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(a) Museum egg samples and preparation 13 

 14 

Previously blown whole eggshells of 182 bird species were obtained from the Class II 15 

collection at the Natural History Museum, Tring (NHM, UK), which are intended for 16 

scientific research [1–4]. Museum eggshells have been used in multiple studies for the 17 

study of eggshell water vapour conductance [5–8] as the historical age of the egg and 18 

whether the egg is fresh or a museum egg has been demonstrated to have no impact 19 

on conductance [8]. Egg specimens in the destructive collection at the NHM have 20 

unknown incubation histories, thus eggs were selected based on the size of their blow 21 

hole (<6 mm), as small blow holes indicate the egg was likely collected early on during 22 

incubation and thus are less likely to have undergone any thinning of the eggshell [9], 23 

or to have been chemically treated during museum preparation [8,10].  24 

 25 
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Each eggshell was prepared by gently cleaning the outer surface with damp cotton 26 

buds to remove dirt on the surface. The egg was then filled with distilled water through 27 

the blow hole using a plastic syringe. Once filled to capacity the blow hole was dried 28 

before being sealed with thin impermeable plastic, cut out using a circular hole 29 

puncher to achieve a diameter slightly exceeding that of the blow hole. Loctite™ 30 

transparent contact adhesive (Loctite® Brand - Consumer Products Henkel 31 

Corporation, Ohio) was used to attach the plastic over the blow hole, before Loctite™ 32 

superglue was applied over the plastic and edges 1-hr later to ensure a full seal. The 33 

effectiveness of the plastic coverings was established against the suitability of other 34 

materials for sealing the blow holes, prior to the start of the study (see subheading 35 

“Reliability of GH2O measurements” and figure S3). 36 

 37 

Eggs were placed in a dessicator containing self-indicating gel to remove all moisture, 38 

and set at a constant temperature (30±1°C). Eggs were weighed at the same time of 39 

day on three successive days to give two values of 24-hr mass loss (MH2O). These two 40 

values were averaged for specimen-specific MH2O. Conductance was calculated as 41 

previously described [8] following Fick’s diffusion equation [11]:  42 

𝐺H2O =  
MH2O

∆PH2O
                                                                     (1) 43 

where GH2O is the water vapour conductance (mg d-1 torr -1), MH2O is the rate of mass 44 

loss (mg d-1) and ∆PH2O is the water vapour pressure across the shell (torr). The water 45 

vapour pressure difference across the eggshell was equal to the saturation pressure 46 

at 30oC (31.84 torr) as the osmotic pressure of water (similarly with albumen) does not 47 

depress the vapour pressure within the shell [12], and the water pressure in the 48 

desiccator is zero [13].  49 
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 50 

(b) Identifying outliers 51 

 52 

All museum specimens measured in our study with >30% difference in water loss 53 

between each 24-hr period were checked for cracks and an incomplete seal. Any eggs 54 

with cracks were excluded, and those with an incomplete glue seal were re-filled with 55 

water, resealed, and the experiment repeated. If the difference in water loss between 56 

each 24-hr period occurred again, the specimen was excluded from the study. 57 

Influential specimen GH2O values were identified using ‘Cook’s distance’ [14] from the 58 

model lm(GH2O ~ species). These influential values were examined in diagnostic 59 

boxplots to confirm they represented significant outliers within a species and were 60 

subsequently removed prior to calculating mean GH2O per species.  61 

 62 

(c) Reliability of GH2O measurements 63 

 64 

One egg from the parafilm and one from the eggshell seal treatment were removed as 65 

outliers because water loss between each 24-hr period was over 30% for these 66 

specimens. An unequal water loss suggests a leak in the egg due to a crack in the 67 

eggshell or an incomplete seal around the blow hole. An additional egg was then 68 

removed from analysis for the parafilm treatment based on Cook’s distance [14]. One-69 

way ANOVA revealed no significant difference in GH2O between different materials 70 

used to seal the blow hole (F2,27=1.31, P=0.29; Fig. S2a). Mass loss between 71 

subsequent weighing sessions was highly repeatable for blown Japanese quail 72 

(Coturnix japonica) eggs sealed with shell fragments (Pearson’s r=0.98, n = 11, 73 

P<0.001), plastic (Pearson’s r=0.96, n = 11, P<0.001) and parafilm (Pearson’s r = 74 
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0.99, n = 8, P<0.001 (Fig. S2b) once the two outliers were removed (see above). As 75 

all treatments had a close fit to a 1:1 ratio in water loss between each 24-hr period, 76 

either of these materials can be used to successfully seal the blow hole of the egg. 77 

