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ABSTRACT 

 

Current avian migration patterns in temperate regions have been developed during the 

glacial retreat and subsequent colonization of the ice-free areas during the Holocene. This 

process resulted in a geographic gradient of greater seasonality as latitude increased that 

favoured migration-related morphological and physiological (co)adaptations. Most evidence 

of avian morphological adaptations to migration comes from the analysis of variation in the 

length and shape of the wings, but the existence of intra-feather structural adjustments has 

been greatly overlooked despite their potential to be under natural selection. To shed some 

light on this question, we used data from European robins Erithacus rubecula overwintering 

in Campo de Gibraltar (Southern Iberia), where sedentary robins coexist during winter with 

conspecifics showing a broad range of breeding origins and, hence, migration distances. We 

explicitly explored how wing length and shape, as well as several functional (bending 

stiffness), developmental (feather growth rate) and structural (size and complexity of 

feather components) characteristics of flight feathers varied in relation to migration 

distance, which was estimated from the hydrogen stable isotope ratios of the summer-

produced tail feathers. Our results revealed that migration distance not only favoured A
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longer and more concave wings, but also promoted primaries with a thicker dorsoventral 

rachis and shorter barb lengths, which in turn conferred more bending stiffness to these 

feathers. We suggest that these intra-feather structural adjustments could be an additional, 

largely unnoticed, adaptation within the avian migratory syndrome that might have the 

potential to evolve relatively quickly to facilitate the occupation of seasonal environments.  

 

Keywords: feather mass, moult speed, moult-migration trade-offs, plumage quality.   
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1 | INTRODUCTION 

 

Current avian migration patterns in temperate regions have been shaped over the last 10 

000-14 000 years, coinciding with the start of the Holocene glacial retreat (Newton 2008). In 

the Western Palaearctic, glacier melting allowed the colonization of new lands by bird 

populations that had been confined within the Mediterranean refugia during millennia. As 

founder populations spread from low to high latitudes, the colonisation front gradually 

encountered more seasonal conditions. This shaped a latitudinal gradient of increased 

selection associated with longer migration distances towards the North, where individuals 

were able to take advantage of the summer surplus for breeding, but returned to southern 

latitudes annually to avoid the harsh winter conditions (Newton, 2008; Chapman, Brönmark, 

Nilsson, & Hansson, 2011). Subsequent changes in the environmental conditions at the 

Mediterranean Peninsulas could lead to the extinction of the ancestral sedentary 

populations that still remained in the refugia (Bell, 2000). However, there are still a few 

species in which the direct descendants of these ancestors persist and share their home 

ranges during winter with migratory conspecifics coming from different, more northern, 

breeding origins (Pérez-Tris & Tellería, 2002; Fandos & Tellería, 2019). These grounds of 

seasonal sympatry allow to simultaneously sample individuals with variable selection 

pressures associated with migration, whose analysis would contribute to strengthen our 

understanding of how avian life histories have evolved throughout this historical 

colonization process.  

In order to effectively move between distant geographic locations, migratory birds 

have been selected for particular morphological, physiological and behavioural 

characteristics (Alerstam, Hedenström, & Åkesson, 2003; Dingle, 2014). The overall length of 

the wing and its outline has captured most of the research focus in the study of the external 

avian morphological adaptations facilitating an energy-efficient migratory flight (Lockwood, 

Swaddle, & Rayner, 1998; Milá, Wayne, & Smith, 2008). Thus, many inter and intraspecific 

studies support the idea that wings become longer and more pointed as the distance 

between breeding and wintering grounds (i.e. migration distance) increases (Fiedler, 2005; 

Forschler & Bairlein, 2011; Vágási et al., 2016). However, although some structural elements 

of the feathers (e.g. rachis width) can determine their mechanical behaviour (i.e. bending 

stiffness) and potentially be under natural selection (De la Hera, Hedenström, Pérez-Tris, & 
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Tellería, 2010a; Szép, Dobránszky, Møller, Dyke, & Lendvai , 2019), the existence of intra-

feather structural adaptations to migration has been mostly overlooked, with only a few 

recent interspecific studies in the literature (Pap et al., 2015; 2019).  

The complexity and size of feather structural components can be influenced by 

different, sometimes conflicting, factors. For example, migratory birds typically increase 

their wing span and obtain sharper wingtips by a differential elongation of the outer wing 

flight feathers (i.e. primaries; Lockwood, Swaddle, & Rayner, 1998). This feather lengthening 

is expected to be costly so that it might be associated with a simplification of feather 

structure (Aparicio, Bonal, & Cordero, 2003), which could have antagonistic effects on flight 

performance and other plumage functions. Feather elongation could be particularly 

detrimental for feather structure if birds undergo time or energy constraints during feather 

production (Pap, Vágási, Czirják, & Barta, 2008; De la Hera, Pérez-Tris, & Tellería, 2009). 

