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Abstract

A large body of research has shown how avian morphology is shaped by specific behavio-
ral repertoires and life history traits. Yet, the majority of such research has been conducted
on birds breeding at north-temperate latitudes. We tested the hypothesis that functional
wing traits of Fork-tailed Flycatchers (Tyrannus savana), which migrate within South
America, vary predictably between non-migratory and migratory flycatchers. Additionally,
due to sex-specific differences in this species (e.g., males perform courtship displays), we
explored sex-related variation in wing shape. We applied classic measures of wing shape
(e.g., wing loading, length, aspect ratio, pointedness), as well as landmark-based morpho-
metric analysis to describe the wing morphology of Fork-tailed Flycatchers from breeding
populations across South America. We found that migratory flycatchers tend to have more
pointed wings than non-migratory flycatchers. Additionally, we found that males have
wings that are significantly longer, more pointed, with a higher aspect ratio and that are
more swept than those of females, regardless of whether they migrate or not. Overall, our
results suggest that wing shape of Fork-tailed Flycatchers is the result of a complex set of
tradeoffs shaped by selective pressures exerted on both sexes (i.e., the need to forage on the
wing, evade predators and migrate efficiently), as well as sex-specific behaviors (e.g., the
need for males to execute acrobatic displays).

Keywords Argentina - Austral - Brazil - Flight - Landmark-based morphometrics

Introduction

For a bird, efficient flight requires a complex suite of specialized adaptations molded by
selective pressures related to the need to forage (e.g., capturing arthropod prey on the
wing vs. on the ground), evade predators, attract mates (e.g., flight displays), migrate, and
occupy different habitat types (e.g., forest vs. grassland). Wing shape in particular has been
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shown to be highly variable across species, populations, sexes and ages (reviewed by Balm-
ford et al. 1994; Fernandez and Lank 2007; de la Hera et al. 2014). For example, juveniles
tend to have more rounded wings than adults (e.g., Pérez-Tris and Telleria 2001; de la Hera
et al. 2014), and compared to sedentary birds, migrants tend to have more pointed, higher
aspect ratio wings (Voelker 2001; Mila, et al. 2008; Baldwin et al. 2010; Outlaw 2011).

High aspect ratio, pointed wings are more aerodynamically efficient than rounded wings
during migration (e.g., Pennycuick 1972; Rayner 1988; Winkler and Leisler 1992; Lock-
wood et al. 1998; Bowlin and Wikelski 2008), and both aspect ratio (Fiedler 2005; Vagasi
et al. 2016) and wing pointedness have been shown to be positively associated with migra-
tion distance (e.g., Marchetti et al. 1995; Monkkonen 1995; Arizaga et al. 2006; Outlaw
2011; Minias et al. 2015). Wing length has also been shown to be positively associated
with migration (e.g., Pérez-Tris and Telleria 2001, Forschler and Bairlein 2011) and with
a bird’s capacity to adjust migration timing (Hahn et al. 2016). Additionally, more swept
wings allow for less drag during flapping flight (van Oorschot et al. 2016). Finally, given
that flight speed is positively related to wing loading (Pennycuick 2008), higher wing load-
ing and aspect ratio are advantageous when minimizing time on migration is important,
whereas if reducing the energetic cost of transporting mass is under selection, birds should
have lower wing loading (Yong and Moore 1994; Rayner 1988; Bowlin 2007).

Yet, we still lack a comprehensive understanding about the mechanistic underpinnings
of wing shape across a taxonomically, behaviorally and ecologically broad spectrum of
birds. As exemplified by prior work, the majority of research on functional morphology
of the avian wing has focused on species that breed at north-temperate latitudes (primarily
North America and Europe), which may not be representative of birds across the planet.
For example, many migratory birds that breed at north-temperate latitudes must cross large
barriers such as the Mediterranean Sea, Sahara Desert or the Gulf of Mexico (i.e., Nearc-
tic-Neotropical and Palearctic-Paleotropical migrants; Newton 2010), which can exert sig-
nificant selective pressures on wing shape (e.g., Corman et al. 2014; Buler et al. 2017). In
contrast, migratory birds that breed at south-temperate and tropical latitudes often have few
or no barriers to cross (e.g., those migrating in South America; Chesser 1994). Likewise,
although a large body of work has focused on the evolution of sexually-selected traits in
birds, there is still no consensus on the tradeoffs associated with sexual selection in migra-
tory versus non-migratory birds (Collins et al. 2009; Byers 2011), or on which mechanisms
drive trait patterns across latitudes (Kaluthota et al. 2016).