Plastic was used to provide a tight seal over the blow hole in the main study as this 78 

treatment had the least number of outliers based on cook’s distance and the difference 79 

in water loss between subsequent weighing sessions. The plastic seal can also be 80 

easily pierced with a pin to empty the water contents after the experiment without 81 

damaging the museum specimen.  82 

 83 

(d) Correcting mean GH2O reported in the literature 84 

 85 

Mean GH2O values reported in the literature at a different temperature were corrected 86 

to GH2O at 30oC by multiplying by the factor (
303

𝑇𝑎+273
)

0.5

 [15,16] where Ta is temperature 87 

in degrees Celsius reported in the literature, and 303 is 30oC expressed in Kelvin [16]. 88 

The denominator (Ta + 273) converts temperature reported in the literature from 89 

degrees Celsius to Kelvin. All literature GH2O values were also adjusted to standard 90 

barometric pressure (1 ATM) if this had not already been undertaken in the original 91 

study. These corrections allowed direct comparisons to be made across all studies. In 92 

total, 177 species were collected as part of the present study, and 187 species were 93 

obtained from the literature, making a total of 364 species (220 genera in 85 families) 94 

(see Fig. S3 for phylogenetic tree with GH2O values).  95 

 96 

 97 

 98 
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(e) Life-history and ecological data  99 

 100 

Adult body mass, habitat, latitude and climate variables for all species were obtained 101 

from Sheard et al. [18]. Clutch size, fresh egg mass and incubation days were 102 

predominantly obtained from Myhrvold et al. [17] and eggshell thickness (mm) was 103 

predominantly obtained from Schönwetter [19]. Eggshell maculation was categorised 104 

based on photos on several online databases (see dataset in Figshare repository). 105 

Other life-history traits were primarily gathered from Handbook of Birds of the World 106 

Alive [20], Birds of the Western Palearctic [21] and published scientific databases 107 

[17,22,23]. Any gaps in our dataset were then filled using monographs.  108 

 109 

To reduce the number of predictor variables in the analyses, several categorical 110 

variables were combined (e.g., development was categorised as altricial (altricial + 111 

semi-altricial) or precocial (precocial + semi-precocial)). Consequently, particular 112 

categories are admittedly broad to permit additional relevant predictors in the model, 113 

and much of the diversity and plasticity of these life-history traits are lost when species 114 

are collapsed in such a fashion [24]. Where brood parasites were included, 115 

categorisation of several predictors associated with the nest (nest type and nest lining) 116 

and care of the young (parental contact, parental care and shared incubation) were 117 

based on breeding attributes of the host species that are most commonly parasitized. 118 

Sample sizes for categorical variables are in table S5. 119 

 120 

(f) Collinearity 121 

 122 
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We tested for collinearity (i.e., when variables are near perfect linear combinations of 123 

one another) to determine if any predictor variables need to be removed from the 124 

PGLS model. This was achieved by calculating the variance inflation factor (VIF) for 125 

each of the predictors in a linear model (using lm and vif function in “stats” and 126 

“reclass” package) [25]. As our linear models included predictors with more than 1 127 

degree of freedom, generalised variation-inflation factors (GVIF) were calculated. To 128 

make GIFs comparable across dimensions, GVIF^(1/(2*DF) was used, where DF 129 

(degrees of freedom) is the number of coefficients in the subset [26]. This reduces the 130 

GVIF to a linear measure. The squared value of GVIF^(1/(2*DF) is analogous to the 131 

usual VIF [26] and was used to identify multicollinearity. If any predictors in the linear 132 

model had a squared GVIF^(1/(2*DF) above 10, the predictor with the highest value 133 

was removed and the model was rerun. This was repeated until all predictors in the 134 

linear model had a squared GVIF^(1/(2*DF) below 10 (table S6 and S7). We then 135 

inspected correlations between each numerical variable included in the original linear 136 

model to confirm independence (Fig. S5). Numerical variables that result in pairwise 137 

correlations greater than 0.75 were considered highly correlated. Multiple factors were 138 

highly correlated (adult body mass, egg length, egg breadth and fresh egg mass; 139 

Supplementary Fig. S5) and had a squared GVIF^(1/(2*DF) over 10, and, therefore, 140 

only adult body mass was subsequently included in the PGLS models. Incubation 141 

period had a squared GVIF^(1/(2*DF) under 10 but was highly correlated with adult 142 

body mass (r=0.82; Fig. S5), so was removed from all PGLS analyses. Annual 143 

temperature had a squared GVIF^(1/(2*DF) above 10 and was highly correlated with 144 

absolute median latitude (r=-0.94) and temperature range (r=-0.78) so was removed 145 

from analysis. We decided to retain temperature seasonality and precipitation 146 
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seasonality, and remove the other climate or geographical variables as most of these 147 

variables were highly correlated (Figure S5).  148 

 149 

PGLS models were carried out using ‘phylolm’ function in the R package ‘phylolm’ 150 

