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Abstract 7 

We examined the expectaƟon that stronger stabilising selecƟon leads to a decrease in trait variaƟon 8 

across species by invesƟgaƟng individual variaƟon in wing length. We hypothesised that species that 9 

heavily rely on aerial feeding, as well as long-distance migratory species, show higher canalisaƟon 10 

(lower coefficients of variaƟon, i.e., CV values) in wing length than non-aerial feeders and non-11 

migratory species. We collected summary staƟsƟcs on wing length for males and females from the 12 

literature and analysed them using recently developed meta-analyƟc metrics for integraƟng 13 

phenotypic variance esƟmates. Our phylogeneƟc mulƟlevel meta-analysis showed relaƟvely low 14 

heterogeneity among CV values, indicaƟng generalisability of the overall CV value (2.6%). Although 15 

not all pairwise comparisons were staƟsƟcally significant, all our analyses consistently showed higher 16 

canalisaƟon in aerial compared to non-aerial feeders, and in migratory compared to non-migratory 17 

species. We conclude that wing length in bird species relying on their wings more heavily is likely 18 

under stronger (stabilising) selecƟon, which in turn would have led to the observed higher 19 

canalisaƟon on this trait for those species. Our study showcases how to combine already available 20 

descripƟve staƟsƟcs for phenotypic traits with underused meta-analysis of variance approaches to 21 

test oŌen-neglected evoluƟonary predicƟons.  22 

Keywords: meta-analysis of variance; evidence synthesis; avian; comparaƟve analysis; coefficient of 23 

variaƟon; canalisaƟon; replicability; generalizability; life-history evoluƟon 24 

 25 

IntroducƟon 26 

Much progress has been made in understanding phenotypic traits in recent years; however, most 27 

research has focused on understanding mean phenotypic differences (e.g., FaƩorini et al. 2023, 28 

Richardson et al. 2023, Nokelainen et al. 2024) and less so on understanding differences in 29 

phenotypic variance (but see Kleven et al. 2008, Liłeld et al. 2010, Sánchez-Tójar et al. 2020, Moran 30 

et al. 2021). This scarcity of research on phenotypic variance in evoluƟonary biology is surprising 31 

given the key role that it plays in evoluƟon and its importance in the study of selecƟon, evolvability 32 



and canalisaƟon (Mitchell-Olds et al. 2007, Willmore et al. 2007, Geiler-SameroƩe et al. 2013, Bolnick 33 

et al. 2011, see also Des Roches et al. 2018, Thompson et al. 2022, for research on the topic from an 34 

ecological view). Without phenotypic variaƟon, selecƟon and adaptaƟon cannot take place. The 35 

amount of phenotypic variaƟon associated with addiƟve geneƟc differences will determine the speed 36 

of evoluƟonary change, together with the strength of selecƟon, regardless of whether direcƟonal or 37 

stabilising selecƟon is at work (Price 1972). Nonetheless, the amount of variance in a quanƟtaƟve 38 

trait depends on both the type of selecƟon occurring and the effects of the environment on the trait 39 

(i.e., phenotypic plasƟcity). First, both stabilising and direcƟonal selecƟon are expected to decrease 40 

addiƟve geneƟc variance, whereas disrupƟve and fluctuaƟng selecƟon should increase it. Second, 41 

phenotypic plasƟcity can potenƟally increase trait variance if individuals experience different 42 

environments and if canalisaƟon is imperfect. Here, we use the term canalizaƟon in line with the 43 

review from FlaƩ (2005) and see the coefficient of variaƟon (CV) of a trait as an esƟmate for the 44 

extent of phenotypic trait variaƟon. Similarly to phenotypic plasƟcity, bet-hedging strategies, 45 

independent of whether these refer to within- or among-individual developmental variance, should 46 

also lead to an increase in phenotypic variance (reviewed by Levis & Pfennig 2019). Although trait 47 

variance is expected to be mostly driven by selecƟon and affected by phenotypic plasƟcity, trait 48 

variance can increase due to other processes. This includes sources such as developmental 49 

stochasƟcity, but also measurement error. Indeed, trait variance might be increased due to random 50 

deviaƟons occurring during development, even when strong stabilising selecƟon is expected to 51 

reduce this developmental load, leading to stronger canalisaƟon (i.e., less variance) during trait 52 