Sex-specific migratory strategies and roles during the breeding season could also lead to
sexual variation in wing shape. For example, in various bird species, protandry (the early
arrival to breeding grounds by males relative to females) is well documented (reviewed by
Morbey and Ydenberg 2001). Such an early arrival could be in part a product of wings that
are better adapted to faster migration (Hedenstrom and Pettersson 1986). In Swainson’s
Thrushes (Catharus ustulatus), those with more pointed wingtips and lower wing load-
ing have an earlier spring migration schedule than those with rounder wings and higher
wing loading (Bowlin 2007). In Fork-tailed Flycatchers (Tyrannus savana; Vieillot 1808),
another major difference between the sexes is the longer tail of males versus females,
which could exert selective pressure on wing shape. Tails are important for generating lift
and maneuverability (Thomas and Balmford 1995), but long tails can generate drag that
make straight, forward (e.g., migratory) flight more energetically expensive (Mgller et al.
1995). Additionally, male but not female Fork-tailed Flycatchers perform acrobatic display
flights consisting of a series of spiral flights and somersaults in mid-air (Mobley 2004;
Jahn and Tuero 2013; AEJ, pers. observation). Although displays are typical of the genus
Tyrannus (Smith 1966; Regosin and Pruett-Jones 1995; Mobley 2004), and the family (i.e.,
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New World Tyrannid flycatchers; reviewed by Fitzpatrick 2004; Areta and Miller 2014),
little is known about their function in this family. Hedenstrom and Mgller (1992) found
that, in passerine bird species with song flight (i.e., an aerial display exhibited by males),
wings were longer, aspect ratio was higher and wing loading was lower in males than in
females; nevertheless, they point out that substantial interspecific differences could exist.
We studied the Fork-tailed Flycatcher (hereafter, “flycatchers”), a widespread Neotrop-
ical bird, to test hypotheses about the effects of migration and sex on wing shape. The
nominate subspecies (7. s. savana) breeds from central Brazil to Argentina and migrates
to overwinter in northern South America, primarily within the Orinoco River Basin (Mob-
ley 2004; Jahn et al. 2013), whereas the subspecies monachus breeds in northern South
America and does not migrate (Hilty and Brown 1986; Fig. 1). Both male and female fly-
catchers depend heavily on their wings when foraging, which they do by gleaning fruit and
arthropods from vegetation and by capturing flying arthropods (Mobley 2004). We pre-
dicted that migratory flycatchers should have longer, higher aspect ratio, more pointed and
swept wings than non-migratory flycatchers. Because little is known about this flycatcher’s
migratory strategy (i.e., whether it is an energy maximizer or time minimizer on migra-
tion), we have no specific prediction regarding wing loading versus presence/absence of
migration. We also evaluated whether flycatcher wing morphology is sexually dimorphic.
Because little information exists on the selective pressures exerted on wing shape due to
the display performed by males, nor on the migratory strategy of males versus females, we
have no specific prediction about sexual differences in wing shape due to those behaviors.

Permanent resident range (T. s. monachus)

® _——— Migrant (T. s. savana) winter range

Study sites:
. Permanent resident flycatcher breeding sites:

LAP ELD COL = Reserva Natural y Productiva Tomo Grande, Colombia
Y GUY = Dadanawa Ranch, Guyana
I o Migrant flycatcher breeding sites:
‘ / J BRA = Parque da Alvorada, Distrito Federal, Brazil
\ ITI = Estacdo Ecoldgica de Itirapina, Sdo Paulo, Brazil
( ELD = Reserva Provincial El Destino, Buenos Aires, Argentina
LAP = Reserva Provincial Parque Luro, La Pampa Province,

Argentina

Fig. 1 Location of study sites and distribution of migrant and non-migratory/permanent resident Fork-tailed
Flycatchers in South America
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Instead, due to the potential for longer tails to impact wing shape because of the drag they
can generate, we explored whether a relationship exists between tail length and wing shape
among males.