[27,28], with branch length transformations optimised between bounds using 151 

maximum likelihood by setting the value for a transformation to ‘ML’. This method 152 

explicitly incorporates the expected covariance among species into a statistical model 153 

fit by generalised least squares, and can be viewed as an extension of Felsenstein’s 154 

independent contrasts method [29] that allows for flexibility in the underlying 155 

evolutionary assumptions.  156 

 157 

(g) Mass-corrected water vapour conductance 158 

 159 

Eggshell conductance is strongly dependant on egg size, and thus adult body mass, 160 

due to the two factors being highly correlated [30]. This is problematic when assessing 161 

the ability of conductance to evolve independently of mass. To tackle this challenge, 162 

we first examined the influence of all factors previously proposed to influence GH2O, 163 

including body mass, by including these as predictors in our phylogenetically informed 164 

models (see Method for details). Secondly, to remove the allometric effect of body 165 

mass on GH2O, we extracted residuals of conductance against body mass (using log–166 

log phylogenetic corrected generalised least‐square linear regression [31]) to produce 167 

mass-independent conductance (RGH2O) values. We then examined whether climate 168 

and life-history variables were able to explain the variation that remains in 169 

conductance once the effect of body mass has been removed, using RGH2O as the 170 

response variable and removing body mass as a predictor. 171 
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 172 

(h) Model selection and predictor importance 173 

 174 

We limited the number of predictors in each PGLS model to a maximum of 5 predictors 175 

as sample size should considerably exceed the number of predictors to optimise the 176 

power of analysis [25]. When a multi-level predictor (i.e., a factor with more than two 177 

levels) was significant for conditional averaging, the “relevel” function was used to 178 

reorder the levels of that predictor and thereby change the reference variable for that 179 

predictor. The PGLS models were then rerun to obtain conditional averaging results 180 

for all multi-level predictor pair-wise comparisons. For example, the category “nest 181 

location” had three levels (ground, tree and cliff), thus the PGLS needs to be run again, 182 

whereby the levels of this factor are re-ordered so that the level specified as the 183 

reference is first, and the others are moved down. In doing so, each level becomes 184 

the reference to be compared with the remaining levels in that factor. This allows pair-185 

wise comparisons within each level to be assessed, as shown in the conditional 186 

averaged outputs. This does not influence the results of other factors included in the 187 

analysis. Plots and phylogenetic trees were produced using R packages ggplot2 [32] 188 

and ggtree [33].  189 

 190 

(i) Spatial distribution maps of eggshell traits 191 

 192 

To create the spatial distribution map of eggshell traits (figure S2) we first downloaded 193 

the shapefiles of each species from BirdLife International (www.datazone.birdlife.org). 194 

We then used the function lets.presab to convert species’ ranges (in shapefile format) 195 

into a presence-absence matrix based on a user-defined grid system (1o resolution) 196 
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using the R package letsR [34]. We then used the lets.maplizer function to average 197 

the species trait (log(GH2O) and residual GH2O) within each cell, and returns a raster 198 

with the mapped traits.  199 

 200 

(j)  Silhouette sources 201 

All silhouettes shown in figure 1-3 are unmodified, beyond their addition to the 202 

phylogenetic figure and graphs, re-colouring and image orientation. Images are 203 

attributed and credited as follows:  204 

• Struthionidae, by Marie Attard, CC0 1.0, http://phylopic.org/image/31789d9c-205 

30e0-4f40-8c21-6f76cd5d339b/ 206 

• Phasianidae (also used for Galliformes), by Elisabeth Östman, CC0 1.0, 207 

http://phylopic.org/image/462ef30f-88d1-4d0b-a75a-f6f5485056df/ 208 

• Anatidae (also used for Anseriformes), by Ferran Sayol, CC0 1.0, 209 

http://phylopic.org/image/868634a9-3907-46cb-863f-dc70b1599a53/ 210 

• Columbidae (also used for Columbiformes), by Ferran Sayol, CC0 1.0, 211 

http://phylopic.org/image/3644ff17-3cd1-4c98-afdb-91113d4e2cca/ 212 

• Phalacrocoracidae, by Juan Carlos Jerí, CC0 1.0, 213 

http://phylopic.org/image/c8d80b8f-a6b3-4d4f-9f2d-ca6bea033d2c/ 214 

• Ardeidae, by Ferran Sayol, CC0 1.0, http://phylopic.org/image/fb4a4bb7-a50f-215 