development. Lastly, although measurement error might be esƟmated and accounted for via 53 

repeated measurement designs, it is an unavoidable source of trait variance. 54 

From the processes listed above, canalisaƟon has received comparaƟvely liƩle aƩenƟon. For 55 

example, variaƟon in sperm length in birds seems negaƟvely correlated with the rate of extra-pair 56 

paternity (Kleven et al. 2008, Liłeld et al. 2010), whereas variaƟon in conspicuous plumage traits 57 

under strong selecƟon is surprisingly large (Delhey et al. 2017). In insects and frogs, traits used in 58 

acousƟc communicaƟon that are under strong direcƟonal selecƟon via female choice have been 59 

shown to be less variable than acousƟc traits under weaker direcƟonal selecƟon (Reinhold 2011). 60 

Nonetheless, studies on direcƟonal selecƟon have shown compelling evidence for both a decrease in 61 

geneƟc trait variance (and, thus, also in phenotype trait variance) and an increase in phenotypic 62 

variance via disrupƟng developmental canalisaƟon (Groth et al. 2020; but see Hayden et al. 2014). 63 

Whereas disrupƟve selecƟon has been shown to generally lead to lower canalisaƟon (Pelabon et al. 64 

2010), several experimental studies suggest that trait canalisaƟon increases with stabilising selecƟon 65 

(e.g., Prout 1962), and that traits closely correlated with fitness are usually strongly canalised (Stearns 66 

et al. 1995; but see Young 2006). Overall, few studies have examined the extent of trait canalisaƟon 67 



among species and for those that have, results remain contradictory. Consequently, the importance 68 

of this variance-reducƟon process remains unclear.  69 

Here, we make use of recently developed meta-analyƟc metrics for integraƟng variance esƟmates 70 

across studies (Nakagawa et al. 2015, Noble et al. 2021) to study trait canalisaƟon on an essenƟal bird 71 

trait: wing length. There are several reasons that make bird wing length a great model trait to study 72 

canalisaƟon. First, the heritability of bird wing length is relaƟvely high, ranging from 0.4 to 0.6 (Cava 73 

2019, Jensen 2003, Tarka et al. 2014), and this trait has been shown to be under stabilising selecƟon 74 

(Hall et al. 2004) as well as to respond to environmental effects (Yom-Tov et al. 2006). Second, wing 75 

length is comparaƟvely liƩle affected by measurement error (Subasinghe et al. 2021) and oŌen 76 

measured and reported in arƟcles studying quesƟons other than canalisaƟon (e.g., sexual 77 

dimorphism or populaƟon differenƟaƟon; Selander 2017, James 1970), which reduces the likelihood 78 

that our conclusions would be affected by publicaƟon bias. Our main hypothesis was that bird wing 79 

length variance is smaller in species that are more likely to experience strong stabilising selecƟon on 80 

this trait. Specifically, we tested whether phenotypic variance in wing length is smaller in species 81 

showing aerial foraging and in long-distance migratory species compared to non-aerial feeding and 82 

resident species, respecƟvely. We chose those two flight-related behaviours because deviaƟons from 83 

an opƟmal wing length are expected to be more costly for species that rely on their wings more 84 

heavily, consequently leading to strong stabilising selecƟon on wing length. Besides our main 85 

hypothesis, we used the collected data to assess the replicability of the sex-chromose hypothesis, i.e. 86 

that the heterogameƟc sex shows higher phenotypic variaƟon related to its haploid sex chromosomes 87 

(Reinhold and Engqvist 2013, Nakagawa et al. 2015), specifically for wing length in birds.   88 

Methods 89 

Search strategy 90 

We collected wing length measurements (i.e., mean, standard deviaƟon [SD], sample size [n]) for 91 

male and female birds from two sources: (1) the dataset from  Reinhold and Engqvist (2013), which 92 

systemaƟcally searched literature up to 2011 to test the sex-chromosome hypothesis, and (2) an 93 

update of this dataset for the period 2011-2019, which we performed using similar keyword search 94 

terms, specifically: (“coefficient of variaƟon” OR “CV?” OR “variaƟon in size”) AND (“wing size“ OR 95 

“wing length“) AND (“bird$” OR [a list of all bird genera]) [for the complete list of bird genera see 96 