Indeed, migratory birds tend to grow their feathers faster than their sedentary counterparts 

as a consequence of the temporal constraints that the former experience between breeding 

an autumn migration for moulting (Kiat, Izhaki, & Sapir, 2019). In this respect, several aviary 

experiments have shown that an accelerated moult affects feather structure and quality 

(Dawson, Hinsley, Ferns, Bonser, & Eccleston, 2000; Griggio, Serra, Licheri, Campomori, & 

Pilastro, 2009; Vágási, Pap, & Barta, 2010; Vágási et al., 2012). This could explain why the 

only study comparing feather characteristics between migratory and sedentary conspecific 

natural populations (i.e. the blackcap Sylvia atricapilla) found that migrants had flight 

feathers with a thinner rachis than sedentary counterparts (De la Hera, Hedenström, Pérez-

Tris, & Tellería, 2010a). Remarkably, however, the bending stiffness values were higher in 

the feathers of migratory blackcaps than in the sedentary fraction (De la Hera, Hedenström, 

Pérez-Tris, & Tellería, 2010a), which suggests the existence of feather structural 

adjustments that allow migrants to favour some feather properties (i.e. bending stiffness), 

maybe at the expense of other functions (e.g. resistance to wear and mechanical fatigue; 

Weber, Borgudd, Hedenström, Persson, & Sandberg, 2005; Weber, Kranenbarg, 

Hedenström, Waarsing, & Weinans, 2010). This also highlights that our understanding of the 

relationship among migration (distance), feather structural characteristics and mechanical 

properties is still very limited (Lees, Garner, Cooper, & Nudds, 2017).  

In this study, we used data collected from European robins Erithacus rubecula 

seasonally sympatric during winter in Campo de Gibraltar (Southern Iberia), a region 

A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

identified as a putative glacial refugia (Rodríguez-Sánchez, Pérez-Barrales, Ojeda, Vargas, & 

Arroyo, 2008; Médail & Diadema, 2009), to shed light into the morphological adaptations 

associated with migration that might have occurred in this species during the Holocene. 

Some mountains in this region sustain some relict submediterranean woodlands (De Dios, 

Benito-Garzón, & Sáinz-Ollero, 2009) that host sedentary robin populations that also receive 

during winter a huge number of migratory conspecifics with a broad range of breeding 

origins (Bueno, 1998; Tellería & Pérez-Tris, 2004). The breeding origin and, hence, the 

migration distance of each wintering robin can be estimated from the hydrogen stable 

isotope ratios of their feathers (δDf; Catry et al., 2016; De la Hera et al., 2017), which are 

produced in the previous summer at the breeding grounds. We then explored how wing 

length and shape, as well as several functional (i.e. bending stiffness), developmental (i.e. 

feather growth rate) and structural (i.e. size and complexity of feather rachis and vane) 

characteristics of flight feathers varied in relation to δDf. We predicted that migration 

distance will be strongly associated with longer and more pointed wings, as described in 

other broadly distributed Palaearctic avian species and partially tested in robins (Pérez-Tris, 

Carbonell, & Tellería, 2000; Catry et al., 2016). Likewise, we expect higher values of bending 

stiffness in the feathers of robins migrating longer distances, as previously outlined in 

blackcaps (De la Hera, Hedenström, Pérez-Tris, & Tellería, 2010a). We also tested whether 

ptilochronology-based measurements of tail feather growth rate, that are conservative 

proxies of moult speed (De la Hera et al., 2011), decrease with migration distance as 

expected from the existence of the abovementioned temporal constraints that might affect 

feather structure and quality. Finally, we explored the relationship between several feather 

structural characteristics and δDf, predicting that those characteristics that might facilitate 

feather mechanical performance and, ultimately, long-sustained flight (e.g. longer feathers, 

wider rachis and more acute barb insertion angles) were favoured in birds migrating longer 

distances (Ennos, Hickson, & Roberts, 1995; Pap et al., 2019).  

 

 

2 | METHODS 

 

2.1 | Study area and bird measurements 
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Birds were sampled using mist-nets and mesh-clap traps in four sites located in Campo de 

Gibraltar region, within the boundaries of Los Alcornocales and Estrecho de Gibraltar 

Natural Parks (Cádiz, Spain). There were less than 14 km in straight line between the 

farthest locations, so that these four sites could be effectively considered part of the same 

wintering region when inferring migration distances (see below). Two of these four localities 

represented woodlands, whereas the other two represented shrublands, the two main 

habitats that robins use for overwintering in this area (see De la Hera et al., 2018 for further 

details on the study sites). Given that the breeding origin of robins differs dramatically 

between woodlands and shrublands, obtaining samples from both habitats provided data 

from birds with a wide range of migration distances (De la Hera et al., 2018). Trapping 

sessions took place during two different winters (2006-07 and 2013-14) spanning the 

traditional winter season in this area (SEO/Birdlife, 2012). Thus, robins were sampled 

between mid-November and mid-February in winter 2006-07, and during January 2014 for 

winter 2013-14. Each captured Robin was aged as adult or juvenile using plumage features 

(Jenni & Winkler, 1994). We also measured tarsus length, maximum wing chord and wing 

shape considering the primary distances of the 9 longest primaries (excluding the vestigial 

outermost primary: P10). Primary distance was defined as the distance from the tip of each 

primary to the tip of the longest primary with the wing folded, assigning a value of zero to 

the primary (or primaries) constituting the wingtip. In winter 2006-07, all morphological 

variables were obtained by two experienced ringers who have their measurements 

standardized; while the robins captured in winter 2013-14 were measured by only one of 

them. Additionally, we used a syringe to extract a sample of blood from the jugular vein 

which was used for molecular sexing (Griffiths, Double, Orr, & Dawson, 1998). We also 

collected two flight feathers. One innermost primary feather (primary 1) and one tail feather 

(the second outermost rectrix 5; Jenni & Winkler 1994) in order to obtain the feather traits 

and isotopic measurements detailed below. We could gather 146 individual robins with a 

complete set of data, plus one individual for which barb insertion angles could not be 

obtained for technical/logistical reasons. Maximum sample size was 147 (76 and 71 robins 

for winter 2006-07 and 2013-14, respectively).  

