhibit both strong 

female-biased SSD and colour dimorphism, making the sexes easy to distinguish. Males 

are ornamented with a red, inflatable gular pouch used in courtship displays, and a ruff of 

lanceolate, iridescent feathers (Nelson 1975). Given their obvious ornaments, researchers 

have been interested in sexual selection in frigatebirds, but these studies have provided 

surprisingly little evidence of female preference for male ornaments (e.g., Madsen et al. 

2007a, 2007b; Dearborn & Ryan 2002; Wright & Dearborn 2009), so we turn our 

attention to other traits such as wing morphology. Lacking waterproof plumage and 

having small feet with vestigial webbing, frigatebirds avoid landing on water and feed by 
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aerial dipping, or through kleptoparasitism (Nelson 1975). Frigatebirds have notably long 

wingspans and low wing loading, facilitating thermal soaring (Pennycuick 1987, 

Weimerskirch et al. 2003). 

 

Hypotheses for SSD suggest that it has evolved by selection acting on certain traits (e.g. 

body mass) differently in males and females (e.g., Jehl & Murray 1989, Figuerola 1999). 

For dimorphism to occur, fitness gains in one sex are likely countered by losses in the 

other; otherwise correlated evolution of body size would be expected (e.g., Lande 1980, 

Lande 1987). The aerial agility hypothesis predicts small male size in species where 

females prefer males with acrobatic display flights (Jehl & Murray 1986, Jönsson 1987, 

Andersson 1994). Smaller birds may be more acrobatic in the air, thanks to faster linear 

and angular roll acceleration (agility), a smaller turning radius (manoeuvrability), and a 

faster climbing rate and horizontal flight (Andersson & Norberg 1981). In flying insects, 

male size influences mating and reproductive success, which is attributed to aerial agility 

of small males while mate searching, capturing females, and during courtship (Banks & 

Thompson 1985, Steele & Partridge 1988, Neems et al. 1998). While frigatebird males 

display from perches rather than aerially, they are responsible for gathering nest material, 

which females fashion into a nest (Nelson 1975). Branches and other vegetation used as 

nest material are a limited resource, are difficult to acquire, and are often stolen in flight 

or from unguarded nests (Diamond 1972, 1975; Nelson 1975; Figure 4-1). It has 

previously been suggested that the manoeuvres males engage in while attempting to bring 

nest material to their mate make them good candidates for the aerial agility hypothesis, 
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especially if smaller males are better at procuring nest material (e.g., Jehl & Murray 

1986, p. 52).   

 

 

Figure 4-1. Nest material contests by Magnificent Frigatebirds on Barbuda, Lesser 
Antilles: a) males chase after another male returning to the colony carrying sticks. b) 
aerial “tug-of-war” between two males competing for a stick (Photos: G. L. Holroyd). 

 

Two specific features of flight may in part describe aerial agility. In flight theory, 

manoeuvrability refers to the minimum space required for a turn, or the turn radius, while 

agility refers to the rate of roll (Norberg & Rayner 1987). Wing loading (measured here 

as mass/wing area) is the main factor contributing to manoeuvrability, since the turn 

radius is negatively proportional to wing loading (Norberg 1985). While high wing 

loading induces a cost in terms of manoeuvrability, it allows birds to fly faster (Norberg 

1985). Agility, or roll rate, has a more complicated relationship with morphology, but 

from flight principles, a lower wingspan (the distance between the tips of the extended 

wings) will lead to a decrease in wing inertia, therefore allowing faster entry into and 

completion of a roll (Andersson & Norberg 1981, Norberg & Rayner 1987). As with 
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wing loading, there are also functional trade-offs associated with wingspan. While a large 

wingspan equates to reduced agility, it also leads to an increase in flight efficiency by 

spreading the wake from the wing tips and reducing drag (Norberg 1985), and is 

therefore a basic adaptation for soaring flight (Pennycuick 2008). Another important 

wing trait affecting flight performance is aspect ratio, measured as wingspan2/wing area. 

A dimensionless index of the shape of the wing, aspect ratio is high for a long, narrow 

wing and low for a short, broad one (Pennycuick 2008). High aspect ratio wings develop 

more lift and less drag at the same angle of attack, and are therefore also important in 

flight efficiency.  

 

We predict that traits associated with male agility/manoeuvrability improve their ability 

to acquire nest material. To test this prediction, we initially explore the relationship 

between wing traits and nest volume, used here as an index of males’ ability to collect 

sticks. If more aerial males are better at procuring nest material, we predict that male 

wing traits associated with manoeuvrability and agility will experience strong and 

differing selection compared to females. Of course, selection on male wing shape could 

be natural (fitness resulting directly from better stick gathering), inter-sexual (fitness 

resulting from female preference for better stick gatherers), intra-sexual (fitness resulting 

from males winning aerial contests over sticks) or some combination; however, we leave 

this distinction for future study and focus instead simply on how traits predict fitness. To 

improve manoeuvrability (but with a cost in terms of maximum flight speed), small 

values of male wing loading should be strongly selected for relative to females, as well as 

low mass and high wing area (components of wing loading). Under selection for 
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improved agility, males should experience strong selection for lower wingspan than 

females. However, if flight efficiency is more important than agility, selection should 

favour high wingspan and aspect ratios in both sexes. Selection on wing traits may occur 

through either directional selection, or more likely, stabilizing selection at small values of 

wingspan and wing load. 

 

Methods 

Study Site 

We studied Magnificent Frigatebirds on Barbuda, Lesser Antilles (17°37' N, 61°48' W), a 

small (160 km2), low-lying island in the Eastern Caribbean. Codrington Lagoon, on the 

northwest edge of the island, is semi-enclosed and ringed by mangroves (primarily 

Rhizophora mangle and Avicennia germinans), which provide nesting habitat for 

Magnificent Frigatebirds. The Barbuda breeding colony is likely the largest in the 

Caribbean (Diamond 1973, Kushlan 2009).   