Materials and methods

We captured and measured migratory flycatchers during the breeding season (Sep to Jan;
Marini et al. 2009; Jahn et al. 2017), at the following sites (Fig. 1): Parque da Alvorada,
Distrito Federal, Brazil (15.8°S, 47.8°W), which is a park located within the city limits
of Brasilia, primarily composed of short grass with scattered trees; we captured flycatch-
ers on 19 Oct 2013 and 23 Sep to 20 Oct 2014; Estag@o Ecoldgica de Itirapina, Sdo Paulo
State, Brazil (22.3°S, 47.9°W), which is primarily composed of low campo and cerrado
grassland; we captured flycatchers here from 12 to 21 Nov 2013, 1 Oct to 2 Dec 2014,
and 7 Nov to 6 Dec 2015; Reserva Natural El Destino, Buenos Aires Province, Argen-
tina (35.1°S, 57.4°W), which is primarily composed of temperate grasslands and marshes
grazed by cattle, intersected by woodland tracts dominated by Celtis ehrenbergiana and
Scutia buxifolia; we captured flycatchers here from 18-29 Dec 2013 and 23-31 Dec 2014;
Reserva Provincial Parque Luro, neighboring private properties, and along a nearby road
right-of-way (36.8°S, 64.3°W) in La Pampa Province, Argentina, composed primarily of
tracts of Prosopis caldenia trees and grasslands with scattered bushes, with nearby agri-
cultural fields; we captured flycatchers here from 22-31 Dec 2013, 14 Nov 2014 to 6 Jan
2015, and 11-31 Jan 2016.

We measured non-migratory flycatchers (7. s. monachus) during the breeding season
(Mar to Apr; Jahn et al. 2017) at the following sites (Fig. 1): Reserva Natural y Productiva
Tomo Grande, Vichada Department, Colombia (4.9°N, 70.2°W), primarily composed of
grasslands (llanos) with low scattered trees (Curatella sp.), as well as gallery forest along
the Tomo River; we captured flycatchers here from 19 to 26 Mar 2014; Dadanawa Ranch,
Guyana (2.8°N, 59.5°W), consisting of seasonally inundated grasslands bordered by humid
gallery forest along streams, with low-intensity cattle grazing; we captured flycatchers here
from 1 to 7 Apr 2015.

Data collection: Breeding flycatchers were captured near their nests using methods in
Jahn et al. (2017) and banded with an individually numbered metal band and up to three
Darvic color bands. Primary feathers of juvenile flycatchers lack notches, whereas adults
(i-e., individuals that are at least 1 year old) have notches at the tips of their primary feath-
ers (Pyle 1997; Jahn et al. 2016; Fig. 2). We therefore classified flycatchers with notched
primaries as adults (i.e., those at least 1 year old). Flycatchers were sexed using the shape
of the notch of primaries 8-10 or the presence of a brood patch or cloacal protuberance
(Pyle 1997). We quantified flight feather molt by noting which primaries (10 feathers/wing
in Tyrannid flycatchers; Pyle 1997) and secondaries (6 feathers/wing) were molting on
each wing. We measured tarsus and bill length (from the front of the nare to the bill tip)
using plastic dial calipers (to the nearest 0.1 mm), and body mass (to the nearest 0.1 g)
using a portable digital scale (Ohaus LS 200). Finally, we measured wing pointedness as
the distance between the tip of the longest primary feather and the tip of the first second-
ary feather on the closed wing, to the nearest millimeter (i.e., Kipp’s Index; Bowlin and
Wikelski 2008; Mila et al. 2008), although this was not done on all flycatchers due to time
constraints.
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Fig.2 Image of a Fork-tailed Flycatcher wing showing the location of the 19 landmarks (in red) and nine
semi-landmarks (in yellow) for the purpose of landmark-based morphometric analysis. Primary feathers 1
through 10 (P1-10), secondary feathers 1 through 6 (S1-6), and the first tertial feather (T1) are indicated in
white alphanumeric text. Ruler (I mm per mark) shown for reference at the bottom of the image. (Color
figure online)

Because migratory birds often store large quantities of fat to fuel their migration (New-
ton 2010), thus increasing their mass and potentially biasing their wing loading, we esti-
mated subcutaneous fat content of captured flycatchers on an 8-point scale (Ralph et al.
1993). AEJ visited all study sites and compared measurements with researchers at each site
to ensure that measurements were standardized among researchers.