 

 

2.2 | δDf as estimator of migration distance 
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The isotopic particularities of each geographic location are transferred to the feathers 

through the diet during plumage production. In robins, feather production typically occurs 

during summer at their breeding grounds. Since avian feathers are inert once they are fully-

grown, these isotopic signatures are maintained on feathers until the next moulting process 

(Catry et al., 2016). Hydrogen stable isotopes vary geographically across the Palaearctic, 

where the heavy isotope (i.e. Deuterium) becomes progressively less common in rainfall 

from south-western Europe, where Campo de Gibraltar is located, towards the northeast 

(Hobson, Bowen, Wassenaar, Ferrand, & Lormee, 2004). Conveniently, this hydrogen 

isotopic pattern overlaps with one of the main migratory routes of robins (Korner-

Nievergelt, Liechti, & Thorup, 2014; Ambrosini et al., 2016), which probably follows the 

historical range expansion route of this species from the Iberian Peninsula during the 

Holocene (Newton, 2008). Consequently, it is reasonable to assume that the lower (the 

more negative) is the δDf value of a robin wintering in Gibraltar, the more northern its 

breeding origin will be and, hence, a longer migration distance will have been travelled 

during autumn to arrive at Gibraltar (Hobson, Bowen, Wassenaar, Ferrand, & Lormee, 

2004). Previous research strongly supports this assumption, although it also predicts the 

existence of some degree of variation in δDf values between conspecifics growing their 

feathers in the same location (Catry et al., 2016; De la Hera et al., 2017; 2018). Although 

such circumstance might reduce the accuracy of the migration distance estimations made 

from δDf values in our study, this would only lower the statistical power of our comparisons, 

making the study conservative. 

In our study, migration distance was estimated from the δDf values of the rectrix 5 

feather, which  were expressed in delta notation in units per mil (‰), and normalized 

according to the VSMOW-SLAP scale using the values obtained for three keratin standards 

(see De la Hera et al., 2018 for further details on the isotopic analyses). Isotopic analyses 

were performed in the Colorado Plateau Stable Isotope Laboratory 

(http://www.isotope.nau.edu/). 

 

 

2.3 | Wing shape estimations  
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We used transformed values of the primary distances described above to estimate the 

variation in the wing shape of robins wintering in Campo de Gibraltar region. For this 

purpose, we opted for transforming primary distances into distances from the carpal joint 

(cP1-cP9) by subtracting, for each primary, its primary distance from the wing length. These 

transformed distances (cP1-cP9) were then standardized according to the method 

suggested by Senar and collaborators (1994), which provides more reliable measurements 

(cP1*-cP9*) that correct for the among-individual variation in wing size. These standardized 

values were included in a Principal Component Analysis (PCA) performed with the prcomp 

function in R, which gave rise to two principal components (wing concavity and wingtip 

pointedness) that reflected variation in wing shape among robins (see Results). 

 

 

2.4 | Bending stiffness of Robin feathers 

 

Bending stiffness is a major mechanical property of flight feathers that transmits the 

aerodynamic forces to the musculoskeletal system during flight (Videler, 2005). According to 

this, it is expected that the feathers of birds performing longer flights show more resistance 

to be bent (i.e. greater values of bending stiffness; De la Hera, Hedenström, Pérez-Tris, & 

Tellería, 2010a). Dorsoventral bending stiffness was estimated on the primary feather 

collected from each Robin using a two-point bending test. The system devised for this 

purpose consisted of a non-commercial feather testing equipment build specifically for this 

purpose mounted on an Instron 4411 Tensile Strength Tester (TST) machine that was 

connected to a high-resolution digital balance that measured the loads (Precisa XT220A; 

resolution of 0.1 mg). The feather testing equipment had two parts: (1) the clamping device, 

that was mounted in the mobile section of the TST machine and allowed clamping firmly the 

whole length of the calamus (inserted in the hole up to approximately the position of the 

superior umbilicus) using a small bolt; and (2) the loading platform, that was located on the 

digital balance and could be moved to the selected loading point of the feather. Each 

feather was tested during one minute, over which the TST machine was programmed to 

move the feather down at a speed of 4mm per minute, and the mass on the digital balance 

was automatically recorded every second. In all feathers the load was measured in the same 

position of the rachis (i.e. approximately 32mm from the superior umbilicus). This approach 
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provided 60 (mass-time) points per feather. The slope of the relationship between mass (y) 

and time (x) for each feather was used to estimate bending stiffness (the steeper the slope, 

the higher the bending stiffness value). Bending stiffness was initially calculated in grams 

per second but it was transformed into miliNewton/mm using the appropriate conversion 

factors (original value in g/s * 60s/4mm * 1kg/1000g * 9.81 m/s2 * 1000mN/1N). Each 

feather was measured twice and the average values used in subsequent analyses. 