 

Data Collection 

To measure phenotypic traits relating to predictions under the aerial agility hypothesis, 

during the 2009-2011 breeding seasons we captured adult Magnificent Frigatebirds on 

active nests (containing an egg or chick at time of capture) in mangroves by dazzling 

them at night with a headlamp. To follow nest fates, nests were marked with uniquely 

numbered metal nest markers attached with wire to a branch adjacent to the nest. We 
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processed birds in a small boat in the shallow water next to the colony and then returned 

them to their nests and ensured that they settled back onto their single egg or chick.  

 

To test our prediction under the aerial agility hypothesis that male wing traits affect their 

ability to collect nest material, in 2010 and 2011 nest volume was estimated as a cylinder 

from nest depth and the mean of two measures of nest diameter taken at the time of 

capture using a measuring tape. A cylinder approximation for nest volume is suitable in 

frigatebirds, which make level platform nests, rather than the cup-shaped structures of 

songbirds (Figure 4-2). 

 

 Figure 4-2. Magnificent Frigatebird stick nest with the typical single egg on Barbuda, 
Lesser Antilles. 
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Each handled adult (one per nest) received an aluminium North American Bird Banding 

Lab leg band. Birds were weighed to the nearest 10 g using a Pesola spring balance and 

with the bird placed in a pillowcase, the mass of which was subtracted from the total 

mass. Mass is often used for comparing sex-based size differences, but can fluctuate 

depending on body and breeding condition (Freeman & Jackson 1990, Croxall 1995). 

Mass was usually measured without a “payload”, as birds that had fed recently tended to 

regurgitate their stomach contents on capture. At the time of handling, digital photos 

were taken of the bird’s wing on a white background to measure semispan (distance from 

spine to wing tip) using the software ImageJ (Rasband 1997-2012). Wingspan (calculated 

by doubling the semispan), wing area (total area of both wings including the region of the 

body between the wings; supports the bird’s mass when gliding (Pennycuick 2008)), 

wing load, and aspect ratio (estimated as wingspan2/wing area following Pennycuick 

2008) were later calculated from digital photos for each bird. As part of another study, 

some birds were bled from the brachial vein (≤120 µL using a 25-gauge needle), which 

had no measurable effect on fledging success (Trefry et al. 2013). Treatment birds 

received a pair of yellow, uniquely marked wrap-around style wing tags made of 18 oz 

vinyl-covered nylon (22.7 cm X 8.5 cm, ~8.5 g); we have since found that these field 

markers lower nest success in frigatebirds by nearly 30% (Trefry et al. 2013).   

 

We recorded fledging success from nests with either treatment (wing-tagged) or control 

(untagged) birds as our measure of fitness. On Barbuda, nest initiation was asynchronous, 

usually between September and February. Nest status was assessed by one to four visits 

to marked nests after the initial capture, by walking through the colony and checking 
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nests approximately every second month. Nest fate was unrelated to the timing of initial 

marking and subsequent nest checks (Sarah Trefry, unpublished data). The final nest 

check occurred just prior to fledging (usually May-July), as it was difficult to determine 

nest fate after a young bird left the marked nest. Therefore, “fledging success” was 

defined as a juvenile surviving to this point. Nests whose fate could not be determined 

were excluded from analyses. 

 

Data Analysis 

To assess the strength of natural selection acting on phenotypic traits of male and female 

Magnificent Frigatebirds, we used projection pursuit regression, which takes cross 

sections (linear combinations of the original traits) of the fitness surface in the direction 

of strongest selection (Schluter & Nychka 1994). Here, the fitness surface is the function 

relating reproductive success to phenotypic traits under selection. Projection pursuit 

regression is highly flexible in the surfaces represented, allowing estimation of 

directional, stabilizing, disruptive, and other forms of selection (Friedman & Stuetzle 

1981). This procedure is founded on the premise that selection does not act strongly on 

all phenotype dimensions, and we restricted our models to the single, strongest cross 

section of the fitness surface by setting nterms=1 in the ppr function (Schluter & Nychka 

1994, R Core Team 2013). To visualize the form of selection acting on specific traits, we 

employed nonparametric regression (cubic splines) generated from generalized additive 

models (GAMs). The resulting fitness surfaces relate fledging success to traits that we 

predicted would be under strong selection under the aerial agility hypothesis. Because 
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selection acts on many characters simultaneously and correlations between phenotypic 

traits are common (Lande & Arnold 1983, Phillips & Arnold 1989), we also assessed 

correlational selection on strongly selected wing traits using multivariate cubic splines, 

although due to sample size we were only able to do this for treatment and control groups 

combined. In addition, quantitative selection gradients (estimates of the strength of 

directional, stabilizing or disruptive, and correlational selection) acting on frigatebird 

phenotypic traits were calculated following novel methods provided by Morrissey & 

Sakrejda (2013). These methods allow the calculation of selection gradients associated 

with a GAM estimation of the fitness surface, thus uniting quantitative (least squares-

based) and qualitative (spline-based) estimates of the strength and form of selection. 

 

The method of projection pursuit regression we used can be thought of as a 

nonparametric equivalent to logistic regression and is appropriate for our binary measure 

of fitness (fledging “success” versus “fail”). We also used a binomial error structure with 

a logit link function in our GAMs. The smoothing parameter, which controls how closely 

the cubic spline curve fits to each of the data points, was chosen by minimizing the 

generalized cross-validation score. This is a measure of the overall prediction error 

associated with a given smoothing parameter (Craven & Wahba 1979). All analyses were 

done using R v.2.15.3 (R Core Team 2013). Splines were created using the mgcv package 

(Wood 2006). Selection gradients were computed using the gsg package (Morrissey & 

Sakrejda 2012). Standard errors for selection gradients were calculated by bootstrapping, 

and our selection gradients should be regarded as exploratory rather than exact (Schluter 



 

 

 

121 

1988, Morrissey & Sakrejda 2013). Our prediction relating wing load to nest volume was 

tested using linear regression. 