4d84-9365-5b25638468e6/ 216 

• Laridae, by Ferran Sayol, CC0 1.0, http://phylopic.org/image/35f902d0-c82d-217 

40d5-8c9b-42a76223edc2/ 218 

• Alcidae, by John James Audubon (Modified), CC0 1.0, 219 

http://phylopic.org/image/1eb2195d-8035-4d59-bfe2-ee7af9ca0132/ 220 

http://phylopic.org/image/31789d9c-30e0-4f40-8c21-6f76cd5d339b/
http://phylopic.org/image/31789d9c-30e0-4f40-8c21-6f76cd5d339b/
http://phylopic.org/image/462ef30f-88d1-4d0b-a75a-f6f5485056df/
http://phylopic.org/image/868634a9-3907-46cb-863f-dc70b1599a53/
http://phylopic.org/image/3644ff17-3cd1-4c98-afdb-91113d4e2cca/
http://phylopic.org/image/c8d80b8f-a6b3-4d4f-9f2d-ca6bea033d2c/
http://phylopic.org/image/fb4a4bb7-a50f-4d84-9365-5b25638468e6/
http://phylopic.org/image/fb4a4bb7-a50f-4d84-9365-5b25638468e6/
http://phylopic.org/image/35f902d0-c82d-40d5-8c9b-42a76223edc2/
http://phylopic.org/image/35f902d0-c82d-40d5-8c9b-42a76223edc2/
http://phylopic.org/image/1eb2195d-8035-4d59-bfe2-ee7af9ca0132/
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• Ramphastidae, by FJDegrande, CC0 1.0,  221 

http://phylopic.org/image/e2de1a4e-864b-499a-967a-016f08a10294/ 222 

• Strigidae, by Steven Traver, CC0 1.0,  http://phylopic.org/image/919a6f91-223 

cb0b-4646-9ec2-b6a8b5e4b024/ 224 

• Rhipiduridae, by Michael Scroggie, CC0 1.0,  225 

http://phylopic.org/image/35afd1db-6ff2-42fa-a192-edd039c0cd0c/ 226 

• Corvidae, by Marie Attard, CC0 1.0, http://phylopic.org/image/1042852a-ac13-227 

4679-8d57-c31c2dce8513/ 228 

• Sylviidae, uncredited, CC0 1.0,  http://phylopic.org/image/67a9ecfd-58ba-229 

44a4-9986-243b6e610419/ 230 

• Cisticolidae, uncredited, CC0 1.0, http://phylopic.org/image/09938c03-f830-231 

4552-a047-ea60e72cb9a8/ 232 

• Turdidae (also used for Passeriformes), by Sharon Wegner-Larsen, CC0 1.0,  233 

http://phylopic.org/image/3afc0b52-46fe-49da-aa60-b3bc046cb9e4/ 234 

• Sturnidae, by Ferran Sayol, CC0 1.0, http://phylopic.org/image/54ba1b9e-235 

7bd1-4248-9aac-7218f1b1d6f4/ 236 

• Fringilliidae, by Francesco Veronesi (vectorized by T. Michael Keesey), CC by 237 

3.0, http://phylopic.org/image/c64e59f8-5d99-4cf5-bcfd-c73022e288e2/ 238 

• Icteridae, by Ferran Sayol, CC0 1.0, http://phylopic.org/image/2ada4e2f-35ab-239 

48d2-b32e-3bad57033dd4/ 240 

• Motacillidae, uncredited, CC0 1.0, http://phylopic.org/image/514adb3b-bf61-241 

41f3-bd39-bc6207241a77/ 242 

• Nectariniidae (also used for orange-tuft sunbird), by Campbell Fleming, CC0 243 

1.0, http://phylopic.org/image/6ae6334d-a220-4551-aaef-80c2e2820678/ 244 

http://phylopic.org/image/e2de1a4e-864b-499a-967a-016f08a10294/
http://phylopic.org/image/919a6f91-cb0b-4646-9ec2-b6a8b5e4b024/
http://phylopic.org/image/919a6f91-cb0b-4646-9ec2-b6a8b5e4b024/
http://phylopic.org/image/35afd1db-6ff2-42fa-a192-edd039c0cd0c/
http://phylopic.org/image/1042852a-ac13-4679-8d57-c31c2dce8513/
http://phylopic.org/image/1042852a-ac13-4679-8d57-c31c2dce8513/
http://phylopic.org/image/67a9ecfd-58ba-44a4-9986-243b6e610419/
http://phylopic.org/image/67a9ecfd-58ba-44a4-9986-243b6e610419/
http://phylopic.org/image/09938c03-f830-4552-a047-ea60e72cb9a8/
http://phylopic.org/image/09938c03-f830-4552-a047-ea60e72cb9a8/
http://phylopic.org/image/3afc0b52-46fe-49da-aa60-b3bc046cb9e4/
http://phylopic.org/image/54ba1b9e-7bd1-4248-9aac-7218f1b1d6f4/
http://phylopic.org/image/54ba1b9e-7bd1-4248-9aac-7218f1b1d6f4/
http://phylopic.org/image/c64e59f8-5d99-4cf5-bcfd-c73022e288e2/
http://phylopic.org/image/2ada4e2f-35ab-48d2-b32e-3bad57033dd4/
http://phylopic.org/image/2ada4e2f-35ab-48d2-b32e-3bad57033dd4/
http://phylopic.org/image/514adb3b-bf61-41f3-bd39-bc6207241a77/
http://phylopic.org/image/514adb3b-bf61-41f3-bd39-bc6207241a77/
http://phylopic.org/image/6ae6334d-a220-4551-aaef-80c2e2820678/
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• Falconidae (also used for Acciptriformes), by Ferran Sayol, CC0 1.0, 245 

http://phylopic.org/image/1d5f26b6-4a9a-48ad-b799-a83eadb078ca/ 246 

• Garvididae (used for common loon), by Marie Attard, CC0 1.0, 247 

http://phylopic.org/image/db5c0243-52bf-4a2b-a27c-0a0c34469522/ 248 

• Struthio camelus (used for ostrich), by Matt Martyniuk (vectorized by T. Michael 249 