Repeatability of the bending stiffness of primary feathers was very high and significant 

(intraclass correlation coefficient ri = 0.86, F145,146 = 13.5, P < 0.001), supporting the reliability 

of this measurement. 

 

 

2.5 | Feather structural and developmental traits 

 

Primary feathers were weighed in a high-resolution digital balance (Mettler Toledo 

AG-245; resolution 0.01 mg) and their full length measured (from inferior umbilicus to the 

distal tip) using a digital caliper (resolution 0.01 mm). For primary feathers, we also took a 

set of structural measurements that could show variation in relation to migration distance. 

Thus, we used a digital caliper to measure the dorsoventral and lateral width of the rachis at 

its base (at the position of superior umbilicus). We also used a binocular magnifier (x10) to 

count the number of barbs in the central centimetre of the feather, and the total length of 

the barbs located in the middle point of the feather, which were stretched using an 

entomological pin and its maximum length calculated using chart paper as background 

(resolution 0.5 mm). We also estimated the insertion angle of the central barb into the 

rachis by means of a Powerfix Prof angle conveyor (resolution of 0.1°). This was done on 

pictures taken using a LEICA DFC295 camera adapted to a LEICA DM2500 microscope. The 

density, length and angle of the barbs were measured in both the inner and the outer vane 

of each feather. Outer barbs insertion angles were measured in relation to the distal part of 

the rachis, considering a straight line from the insertion point of the barb to its position at 

0.5 and 1.5 mm of rachis length towards its tip. We selected two different positions for 

estimating outer barb angles to explore the consistency of the measurement. Outer barb 

angles did not differ when they were measured at 0.5 or 1.5mm (paired t145 = 0.11, P = 

0.911) and were also significantly correlated with each other (r = 0.60, P < 0.001). For 
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simplifying subsequent analyses, we opted for using a combination of both measurements 

that was obtained from a PCA (eigenvalue = 1.60; explained variance = 0.80; factor loadings 

= 0.71). Only the 0.5 mm measurement could be obtained from the pictures for the inner 

barb insertion angle, given its larger angle compared to the outer barbs. Since outer 

insertion barb angles did not correlate with inner ones (r = 0.06, P = 0.508), inner and outer 

angles were analysed independently. We followed a similar variable simplification 

procedure for outer and inner barb lengths (PCA: eigenvalue = 1.29; explained variance = 

0.65; factor loadings = 0.71) and outer and inner barb densities (eigenvalue = 1.56; 

explained variance = 0.78; factor loadings = 0.71), which additionally provided a much better 

fit to a normal error distribution of these two variables (i.e. barb length and barb density) in 

the subsequent statistical analyses. 

 For tail feathers, we also measured their length and mass, following the same 

procedure described above, and obtained the width of 10 growth bars according to Grubb 

(2006). Juvenile birds (n = 72) were ruled out from this part of the study because growth 

bars are hardly visible in juvenile feathers and they might not follow a daily cycle 

(Elderbrock, Kern, & Lynn, 2012). Unlike juvenile feathers, growth bars are much more 

conspicuous in adult feathers (i.e. those feathers produced during a complete postbreeding 

moult; n = 75) and it has been shown that their (length-corrected) growth rate estimates are 

correlated with overall moult speed both within and between bird species (De la Hera et al., 

2011). 

 

 

2.6 | Statistical analyses 

 

We used linear models to test whether migration distance (δDf) correlated with observed 

variation in wing length and shape (wing concavity and wingtip pointedness), primary 

feather characteristics (feather length, feather mass, dorsoventral and lateral rachis width 

independently, combined barb density, combined barb length, combined outer barb 

insertion angle, and inner barb insertion angle) and tail feather growth rate during the 

complete moult. All models included age (adult, juvenile), winter (2006-07, 2003-14), sex 

(male, female) and age-sex interaction as fixed effects factors. Winter-age and winter-sex 

interactions were excluded to avoid over-parameterization, but their inclusion in the models 
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did not affect the results qualitatively. Tarsus length was included as a covariate 

representing bird body size in the wing length and primary feather length statistical models 

(see Table 1). Similarly, feather length was used as covariate in the remaining feather trait 

analyses (see Table 2). The only exception to this model structure was the analysis of tail 

feather growth rate, where only adults were considered, so that the age and the age-sex 

interaction terms were not computed. We finally explored the quantity of variance in 

bending stiffness that could be explained by length-corrected (where appropriate, see 

Results) feather structural characteristics (as size-independent measures of these traits) 

after accounting for feather length, age, winter, sex, age-sex interaction effects, and 

including or not migration distance (δDf) in the model. The purpose of these last analyses 

was to explore whether observed variation in bending stiffness was better predicted by 

among-individual differences in these feather structural traits, by migration distance (δDf) 

alone, or by a combination of both. The latter two options would suggest the existence of 

non-measured variation associated with δDf in feather structure/configuration contributing 

to bending stiffness (De la Hera, Hedenström, Pérez-Tris, & Tellería, 2010a). We did this by 

comparing the coefficients of determination (R2) of each of the three models (see Results). 

All analyses were performed in R version 3.4.3 (R Core Team 2017) using the default stats 

package and considering a threshold for statistical significance of α = 0.05. 

 

3 | RESULTS 

 

The PCA on the standardized primary distances provided two principal components (PC). 