Capilla-Lasheras et al. 2022]. We searched for studies published between 2011 and 2019 to 97 

complement the exisƟng Reinhold and Engqvist (2013) dataset without duplicaƟon. Our main 98 

searches were performed in the Web of Science Core CollecƟon (databases: Science CitaƟon Index 99 

Expanded (SCIE); Social Sciences CitaƟon Index (SSCI); Arts & HumaniƟes CitaƟon Index (AHCI); 100 

Emerging Sources CitaƟon Index (ESCI)), and performed addiƟonal searches in Biological Abstracts 101 



and Google Scholar. To reduce a potenƟal bias towards species with strong sexual dimorphism, we 102 

also performed addiƟonal searches in the same plaƞorms specifically targeƟng studies using 103 

molecular sex determinaƟon by adding the keywords ("molecular sexing" OR "molecular sex 104 

determinaƟon") to the search string detailed above. Importantly, our search was not intended to be 105 

fully systemaƟc nor comprehensive, but representaƟve and unbiased across the bird phylogeny. We 106 

believe that the full search strategy detailed above, which led to a representaƟve sample of 172 bird 107 

species (Figure 1), accomplished those goals. 108 

 109 

 110 

 111 



Figure 1. The panel on top shows the full phylogeneƟc tree of all 172 bird species included in the 112 

phylogeneƟc mulƟlevel meta-analyses performed to understand canalisaƟon in wing length. The 113 

three panels below show the corresponding phylogeneƟc tree at the order level (16 orders) with its 114 

corresponding number of species, and the mean and 95% confidence interval for wing length CV (%). 115 

Dot size is relaƟve to the number of CV values for each order. 116 
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Data descripƟon 118 

As in an older published study on the subject (Reinhold and Engqvist 2013), our effect size of interest 119 

was the coefficient of variaƟon (hereaŌer CV), which is calculated as the SD of wing length divided by 120 

its mean wing length. Therefore, we extracted wing length measurements (mean, SD, n) for male and 121 

female birds separately for all studies (N = 181). Whenever necessary, standard errors (SE) were 122 

mulƟplied by the square root of their sample size to calculate their corresponding SD. We only 123 

considered measurements for which the SD had a two-decimal point accuracy to avoid inaccurate 124 

extreme outliers. We prioriƟsed measurements taken only from adults, and thus, juvenile-only 125 

measurements and measurements combining both juveniles and adults were not extracted. Juveniles 126 

oŌen systemaƟcally differ from adults in their wing length, and including them would lead to an 127 

uninformaƟve increase in trait variance. For our study, we revisited all the references included in 128 

Reinhold and Engqvist (2013) to extract separate esƟmates from different populaƟons or sampling 129 

Ɵmes from the same reference whenever possible, and modelled that non-independence, in contrast 130 

to the original publicaƟon, in our mulƟlevel models. We did so to avoid potenƟally inflaƟng CV values 131 

due to geographical variaƟon (i.e., clines) and/or temporal variaƟon in wing length (see James 1970, 132 

Yom-Tov et al. 2006). As an addiƟonal safeguard, we did not extract data from museum collecƟons 133 

because these usually combine measurements taken in different years and from several populaƟons, 134 

which would also likely lead to uninformaƟve, inflated CV values. Last, we excluded esƟmates based 135 

on a single individual, for which SD or n were missing, and esƟmates with an SD equal to zero and 136 

based on three individuals or fewer (e.g., Malurus alboscapulatus; Swaddle et al. 2000).  137 

To beƩer understand canalisaƟon in wing length across bird species, we extracted species-specific 138 

and populaƟon-specific informaƟon for two behavioural traits that we hypothesised should lead to 139 

different levels of selecƟve pressure on wing length among species. For each species, we classified its 140 

feeding type (three levels: fully aerial feeding, parƟally aerial feeding, non-aerial feeding) and its 141 

migratory behaviour (three levels: fully migratory, parƟally migratory, non-migratory), and we refer to 142 

analyses using these two variables as being at the “species-specific level”. In addiƟon to this species-143 

specific level, we used a populaƟon-specific classificaƟon in which, for those species categorised as 144 