We obtained digital images of the dorsal view of the right wing of each flycatcher
using a 14 megapixel Olympus Tough (model TG-310 or TG-320) digital camera with a
5.0-18.2 mm macro lens, positioned 10-30 cm from the open right wing, held so that the
camera lens was parallel to the plane of the wing. The open wing was held on a white
sheet of paper on which was printed a grid of 0.64 X 0.64 cm or which had a ruler for scale
(Fig. 2).

Wing shape was captured from digital images of the right wing obtained from adult
flycatchers upon initial capture (i.e., recaptured birds were not included in analyses). We
only analyzed images of wings that had no primary or secondary feathers molting, and
for which the tips of the primaries and secondaries were not excessively worn or missing.
Morphometric variation was then analyzed by calculating aspect ratio, wing pointedness
and wing loading, and by employing landmark-based morphometric methods (Mitteroecker
and Gunz 2009) to describe overall wing shape (see below).

Analysis of wing length, aspect ratio, loading and pointedness We analyzed the digital
images of flycatcher wings to quantify wing length, aspect ratio, wing loading and pointed-
ness. To do so, ICCP measured wing length as the distance between the shoulder and tip of
the rachis of the last primary feather in each image (i.e., the distance between points 1 and
3 in Fig. 2) using program ImagelJ (rsb.info.nih.gov/ij/) and by quantifying the area of the
right wing by digitizing the outer edge of the wing, also in program ImageJ (rsb.info.nih.
gov/ij/). We then calculated aspect ratio as the square of two times the length of the right
wing divided by two times the area of the right wing (Fiedler 2005).
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We calculated wing loading by dividing body mass by total wing area (i.e., area of the
right wing times two; Vanhooydonck et al. 2009). Because estimates of wing loading could
be biased due to fattening, we only analyzed wing loading for flycatchers with a trace level
(level 1 out of 8) of subcutaneous fat or less. We also excluded females that were outliers
in terms of high body mass (i.e., greater than 1.5 times the interquartile range above the
upper quartile of female masses) because they were likely carrying eggs. Using this filter,
we excluded 7 flycatchers with more than trace fat and 2 females that had high mass outli-
ers (no males were found to be outliers). This resulted in 39 females and 65 males used in
wing loading analysis. We found no significant difference between the mass of either male
(t=1.44, df.=12.4, P=0.17) or female (t=1.45, d.f.=22.1, P=0.16) flycatchers with
zero versus trace fat levels.

We calculated residual wing length as the residuals of a regression between In (body
mass) and In (wing length) and residual wing pointedness as the residuals of a regression
between wing length and Kipp’s Index. We then employed mixed-model nested analysis
of variance (ANOVA) to evaluate the effects of sex and migration on wing morphology.
In our ANOVAs, morphological variables were response variables, and sex, life history
(migratory vs. non-migratory) and breeding population (nested within the life-history
term) were explanatory variables. Because we were primarily interested in the effects of
sex and migration on wing morphology, we designated the nested population term as a
random effect. In addition to providing a more robust statistical test of the primary terms
of interest, by treating localities as random effects we were able to generalize our results to
other localities not yet sampled. In order to account for potential unique effects of migra-
tion in each sex, we initially included a term for the interaction between sex and life his-
tory, which was never significant and was removed from models. In order to meet assump-
tions of normality of model residuals, we In-transformed aspect ratio and wing loading
prior to analysis.

Because we had a priori predictions of how wing length, aspect ratio and pointedness
should differ between migratory and non-migratory flycatchers, we conducted one-tailed
tests for the life-history term of the models. Finally, we used linear regression to evaluate
whether a relationship exists between male tail length and wing length, aspect ratio, wing
loading and pointedness.