PC1 was interpreted as an index of wing concavity (eigenvalue = 4.09; explained variance = 

0.45; factor loadings: cP9* = 0.17, cP8* = 0.19, cP7* = 0.17, cP6* = -0.12 , cP5* = -0.37, cP4* 

= -0.44, cP3* = -0.45, cP2* = -0.44, cP1* = -0.40, ), where individuals with higher PC1 scores 

showed proportionally shorter inner primaries, i.e. more concave wings. On the other hand, 

PC2 reflected variation in wingtip pointedness (eigenvalue = 1.95; explained variance = 0.22; 

factor loadings: cP9* = 0.52, cP8* = 0.57, cP7* = 0.49, cP6* = -0.17, cP5* = 0.03, cP4* = 0.12, 

cP3* = 0.16, cP2* = 0.21, cP1* = 0.21), whereby higher PC2 scores were associated with 

longer outer primaries for a given degree of wing concavity, or more pointed wingtips. Wing 

length was not correlated with wing concavity (PC1; wing effect: estimate ± se = -0.04 ± A
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0.08, t145 = -0.53, P = 0.595) or wingtip pointedness (PC2 wing effect: estimate ± se = 0.05 ± 

0.05, t145 = 0.83, P = 0.407) supporting the success of the standardization procedure. 

 After controlling for other confounding factors, robins with lower δDf values 

exhibited longer (Fig. 1A) and more concave wings (PC1, Fig. 1B), but no significant 

association between δDf and wingtip shape (PC2) was detected (Table 1). In parallel to the 

pattern observed for wing length, the innermost primary feathers also became longer with 

migration distance (Table 1, Fig. 1C).  

Rachis dorsoventral width and bending stiffness increased significantly with 

migration distance (Fig. 1D and 1F), whereas the combined measure of outer and inner barb 

lengths decreased (Fig. 1E) after accounting for feather length and other factors affecting 

each trait variation (Table 2). No significant effects of δDf were detected for primary feather 

mass, rachis lateral width or (inner or outer combined) barb insertion angles (Table 2). 

Neither was feather growth rate of adult feathers significantly correlated with migration 

distance (δDf effect: estimate ± se = -0.01 ± 0.01, t70 = -1.39, P = 0.169) after accounting for 

other fixed effects (feather length effect: estimate ± se = 0.38 ± 0.07, t70 = 5.34, P < 0.001; 

sex effects: estimate ± se =-0.80±0.32, t70 = -2.47, P = 0.016; winter effect: estimate ± se = 

0.27± 0.28, t70 = 0.99, P = 0.325).  

 The model that included length-corrected feather structural characteristics explained 

13% more variance in bending stiffness (Table 3; R2 = 0.75) than the previous model that 

considered δDf instead (Table 2; R2 = 0.62). However, the residuals derived from the model 

shown in Table 3 were still significantly correlated with δDf (r = -0.20, P = 0.016), although 

the addition of this term to the data structure shown in Table 3 only increased the 

coefficient of determination by 2% (R2 = 0.77; see Table S1). 

 

 

4 | DISCUSSION 

 

Our results revealed that migration distance not only favours a specific configuration of 

wing size and shape, but also predicts the variation of some intra-feather structural 

characteristics that could benefit long-sustained migratory flights. 

 By accounting in our statistical tests for the large variation between age and sex in 

wing size using molecular methods to discriminate between male and female robins 
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(Griffiths et al., 1998) and standardization procedures (Senar, Lleonart, & Metcalfe, 1994), 

we could uncover the existence of longer and more concave wings, but not sharper 

wingtips, as migration distance increased in this passerine species. This widely 

acknowledged pattern across avian taxa had not been appropriately addressed in robins so 

far (Pérez-Tris et al., 2000; Catry et al., 2016), probably because of the difficulty of 

estimating the migration distance of specific robin individuals and populations (Korner-

Nievergelt, Liechti, & Thorup, 2014; Ambrosini et al., 2016), and because this pattern can be 

easily blurred by the large variation between sex and age in wing length (Ellrich, Salewski, & 

Fiedler, 2010; De la Hera et al., 2017). The use of δDf values as indirect surrogates of 

breeding origin in Campo de Gibraltar, where robins with a wide range of geographic origins 

concur in sympatry during winter, has significantly facilitated this purpose.  

Apart from these differences in the size and shape of the wings, the comparison of 

feather structural characteristics between conspecific individuals sharing the same 

wintering grounds but differing in migration distance allowed us to identify candidate 

feather traits that could have been favoured by the selective pressures of migration. Thus, 

we found that migration could have promoted a thicker dorsoventral rachis, shorter barb 

lengths and also longer inner primaries (P1). It could be argued that observed variation in 

these traits was not mediated by selection, but by geographic differences in food availability 

that might affect feather characteristics. However, we think this possibility is unlikely, since 

feather mass and feather growth rate (two potential body condition indexes; Grubb, 2006; 

De la Hera, Pérez-Tris, & Tellería, 2009) did not vary significantly in relation to migration 

distance (see below). 

