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Abstract.—Our knowledge of the diversity, ecology, and phylogeny of Mesozoic birds has 10 

increased significantly during recent decades, yet our understanding of their flight competence 11 

remains poor. Wing loading (WL) and aspect ratio (AR) are two aerodynamically relevant 12 

parameters, as they relate to energy costs of aerial locomotion and flight maneuverability. They 13 

can be calculated in living birds (i.e., Neornithes) from body mass (BM), wingspan (B) and lift 14 

surface (SL). However, the estimates for extinct birds can be subject to biases from statistical 15 

issues, phylogeny, locomotor adaptations, and diagenetic compaction. Here we develop a 16 

sequential approach for generating reliable multivariate models that allow estimating 17 

measurements necessary to determine WL and AR in the main clades of non-neornithine 18 

Mesozoic birds. The strength of our predictions is supported by the use of those variables that 19 

show similar scaling patterns in modern and stem taxa (i.e., non-neornithine birds), and the 20 

similarity of our predictions with measurements obtained from fossils preserving wing outlines. 21 

In addition, although our WL and AR values are based on estimates (BM, B, and SL) that have an 22 

associated error, there is no cumulative error in their calculation, and both parameters show low 23 

prediction errors. Therefore we present the first taxonomically broad, error-calibrated estimation 24 

of these two important aerodynamic parameters in non-neornithine birds. Such estimates show 25 

that the WL and AR of the non-neornithine birds here analyzed fall within the range of variation 26 

of modern birds (i.e., Neornithes). Our results indicate that most modern flight modes (e.g., 27 

continuous flapping, flap and gliding, flap and bounding, thermal soaring) were possible for the 28 

wide range of non-neornithine avian taxa; we found no evidence for the presence of dynamic 29 

soaring among these early birds.  30 

 31 
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 46 

Introduction 47 

 48 

Since the 1980s, a steady flow of discoveries of Mesozoic fossils worldwide has transformed our 49 

understanding of the earliest phases of the avian evolution (e.g. Sanz et al. 1988; Chiappe and 50 

Calvo 1994; Sanz et al. 1995; 1996; Hou 1997; Clarke and Norell 2002; Zhou and Zhang 2002; 51 

Zhou et al. 2005; Chiappe et al. 2007; Zhang et al. 2008; Zhou et al. 2009; O´Connor et al. 2010; 52 

Brusatte et al. 2015). Numerous extinct lineages have been recorded—particularly from the Early 53 

Cretaceous of northeastern China (Chiappe and Meng 2016)—and their evolutionary 54 
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relationships, and ecological differentiation have been deciphered (e.g. Chiappe et al. 1999; 55 

Chiappe and Witmer 2002; You et al. 2006; Bell and Chiappe 2011; O´Connor et al. 2011; 56 

Chiappe et al. 2014). Nonetheless, important questions about the aerodynamic competence of 57 

these early relatives of modern birds have remained poorly answered. This is largely due to our 58 

inability to characterize, in these extinct birds, a series of key variables known to influence the 59 

flight of their living counterparts. Wings are the anatomical structures that allow birds to travel 60 

through the air (their aerodynamic design generates lift force necessary to support the animal’s 61 

weight, allowing the bird to focus its muscles’ work on flapping the wings to overcome 62 

aerodynamic drag; Pennycuick 2008). From an aerodynamic point of view, bird wings can be 63 

characterized by two basic measurements, wing span (B) and wing area (SL), defined as the 64 

distance from one wing tip to the other and the area that supports the bird´s airborne flight, 65 

respectively.  66 

To study the aerial behavior of the stem birds, some authors have obtained values for B 67 

and SL from outline reconstructions based on well-preserved specimens such as Archaeopteryx 68 

(Yalden 1971; 1984; Elzanowski 2002; Longrich 2006; Wellnhofer 2008) and Hongshanornis 69 

(Chiappe et al. 2014). However, these types of studies are scarce and can only be confidently 70 

applied to nearly complete avian fossils with well-preserved flight feathers. An alternative to 71 

body reconstruction is to derive allometric equations adjusted in extant birds, to estimate B and 72 

SL in extinct birds which preserve the variable(s) included in the equations. Scaling equations of 73 

B and SL on body mass (BM) have been obtained from modern datasets (e.g. Greenwalt 1975; 74 