 

Results 

Sexual dimorphism is quite marked in Magnificent Frigatebirds; in our population, five 

of six traits were significantly larger in females than males (Table 4-1). We followed the 

nest fates of 82 treatment (one adult wearing wing tags) and 53 control (no wing tags) 

nests (Figure 4-3). 

 

Nest Volume and Wing Traits 

Under the aerial agility hypothesis, we predicted that male wing traits associated with 

manoeuvrability and/or agility would relate to nest size. Male wing load explained a 

significant proportion of the variance in nest volume (F1,46=6.37, R2=0.12 p=0.015, 

Figure 4-4), with lower wing load associated with larger nests. I was unable to explore 

the relationship between nest volume and natural nest success, given that our measured 

nests were treatment (wing-tagged) nests.  
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Table 4-1. Summary statistics of measurements taken from breeding Magnificent 
Frigatebirds (Fregata magnificens) captured on nests on Barbuda, Lesser Antilles, 2009-
2011. Percent difference indicates how much larger females are relative to males. P 
values are Bonferonni corrected for multiple comparisons.  See text for variable 
definitions. Data presented as mean ± standard deviation (sample size). 

 

 

Figure 4-3. Fates of Magnificent Frigatebird nests from Barbuda, Lesser Antilles, in 
2009-2011. Sex categories indicate the adult within a pair that was captured on the nest. 
Wing tags have previously been shown to have detrimental effects on fledging success 
(Trefry et al. 2013). Numbers on graph indicate sample size. 

Variable Males      Females % Difference t-test 
mass (kg) 1.24 ± 0.10 

(60) 
1.47 ± 0.12 
(75) 

15.6 t=12.08, p<0.0001 

wing area 
(m2) 

0.35 ± 0.03 
(56) 

0.37 ± 0.03 
(63) 

4.6 t=2.90, p<0.01 

wing load 
(g/cm2) 

0.35 ± 0.04 
(56) 

0.40 ± 0.04 
(63) 

11.9 t=6.65, p<0.0001 

wingspan 
(m) 

2.03 ± 0.06 
(54) 

2.10 ± 0.07 
(61) 

3.0 t=4.75, p<0.0001 

aspect ratio 11.79 ± 0.65 
(54) 

12.04 ± 1.28 
(60) 

2.1 t=1.43, p>0.05 

bill length 
(mm) 

110 ± 4.4 (60) 122 ± 5.0 (75) 10.3 t=15.52, p<0.0001 
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Figure 4-4. Negative relationship between increasing wing loading (wich decreases 
manoeuvrability) and nest volume (an index of number of sticks brought to nests) in male 
Magnificent Frigatebirds breeding on Barbuda, Lesser Antilles, 2010-2011. 

 

Strength and Shape of Selection: Projection Pursuit Regression and Cubic Splines 

The single best combination of traits explaining the most variation in fledging success 

differed slightly between groups, with different wing traits contributing strongly to the 

direction under strongest natural selection (Table 4-2). Focusing first on control males, 

wing load was under the strongest selection, with wing area and mass (both contributing 

to wing load) also under strong selection (Table 4-2). In control females as in males, 

wing load experience the strongest selection, with mass and wingspan closely following. 

Given that our analyses found strong selection on these traits, we examined the shape of 

selection in males and females using cubic splines. Wing load was under broad 

stabilizing selection at moderate values in males, and stabilizing selection at high values 
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in females (Figure 4-5a,b). Mass was under stabilizing selection at small values in males, 

and positive directional selection in females (see panels c and d in Figure 4-5). Wing area 

was under stabilizing selection at intermediate values in males, and was not strongly 

selected for in females (Figures 4-5e,f). Wingspan was under very weak selection in 

males (see Table 4-2), and while it appeared to be under stronger selection in females, the 

cubic spline did not reveal a clear pattern in the shape of selection on female wingspan 

(Figure 4-5h).  

 

In wing-tagged birds, wing area, wingspan, and aspect ratio experienced the strongest 

selection, demonstrating a slight shift in the most important traits relative to control birds 

(Table 4-2). Aspect ratio of treatment females was under stabilizing selection at 

intermediate values (Figure B-1, Appendix B). Very low fitness of treatment birds limited 

further exploration of the form of selection on traits in this group, so we focus on control 

birds in our discussion of the aerial agility hypothesis.  

 Table 4-2. Direction of strongest natural selection of adult breeding Magnificent 
Frigatebirds (Fregata magnificens) on Barbuda, Lesser Antilles (2009-2011), from 
projection pursuit regression. Coefficients measure the contributions of each trait 
measured along the axis of strongest selection. Note that the sign indicates position along 
this axis, but not the direction of selection. Values of top three contributing traits are in 
bold. Columns represent separate analyses. 

   

Trait Control 
Males 
(n=24) 

Wing tag 
Males 
(n=36) 

All 
Males 
(n=60) 

Control 
Females 
(n=29) 

Wing tag 
Females 
(n=46) 

All 
Females 
(n=75) 

wing area -0.56 -0.62 -0.75 -0.01 0.66 -0.65 
wingspan 0.04 0.58 0.42 0.50 -0.57 0.61 
wing load -0.70 0.19 -0.28 0.58 0.07 0.02 
aspect ratio -0.05 -0.47 -0.39 -0.35 0.48 -0.44 
mass 0.44 -0.14 0.17 -0.53 0.00 0.04 
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Figure 4-5. 
Nonparametric 
estimates of fitness 
surfaces (as 
measured by the 
probability of 
fledging success) for 
mass and wing traits 
of Magnificent 
Frigatebirds 
(Fregata 
magnificens) 
measured on 
Barbuda, Lesser 
Antilles, 2009-2011. 
Dots indicate raw 
data points. Dotted 
lines indicate one 
standard error above 
and below the 
predicted line. Traits 
experiencing strong 
selection from 
projection pursuit 
regression were wing 
load and mass (both 
sexes), and wing 
area (males). 
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Quantitative Selection Gradients and Correlational Selection 