An increased diameter of the rachis would be a straightforward adaptive solution to 

improve the bending stiffness of flight feathers (Tubaro, 2003; Weber et al., 2005). This 

possibility does not seem to be hampered in robins by the temporal and energetic 

constraints that migration could exert during moulting and the fledging period (De la Hera, 

Pérez-Tris, & Tellería, 2010b). This is additionally supported by the fact that length-

corrected feather growth rate, a surrogate of moult speed (De la Hera et al., 2011), and 

migration distance were not correlated in adult robins. Migration-constraints have been 

suggested to potentially limit the quantity of material available for feather production 

(Serra, 2001; Hall & Fransson, 2000), which would explain the narrower (dorsoventral) 

rachis in migratory blackcaps and the lighter mass of some of their feather tracts (i.e. tail 
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feathers) in relation to sedentary conspecifics (De la Hera, Hedenström, Pérez-Tris, & 

Tellería, 2010a; De la Hera, Pérez-Tris, & Tellería, 2010b). Contrary to what was observed in 

blackcaps, migration was positively correlated with the dorsoventral width of the rachis in 

robins and, although non-significant, there was also a tendency in more migratory birds to 

show heavier primary (Table 2) and tail flight feathers (see Table S2). These contrasting 

patterns between these two species may represent different ways in which (sedentary) 

populations of European passerines are adapted to living at the edge of their breeding 

range. Thus, body condition deteriorates in Campo de Gibraltar for robins (Pérez-Tris et al., 

2000) but not for blackcaps (Carbonell, Pérez-Tris, & Tellería, 2003), which not only could set 

limitations on feather production counterbalancing the benefits of a non-temporally 

constrained moult, but might also explain the recent population decline observed in local 

sedentary robins at this peripheral area (Tellería, 2015). However, in spite of these 

differences between robins and blackcaps in the relationship of migration with rachis width 

and feather mass, bending stiffness values were higher in the feathers of the migrants for 

both species. This suggests that the way whereby migration determines the configuration 

and distribution of feather structural resources to obtain feathers with better mechanical 

behaviour (i.e. increased bending stiffness) would vary among species (Lees, Garner, 

Cooper, & Nudds, 2017).  

 We did not predict the existence of a significant association between barb length 

and migration distance. The few studies that compared feather structural characteristics 

across multiple avian taxa with variable flight types and life histories did not consider this 

trait (Pap et al., 2015; 2019), so it is difficult to elucidate at this point how shorter barbs 

could contribute to a more efficient migratory flight. Tentatively, barb length reduction 

might be explained as a counterbalance for obtaining thicker rachises and longer feathers 

that would impact on other feather functions not relevant for migration (Weber et al., 

2005). Our results did not find evidence supporting that migration favoured the lateral 

width of the rachis, barb density or barb insertion angles, which suggests that the 

configuration of these traits could be more influenced by some life-history characteristics 

that would be more homogenous between robins differing in migration distance. 

 Our results additionally showed that observed variation in bending stiffness between 

robins was mostly explained by differences in the feather traits analyses (see Table 3 and 

Table S1), although there is still some room for additional, less perceptible (De la Hera, 
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Hedenström, Pérez-Tris, & Tellería, 2010a; Lees, Garner, Cooper, & Nudds, 2017), structural 

adjustments at microscopic level that would require additional research with the 

appropriate technology (e.g. tomography of the feather shaft; Weber et al., 2010). Together 

with previous evidence in blackcaps (De la Hera, Hedenström, Pérez-Tris, & Tellería, 2010a), 

this study provides additional support to the idea that the acquisition of flight feathers with 

better bending stiffness in migratory birds could have been a general pattern in birds during 

the Holocene to facilitate their migratory flights and the subsequent colonization of 

geographic grounds recently freed from ice. Thus, the adoption of migration in avian life 

histories not only has pervasive consequences on the physiology, behaviour and general 

morphology of birds, but its selective pressures would also have repercussions in the 

configuration of flight feather structure, a pattern that had been largely ignored so far. In a 

similar way to what has been reported for the size and shape of the flight apparatus, the 

structure and mechanical properties of flight feathers might also be affected in migratory 

birds by ongoing anthropogenic alterations, such as the widespread landscape changes 

(Desrochers, 2010) or global warming (Møller, Fiedler, & Berthold, 2010; Remacha, 

Rodríguez, de la Puente, & Pérez-Tris, 2020), which would deserve further investigation. 

These intra-feather adjustments could have an adaptive nature and be part of the group of 

integrated adaptations that constitute the migratory syndrome in birds (Piersma, Pérez-Tris, 

Mouritsen, Bauchinger, & Bairlein, 2005). A coordinated evolution of all these traits might 

have occurred relatively quickly reducing the energetic costs of long-sustained flights, 

increasing fitness and, hence, allowing the colonization of seasonal environments. 
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Table 1. Results of the Linear Models that analysed the relationship between an isotopic 

proxy of migration distance (δDf) and wing length, wing concavity (PC1), wintip pointedness 

(PC2) and primary feather length, after accounting for other potential confounding effects. 

Significant effects were additionally highlighted in bold letter. Sample size was 147 for all 

the analyses. N.A. (not applicable) indicates effects that were not tested for some response 

variables according to the rationale raised in the Methods section. 