Keesey), CC by 3.0, http://phylopic.org/image/14ddbf4d-7749-4153-bbe1-250 

8d0c6ffdf142/ 251 

• Strigidae (used for snowy owl), by xgirouxb, CC0 1.0, 252 

http://phylopic.org/image/ea71ef37-b1ce-428b-84d0-438d0d954f32/ 253 

• Alcedinidae (used for kingfisher), by Ferran Sayol, CC0 1.0, 254 

http://phylopic.org/image/6209c9be-060e-4d7f-bc74-a75f3ccf4629/ 255 

• Diomedeidae (used for black-footed albatross), by Juan Carlos Jerí, CC0 1.0, 256 

http://phylopic.org/image/05c6c57c-7c64-4a51-921a-fd46d066ab91/ 257 

• Meleagridinae (used for brush turkey), uncredited, CC0 1.0, 258 

http://phylopic.org/image/b3cdff28-5829-4d76-84d6-e5c717d28d07/ 259 

• Sphenisciformes, by Nobu Tamura (vectorized by T. Michael Keesey), CC by 260 

3.0, http://phylopic.org/image/535f31dc-2b8a-448d-af5f-3ea8b18da773/ 261 

• Charadriiformes, uncredited, CC0 1.0, http://phylopic.org/image/e43fcbd5-262 

4d9f-40ca-8d75-af4ca72260dd/ 263 

• Pelecaniformes, by Ferran Sayol, CC0 1.0,  264 

http://phylopic.org/image/2a168f51-4016-4a32-ba72-64a53bee31ca/ 265 

• Piciformes, by Steven Traver, CC0 1.0, http://phylopic.org/image/ddd5783c-266 

ded5-48f2-a07d-cc37c83b227b/ 267 

 268 

 269 

http://phylopic.org/image/1d5f26b6-4a9a-48ad-b799-a83eadb078ca/
http://phylopic.org/image/db5c0243-52bf-4a2b-a27c-0a0c34469522/
http://phylopic.org/image/14ddbf4d-7749-4153-bbe1-8d0c6ffdf142/
http://phylopic.org/image/14ddbf4d-7749-4153-bbe1-8d0c6ffdf142/
http://phylopic.org/image/ea71ef37-b1ce-428b-84d0-438d0d954f32/
http://phylopic.org/image/6209c9be-060e-4d7f-bc74-a75f3ccf4629/
http://phylopic.org/image/05c6c57c-7c64-4a51-921a-fd46d066ab91/
http://phylopic.org/image/b3cdff28-5829-4d76-84d6-e5c717d28d07/
http://phylopic.org/image/535f31dc-2b8a-448d-af5f-3ea8b18da773/
http://phylopic.org/image/e43fcbd5-4d9f-40ca-8d75-af4ca72260dd/
http://phylopic.org/image/e43fcbd5-4d9f-40ca-8d75-af4ca72260dd/
http://phylopic.org/image/2a168f51-4016-4a32-ba72-64a53bee31ca/
http://phylopic.org/image/ddd5783c-ded5-48f2-a07d-cc37c83b227b/
http://phylopic.org/image/ddd5783c-ded5-48f2-a07d-cc37c83b227b/
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 270 

Figure S1. Phylogenetic regression between log10-transformed body mass and water 271 

vapour conductance (GH2O). (a) The phylogenetic regression was used to take into 272 

account allometric effects on GH2O and (b) obtain a relative measure based on the 273 

residuals on all birds. 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 
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 287 

Figure S2. Global variation in water vapour conductance (GH2O) among avian eggs. 288 

For data display purposes, range maps were intersected with a 1° × 1° grid 289 

(~110 km × 110 km at the equator). Distribution maps for species were overlaid, 290 

assuming that every species had the same abundance and that this was equal 291 

everywhere within each species’ range. Traits of the species living within each grid 292 

cell were then plotted for (a) log(GH2O), and (b) residual water vapour conductance 293 

(RGH2O).  294 

 295 



14 
 

 296 

Figure S3. Water vapour conductance (GH2O) in Japanese quail (Coturnix japonica) 297 

eggs with different material used to seal the blowholes. (a) Box plot of GH2O values 298 

and (b) difference in mass loss between each 24-hr period when eggs were weighed. 299 