Since fledging success was all or nearly all zero in some categories, our calculated 

selection gradients suffer from near perfect prediction, and these values must be 

interpreted with caution. However, we include them here for comparison with the cubic 

splines. In testing for significant directional, stabilizing, or correlational selection on the 

top two wing traits under strongest selection, we could detect significant stabilizing 

selection only on wingspan (estimated selection gradient (gamma)=0.29, SE=0.48, 

p<0.01), and correlational selection on wing area and wingspan (estimated selection 

gradient (gamma)=-0.74, SE=0.38, p=0.05), in our group of all males combined (see 

Table B-1 in Appendix B for all selection gradients). This combined group does not 

represent selection on a natural population, given that wing tags likely act as an artificial 

stressor. Since we were able to quantify correlational selection on wing area and 

wingspan in males, we explored the fitness surface of these traits visually. For males, the 

resulting fitness surface is a ridge with a peak at mid-values of wing area, interacting with 

wingspan so that males with low wingspan have a higher probability of fledging success 

and males with high wingspan have a lower probability of fledging success for a given 

wing area (Figure 4-6a). For females, the fitness surface is a ridge falling diagonally 

across values of wing area and wingspan, showing no evidence of correlational selection 

(Figure 4-6b).  
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Figure 4-6. Fledging success of adult a) male and b) female Magnificent Frigatebirds on 
Barbuda, Lesser Antilles (2009-2011) in relation to wing area and wingspan, including 
both control and treatment birds. Plots are 3D perspectives of the fitness surfaces 
described by progression pursuit regression models, fit with 2 directions. Filled points 
indicate raw data of successful (top) and failed (bottom) breeders. Males had the highest 
fledging success with mid-values of wing area and low wingspan, whereas no interaction 
between wing traits is evident in females. 

 

Discussion 

Magnificent Frigatebirds exhibit strong female-biased sexual size dimorphism – females 

in our study were significantly larger (e.g., 16% heavier) than males in all phenotypic 

variables other than aspect ratio. We explore what these morphological differences can 

reveal about the importance of aerial agility in frigatebirds, and briefly discuss other 

factors (e.g., sex differences in foraging, energetic investment in reproduction) that could 

influence the evolution of female-biased SSD.  
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Aerial Agility Hypothesis 

Sexual selection for small male size has most often been evoked in situations of aerial 

display in birds. For example, a review of SSD in seabirds found that increasing male 

display agility correlated with evolutionary changes towards female-biased SSD 

(Serrano-Meneses & Székely 2006). They concluded that sexual selection, through 

female choice for aerial males, influences female-biased SSD in seabirds. Acrobatic 

displays of males may also explain patterns of SSD in shorebirds and allies (Jehl & 

Murray 1986, Blomqvist et al. 1997, Figuerola 1999, Székely et al. 2000, Székely et al. 

2004) and in bustards (Raihani et al. 2006), and a comparative analysis of over 30 avian 

families had similar findings (Székely et al. 2007). Selection for small male size may 

occur outside of a display context, however. For example, females may prefer smaller, 

agile males in pronghorn antelope (Byers et al. 1994). In prosimian primates, intra-sexual 

selection for agility associated with anti-predator strategies may keep males relatively 

small (Kappeler 1990). The cost of mate search is a strong predictor of small size in male 

spiders (Fairbairn et al. 2007). Here, we argue that male contests over nest material may 

maintain small male size in frigatebirds.  

 

Under the aerial agility hypothesis, we predicted strong selection for male 

manoeuvrability and/or agility during contests over nest material, and therefore on male 

wing traits affecting flight performance. We found that males in our study experienced 

strong stabilizing selection at small and intermediate values of mass and wing load, 

respectively. Smaller wing loading in males relative to females should increase male 

manoeuvrability by allowing males to make narrower (smaller radius) turns. In addition, 
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males with lower wing loading had larger nests. Because all birds were captured at a 

similar nest stage (when nest construction was largely complete), our finding supports 

our prediction that wing traits influence males’ performance in stick contests. It seems 

likely that larger, sturdier nests are better at retaining eggs, given that nests often 

disintegrate during the nestling stage, and that eggs are sometimes lost over the edge 

when parents change-over during nest relief (Nelson 1975). Comparing other traits, wing 

area experienced strong selection in males but not females, at intermediate values (rather 

than the large values we predicted). Male wingspan appeared to be under tighter 

stabilizing selection at small values compared to females, which would afford more 

agility, and while wingspan was not strongly selected for in control males, we detected 

significant stabilizing selection on wingspan in all males combined, but not in females. 

This suggests that selection for agility (i.e., small wingspan) may be stronger in males 

than females, in spite of the advantages of high wingspan in soaring fight. Since complex 

locomotion such as flapping flight almost certainly incurs selection on multiple traits, we 

also explored selection on wing traits in a multidimensional context. We found 

correlational selection on wing area and wingspan in all males, but not in females, 

suggesting more tightly controlling selection pressure in males. Therefore, selection on 

male wing morphology influencing manoeuvrability and agility appears stronger than in 

females, relates to nest size, and may be an important mechanism leading to smaller size 

in male frigatebirds. 

 

Frigatebirds are noted for having long, narrow wings (high aspect ratio) and extremely 

low wing loading, traits that offer efficient soaring in search of food over large ocean 
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expanses (Nelson 1975, Pennycuick 1983, Norberg 1985). Of the traits we explored, 

wing load was under the strongest (stabilizing) selection pressure in both males and 

females. Since wing load directly affects the turning radius during gliding flight, 

stabilizing selection on this trait may be an adaptation to flying in narrow thermals under 

trade wind cumulus clouds (Pennycuick 1983, 2008; Warrick 1998; Weimerskirch et al. 

2003). While long wings are the basic adaptation for gliding, they are also more 

cumbersome and compromise power output and manoeuvring during acceleration 

(Warrick 1998, Pennycuick 2008).  

 

Male aerial contests over nest material require a very different set of skills compared to 

the typical soaring flight of frigatebirds. This may set males up for trade-offs in wing 

morphology between breeding and non-breeding seasons. A more complete 

understanding of the compromises of flight performance in an ecological context will 

help identify such trade-offs (Warrick 1998). 