Viscor and Fuster 1987; Pennycuick 2008; Tennekes 2009), and in some cases they have been 75 

applied to fossil stem birds (e.g. Sanz et al. 2002). However, given that the BM of any extinct 76 

bird is also an estimated value, which can be subject to different errors and biases (see bellow), 77 
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the allometric equations for B and SL should be derived from morphological traits that are 78 

preserved in the fossils studied (e.g., measurements of their bones and feathers).  79 

As recently discussed by Serrano et al. (2015), any estimated parameter derived from 80 

regression functions can be affected by sources of error from statistical, phylogenetic, ecological, 81 

and taphonomic nature. Namely, these biases may  arise from limitations imposed by: (1) 82 

sampling availability and differences in taxonomic diversity (see Mendoza et al. 2006; De 83 

Esteban-Trivigno et al. 2008); (2) multicollinearity (see Mitchell-Olds and Shaw 1987; 84 

Bowerman and O’Connell 1990; Quinn and Keough 2001); (3) statistical non-independence of 85 

species given their historical relationships (see Felsenstein 1985; Harvey and Pagel 1991); (4) 86 

uncertainty on the adequacy of assuming similar scaling patterns for crown and stem taxa (see 87 

Carrano 2001; Smith 2002; Packard et al. 2009; Campione and Evans 2012; Field et al. 2013); 88 

(5) effects of the functional adaptations on the morphology of wing bones (see Cubo and Casinos 89 

1998; De Margerie et al. 2005; Habib and Ruff 2008; Hinic-Frlog and Motani 2010; Simmons 90 

2010; Bell and Chiappe 2011; Simmons et al. 2011); and (6) effects of diagenetic compaction on 91 

the osteological dimensions of fossil birds. In the case of the BM estimates, these potential biases 92 

were avoided or reduced by using a step by step methodology for obtaining specific multiple 93 

regression models (MR) for predicting BM values in each Mesozoic stem taxa (Serrano et al., 94 

2015).  95 

 In the case of wingspan values, other factors can influence the predictions obtained for 96 

extinct birds. The B value of a given bird depends on the length of the anatomical elements of its 97 

wing (i.e. humerus, ulna, carpometacarpus, major digit, and longest primary feather), the 98 

extended angles of the elbow and wrist, and the width of the body region between the wings. The 99 

absence of information on any of these factors results in increased uncertainty in the prediction 100 
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of B for avian stem fossils. Several studies have shown that the length proportions between wing 101 

skeletal elements of basal birds are inside the range of modern birds (e.g. Middleton and Gatesy 102 

2000; Dyke and Nudds 2009; Benson and Choiniere 2013; Nudds et al. 2013), and hence these 103 

variables can be used for estimating their B values. Wang et al. (2011), however, claimed that the 104 

length of longest primary feather of some stem groups (e.g., Archaeopterygidae and 105 

Enantiornithes) was significantly shorter than those of modern birds. Yet, the scaling 106 

relationships between the length of the longest primary and the length of the skeletal wing have 107 

been little explored. On the other hand, the probability that an ancient bird fossilized with the 108 

wing completely extended is very low, which implies that elbow and wrist angles of this posture 109 

are unknown for stem birds. However, given that there are neognaths with very close angles (e.g. 110 

swifts) and others that show very open angles (e.g. many passerines) (see Videler 2006), it is 111 

reasonable to consider that the values of these angles for stem birds were inside the range of 112 

modern birds, as implicitly assumed in reconstructions of B for Mesozoic birds (e.g. Yalden 113 

1971; 1984; Elzanowski 2002; Longrich 2006; Wellnhofer 2008; Chiappe et al. 2014). Finally, 114 

the length of the corporal region can be approximated by the width of the furcula (i.e. the 115 

distance between the tips of both clavicles), which scales isometrically with B in neognaths 116 

(Nudds and Rayner 2006). However, this scaling pattern is unexplored for most basal birds, 117 

which means that it is unknown how this variable could affect the prediction of B.    118 

 Wing area (SL) depends on the area of both wings and also includes the part of the body 119 

situated between the wings. SL correlates with B and with BM because it is the surface generating 120 

the lift that supports the weight of the airborne bird (Greenwalt 1975; Viscor and Fuster 1987; 121 

Álvarez et al. 2001; Sanz et al. 2002; Meseguer and Sanz-Andrés 2007; Pennycuick 2008). 122 

Accordingly, the SL values of extinct birds can be accurately estimated from those osteological 123 