“parƟally migratory”, we classified the migratory behaviour of each specific populaƟon as either non-145 

migratory or fully migratory. To arrive at a comparable binary classificaƟon, we created an addiƟonal 146 

feeding type variable (two levels: fully aerial feeding, non-aerial feeding) in which we only classified 147 

birds as feeding on the wing if they showed mostly aerial feeding. Although the laƩer was not strictly 148 

speaking at the populaƟon level, we refer to analyses using these two binary variables as being at the 149 

“populaƟon-specific level”.  150 



To classify migratory behaviour, we referred to maps provided by the IUCN 151 

(hƩps://datazone.birdlife.org), and if insufficient informaƟon remained aŌer consulƟng Wikipedia 152 

(hƩps://www.wikipedia.org/), we also searched for informaƟon published in the scienƟfic literature 153 

by performing searches in Google Scholar. By using the distance in the maps, we classified bird 154 

species as migratory if most individuals can be expected to have two annual migratory periods within 155 

which they regularly travel more than 500 km between the breeding and wintering grounds in each 156 

direcƟon, and if not, those species were classified either as parƟally migratory or residents (see 157 

below). Bird species that were all-year residents in less than ca. 20% of their breeding distribuƟon 158 

were classified as migratory (e.g., Sterna hirundo or Ficedula hypoleuca), whereas species that only 159 

migrated in an area that covered between ca. 20% and ca. 80% of the breeding distribuƟon were 160 

classified as parƟally migratory (e.g., Accipiter cooperii or Linaria cannabina) and species that were 161 

residents over more than ca. 80% of their distribuƟon were classified as non-migratory (e.g., 162 

Pyrrhocorax graculus or Parus major). Bird species that nest close to the sea and are vagrants during 163 

the non-breeding period were not classified as migrants if they did not show directed and temporally 164 

coherent movements (i.e., two annual migratory periods; e.g., Puffinus yelkouan or Larus atlanƟcus), 165 

as we assumed that stabilising selecƟon should only be strong for longer periods of conƟnuous 166 

migraƟon. However, since vagrants usually fly over the ocean for extended periods of Ɵme, we reran 167 

all our analyses aŌer classifying vagrants as fully migratory rather than non-migratory. These 168 

sensiƟvity analyses not only confirmed our main conclusions but tended to show stronger evidence 169 

for the existence of higher wing length canalisaƟon in full and parƟal migratory vs non-migratory at 170 

both the species and the populaƟon level (see “Supplementary Material S5”). 171 

To classify feeding type, we referred to the same sources as for migratory behaviour (i.e., IUCN and 172 

Wikipedia, using the laƩer only as supplementary), and if insufficient informaƟon was available from 173 

those sources, we also searched for informaƟon published in the scienƟfic literature by performing 174 

searches in Google Scholar. We classified bird species as showing fully aerial feeding if they mainly 175 

collected their food by using their wings, which included species that mainly catch flying prey (e.g., 176 

Hirundo rusƟca or Tyrannus tyrannus), plunge dive (e.g., gannets), are flying surface skimmers (e.g., 177 

Puffinus yelkouan), fly underwater (e.g., Fratercula cirrhata) or hover in front of flowers (e.g., 178 

hummingbirds). Bird species showing such feeding behaviours frequently but also frequently feeding 179 

while climbing, walking, hopping, or swimming with their feet (e.g., Phylloscopus canariensis or 180 

Cinclus cinclus) were classified as showing parƟally aerial feeding, whereas the remaining bird 181 

species, which may only someƟmes or never feed ‘on the wing’, were classified as showing non-aerial 182 

feeding. To enhance comparability, we excluded enƟrely flightless species (e.g., kiwis, penguins, etc).  183 

  184 



StaƟsƟcal analyses 185 

For all analyses, we calculated the log coefficient of variaƟon (hereaŌer lnCV; equaƟon 1) and its 186 

associated sampling variance (equaƟon 2) using the funcƟon ‘escalc()’ from the R package ‘metafor’ 187 

v.4.6-0 (Viechtbauer 2010) in R v.4.3.1 (R Core Team 2023), which includes a small-size bias correcƟon 188 