 

Other Hypotheses for the Evolution of SSD 

The resource division hypothesis proposes that sexual dimorphism in birds may have 

evolved to reduce inter-sexual food competition by the evolution of different phenotypes 

(e.g. beak shape, body size) that facilitate the separation of feeding niches between the 

sexes (Selander 1966). One prediction of this hypothesis is selection for divergence in bill 

morphology between the sexes, leading to resource partitioning (Selander 1972, Shine 

1989). While females in our population have bills that are 10% longer than males, in 
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preliminary tests of the strength of selection on a larger number of phenotypic traits, we 

found only very weak selection on bill length in all groups compared to wing traits. In 

addition, in Chapter 3, we found no difference in the breeding diet of male and female 

Magnificent Frigatebirds. Therefore, our results do not support resource division as a 

likely factor in the evolution of SSD in frigatebirds.  

 

Female-biased SSD is sometimes explained by differences in parental roles or 

reproductive energy requirements. For example, under the fecundity hypothesis, large 

females are predicted to store and lay more or larger eggs, or have greater energy stores 

available for gestation and lactation (Selander 1972, Shine 1989, Lindenfors et al. 2007). 

In an exploratory analysis, we tested for a positive relationship between female size and 

egg volume in Magnificent Frigatebirds; this linear regression was not significant. 

Another possible benefit is greater incubation ability of larger females (Snyder & Wiley 

1976). While this parental duty is shared in frigatebirds, other roles are not shared 

equally. Male Magnificent Frigatebirds abandon their mate and chick 19-160 days after 

the chick hatches, leaving the female to continue to feed the young for over a year 

(Diamond 1972, 1973; Nelson 1975; Osorno 1999). The extended period of chick 

provisioning provided by females might come with energetic consequences that result in 

selection for larger size. This notion is in accord with our finding of strong positive 

directional selection on female mass. 
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Use of Handicaps in Selection Studies 

The wing tags in our study acted as an aerodynamic stressor, likely lowering the lift to 

drag ratio compared to control birds (Trefry et al. 2013). As in previous studies involving 

handicaps such as wing trimming or feather pulling to increase flight costs, wing tags 

likely had energetic effects on parents trying to provision their young (e.g., Møller et al. 

1995, Hambly et al. 2004, González-Medina et al. 2010). Although the handicap was 

unintentional, it provided an interesting opportunity to explore selection on energetically 

disadvantaged individuals and to extend the natural variation in wing phenotype in 

Magnificent Frigatebirds. Wing tags undoubtedly alter the function of certain wing traits, 

such that selection acted differently in the treatment birds compared to the controls. The 

treatment group demonstrated a shift in the wing traits under strong selection, from wing 

load in control birds to wing area, wingspan, and aspect ratio (i.e., wing shape) in 

treatment birds, whose handicap likely increased the cost of flight and may have 

increased selection for traits associated with flying efficiently. Unfortunately, low 

fledging success of treatment birds meant that we were unable to document the shape of 

these selection gradients, but demonstrated the critical importance of wing trait function, 

particularly in males.  

   

Conclusions 

Sexual selection has often been cited as an important contributor to SSD, especially when 

males are larger than females. Sexual selection may also be important in species where 

males are smaller, if male manoeuvrability or agility factors into mate choice or winning 
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male-male contests. Our analyses of Magnificent Frigatebirds, in which males are 

smaller, demonstrate strong stabilizing selection on male wing traits associated with 

manoeuvrability and an association between these traits and nest size. One possible 

explanation for this is that traits associated with manoeuvrability help them win aerial 

contests over nest material. This may be a result of sexual selection, natural selection, or 

a combination of forces. Females experienced strong directional selection for larger mass, 

which may be a result of greater energetic costs associated with reproduction, but 

requires further study. Our evidence suggests that size dimorphism in frigatebirds stems 

from the very different reproductive roles of the two sexes. As we have demonstrated, 

selection for speed or agility leading to small male size is not limited to birds with aerial 

displays, and may be a common selective pressure in other animals with female-biased 

SSD.  
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Chapter 5 - CONCLUSION 

Introduction  

In many animals, sexual size dimorphism (SSD) is one of the most apparent differences 

between the sexes. The reasons for the origin of SSD have puzzled Darwin (1871) and 

many other evolutionary biologists. A host of hypotheses falling under the category of 

either natural or sexual selection have been advanced to explain the evolution of SSD 

(Hedrick & Temeles 1989, Fairbairn et al. 2007, Fairbairn 2013).  

 

In this dissertation, my approach has been an in-depth species-specific study. Studies of 

SSD generally fall into one of two categories: single species studies and comparative 

analyses. In species-specific studies, the costs and benefits of size differences in each sex 

can be studied in detail, which is sometimes necessary to parse out multiple selective 

forces acting on a single species (Hedrick & Temeles 1989, Shine 1989). In contrast, 

comparative analyses lend themselves to searching for broader patterns of explanations, 

but are limited by the level of detail of predictor variables for taxa included, and in some 

cases by phylogenetic interpretation (e.g., Oakes 1992, Owens & Hartley 1998, Smith 

1999). Single-species studies such as this one that are able to explore multiple selection 

pressures, together with phylogenetic comparative analyses, will probably be most 

successful in drawing conclusions about the evolution of SSD.  

 

Among seabirds, only two of 14 families, Fregatidae (frigatebirds) and Sulidae (boobies 

and gannets), show strong female-biased SSD. The need for both parents to forage to 
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provide enough food for their young has been suggested as a major driver of patterns of 

seabird ecology, including an apparent lack of sexual selection and monomorphism (e.g., 

Gaston 2004). To understand the evolution and maintenance of intersexual size 

differences in frigatebirds (and perhaps more widely), I tested two hypotheses to explain 

the female-biased SSD of Magnificent Frigatebirds (Fregata magnificens). In the 

following sections, I provide a summary of the main contributions of my dissertation, 

some limitations of the results, and potential directions for future research. 