Page 6 of 69

Cambridge University Press

Paleobiology



For Peer Review

7 

 

measurements of the wing and dimensions of preserved flight feathers that show scaling patterns 124 

comparable to those of modern birds, in a similar way to the predictions of BM performed by 125 

Serrano et al. (2015). 126 

 Prediction of B, SL, and BM values allows the calculation of two parameters crucial for 127 

the aerodynamics of any flying bird: wing loading (WL) and aspect ratio (AR). These two 128 

parameters provide an approximation to the mode in which a bird can fly more effectively. WL 129 

(weight supported by a unit surface of the wings) is directly proportional to the speed in the non-130 

flapping phases of flight, and relates inversely to maneuverability (Norberg 2002; Longrich 131 

2006; Alerstam et al. 2007; Pennycuick 2008; Tennekes 2009); AR (proxy of wing shape that 132 

indicates the relationship between wing length and width) is directly related to aerodynamic 133 

advantage for long flights, because high AR values increase the lift coefficient and reduce the 134 

mechanical power necessary to fly (by decreasing both the induced drag and the profile drag; 135 

Meseguer and Sanz 2007; Pennycuick 2008). For example, modern soaring birds use the wind to 136 

gain altitude, which is facilitated by their low-to-medium WL values. In addition, dynamic 137 

soarers (e.g., albatrosses) show high AR values, which allow them to make use of the velocity 138 

gradient of the horizontal airflow over sea, while thermal soarers (e.g., vultures) show moderate 139 

to low AR values for taking advantage of vertical ascending currents. In contrast, continous 140 

flapping birds usually show high WL values. Among these birds, the species that perform short 141 

flights (e.g., landfowls and rails) show lower AR values than those that develop long flights (e.g., 142 

waterfowls and diving birds) (see Viscor and Fuster 1987; Rayner 1988; Norberg 2002). 143 

Knowledge of the flight performance of basal birds has mainly been obtained from their 144 

anatomical descriptions and from comparisons with extant neognaths (e.g. Sanz et al. 1988; 145 

1996; Zhang and Zhou 2000; Zhou and Zhang 2002; Chiappe and Witmer 2002, Clarke and 146 
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Norell 2002; Senter 2006). The presence or absence of homologous structures that correlate with 147 

flight functions has been used to hypothesize aspects of flight modes of early birds. For example, 148 

the presence of an alula in the Early Cretaceous enantiornithine Eoalulavis hoyasi was 149 

interpreted as evidence of increased flight control at low speeds (Sanz et al. 1996). Several 150 

comparative studies on limb bone proportions have also contributed to a better understanding of 151 

early avian flight (e.g. Middleton and Gatesy 2000; Dyke and Nudds 2009; Bell and Chiappe 152 

2011; Wang et al. 2011; 2012; Chan et al. 2012; Close and Rayfield 2012; Nudds et al. 2013; 153 

Benson and Choiniere 2013). However, assessments of the flight performance of stem birds 154 

based on estimates of their flight parameters are scarce. With a few recent exceptions (e.g., 155 

Chiappe et al. 2014; Evangelista et al. 2014), most aerodynamic analyses have been focused on 156 

Archaeopteryx (e.g. Yalden 1971; Burgers and Chiappe 1999; Chatterjee and Templin 2003; 157 

Longrich 2006; Meseguer et al. 2008; 2012).  158 

The main objective of this study is obtaining reliable estimates of basic aerodynamic 159 

variables in Mesozoic, non-neornithine birds. Specifically, we construct multiple regression 160 

models for calculating the values (and errors) of wingspan, wing area, and aspect ratio in 161 

different lineages of early birds, and we use recent body mass estimates (Serrano et al., 2015) to 162 

calculate their wing loading values. All these estimates are then used to discuss the flight 163 

performance and flight modes of some of the earliest known birds.  164 

 165 

Material and Methods 166 

Data Set  167 

A total of 41 fossils of presumed flying Mesozoic stem taxa were studied in order to 168 

estimate their B and SL values (Supplementary Table 1). These specimens represent a broad 169 
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sample of the avian clade during the Late Jurassic and Cretaceous. The predictive models are 170 

based on a data set of modern volant birds comprised of 188 individuals from 83 flying species 171 

of Neognathae distributed among 49 families and 21 orders (Supplementary Table 2), covering a 172 

broad range of sizes (from mute swan to little woodswallow) and including species from all 173 

flight types (except hummingbirds due to their unique hovering abilities). Both datasets of stem 174 

and modern birds were characterized in Serrano et al. (2015). A total of 15 linear dimensions of 175 

the forelimb bones were measured on each specimen, as well as the width of the furcula. 176 