Landmark-based morphometric analysis Because the wings of birds consist of both an
arm-wing and a hand-wing, which serve different functions in terms of generating lift and
thrust (Videler et al. 2004; Videler 2006), morphological variation across the entire length
of the wing may not be fully described using measurements of linear distances such as
wing length and wing pointedness. We therefore further explored variation in flycatcher
wing shape by employing landmark-based morphometric analysis, which allows for a much
richer description of overall wing shape (e.g., Adams et al. 2013).

This approach involved first registering the 2D Cartesian coordinates of 19 landmarks
and nine semi-landmarks on the same images used in the previous analyses, using the tps-
DIG (v. 2.28) software (Rohlf 2016a). The following landmarks were used: (1) the shoul-
der (the middle of the bend between the wing and body; (2) the wrist; and (3) the tip of the
rachis of all ten primary feathers, and six secondary feathers, and the first tertial feather
(Fig. 2). We used two evenly spaced semi-landmarks between landmarks 1 and 2 and seven
evenly spaced semi-landmarks between landmarks 2 and 3 (Fig. 2). All landmarks and
semi-landmarks were digitized by ICCP.

The intra-observer error associated with the placement of landmarks and semi-land-
marks was evaluated using a subsample of 10 females and 21 males from La Pampa Prov-
ince, Argentina. To do so, ICCP digitized the same set of landmarks and semi-landmarks
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from the same images in two measurement events separated by more than 1 month. We
tested for differences between the two series using a PROTEST analysis (Peres-Neto and
Jackson 2001), which tests the congruence between multivariate datasets—in our case,
the morphometric shape variables obtained from the two different measurement events)—
avoiding the risk of type I error associated with multiple comparisons of individual land-
marks using repeated-measure ANOVA or intraclass-correlation coefficients (e.g. Gonzalez
et al. 2010). We found a Procrustes pseudo-correlation of 0.82 (P <0.001). The PROTEST
analysis was done in the ‘vegan’ package of program R 3.4.0 (R Development Core Team
2016).

Semi-landmarks are not truly homologous landmarks, although the curves or contours
that they describe should be homologous from subject to subject (Bookstein et al. 2002).
As a consequence, semi-landmarks must be slid following some criterion of optimization.
We used the minimum bending energy criterion, in which individual points were slid so as
to minimize the bending energy required for a deformation of the consensus to the selected
specimen. Because the wing is an articulated organ and there was the need to find a stand-
ard position for image capture, we re-did our analysis considering the tips of the primaries
and secondaries as semi-landmarks in order to adjust for arbitrary placements. Results were
qualitatively similar using both approaches and we only present the results considering the
tips of feathers as true landmarks. We aligned landmarks and semi-landmarks using a gen-
eralized Procrustes analysis (i.e., rotating, translating, and scaling coordinates to remove
positioning effects and isometric size effects; Rohlf and Slice 1990; Bookstein 1991). The
main axes of shape variation were described using Principal Components Analysis (PCA)
of the Procrustes shape coordinates (Mitteroecker and Bookstein 2011), which provide low
dimensional representations of shape space among specimens. In the case of morphomet-
rics, PCA corresponds to a rigid rotation of the Procrustes shape coordinates that maxi-
mizes the variation among individuals (Rohlf 1993). We used the software tpsRelw version
1.65 (Rohlf 2016Db) to slide the semi-landmarks.

Differences in overall wing shape between sexes and life histories were tested with
nested multivariate analysis of variance (MANOVA) on the first ten principal components
of Procrustes coordinates (accounting for>90% of shape variation). As before, we used
sex, life history and breeding population (nested within life history) as explanatory vari-
ables. Random nested factors are not always possible in a MANOVA framework, such that
we used only fixed effects. The interaction between sex and life history was not significant
and was removed from the model.