 

Key Contributions 

While SSD research sometimes focuses solely on one sex or on the advantage(s) of large 

size, I considered selection pressures in both sexes, as well as advantages and 

disadvantages of trait sizes along a continuum. The calculation of selection gradients in 

Chapter 4, along with their visual representation via cubic splines, allowed me to directly 

decipher divergent selection pressures maintaining SSD in an extant frigatebird 

population. These same pressures can likely be implicated in the evolution of SSD (Price 

1984). Therefore, using these methods have allowed me to partly overcome the “ghost of 

evolution past”; that is, the inability to separate consequences of SSD in the present with 

causes generating SSD over evolutionary time (Blanckenhorn 2005). 

 

Since Darwin’s (1859) sexual selection hypothesis for SSD, there has been a lot of 

support for this mechanism driving larger male size, particularly in mammals and birds 

(Fairbairn et al. 2007). However, we know that selection for body size can be context-

dependent, for example whether contests occur on the ground or in the air (Payne 1984, 
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Jehl & Murray 1986, Figuerola 1999). Sexual selection for small male size via aerial 

agility has previously been tested only in shorebirds with elaborate courtship flights (e.g., 

Jehl & Murray 1986, Blomqvist et al. 1997, Figuerola 1999, Székely et al. 2000, 

Sandercock 2001). Here, I have suggested sexual selection for small male size in a 

different context; one in which male aerial agility is important for acquiring nest material. 

The results in Chapter 4 suggest that such non-courtship breeding behaviour can be an 

important factor in the evolution and maintenance of different body sizes between the 

sexes. It seems likely that selection for manoeuvrability and agility in collecting sticks 

would occur via (inter- or intra-) sexual selection, but natural selection may also play a 

role if males that are able to aquire enough sticks for sturdier nests are more likely to 

fledge a chick. Selection on flight morphology for nest building represents a relatively 

short, but critically important stage in the annual breeding cycle, and in that way is 

similar to selection for acrobatic aerial displays.  

 

The major applied contribution of my dissertation has been the discovery that wing tags, 

still a commonly-used field marker, significantly reduce frigatebird productivity and also 

negatively affect survival and reproduction in other species. The burden of proof should 

fall on researchers to design and sufficiently field-test alternative markers, preferably 

those that do not influence flight performance.   

 

Caution and controls: requirements of the prudent use of field markers 

In Chapter 2, we learned that a common type of field marker, wing tags, markedly 

reduced nest success in Magnificent Frigatebirds. This was initially quite surprising, 
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given that there were no previous reports of negative marker effects in over 40 years of 

wing tag use in frigatebirds. However, a review of the literature suggested that most 

studies are hampered by a lack of appropriate controls. Our meta-analysis demonstrated 

that wing tags lowered survival and reproductive variables in other birds, but did not 

negatively affect measures of condition, behaviour, or reproduction. This study indicates 

that the effects of wing markers on nest success and mortality are not easily predicted 

from short-term measures; as researchers, we need to be cognizant of both long- and 

short-term effects of our research methods on our study organisms. This includes 

sensitivity to Type II error when failure to reject a false null hypothesis is of biological 

importance. Calculation of confidence intervals may be an appropriate method to aid 

interpretation of non-significant results from traditional hypothesis testing (Hoenig & 

Heisey 2001, Brosi & Biber 2009). As an absolute minimum, every study with tagged 

animals should include untagged controls. This should become a standard requirement of 

journals publishing work on marked animals, for both ethical and scientific integrity. 

 

Future considerations in wing marker studies 

Our meta-analysis of wing-tag effects was limited to studies that monitored both control 

and wing-tagged birds; unfortunately, this did not include studies of large, commonly 

marked species such as eagles or vultures. Despite the difficulty of following untagged 

controls, future studies of these species need to include controls in order to validate the 

ethics of using the markers as well as the scientific integrity of their findings. Sample size 

may also have been reduced if studies using wing tags went unpublished because lower 
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survival or nest success invalidated the study objectives. If this were the case, the 

negative effect of wing tags may actually be stronger than our meta-analysis indicated. 

 

Markers of any type placed on birds’ wings likely impair the flow of air over the wing. 

This may lead to a change in the aerodynamics and energy required for flight. Given 

these considerations, appropriate field markers may be more safely placed in low profile 

on the body and away from the wings. Any marker type should be carefully tested with 

controls and suitable sample sizes to detect possible effects before being widely applied.  

 

Natural selection and the evolution of SSD in frigatebirds 

In Chapter 3, I tested predictions of the resource division hypothesis for SSD; namely 

that males and females would differ in their resource use and in so doing reduce inter-

sexual competition. The conclusion of our analyses of regurgitated prey, stable isotopes, 

and foraging patterns was that an ecological role via diet specialization is unlikely to be 

the cause of female-biased SSD in frigatebirds. Males and females ate similar proportions 

of prey of the same size and had nearly identical stable isotope signatures during 

breeding, when competition is predicted to be high. Differences in non-breeding stable 

isotope samples were in the opposite direction to that predicted under the resource 

division hypothesis (i.e., males fed on higher trophic position prey), and may reflect 

differences between the sexes in dietary requirements or non-breeding kleptoparasitism 

rates. 
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Sexual selection and the evolution of SSD in frigatebirds 

In Chapter 4, I tested predictions of the aerial agility hypothesis in the evolution of small 

male size in frigatebirds. Specifically, I predicted stronger selection for small values of 

wing traits affecting manoeuvrability and agility (wing load and wingspan) in males 

relative to females, and that higher wing loading should negatively influence a male’s 

stick collecting ability. Using selection gradients to estimate the strength of selection on 

wing traits, I found stronger selection on males than females, and wing loading had a 

negative influence on males’ stick-collecting ability (measured as nest volume). Thus, 

strong selection for small values of male wing traits allows them to be more agile, and 

therefore more proficient at collecting nest material. In contrast to males, female mass 

was under strong, positive directional selection. It seems likely that this is a result of the 

female’s greater parental investment, and warrants further energetic and/or physiological 

study. The results of Chapter 4 demonstrated direct evidence of divergent selection 

maxima across the sexes, and are a strong contribution to understanding the selective 

forces responsible for the evolution of SSD in frigatebirds. 