 

 

 

 

Fixed effects 

 Wing length Wing 

concavity 

(PC1) 

Wingtip 

pointedness 

(PC2) 

Primary 

length (P1) 

Intercept 

(adult, female, 

2006-07) 

Estimate ± se 56.08 ± 4.90  -2.39 ± 0.55 -0.84 ± 0.37 48.79 ± 3.95 

δDf Estimate ± se -0.04 ± 0.01 -0.04 ± 0.01 -0.01 ± 0.00 -0.01 ± 0.00 

 t -6.67 -5.18 -1.39 -2.99 

 P  <0.001 <0.001 0.167 0.003 

Tarsus length Estimate ± se 0.51 ± 0.20 N.A. N.A. 0.23 ± 0.16 

 t  2.62   1.44 

 P  0.010   0.153 

Age (juv) Estimate ± se -0.79 ± 0.34 0.61 ± 0.39 1.24 ± 0.26 -0.33 ± 0.27 

 t -2.34 1.55 4.74 -1.20 

 P 0.021 0.123 <0.001 0.231 

Sex (male) Estimate ± se 2.24 ± 0.38 0.32 ± 0.44 -0.17 ± 0.30 1.33 ± 0.31 

 t 5.85 0.73 -0.83 4.31 

 P <0.001 0.467 0.559 <0.001 

Winter (2013-14) Estimate ± se -0.15 ± 0.27 -0.10 ± 0.31 -0.17 ± 0.21 -0.36 ± 0.22 

 t -0.56 -0.33 -0.83 -1.65 

 P 0.574 0.740 0.410 0.102 

Age × sex Estimate ± se 0.40 ± 0.54 -0.88 ± 0.63 -0.04 ± 0.42 0.47 ± 0.44 

 t 0.74 -1.40 -0.10 1.07 

 P 0.463 0.165 0.920 0.288 

Model R-squared (R2)  0.47 0.19 0.25 0.30 
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Table 2. Results of the Linear Models that analysed the relationship between an isotopic proxy of migration distance (δDf) and some structural 

and functional feather characteristics (primary mass, dorsoventral (dv) and lateral (lat) rachis width, barb length, barb density, outer and inner 

barb insertion angles, and bending stiffness), after accounting for feather length and other effects. Sample size was 147 for all the analyses, 

except for the outer and inner barb angle analyses, whose samples sizes were 146. 

 

 

 

Fixed effects 

 Primary 

mass 

Rachis 

width (dv) 

Rachis 

width 

(lat) 

Barb length 

(combined) 

 

Barb density 

(combined) 

Outer barb 

angle 

(combined)  

Inner barb 

angle 

Bending 

stiffness 

Intercept 

(adult, female, 

2006-07) 

Estimate±se -2.55 ± 0.79 0.57 ± 0.10 0.37 ± 0.15 -7.39 ± 3.80 10.72 ± 4.21  -0.91 ± 4.55 29.3 ± 8.71 -33.1 ± 5.41 

δDf Estimate ± se -0.00 ± 0.00 -0.00 ± 0.00 -0.00 ± 0.00 0.01 ± 0.00 -0.00 ± 0.00 -0.00 ± 0.01 0.00 ± 0.01 -0.03 ± 0.01 

 t -1.73 -4.56 -0.04 2.52 -1.03 -0.14 0.14 -5.09 

 P 0.086 <0.001 0.973 0.013 0.305 0.885 0.889 <0.001 

Feather length Estimate ± se 0.14 ± 0.01 0.00 ± 0.00 0.01 ± 0.00 0.15 ± 0.07 -0.19 ± 0.08 0.02 ± 0.08 -0.12 ± 0.16 0.81 ± 0.10 

 t 9.57 2.12 2.19 2.10 -2.49 0.28 -0.77 8.16 

 P <0.001 0.036 0.030 0.037 0.014 0.783 0.444 <0.001 

Age (juv) Estimate ± se -0.18 ± 0.05 -0.01 ± 0.01 0.02 ± 0.01 -0.29 ± 0.23 -0.66 ± 0.25 -0.30 ± 0.27 0.38 ± 0.52 -0.24 ± 0.32 

 t -3.83 -0.86 2.23 -1.29 -2.63 -1.12 0.72 -0.74 

 P <0.001 0.393 0.027 0.199 0.009 0.266 0.470 0.458 

Sex (male) Estimate ± se 0.14 ± 0.06 0.03 ± 0.01 0.03 ± 0.01 0.27 ± 0.27 -0.16 ± 0.30 -0.52 ± 0.32 -0.01 ± 0.62 1.96 ± 0.39 

 t 2.53 4.16 2.60 0.99 -0.54 -1.59 -0.02 5.06 

 P 0.012 <0.001 0.011 0.326 0.588 0.115 0.986 <0.001 A
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Winter (2013-14) Estimate ± se 0.02 ± 0.04 0.01 ± 0.01 0.01 ± 0.01 0.07 ± 0.18 0.13 ± 0.20 -0.25 ± 0.22 1.61 ± 0.42 -0.41 ± 0.26 

 t 0.57 2.27 0.78 0.40 0.66 -1.14 3.86 -1.58 

 P 0.572 0.025 0.438 0.690 0.510 0.255 <0.001 0.117 

Age × sex Estimate ± se 0.00 ± 0.08 -0.00 ± 0.01 -0.03 ± 0.01 -0.60 ± 0.36 -0.07 ± 0.40 0.36 ± 0.44 0.42 ± 0.0.83 -0.90 ± 0.52 

 t 0.05 -0.33 -2.39 -1.65 -0.17 0.84 0.50 -1.74 

 P 0.958 0.744 0.018 0.102 0.868 0.403 0.618 0.084 

Model R-squared (R
2
)  0.61 0.36 0.12 0.16 0.15 0.04 0.12 0.62 
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Table 3. Relationship between feather structural characteristics and bending stiffness of 

primary feathers after accounting for age, sex, winter and age-sex interaction effects. The 

length-corrected residuals of feather mass, rachis width (dv and lat), barb length and barb 

density were included in the models to obtain size-independent measures of these traits as 

shown in Table 2. Sample size was 146 for this analysis. 