In order to determine the nature of morphological divergence associated with model
terms of interest, we performed a canonical analysis following Langerhans and Makowicz
(2009), and used canonical scores to visualize wing shape variation. Because the sex term
was significant and the life-history term was not, we only performed a canonical analy-
sis on the former. Briefly, we conducted a principal components analysis of the sums of
squares and the cross-products matrix of the sex term in the MANOVA to derive an eigen-
vector of divergence (‘d’) in wing shape between sexes. This divergence vector describes
the linear combination of shape variables showing the greatest difference between sexes in
Euclidean space, while controlling for other terms in the model (life history and popula-
tion). We also conducted a mixed-model nested analysis of variance (ANOVA) using ‘d’
as the dependent variable. This model was identical to the nested MANOVA except for the
fact that ‘d’ was the only dependent variable and population nested within life history was
designated a random effect.

Shape variation along the divergence vector was visualized using wireframe trans-
formations obtained by performing a multivariate regression of the Procrustes shape
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coordinates on canonical scores. Procrustes superimposition, PCA and multivariate
regressions were done in the program MorphoJ 2.0 (Klingenberg 2011). MANOVA and
ANOVA were executed in JMP Pro12.1.0 (SAS Institute Inc., Cary, NC).

Results

We captured and measured 11 females and 9 males at Distrito Federal, Brazil, 14 female
and 16 male flycatchers at Estacdo Ecoldgica de Itirapina, Brazil, 5 females and 8
males at Reserva Natural El Destino, Argentina, 10 females and 21 males in La Pampa
Province, Argentina, 3 females and 3 males in Guyana, and 2 females and 11 males in
Colombia, for a total of 45 female and 68 male flycatchers (Table 1). We had relatively
few captures in Guyana primarily because densities of breeding individuals there were
lower than in Argentina and Brazil (AEJ pers. observation).

Wing length, aspect ratio, loading and pointedness We found no significant effect of
sex on In (wing loading); however, ANOVA revealed a significant effect of sex on resid-
ual wing length, In (aspect ratio), and residual Kipp’s Index (i.e., pointedness; Table 2,
Fig. 3), with males exhibiting higher values than females in all cases.

We found no significant effect of life history (i.e., migration vs. permanent residency)
on wing length, aspect ratio or wing loading, but there was a non-significant trend for an
effect of life history on residual Kipp’s Index, with migratory flycatchers having more
pointed wings than non-migratory flycatchers (Table 2; Fig. 4).

We found no significant relationship between male tail length and wing length
(F; 60=0.03, P=0.856), aspect ratio (F; ¢, <0.00, P=0.994), wing loading (F, 5;=1.22,
P=0.274) or pointedness (Kipp’s Index; F; ;3=1.06, P=0.309). We also tested for a
relationship between tail length and a combination of these measures among males (i.e.,
wing loading + aspect ratio + Kipp’s Index), excluding wing length from this full model
because aspect ratio and wing length were highly correlated (r=0.82), and found no
significant relationship (F;3;,=0.55, P=0.650).

Landmark-based morphometrics MANOVA and ANOVA revealed a significant effect
of sex but not life history on wing shape (Table 3). Examination of morphological vari-
ation along the divergence vector derived from the sex term of the MANOVA revealed
that male wings are more swept and taper to a more slender tip than those of females,
which have more rounded tips and a leading edge that is less swept (Fig. 5).

Table 1 Mean values (+SD;
N) for morphological traits of
female and male Fork-tailed

Morphological trait Females Males

flycatchers

@ Springer

Body mass (g)
Tail length (cm)

Total wing area (cm?)

Wing length (cm)
Wing aspect ratio

Wing loading

Wing pointedness (i.e.,

Kipp’s Index/cm)

29.0 (1.65; 38)
17.6 (1.55; 34)
159.7 (14.44; 45)
13.0 (1.25; 45)
4.3 (0.64; 45)
0.18 (0.017; 39)
3.4 (0.28; 31)

30.4 (2.19; 65)
23.7 (3.01; 62)
168.4 (12.43; 68)
14.0 (0.93; 68)
4.7 (0.48; 68)
0.18 (0.015; 65)
3.8 (0.39; 41)
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Table 2 Mixed-model nested
analysis of variance (ANOVA)
examining variation in residual
wing length, wing aspect