(more in Nakagawa et al. 2015). Although we used lnCV for all the analyses, we present back-189 

transformed percentage values throughout (i.e., exp(lnCV)*100) to aid biological interpretaƟon. For 190 

example, for a mean of 10 and an SD of 1, lnCV (i.e., ln(1/10)) would be -2.30, whereas its back-191 

transformed value would be 10%, which is more easily interpreted (i.e., SD is 10% of the mean) and 192 

comparable to previous studies on CVs. Our visualisaƟons were performed following general 193 

recommendaƟons in  Yang et al. (2023) and primarily using the R packages ‘ggtree’ (Yu et al. 2017) 194 

and ‘orchaRd’ v.2.0 (Nakagawa et al. 2023).  195 

lnCV = log(SDmean) +12*(n-1), (eqn. 1) 196 

VlnCV=SD2n*mean2 +12*(n-1), (eqn. 2) 197 

We ran phylogeneƟc mulƟlevel meta-analyƟc and meta-regression models with lnCV as the response 198 

variable and where sampling variances were fit as a variance-covariance matrix that assumed a 199 

correlaƟon of 0.5 between sampling variances obtained from the same study following 200 

recommendaƟons in Noble et al. (2017). To further model nonindependence, we included the 201 

following six random effects in all models: (1) study idenƟty, which encompassed esƟmates extracted 202 

from the same primary study, (2) pair idenƟty, which encompassed male-female pair esƟmates 203 

obtained from the same populaƟon and sampling event, (3) populaƟon idenƟty, which encompassed 204 

esƟmates obtained from the same geographic locaƟon, (4) phylogeneƟc correlaƟon matrix, which 205 

modelled the phylogeneƟc relaƟonships among the species included in our dataset, (5) species, 206 

which accounted for among-species variaƟon addiƟonal to phylogeny (Cinar et al. 2022), and (6) unit-207 

level observaƟon idenƟty, which modelled within-study variance. Decomposing species-level 208 

variaƟon in two components (phylogeneƟc and non-phylogeneƟc) is necessary to obtain unbiased 209 

esƟmates of means and variance components (Cinar et al. 2022). For the phylogeneƟc correlaƟon 210 

matrix among species, we used v1.5 of the new global tree of birds (McTavish et al. 2025), output in 211 

the 2024 taxonomy, which we obtained using the funcƟons ‘taxonomyGet()’ and ‘extractTree()’ from 212 

the R package ‘clootl’ v.0.1.2 (Miller et al. 2025). Branch lengths in that tree are in millions of years 213 

and generated as described in McTavish et al. (2025). To generate a phylogeneƟc tree at the order 214 

level, we extracted the phylogeneƟc informaƟon from the Open Tree of Life using the R package ‘rotl’ 215 

v.3.1.0 (Michonneau et al. 2016), computed branch lengths using the Grafen method as implemented 216 

in the R package ‘ape’ v.5.7-1 (Paradis and Schliep 2019) and computed average effects per order to 217 

aid in visualising general differences in wing length CV among orders (Figure 1). We performed 218 



several sensiƟvity analyses that modelled the variance-covariance matrix assuming a 0.25, 0.5 and 219 

0.75 correlaƟon between sampling variances with the same study idenƟty, pair idenƟty and 220 

populaƟon idenƟty, and results remained (virtually) the same. We provide all those sensiƟvity models 221 

in our data and code repository (“models/sensiƟvity_analysis/”). 222 

We first ran a phylogeneƟc intercept-only mulƟlevel meta-analyƟc model to (i) esƟmate the mean 223 

wing length CV across esƟmates while accounƟng for all the sources of nonindependence detailed 224 

above and (ii) explore heterogeneity among effect sizes. We then ran five phylogeneƟc mulƟlevel uni-225 

moderator meta-regressions (i.e., only one moderator included at a Ɵme) with the goal of tesƟng our 226 

predicƟons regarding canalisaƟon and the replicability of the sex-chromosome hypothesis. First, we 227 

tested whether wing length CV values differed between sexes (levels: male, female; “sex-228 

chromosome hypothesis”; see secƟon “S6. Sex-chromosome hypothesis”). Then, we tested whether 229 

some of the heterogeneity among effect sizes could be explained by differences among species and 230 

populaƟons in feeding type or migraƟon status. Last, we also ran two addiƟonal models including 231 

both moderators (i.e., feeding and migratory type), one at the species-specific level (Table S2) and 232 

another at the populaƟon-specific level (Table S3), to esƟmate the total amount of heterogeneity 233 

explained when both moderators are included in the same model. All models were run using the 234 

funcƟon ‘rma.mv()’ (method = "REML") from the R package ‘metafor’ v.4.6-0 (Viechtbauer 2010). 235 