Black trendline indicates the scenario of a 1:1 ratio in mass loss over sequential days 300 

(normal probability). Linear regressions are plotted separately for each treatment. An 301 

eggshell fragment from the same species was used to seal the blowhole for the 302 

‘eggshell’ treatment. Outliers identified from Cook’s distance and >30% difference in 303 

water loss between subsequent weighing intervals are excluded from the figures.  304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 
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    314 

Figure S4. Phylogenetic tree of 364 bird species from which whole egg water vapour 315 

conductance (GH2O) data were obtained. Eggshell conductance of each species are 316 

presented as a bar plot in the two rings around the tree based on log10-transformed 317 

GH2O (log(GH2O)) and residual water vapour conductance (RGH2O). Scientific names 318 

are displayed at each tip label.  319 

 320 
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321 

Figure S5. Correlation matrix heat map for numerical predictors considered for PGLS. 322 

All numerical predictors were transformed in the correlation matrix, as described in the 323 

main text.  All bird species in the present study are included. Each graph on the bottom 324 

left shows linear regressions between two continuous variables. The graphs on the 325 

diagonal show the distribution of each corresponding continuous variable. Each graph 326 

on the upper right shows pair-wise correlations between continuous variables, with 327 

values approaching 1 in red and values approaching 0 in white.  328 

 329 
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330 

Figure S6 Hybrid box plots of predictors that influence RGH2O based on PGLS models 331 

with an AIC<2, but were not significant in conditionally averaged models. RGH2O is 332 

plotted as a function of (a) calcium, (b) mode of development, (c) parental contact, and 333 

(d) nest location. Species RGH2O are shown as filled circles, vertical line indicates the 334 

median, box shows the interquartile range (IQR) and the whiskers are 1.5× IQR and 335 

their distribution is shown as histograms.  336 

 337 

 338 

 339 
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Table S1. Model output of conditional averaged top-ranked models (δAICc <2) 340 

explaining log(GH2O) across all birds. Parameter estimates, confidence intervals (95%) 341 

and relative variable importance are provided for each predictor. P<0.05 highlighted 342 

in bold. The relative importance of each predictor is the sum of Akaike weights over 343 

all top-ranked PGLS models including the explanatory variable, and can range from 0 344 

to 1.   345 

predictor estimate conditional 
s.e. 

z value Pr(>|z|)  95% CI relative 
importance 

(Intercept) -0.51 0.13 3.98 0.00 (-0.76, -0.26)  
Body mass 0.52 0.03 18.40 0.00 (0.46, 0.57) 1.00 
Calciuma 0.04 0.04 0.96 0.34 (-0.04, 0.12) 0.56 
Nest locationb      0.51 

- Ground/Tree -0.04 0.04 0.87 0.38 (-0.12, 0.05)  
- Ground/Cliff 0.00 0.04 0.12 0.90 (-0.07, 0.08)  
- Tree/Cliff 0.04 0.06 0.77 0.44 (-0.07, 0.15)  

Mode of development -0.08 0.08 1.05 0.29 (-0.24, 0.07) 0.61 
Shared incubationd -0.06 0.04 1.61 0.11 (-0.13, 0.01) 0.88 
Parental contacte -0.04 0.05 0.77 0.44 (-0.14, 0.06) 0.44 
Temperature 
seasonality 0.00 0.00 2.13 0.03 (-0.01, 0.00) 1.00 

a Calcium poor was the reference group. 346 
b First variable listed was the reference group. 347 
c Precocial was the reference group. 348 
d Shared incubation was the reference group.  349 
e Wet plumage was the reference group.  350 
 351 

 352 
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Table S2. Top-ranked PGLS models (δAICc <2) of log(GH2O) that contribute to the conditional averaged models. The coefficient 353 

estimates are listed for the intercept and predictors with p-values in brackets. Estimates for parameters (AICc, δAICc, logLik and 354 

model weight) are provided in respective models. Model weights are estimates across the entire set of 3473 models and sum to 1. 355 

Model 
ID 

(Interce
pt) 

Body 
mass 

Calcium
a 

Nest 
location 
– treeb 

Nest 
location 
– cliffb 

Nest 
location 
– cliffc 

Mode of 
develop
mentd 

Shared 
incubati

one 

Parent 
contactf 

Temper
ature 

season
ality 

Df AICc δAIC logLik Weight 

8267 -0.55 
(0.00) 

0.52 
(0.00) 

0.07 
(0.01)   

 -0.13 
(0.01) 

-0.07 
(0.03)  

0.00 
(0.03) 

8 -54.47 0.00 35.44 0.04 

8515 -0.53 
(0.00) 

0.50 
(0.00) 

0.07 
(0.02) 

-0.08 
(0.01) 

0.01 
(0.92) 

0.08 
(0.11) 

 -0.07 
(0.03)  