Test for effect on Source F d.f. P

Residual wing length

ratio, wing loading, and wing Sex 10.23 1,101 0.002
pointedness (i.e., residual Kipp’s Life history 0.02 1,13.0 0.440
Index) in Fork-tailed Flycatchers Ln (aspect ratio)
Sex 11.72 1,110 <0.001
Life history 0.03 1,13.3 0.429
Ln (wing loading)
Sex 0.21 1, 100.9 0.651
Life history 0.06 1, 8.1 0.808
Residual Kipp’s Index
Sex 39.69 1,65.3 <0.001
Life history 6.48 1,2.4 0.052

Life history: non-migratory versus migratory flycatchers. Only fixed
effects are shown

P values <0.05 are indicated in boldface and P values <0.10 are indi-
cated in italics

Discussion

Overall, we found partial support for our predictions. Migratory Fork-tailed Flycatchers
had a non-significant trend of more pointed wings than non-migratory flycatchers; how-
ever, wing sweep, wing length and aspect ratio were not related to migration. Males had
longer, more pointed, higher aspect ratio, more swept wings with more slender tips than
females, regardless of whether they migrate or not, but wing loading did not vary signifi-
cantly between the sexes. These results suggest that selective pressures associated with sex-
specific behaviors play a central role in molding flycatcher wing shape, with migration also
molding wing pointedness.

That migratory flycatchers tend to have more pointed wings than non-migratory fly-
catchers supports the well-documented pattern that migratory birds generally have more
pointed wings than non-migratory birds (e.g., Lockwood et al. 1998, Baldwin et al. 2010;
Outlaw 2011), as well as a recent study across Tyrannus flycatchers (including migratory
and non-migratory Fork-tailed Flycatchers) showing that migrants have more pointed wings
than non-migrants (MacPherson 2017). More pointed wings shed weaker vortices and
result in lower induced drag (Swaddle and Lockwood, 2003; Tobalsky 2007), resulting in
higher flight efficiency, fewer stops during migration and a potentially earlier arrival to the
destination (Bowlin 2007; Bowlin and Wikelski 2008). Due to the capacity for some wing
traits (e.g., wing pointedness, Egbert and Belthoff 2003) to evolve rapidly, future research
should offer valuable insights into the potential for migration to shape migratory bird mor-
phology in different contexts (e.g., MacPherson 2017). For example, compared to migra-
tory birds that breed at north-temperate latitudes and which must travel between continents
on an annual basis (e.g., Nearctic-Neotropical migrants), birds that migrate wholly within
South America are thought to have fewer barriers to cross (Chesser 1994). Thus, collecting
individual-level data on movement (e.g., with satellite transmitters) and morphology on
both types of migrants could elucidate whether intra-continental migration exerts a weaker
selective pressure on migratory bird morphology than does inter-continental migration.

@ Springer



388

Evolutionary Ecology (2018) 32:379-393

Fig.3 Differences in residual
wing length, In (aspect ratio), and
residual Kipp’s Index between
male and female Fork-tailed
flycatchers. Values represent the
estimated marginal means cal-
culated by mixed-model nested
ANOVAs as explained in the
text. Bars represent+ 1 SE

0.04 1
0.03 1
0.02 1
0.01 1
0.00 1
-0.01 1
-0.02 1
-0.03 1

Residual wing length

-0.04 1
-0.05 1

-0.06

1.58 1
1.56 1
1.54 1
1.52 1
1.50 1
1.48 1
1.46 1

Ln (aspect ratio)

1.44 1
1.42 1
1.40 1

1.38

-2 1

Residual Kipp’s Index

Females Males

Similar to congeners (e.g., Eastern Kingbirds, Tyrannus tyrannus; Murphy 2007a,
b), male Fork-tailed Flycatchers aggressively defend territories throughout the breed-
ing season and compete for mates upon arriving to the breeding area, whereas females
focus their energy on nest construction, laying and incubating the eggs (Jahn and Tuero
2013). The higher aspect ratio, longer, more pointed and swept wings of males ver-
sus females may be advantageous during such activities as territory defense, since such
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Fig.4 Differences in residual Kipp’s Index between migratory vs. non-migratory flycatchers across study
sites. Values represent the estimated marginal means calculated by a mixed-model nested ANOVA as
explained in the text. Bars represent+ 1 SE. Study site abbreviations represent: COL Reserva Natural Y
Productiva Tomo Grande, Colombia, BRA Parque da Alvorada, Distrito Federal, Brazil, IT] Estacdo
Ecoldgica de Itirapina, Brazil, ELD Reserva Natural El Destino, Argentina, LAP Reserva Provincial Parque
Luro, Argentina