 

Study limitations and future considerations for SSD 

Magnificent Frigatebirds exhibit marked female-biased SSD and perhaps have the largest 

difference in parenting (with a bias towards female effort) of the five species of 

frigatebirds (Nelson 1975, Osorno 1996). Our finding of strong positive directional 

selection acting on female (but not male) mass, combined with a marked difference in 

parenting effort, lend themselves to more direct tests of the mechanisms leading to larger 

female size. Do the energetic requirements of extended single-parent care by females 



 

 148 

cause selection for larger size? Does the load capacity required to bring food back to a 

nearly full-grown, dependent juvenile cause selection for larger size? And finally, are 

differences in degree of dimorphism across the five frigatebird species dependent on 

different levels of biparental care? Future research may more specifically tackle the 

energetic constraint of female Magnificent Frigatebirds after males abandon the nest 

attempt, and the likely role of this in larger female size. 

 

In Chapter 3, we found that male and female frigatebirds shared similar diets and 

foraging areas. While the theoretical models described in this chapter demonstrate that 

SSD may arise due to interspecific competition, I remain curious about a general lack of 

empirical support for this scenario. Is selection for reduced intersexual competition ever 

strong enough to account for SSD in nature? Answering this question could be 

approached by measuring selection gradients of male and female body sizes under 

different experimental conditions of intraspecific competition.  

 

While new analytical techniques for estimating the strength and form of selection are 

increasingly powerful, the strength of conclusions I was able to draw from Chapter 4 

were limited by sample size. Wing-tagged birds were included in this study but had to be 

grouped separately due to marker effects; this limited the quality of estimated selection 

gradients but allowed us to explore selection over an expanded phenotypic space. In 

terms of selection studies, mine was conducted over a relatively short time frame: several 

years represent a short snapshot of a frigatebird’s lifespan and experienced selection 
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pressures (with banding reports of 20-40 year old frigatebirds). Long-term studies of 

species such as frigatebirds require field markers that do not cause a decline in fitness.  

 

Future study of selection on wing morphology will benefit from advances in physics and 

aeronautics in the understanding of flapping flight, with much of our modern 

understanding coming from fixed wing models (Warrick 1998, Pennycuick 2008). In my 

study, I have applied basic principles predicting flight performance from wing form. 

However, our understanding of selection on birds’ wings will not be complete without a 

better mechanical understanding of morphology and function in different, complex aerial 

manouevres, such as those employed by males engaged in contests over nest material. 

Current theoretical work on the physics of flapping flight needs to be integrated into a 

biological context, e.g., in terms of fitness consequences, to help bridge a gap between 

flight physics and ecology.  

 

Concluding Remarks 

Taken together, Chapters 2-4 of my dissertation highlight the importance of the wing 

traits of frigatebirds to flight performance and fitness. The results of Chapter 2 denote a 

common theme throughout the thesis: the evolutionary trade-offs between costs and 

benefits of certain wing traits for flight performance have meant that slight alterations to 

wing morphology can have drastic consequences in terms of function. Chapters 3 and 4 

demonstrate that selection for aerial agility in male Magnificent Frigatebirds, rather than 

selection to reduce inter-specific competition, has been an important factor in the 

evolution of female-biased SSD. The knowledge that selection during a portion of an 
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animal’s life history when sex roles differ can be important in the maintenance and 

evolution of SSD may shed light on other cases of SSD that are poorly understood, 

especially in fluid environments and where speed or agility may be important factors 

under selection. A male’s ability to collect sticks and get them to its nest through a horde 

of aggressive competitors turns out to demand such outstanding aerobatics that these few 

weeks of a frigatebird’s life seem to have driven the evolution of wing structure and 

smaller male size.  

 

References 

Andersson M, Norberg RA. 1981. Evolution of reversed sexual size dimorphism and role 

partitioning among predatory birds, with a size scaling of flight performance. 

Biological Journal of the Linnean Society 15:105-130  

Blanckenhorn WU. 2005. Behavioral causes and consequences of sexual size 

dimorphism. Ethology 111:977-1016 

Blomqvist D, Johansson OC, Unger U, Larsson M, Flodin L-Å. 1997. Male aerial display 

and reversed sexual size dimorphism in the dunlin. Animal Behavior 54:1291-

1299 

Brosi BJ, Biber EG. 2009. Statistical inference, Type II error, and decision making under 

the US Endangered Species Act. Frontiers in Ecology and the Environment 7:487-

494 

Darwin, C. (1859) On the Origin of Species by Means of Natural Selection, or the 

Preservation of Favoured Races in the Struggle for Life. J Murray, London 



 

 151 

Darwin, C. (1871) The Descent of Man and Selection in Relation to Sex. J. Murray, 

London.  

Fairbairn DJ. 2013. Odd Couples. Extraordinary Differences Between Males and 

Females in the Animal Kingdom. Princeton University Press.  

Fairbairn J, Shine R. 1993. Patterns of sexual size dimorphism in seabirds of the southern 

hemisphere. Oikos 68:139-145.  

Fairbairn DJ, Blanckenhorn WU, Székely T, eds. 2007. Sex, Size and Gender Roles: 

Evolutionary Studies of Sexual Size Dimorphism. Oxford University Press, New 

York. 

Figuerola J. 1999. A comparative study on the evolution of reversed size dimorphism in 

monogamous waders. Biological Journal of the Linnean Society 67:1-18   

Gaston AJ. 2004. Seabirds: a natural history. Christopher Helm, London.  