 

 

 Bending stiffness (Model R2= 0.75) 

Fixed effects Estimate ± se t P 

Intercept (adult, female, 2006-07) -44.92 ± 4.72   

Feather length 1.07 ± 0.08 13.22 <0.001 

Age (juv) 0.38 ± 0.30 1.28 0.204 

Sex (male) 0.84 ± 0.33 2.52 0.013 

Winter (2013-14) -0.68 ± 0.23 -2.97 0.004 

Residuals feather mass 3.38 ± 0.54 6.32 <0.001 

Residuals rachis width (dv)  16.77 ± 3.67 4.57 <0.001 

Residuals rachis width (lat) 1.46 ± 2.68 0.55 0.586 

Residuals barb length -0.36 ± 0.11 -3.21 0.002 

Residuals barb density -0.11 ± 0.11 -1.07 0.285 

Outer barb insertion angle 0.03 ± 0.09 0.33 0.741 

Inner barb insertion angle -0.03 ± 0.05 -0.61 0.543 

Age × sex -0.99 ± 0.44 -2.24 0.027 
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Figure 1. Relationship between an isotopic proxy of migration distance (δDf) and a set of 

migration-related morphological and functional traits: (A) wing length, (B) wing concavity, 

(C) primary feather length, (D) dorsoventral rachis width, (E) barb length, and (F) bending 

stiffness. These traits were represented in the graphs as the residuals derived from the 

corresponding models shown in Table 1 and 2, but excluding δDf effects, whose variation is 

represented in the Y axis. 
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Supplementary materials. “Mechanical and structural adaptations to 1 

migration in the flight feathers of a Palaearctic passerine” 2 

 3 

 4 

Table S1. Relationship between feather structure and migration distance with bending 5 

stiffness. Results of the analysis of bending stiffness of primary feathers in relation to 6 

feather structural characteristics and an isotopic proxy of migration distance (δDf) after 7 

accounting for age, sex, winter and age-sex interaction effects. The length-corrected 8 

residuals of feather mass, rachis width (dv and lat), barb length and barb density were 9 

included in the models to obtain size-independent measures of these traits as shown in 10 

Table 2 and 3. The overall sample size was 146. 11 

 12 

 Bending stiffness (Model R2= 0.77) 

Fixed effects Estimate ± se t P  

Intercept (adult, female, 2006-07) -41.76 ± 4.73   

δDf -0.02 ± 0.01 -2.85 0.005 

Feather length 0.99 ± 0.08 11.94 <0.001 

Age (juv) 0.30 ± 0.29 1.02 0.309 

Sex (male) 1.13 ± 0.34 3.33 0.001 

Winter (2013-14) -0.58 ± 0.23 -2.56 0.012 

Residuals feather mass 3.25 ± 0.52 6.20 <0.001 

Residuals rachis width (dv)  13.32 ± 3.78 3.53 <0.001 

Residuals rachis width (lat) 1.98 ± 2.62 0.76 0.450 

Residuals barb length -0.28 ± 0.11 -2.50 0.014 

Residuals barb density -0.10 ± 0.10 -0.97 0.335 

Outer barb insertion angle 0.04 ± 0.08 0.50 0.620 

Inner barb insertion angle -0.03 ± 0.05 -0.58 0.564 

Age:sex -1.03 ± 0.43 -2.37 0.019 

  13 



Table S2. Relationship between tail feather mass and migration distance in robins. Results 14 

of the analysis of tail (rectrix) feather mass in relation to an isotopic proxy of migration 15 

distance (δDf) for all robins (n=147) and restricted to adults (n=75), after accounting for 16 

other appropriate fixed effects. N.A. (not applicable) indicates effects that were not tested 17 

for some response variables according to the rationale raised in the Methods section. 18 

 19 

 

Fixed effects 

 Feather mass 

(All robins) 

Feather mass 

(only adults) 

Intercept 

(adult, female, 

2006-07) 

Estimate ± se -1.97 ± 0.66 -3.30 ± 0.92 

δDf Estimate ± se -0.00 ± 0.00 -0.00 ± 0.00 

 t -1.18 -1.87 

 P 0.242 0.065 

Feather length Estimate ± se 0.12 ± 0.01 0.13 ± 0.02 

 t 10.55 8.93 

 P <0.001 <0.001 

Age (juv) Estimate ± se -0.07 ± 0.05 N.A. 

 t -1.30  

 P 0.198  

Sex (male) Estimate ± se 0.23 ± 0.07 0.20 ± 0.07 

 t 3.50 2.84 

 P <0.001 0.006 

Winter (2013-14) Estimate ± se 0.01 ± 0.04 0.05 ± 0.06 

 t 0.27 0.77 

 P 0.787 0.444 

Age:sex Estimate ± se 0.07 ± 0.09 NA 

 t 0.86 NA 

 P 0.392 NA 

Model R-squared (R2)  0.67 0.71 
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