For the intercept-only models, we esƟmated heterogeneity across esƟmates using the pluralisƟc 236 

approach suggested by Yang et al. (2025) and implemented in the R package ‘orchaRd’ v.2.0 237 

(Nakagawa et al. 2023). This pluralisƟc approach involves esƟmaƟng total heterogeneity (𝜎2), its 238 

source (I2) and two different metrics for its magnitude – a mean-standardised metric (CVH2) and a 239 

variance-mean-standardised metric (M2). For the meta-regressions, we report the percentage of 240 

variance explained by the moderator(s) as R2
marginal (Nakagawa & Schielzeth, 2017), which we also 241 

calculated using the R package ‘orchaRd’. Throughout, we present mean esƟmates with their 242 

associated 95% confidence intervals (CI) and predicƟon intervals (PI). 243 

Results 244 

Our final dataset contained 340 male esƟmates and 310 female esƟmates obtained from 181 studies 245 

from 314 different geographic locaƟons. We obtained data from a total of 172 bird species for males 246 

(median = 1 esƟmate/species, range: 1-23; mean = 1.98, SD = 2.44;  median = 42 individuals/esƟmate, 247 

range: 2-3179) and 163 species for females (median = 1 esƟmate/species, range: 1-25; mean = 1.90, 248 

SD = 2.47;  median = 36 individuals/esƟmate, range: 2-4116; Figure 1). Our dataset covered 119 249 

genera from 63 families belonging to 16 orders of birds, with the most common order being 250 

Passeriformes (87 species), and the two most common families being Scolopacidae (11 species) and 251 

Laridae (10 species). In all, 407 esƟmates came from a previous compilaƟon of bird wing-size 252 



variaƟon (Reinhold and Engqvist 2013) to which we added 243 addiƟonal esƟmates through our 253 

searches (see Supplementary Material S1-2 for addiƟonal descripƟve staƟsƟcs).  254 

Overall canalisaƟon and heterogeneity 255 

Our phylogeneƟc mulƟlevel meta-analysis showed that the mean wing length CV value across species 256 

was 2.63% (95% CI = 2.33 to 2.97, 95% PI = 1.56 to 4.43) with most differences among effect sizes 257 

coming from sources other than sampling error (I2
total = 94.1%). Although I2

total was high and indicated 258 

that heterogeneity in our dataset is, on average, around 16 Ɵmes larger than staƟsƟcal noise, 259 

absolute heterogeneity was relaƟvely small (𝜎2 = 0.067). Indeed, the other two heterogeneity metrics 260 

showed that the magnitude of the heterogeneity in our data set is small (CVH2total = 0.005; M2total = 261 

0.005; Table S1, Figure S4), suggesƟng that the meta-analyƟc mean obtained is generalisable and 262 

replicable across different contexts. The discrepancy between I2 with both CVH2 and M2 is likely the 263 

consequence of the small typical sampling variance found in our dataset (𝜈̅ = 0.004), which can make 264 

the interpretaƟon of I2 challenging – something oŌen encountered with similar effect size measures 265 

such as the log coefficient of variaƟon raƟo (lnCVR; more in Yang et al. 2025) as well as the much 266 

larger meta-analyƟc mean observed (lnCV = -3.69) compared to 𝜎2. 267 

Species-specific level 268 

We ran two uni-moderator phylogeneƟc mulƟlevel meta-regressions to understand among-species 269 

differences in wing length canalisaƟon. First, non-aerial feeding was associated with larger wing 270 

length CV values (mean CV = 2.69%, 95% CI = 2.39 to 3.02) than those found in species showing 271 

parƟally (mean CV = 2.40%, 95% CI = 2.07 to 2.77) and fully aerial feeding (mean CV = 2.51%, 95% CI = 272 

2.21 to 2.86), but the difference was only staƟsƟcally significant for parƟally aerial feeding (p-value = 273 

0.034) and not for fully aerial feeding (p-value = 0.176; Figure 2A). Second, non-migratory behaviour 274 

was associated with larger wing length CV values (mean CV = 2.77%, 95% CI = 2.43 to 3.16) than those 275 

found in parƟally migratory (mean CV = 2.65%, 95% CI = 2.31 to 3.03) and fully migratory species 276 