Corresponding data of body mass (BM) and wing span (B) were taken by Museum personnel 177 

(Burke Museum of Natural History and Culture, Seattle) while the specimens were still alive. In 178 

addition, four other variables were measured for each specimen from pictures of wings using the 179 

software tpsDIG 2.17 (available at: http://life.bio.sunysb.edu/morph/): chord at wrist level (c; 180 

which is a proxy of the mean chord explained in Pennycuick 2008), longest primary feather 181 

(Lprim), length of a wing (Lw), and surface of a wing (Sw). According to Pennycuick (2008) and 182 

Álvarez et al. (2001), total lift surface (SL) was calculated from eq. (1), where the area of the 183 

body region situated between the wings (Sb) was obtained from eq. (2): 184 

    (1) SL = 2 Sw + Sb 185 

    (2) Sb = (B - 2 Lw) c 186 

The measurements used as variables in this study are defined in Table 1 and depicted in the 187 

Figure 1. 188 

 189 

Data Proccesing and Predictive Models 190 

Data from modern birds were used to fit linear regression functions using the ordinary 191 

least squares method (OLS), with B and SL as the response variable (y), and the measurements 192 
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taken in forelimb skeleton and wing's feathers as predictor variables (x). Given that a relationship 193 

of dependence for both B and SL on the x variables can be assumed, and given that prediction is 194 

the main objective of the regression analyses, the OLS method is the most adequate for deriving 195 

the equations (Gingerich et al. 1982; Sokal and Rohlf 1986; MacLeod 2004; Smith 2009; 196 

Campione and Evans 2012). Furthermore, given that raw data for B, SL, and the skeletal 197 

measurements show positively skewed distributions, all data were log10-transformed in order to 198 

approximate a normal distribution and minimize the level of heteroscedasticity (Quinn and 199 

Keough 2001; Cawley and Janacek 2010; however, see Packard et al. 2009). However, the 200 

predicted log-values obtained from least square regression could bias the results when they are 201 

retransformed to arithmetic units (Smith 1993, Hayes and Shonkwiler 2006, Clifford et al. 2013). 202 

In order to avoid this potential bias, each retransformed value was multiplied by a correction 203 

factor known as the ratio estimator (Snowdon 1991). In addition, plots of the residuals against 204 

predicted values were also examined to detect outliers. 205 

Three types of regression were derived for estimating B and SL in order to analyze their 206 

predictive reliability: 1) single regressions using the best correlated predictor variable; 2) 207 

principal components regressions, selecting those principal components significantly correlated 208 

to response variables (see details in Rawlings et al., 1998 and Serrano et al. 2015); and 3) 209 

multiple regressions (MR) using all predictor variables (i.e. full model), as well as MR equations 210 

with predictors selected by automatic stepwise procedure (selection of x-variables showing the 211 

highest correlation with the y-variable in such a way that each step refits the model by 212 

introducing or dropping any predictor variable based on the contribution of its partial regression 213 

slope; see details in Mendoza et al. 2006). Statistical analyses were carried out using SPSS 214 

statistical package version 20 (http://www.ibm.com/software/es/analytics/spss/). 215 
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 216 

Reliability of the Predictive Models 217 

The predictive strength of the models is based on their accuracy (i.e. proximity between 218 

estimated and real values) and generalizability (i.e. predictive ability of the models on new data). 219 

The accuracy of the functions was evaluated using the following values: (1) the coefficient of 220 

determination adjusted for the number of predictor variables incorporated in the model (R2adj = 1 221 

– [1 – R2][N – 1] / [N – p], where N is sample size and p is the number of predictor variables, 222 

which number in the MR models was set according to the general rule N/p > 10; see Darlington 223 

1990), and (2) the percent prediction error (%PE = [observed – predicted]*100/predicted), which 224 

measures the degree of overestimation (%PE < 0) or underestimation (%PE > 0) for each 225 

particular observation. The sample mean of the absolute values of %PE, noted as |%MPE|, is the 226 

average percent deviation between predicted and observed values. This allowed to calculate the 227 

average prediction intervals for B and SL as predicted value ± |%MPE| (Smith 1984; Mendoza et 228 

al. 2006; Campione and Evans 2012; Field et al. 2013). 229 

Generalizability of the models was evaluated using two validation tests. A first validation 230 

was performed at the species level. Specimens of 25% of the species in the data set were 231 

randomly selected (the number of specimens corresponds to 20% of the whole sample) to 232 

conform a subsample for cross-validation (see detailed procedure in Hurvich and Tsai 1990, 233 