Hedrick AV, Temeles EJ. 1989. The evolution of sexual dimorphism in animals: 

hypotheses and tests. Trends in Ecology and Evolution 4:136-138  

Hoenig JM, Heisey DM. 2001. The abuse of power: the pervasive fallacy of power 

calculations for data analysis. American Statistician 55:19-24 

Jehl JR Jr, Murray BG Jr. 1986. The evolution of normal and reverse sexual size 

dimorphism in shorebirds and other birds. Current Ornithology, 3:1-86 

Nelson JB. 1975. The breeding biology of frigatebirds: a comparative review. Living 

Bird 14:113-155.  

Oakes EJ. 1992. Lekking and the evolution of sexual dimorphism in birds: comparative 

approaches. American Naturalist 140:665-684 



 

 152 

Osorno JL. 1996. Evolution of breeding behavior in the Magnificent Frigatebird: 

copulatory pattern and parental investment. Unpublished Ph.D. dissertation, 

University of Florida, Gainesville, FL, USA  

Owens IPF, Hartley IR. 1998. Sexual dimorphism in birds: why are there so many 

different forms of dimorphism? Proceedings: Biological Sciences 265:397-407 

Payne RB. 1984. Sexual selection, lek and arena behavior, and sexual size dimorphism in 

birds. Ornithological Monographs 33:iii-vii, 1-52  

Pennycuick CJ. 2008. Modelling the Flying Bird. Academic, Amsterdam 

Price TD. 1984. The evolution of sexual size dimorphism in Darwin’s Finches. American 

Naturalist 123:500-518 

Sandercock BK. 2001. What is the relative importance of sexual selection and ecological 

processes in the evolution of sexual size dimorphism in monogamous shorebirds? 

Wader Study Group Bulletin 96:64-70 

Shine R. 1989. Ecological causes for the evolution of sexual dimorphism: a review of the 

evidence. Quarterly Review of Biology 64:419-461 

Smith RJ. 1999. Statistics of sexual size dimorphism. Journal of Human Evolution 

36:423-459 

Székely T, Reynolds JD, Figuerola J. 2000. Sexual size dimorphism in shorebirds, gulls, 

and alcids: the influence of sexual and natural selection. Evolution 54:1404-1413 

Warrick DR. 1998. The turning- and linear-maneuvering performance of birds: the cost 

of efficiency for coursing insectivores. Canadian Journal of Zoology 76:1063-

1079 

  



 

 153 

Appendix A 

 

Figure A-1. Map of eastern Caribbean showing position of Barbuda, and map of Barbuda 
showing location of frigatebird colony. From Diamond (1973). 
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Appendix B  

Figure B-1. 
Nonparametric 
estimates of fitness 
surfaces (as measured 
by the probability of 
fledging success) for 
mass and wing traits of 
wing-tagged 
Magnificent 
Frigatebirds (Fregata 
magnificens) measured 
on Barbuda, Lesser 
Antilles, 2009-2011. 
Dots indicate raw data 
points. Dotted lines 
indicate one standard 
error above and below 
the predicted line. 
Traits experiencing 
strong selection in both 
sexes from projection 
pursuit regression were 
wing area, wingspan, 
and aspect ratio. Cubic 
splines of wing-tagged 
birds were less 
informative than control 
birds given the high rate 
of nest failure among 
the treatment group. 
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Table B-1. Generalized additive model-based estimated standardized selection gradients 
for strongly selected wing traits via variation in fledging success in Magnificent 
Frigatebirds breeding on Barbuda, Lesser Antilles, 2009-2011. Standard errors (SE) of 
the estimate and p-values were obtained from bootstrapping procedures. β and γ represent 
directional and quadratic selection gradients, respectively, and bottom rows represent 
interactions. 

All Males 
Coefficient      Estimate    SE          p 

Control Males 
Coefficient      Estimate       SE         p 

β wing area 0.30 0.40 0.36 β wing load 0.54 0.66 0.73 
β wingspan -0.46 0.34 0.11 β wing area -0.22 0.29 0.25 
γ wing area -0.74 0.79 0.48 γ wing load -8.67 7.30 0.55 
γ wingspan 0.29 0.48 0.00 γ wing area -0.11 0.81 0.54 
γ wing area, 
wingspan 

-0.74 0.38 0.05 γ wing load, 
wing area 

0.93 1.85 0.83 

All Females  
Coefficient      Estimate     SE          p 

Control Females 
Coefficient       Estimate        SE        p 

β wing area -0.12 0.29 0.76 β wing load 0.24 0.16 0.12 
β wingspan 0.23 0.27 0.37 β wingspan 0.12 0.49 0.74 
γ wing area -1.58 0.77 0.16 γ wing load 0.08 0.12 0.30 
γ wingspan -0.00 0.15 0.44 γ wingspan 9.17 3.52 0.10 
γ wing area, 
wingspan 

0.22 0.19 0.55 γ wing load, 
wingspan 

0.08 0.39 0.52 
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2002 – 2005 Dean’s Honour Role, University of Alberta 
2002 University of Alberta Academic Excellence Scholarship 
2000 Scholarship to attend Lester B. Pearson United World College of the 

Pacific 
 
Related Experience 
Oct 2014 – present Wildlife Research Technician, Environment Canada, Delta, BC 
 
Sep - Nov 2011 Diploma in University Teaching, University of New Brunswick 
 
Sep 2003 – 2008  Banding Station Director, Beaverhill Bird Observatory, Alberta 
 
Jun – Jul 2008 Field technician, breeding bird surveys and tundra warming 

experiments, Ellesmere Island (Dr. Greg Henry, University of 
British Columbia) 

 
Sep – Dec 2005 Marine Biology Fall Program, Bamfield Marine Science Center, 

British Columbia 
 
May – Aug 2005  Field technician, small alpine mammals and vegetation, Kluane 

Lake, Yukon (Dr. David Hik, University of Alberta).  
 
May – Jul 2003 Bird bander, Beaverhill Bird Observatory, Alberta 
 



 

 

Summer 2002 – 2004 Research assistant, eider duck project, Nunavut; Burrowing Owls 
and Prairie Falcons, southern Alberta (Lynne Dickson; Geoff 
Holroyd, Canadian Wildlife Service). 

 