(mean CV = 2.50%, 95% CI = 2.20 to 2.85), but the difference was only staƟsƟcally significant for fully 277 

migratory species (p-value = 0.017) and not for parƟally migratory species (p-value = 0.315; Figure 278 

2B). The percentage of variance explained by feeding (R2
marginal = 2.57%) and migratory type (R2

marginal = 279 

2.91%) separately were relaƟvely small, but both moderators combined explained up to 4.50% of the 280 

heterogeneity (Table S2). 281 



282 

Figure 2. Flight-related behaviours such as parƟal or aerial feeding (A, C) and migraƟon (B, D) are 283 

generally associated with higher wing length canalisaƟon (i.e., smaller values of coefficient of 284 

variaƟon, CV) across 172 bird species, but only some of the pairwise comparisons were staƟsƟcally 285 

significant (see text). Orchard plots show the mean esƟmate, 95% confidence intervals (thick whisker) 286 

and 95% predicƟon intervals (thin whisker), with dot size being scaled by effect size precision (i.e., 287 

1/SE). The x-axes are cropped between CV values of 1 and 6 to aid visualisaƟon, see secƟon “S3. 288 

Supplementary tables and figures” for the full version. 289 

 290 

PopulaƟon-specific level 291 

We ran two addiƟonal uni-moderator phylogeneƟc mulƟlevel meta-regressions to understand if 292 

differences in wing length canalisaƟon remained when species’ feeding and migratory type were 293 



explored at the populaƟon level (e.g., different populaƟons of a parƟally migratory species may differ 294 

in whether they are full or non-migratory). First, non-aerial feeding was associated with larger wing 295 

length CV values (mean CV = 2.67%, 95% CI = 2.36 to 3.02) than those found for fully aerial feeding 296 

(mean CV = 2.53%, 95% CI = 2.21 to 2.89), but the difference was not staƟsƟcally significant (p-value = 297 

0.258; Figure 2C). Second, non-migratory behaviour was associated with staƟsƟcally significantly 298 

larger wing length CV values (mean CV = 2.71%, 95% CI = 2.40 to 3.05) than those found for fully 299 

migratory populaƟons (mean CV = 2.53%, 95% CI = 2.24 to 2.85; p-value = 0.043; Figure 2D). The 300 

percentage of variance explained by feeding (R2
marginal = 0.80%) and migratory type (R2

marginal = 1.69%) 301 

separately were small and both moderators combined only explained up to 2.16% of the 302 

heterogeneity (Table S3). 303 

Discussion 304 

The overall variaƟon in bird wing length across species was small, suggesƟng high canalisaƟon on this 305 

trait. The mean CV value was esƟmated to have a 95% confidence interval between 2.3 and 3.0%, 306 

values that are clearly smaller than those observed in human body height and sperm length 307 

(Mossman et al. 2013), and somewhat larger than those observed for sperm length in birds (Kleven et 308 

al. 2008) and dung flies (Sharma et al. 2013). Although heterogeneity among CV values was relaƟvely 309 

small, phylogeny and species combined explained a third of it, confirming the necessary condiƟon for 310 

expecƟng that among-species differences in wing use can be important drivers in explaining among-311 

species differences in wing length CV values. 312 

Indeed, our results showed evidence indicaƟng that among-species differences in wing use explain 313 

some of the observed among-species differences in wing length CV values, where species that rely on 314 

their wings more heavily show higher canalisaƟon on wing length. Despite that not all differences 315 

were staƟsƟcally significant, bird species that mostly or parƟally feed on the wing showed, on 316 

average, around 5 to 10% lower wing length CV values than species not feeding on the wing. Along 317 

the same lines, and again despite not all differences being staƟsƟcally significant, bird species that 318 

perform full or parƟal migraƟon showed, on average, around 7 to 9% lower wing length CV values 319 

than resident species. Importantly, the results regarding migratory behaviour became clearer when 320 

we categorised vagrant species such as Puffinus yelkouan, Phaethon aethereus and Sula sula that fly 321 

over the ocean for extended periods of Ɵme as migratory rather than resident (Supplementary 322 