MacNally 2000, and Mendoza et al. 2006). The functions derived from the remaining 80% of 234 

specimens were used for obtaining the values (B and SL) of the specimens of the validating 235 

subsample, and |%MPE| value was calculated for them (i.e. |%MPE|VS-25%). Such a random 236 

subsample is appropriate for testing generalizability in models aimed at estimating extinct crown 237 

species. However, stem taxa are not a random assortment of crown species as they fall outside 238 
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the phylogenetic boundaries of the crown group. A second validation was performed to address 239 

this issue. Models derived from the neoavian specimens were used to predict B and SL values in 240 

all specimens of Galloanserae (the sister-clade of Neoaves). The |%MPE| values calculated for 241 

Galloanserae (i.e. |%MPE|VS-GA) were used to test the stemward predictive strength of the 242 

models. In both approaches, the specimens of the validating subsamples were incorporated into 243 

the regression functions after cross-validation, in order to include all measured individuals. 244 

 245 

Potential Biases in the Regression Functions 246 

Taxon Weighting.—The crown families used in this study are represented by different 247 

numbers of species, which in turn are represented by different numbers of measured specimens. 248 

Such uneven sampling is known to bias the regressions when the scores of over-represented and 249 

under-represented families/species are not randomly distributed around the regression line. For 250 

this reason, we adjusted the functions weighting the richness of specimens within a species (each 251 

specimen contributed to the regressions as 1/N specimens per species) and species within 252 

families (1/N specimens per family). Their %MPE values were compared with those from 253 

unweighted regressions.  254 

Multicollinearity.—Redundant information between x-variables included in a given MR 255 

model (i.e. multicollinearity) is known to have negative effects on the prediction (Mitchell-Olds 256 

& Shaw 1987; Bowerman & O’Connell 1990). For this reason, the predictive strength of the MR 257 

equations was compared with non-collinear models, such as single regression and principal 258 

component regression. Multicollinearity was measured by the variance inflation factor (VIF), 259 

calculated for each variable xj as [1/(1 – R2)] from the OLS regression of xj against the remaining 260 

x-variables (VIF values >10 suggest strong collinearity effects; see Kleinbaum et al., 1997). 261 
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Phylogenetic Non-Indepedence.—Any given sample of species does not meet the 262 

assumption of statistical independence due to their historical relationships, and hence 263 

phylogenetically corrected methods should be used (Felsenstein 1985, Harvey and Pagel 1991). 264 

A calibrated cladogram of the modern birds included in the dataset was constructed using 265 

MESQUITE software (Maddison & Maddison, 2011). Tree topology and branch length of 266 

neognath species were obtained from Prum et al. (2015). Placement in the cladogram of those 267 

species not included in Prum et al. (2015) followed the family-level topology of this study; for 268 

clades unresolved by Prum´s phylogenetic hypothesis, the internal relationships followed 269 

specific references (see details in Supplementary Figure 1). Phylogenetically independent 270 

contrasts (PICs) for each variable (Felsenstein 1985) were obtained using the PDA:PDTREE 271 

package (Midford, Garland & Maddison, 2005). Standardized PICs versus their standard 272 

deviations were used to check if branch lengths adequately fit the tip data (see Diaz-Uriarte and 273 

Garland 1998). In addition, given that the use of variables with a poor phylogenetic signal may 274 

be incorrect in statistical terms (Revell 2010), the phylogenetic signal of the predictors was 275 

tested as follows: the squared length of each trait was statistically tested against 104 randomly 276 

generated trees in which terminal taxa were permuted while holding tree topology and branch 277 

lengths constant. Specifically, signal is significant if the number of steps between the basal node 278 

and the terminal branches of the tree analyzed are lower than in the random trees (see details in 279 

Laurin 2004).  280 

Least squares single regressions were derived for the PICs of each predictor variables 281 

against B and SL to deal with the non-independence issue. PIC regressions were compared to 282 

OLS models for species means (uncorrected models) in order to check if the scaling patterns 283 

within a phylogenetic context were not significantly different from a context in which the birds 284 
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of the sample were independent (from a statistical point of view). PIC bivariate models are 285 

regressions through the origin (i.e. intercept = 0). As residuals of this type of regression usually 286 

have a nonzero mean, straightforward comparisons with OLS may not be appropiate (Eisenhauer 287 