0.00 
 (0.03) 

9 -54.15 0.32 36.33 0.03 

10313 -0.49 
(0.00) 

0.53 
(0.00) 

 
  

 -0.15 
(0.00) 

-0.06 
(0.04) 

-0.09 
(0.01) 

0.00 
 (0.05) 

8 -53.48 0.99 34.94 0.02 

10561 -0.48 
(0.00) 

0.51 
(0.00) 

 -0.08 
(0.01) 

0.00 
(0.99) 

0.08 
(0.11) 

 -0.06 
(0.04) 

-0.08 
(0.04) 

0.00 
 (0.05) 

9 -52.84 1.63 35.67 0.02 

10505 -0.45 
(0.00) 

0.52 
(0.00) 

 -0.06 
(0.05) 

0.03 
(0.61) 

0.09 
(0.08) 

-0.12 
(0.02) 

 -0.10 
(0.01) 

0.00 
 (0.02) 

9 -52.63 1.84 35.57 0.02 

a Calcium poor was the reference group. 356 
b Ground was the reference group. 357 
c Tree was the reference group. 358 
d Precocial was the reference group. 359 
e Shared incubation was the reference group.  360 
f Wet plumage was the reference group.  361 
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Table S3. Model output of conditional averaged top-ranked models (δAICc <2) 362 

explaining residual water vapour conductance (RGH2O) across all birds. Parameter 363 

estimates, confidence intervals (95%) and relative variable importance are provided 364 

for each predictor. P<0.05 highlighted in bold. The relative importance of each 365 

predictor is the sum of Akaike weights over all top-ranked PGLS models including the 366 

explanatory variable, and can range from 0 to 1.   367 

Predictor estimate conditional 
s.e. 

z value Pr(>|z|)  95% CI relative 
importance 

(Intercept) 0.15 0.11 1.33 0.18 (0.07, 0.36)  
Calciuma 0.04 0.04 1.11 0.27 (-0.03, 0.12) 0.67 
 0.01 0.03 0.47 0.64 (-0.04, 0.07) 0.27 
Nest locationc      0.57 

- Ground/Tree -0.04 0.04 0.94 0.35 (-0.12, 0.04)  
- Ground/Cliff 0.01 0.04 0.15 0.88 (-0.07, 0.08)  
- Tree/Cliff 0.05 0.05 0.83 0.41 (-0.06, 0.15)  

Mode of developmentd -0.10 0.08 1.29 0.20 (-0.24, 0.05) 0.73 
Shared incubatione -0.07 0.03 2.22 0.03 (-0.13, -0.01) 1.00 
Parental contactf -0.04 0.05 0.84 0.40 (-0.14, 0.06) 0.52 
Temperature 
seasonality 0.00 0.00 2.20 0.03 (-0.01, 0.00) 1.00 

a Calcium poor was the reference group. 368 
b Immaculate egg was the reference group.  369 
c First variable listed was the reference group. 370 
d Precocial was the reference group. 371 
e Shared incubation was the reference group.  372 
f Wet plumage was the reference group.  373 
 374 

 375 
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Table S4. Top-ranked PGLS models (δAICc <2) of residual water vapour conductance (RGH2O) that contribute to the conditional 376 

averaged models. The coefficient estimates are listed for the intercept and predictors with p-values in brackets. Estimates for 377 

parameters (AICc, δAICc, logLik and model weight) are provided in respective models. Model weights are estimates across the entire 378 

set of 2380 models and sum to 1. 379 

Model 
ID 

(Interce
pt) 

Calcium
a 

Nest 
location 
– treeb 

Nest 
location 
– cliffb 

Nest 
location 
– cliffc 

Mode of 
develop
mentd 

Shared 
incubati

one 

Parent 
contactf 

Temper
ature 

season
ality 

Egg 
maculat

iong 
Df AICc δAIC logLik weight 

4261 0.13 
(0.18) 

0.07 
(0.02) 

-0.06 
(0.05) 

0.02 
(0.72) 

0.08 
(0.12) 

-0.11 
(0.04) 

-0.07 
(0.02) 

 0.00 
(0.02) 

 9 -57.34 0.00 37.92 0.02 

5284 0.23 
(0.01) 

 -0.07 
(0.03) 

0.02 
(0.73) 

0.08 
(0.09) 

-0.13 
(0.01) 

-0.07 
(0.03) 

-0.10 
(0.01) 

0.00 
(0.03) 

 9 -57.18 0.16 37.84 0.02 

5157 0.17 
(0.08) 

0.06 
(0.06) 

  
 

-0.15 
(0.00) 

-0.07 
(0.03) 

-0.07 
(0.10) 

0.00 
(0.03) 

 8 -56.91 0.43 36.66 0.02 

4133 0.10 
(0.29) 

0.07 
(0.01) 

  
 

-0.13 
(0.01) 

-0.07 
(0.03) 