Table 3 Nested multivariate analysis of variance (MANOVA) examining wing shape in Fork-tailed Fly-
catchers and mixed-model nested univariate analysis of variance (ANOVA) examining wing shape variation
described by the divergence vector (see text)

Source MANOVA ANOVA

F d.f. P F d.f. P
Sex 13.23 10,97 <0.001 48.08 1,107.7 <0.001
Life history 0.95 10, 97 0.490 0.22 1,42 0.660
Population (life history) 2.70 40, 369.7 <0.001

The population nested term was designated a fixed effect in the MANOVA and a random effect in the
ANOVA. Only fixed effects are shown

Significant effects (P <0.05) are indicated in boldface

a wing shape would allow males to fly faster during confrontations with conspecific
males. Nevertheless, pointed wings can potentially limit flight maneuverability (Alatalo
et al. 1984; Gustafsson 1988), such that the shorter, rounder wings of females are likely
beneficial for foraging for agile arthropod prey and escape from predators (Swaddle and
Lockwood 1998).

Although wing shape varies substantially between the sexes, we found no significant
relationship between tail length and various measures of wing shape (i.e., wing length,
aspect ratio, wing loading or pointedness) among Fork-tailed Flycatcher males. In Barn
Swallows (Hirundo rustica), which have a deeply forked tail similar to that of Fork-tailed
Flycatchers, males with relatively long tails have longer wings, presumably to compen-
sate for the greater drag produced by longer tails (Mgller et al. 1995). In turn, male Barn
Swallows with longer tails tend to arrive earlier on the breeding grounds than those with
shorter tails, acquire mates more rapidly, and enjoy higher reproductive success (Mgller
1990, 1994). That wing shape of male Fork-tailed Flycatchers is not related to tail length
could potentially be due to the shape of their deeply forked tails, which can provide more
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Sex

Female
Male

-0.10 -0.05 0.00 0.05 0.10

Fig.5 Wing shape divergence between male and female Fork-tailed flycatchers. Wing shape variation is
described by the canonical variate axis derived from MANOVA as explained in the text. Wireframes are
estimated changes in wing shape (black) implied by the canonical variate axis for positive and negative
deviations from the mean wing shape (consensus; grey). Deformations presented correspond to —0.10 and
0.10 in the axis. Lines represent mean values for each sex

lift and lower drag (Videler 2006). Thus, drag induced by tail length in this species may be
minimal, such that flycatcher wing shape is not impacted to a significant degree.

In summary, our results show stronger sex-specific, rather than migration-related dif-
ferences in wing shape. Given the importance of wing shape for Fork-tailed Flycatchers
to migrate, forage on the wing for agile prey, and for males to execute acrobatic displays,
wing shape in this species appears to be a product of a complex, interacting suite of trade-
offs, as has been found across the genus Tyrannus (MacPherson 2017).

The multiple evolutionary pressures that shape the overall morphology of an organism
are related to a suite of extrinsic variables (e.g., temperate vs. tropical climate), as well as
intrinsic mechanisms (e.g., “slower” vs. “faster” avian life history strategies at tropical vs.
temperate latitudes, respectively; Wiersma et al. 2007). Given the wide range of life his-
tory strategies exhibited by birds across the planet (e.g., birds that breed at north-temperate
latitudes generally invest more in annual reproduction than those that breed at tropical or
south-temperate latitudes; Jetz et al. 2008), further comparative research across various
avian taxa occupying a broad geographic spectrum (e.g., Jahn and Cueto 2012) offers an
ideal test of how wing morphology is shaped by life history strategies. Such studies offer
a better understanding of the mechanisms shaping the morphology of birds in relation to
their need to migrate, reproduce and survive (e.g., Kaboli et al. 2007, Forschler and Bair-
lein 2011). In turn, understanding the opposing selective pressures shaping the ecology,
behavior and morphology of both migratory and sedentary organisms can help us better
understand current and future risks to their survival on a rapidly changing planet.
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