Material S5), further confirming that species heavily relying on their wings show lower wing length CV 323 

values.  324 

Feeding and migratory type combined explained 4.5 to 6.4% of the observed differences in CV values, 325 

and these results provide preliminary support for our hypothesis that wing length should be under 326 

stronger stabilising selecƟon in bird species strongly relying on their wings, leading to higher 327 



canalisaƟon on this trait. These results would, therefore, agree with previous among-species studies 328 

on other animal groups showing that traits under strong selecƟon show low variaƟon (i.e., higher 329 

canalisaƟon). For example, previous among-species studies have shown that acousƟc courtship traits 330 

under strong selecƟon in amphibians and insects show lower variaƟon (Reinhold 2011), and that 331 

canalisaƟon in sperm length is stronger in bird species that show higher rates of extra-pair maƟngs 332 

(Liłeld et al. 2010). In line with these results, a recent meta-analysis of variance (Noble et al. 2021) 333 

has shown small between-individual variaƟon in body size of hatchlings in snakes, lizards and turtles. 334 

Strong canalisaƟon seems to be present, as no effect of incubaƟon temperature could be observed 335 

for this trait that likely is under strong selecƟon.    336 

Finally, using our dataset we assessed the replicability and generalizability of the “sex-chromosome 337 

hypothesis”, which predicts higher variability in body size in the heterogameƟc sex compared to the 338 

homogameƟc sex, and for which evidence has been found in mammals, insects and birds (Reinhold & 339 

Engqvist 2013). Our results did not show clear evidence for the “sex-chromosome hypothesis” for 340 

bird wing length, as the difference between males and females was small and not staƟsƟcally 341 

significant, and the moderator explained a negligible amount of heterogeneity. The observed effect 342 

was, nonetheless, in the expected direcƟon, with males (CVmales = 2.61) showing, on average, about 343 

1.5% lower wing length CV values than females (CVfemales = 2.65), which is lower than the mean effect 344 

size previously found for general body size in birds (Reinhold & Engqvist 2013: 4.0%). Our esƟmate for 345 

the difference in CV between males and females was also smaller than what was found in a recent re-346 

analysis of Reinhold & Engqvist (2013)’s data using a phylogeneƟc mulƟlevel meta-analysis similar to 347 

the one found in an earlier reanalysis (Nakagawa et al. 2015). The main difference between our data 348 

and that of Reinhold & Engqvist (2013) and its reanalysis by Nakagawa et al. (2015) is that ours 349 

focuses on wing length only, whereas Reinhold & Engqvist’s (2013) focused on general body size (i.e., 350 

body mass and size, wing, head and beak size). To confirm that the difference in trait coverage likely 351 

led to the difference in results, we re-analysed the subset of Nakagawa et al. (2015) corresponding to 352 

bird wing length. This re-analysis, which included only a third of the studies and about half of the bird 353 

species included in our study, confirmed liƩle support for the “sex-chromosome hypothesis”: males 354 

showed, on average, a non-staƟsƟcally significant 1.5% lower wing length CV values than females 355 

(Supplementary Material S6). Our replicaƟon aƩempt showing that the sex-chromosome hypothesis 356 

explains negligible variaƟon among wing length CV values suggests that the previous evidence for the 357 

sex-chromosome hypothesis has likely been underesƟmated by including this trait. Therefore, we call 358 

for future research reassessing the sex-chromosome hypothesis across animals with a special focus 359 

on more variable traits such as body mass.  360 

  361 



Conclusions 362 

Our analyses indicate that coefficients of variaƟon in wing length are about 7-9% smaller in migratory 363 

bird species compared to non-migratory bird species, and that birds feeding on the wing have about 364 

5-10% smaller values than species that do not usually feed on the wing. Although not all comparisons 365 

were staƟsƟcally significant, their direcƟons generally supported the expectaƟon that stabilising 366 

selecƟon on wing length is stronger for species using their wings more intensely during foraging and 367 

migraƟon. The observed differences between these groups only explained a small proporƟon of the 368 

total variaƟon, likely because a large proporƟon of the remaining variance is aƩributed to 369 

phylogeneƟc differences. This suggests that different levels of canalisaƟon have evolved within the 370 

different bird taxa. We suggest that future research should make use of the meta-analyƟc techniques 371 

showcased in our study together with large-scale datasets to study trait canalisaƟon across taxonomic 372 

groups.  373 
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