 0.00 
(0.03) 

 7 -56.54 0.80 35.43 0.02 

4141 0.10 
(0.32) 

0.07 
(0.02) 

  
 

-0.12 
(0.02) 

-0.07 
(0.02) 

 0.00 
(0.02) 

0.04 
(0.22) 

8 -55.98 1.35 36.20 0.01 

4257 0.08 
(0.46) 

0.07 
(0.03) 

-0.07 
(0.02) 

0.00 
(0.97) 

0.08 
(0.13) 

 -0.07 
(0.02) 

 0.00 
(0.03) 

 8 -55.78 1.56 36.09 0.01 

4265 0.07 
(0.48) 

0.06 
(0.03) 

-0.07 
(0.02) 

0.00 
(0.94) 

0.08 
(0.12) 

 -0.07 
(0.02) 

 0.00 
(0.02) 

0.05 
(0.15) 

9 -55.76 1.57 37.14 0.01 

5281 0.13 
(0.23) 

0.05 
(0.10) 

-0.08 
(0.01) 

0.00 
(0.97) 

0.08 
(0.13) 

 -0.07 
(0.03) 

-0.06 
(0.16) 

0.00 
(0.03) 

 9 -55.58 1.76 37.04 0.01 

5288 0.16 
(0.12) 

 -0.08 
(0.01) 

0.00 
(0.98) 

0.08 
(0.11) 

 -0.07 
(0.03) 

-0.09 
(0.03) 

0.00 
(0.03) 

0.05 
(0.10) 

9 -55.51 1.83 37.01 0.01 

5164 0.20 
(0.03) 

   
 

-0.14 
(0.01) 

-0.07 
(0.03) 

-0.10 
(0.01) 

0.00 
(0.03) 

0.05 
(0.15) 

8 -55.49 1.85 35.95 0.01 

5156 0.20 
(0.03) 

   
 

-0.15 
(0.00) 

-0.06 
(0.04) 

-0.09 
(0.02) 

0.00 
(0.04) 

 7 -55.43 1.91 34.87 0.01 

a Calcium poor was the reference group. 380 
b Ground was the reference group. 381 
c Tree was the reference group. 382 
d Precocial was the reference group. 383 
e Shared incubation was the reference group.  384 
f Wet plumage was the reference group.  385 
g Immaculate egg was the reference group.  386 
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Table S5. Sample sizes for life-history traits in birds included in this study.  387 

Predictor Number of species 

Calcium   
Calcium poor  186 
Calcium rich  178 

Egg patterning  
Immaculate 189 
Maculate 175 

Nest lining  
Not lined 101 
Lined 263 

Nest type  
Nest enclosed 75 
Nest semi-enclosed 152 
Nest exposed 137 

Nest location  
Ground 150 
Tree 192 
Cliff 22 

Habitat  
Dense 59 
Semi-open 88 
Open 216 

Incubation shared  
Not shared 182 
Shared 182 

Mode of development  
Altricial 239 
Precocial 125 

Parental care  
Uniparental 56 
Biparental 308 

Parent contact  
Dry plumage 239 
Wet plumage 125 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 
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Table S6. Variance Inflation factor of final predictors used in PGLS across all birds (n 398 

= 364) for log(GH2O). All numerical predictors were transformed to reduce skewed 399 

distributions (see main text for details).   400 

Predictor GVIF Df GVIF^(1/2*Df) 

Body mass 2.95 1 1.72 
Calcium 1.66 1 1.29 
Clutch size 2.00 1 1.41 
Egg maculation 1.68 1 1.30 
Nest type 3.27 2 1.34 
Nest lining 1.25 1 1.12 
Nest location 1.97 2 1.19 
Nest habitat 1.75 2 1.15 
Shared incubation 1.58 1 1.26 
Mode of development 3.12 1 1.77 
Parental care 2.30 1 1.52 
Parental contact 2.12 1 1.45 
Temperature seasonality 2.03 1 1.42 
Precipitation seasonality  1.97 1 1.41 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 
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Table S7. Variance Inflation factor of final predictors used in PGLS across all birds (n 418 

= 364) for residual water vapour conductance (RGH2O). All numerical predictors were 419 

transformed to reduce skewed distributions (see main text for details).   420 

Predictor GVIF Df GVIF^(1/2*Df) 

Calcium 1.55 1 1.25 

Clutch size 1.99 1 1.41 

Egg maculation 1.47 1 1.21 

Nest type 2.74 2 1.29 

Nest lining 1.25 1 1.12 

Nest location 1.96 2 1.18 

Nest habitat 1.73 2 1.15 

Shared incubation 1.56 1 1.25 

Mode of development 2.89 1 1.70 

Parental care 2.29 1 1.51 

Parental contact 2.11 1 1.45 

Temperature seasonality 2.02 1 1.42 
Precipitation seasonality 1.97 1 1.40 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 
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