2003). For this reason, the difference between slopes from PICs and OLS was tested using the 288 

overlap of the 95% confidence intervals, obtained by bootstrapping (2000 replicates). 289 

Selection of Variables: Scaling Patterns in Crown and Stem Groups.—In order to derive 290 

predictive models for estimating the wingspan (B) of stem birds from a modern bird database, it 291 

is necessary to determine if the portion of the body between the wings of stem birds scales 292 

similarly to their wingspan. This was tested following the calculations of Nudds and Rayner 293 

(2006) and performing a reduced major axis (RMA) analysis between the width of furcula (WF) 294 

and a proxy of B that can be measured in several fossils, Lw* (HL + UL + CmL + LDII + Lprim). 295 

This analysis was performed on a neognath's dataset of 326 individuals from 140 species [the 296 

dataset of this study and additional data obtained from Viscor and Fuster (1987) and Bruderer et 297 

al. 2010] and 10 extinct Mesozoic species. The confidence interval for the RMA slope was 298 

obtained through bootstrapping (2000 replicates). Subsequently, we also checked if the variable 299 

Lprim could be used for estimating B in stem birds, given that Wang et al. (2011) argued that some 300 

stem taxa had Lprim values outside the neognath's range, hence calling into question the predictive 301 

power of this variable. This was done by plotting the values of the ratio between Lprim and the 302 

length of the skeletal wing (i.e. Lwsk = HL + UL + CmL + LDII) for each stem taxa and for a 303 

dataset of neognaths composed of 256 individuals from 131 species and 67 families [additional 304 

data obtained from Viscor and Fuster (1987) and Bruderer et al. (2010)]. Finally, the length of 305 

the wing’s skeletal elements (i.e. HL, UL, and CmL) was included in the MR functions derived 306 

for obtaining B values. 307 
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The MR models used for predicting the wing area –SL– of stem birds were derived from 308 

all forelimb variables, including c and Lprim (see Table 1). Those variables that scale similarly in 309 

crown and stem groups were selected following the procedure of Serrano et al. (2015). This 310 

approach minimizes the potential biases that could emerge from differences in morphological 311 

scaling patterns between living and extinct taxa, and the effects of diagenetic compaction on 312 

fossil bones. The behavior of each x-variable with respect to the remaining x-variables was 313 

analyzed, and those that showed values in the fossil taxa outside the trends of Neognathae were 314 

discarded. The linear measurements were selected by plotting each measurement against the SL 315 

predicted from a combination of the remaining x-variables. Subsequently, a regression line was 316 

fitted for modern birds in each plot, and those variables that scored within the 95% confidence 317 

intervals were selected for each stem group, allowing us to obtain particular subsets of predictors 318 

for them. Finally, the stepwise method was used in each subset for deriving the best multivariate 319 

functions. This procedure also helped to identify those skeletal measurements heavily affected by 320 

diagenetic compaction, which allows to detect individuals affected by taphonomy that would 321 

behave as an outlier.  322 

Post-hoc Tests for Effects of Adaptive Changes.—As in Serrano et al. (2015), post-hoc 323 

tests were performed over the MR functions obtained for evaluating the influence of locomotion 324 

adaptations on these equations and they were also compared to the best SR models. The effects 325 

of flight mode on the prediction error (%PE) of B and SL were statistically tested by means of 326 

one-way ANOVAs. In order to do so, modern birds were classified into four categories 327 

according to their predominant behavior during aerial locomotion, following Pennycuick (2008) 328 

and Bruderer et al. (2010): (1) continuous flapping; (2) flap and gliding; (3) flap and bounding; 329 

and (4) soaring. Given that these groupings differ in sample size, they could violate the 330 
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ANOVA's assumption of homocedasticity, which was tested with the Levene's test. In those 331 

cases where homocedasticity was rejected, the statistical differences between the locomotion 332 

groups were analyzed with the Welch's test, a non-parametric procedure. 333 

 334 

Calculation and Error Calibration of the Flight Parameters  335 

As mentioned above, wing loading (WL) refers to the body weight supported by unit lift 336 

surface (i.e. BM g/SL, with g representing the acceleration of gravity). Then, using the estimates 337 

of BM obtained in Serrano et al. (2015) and the SL values predicted from the MR functions 338 

developed in this study, we calculated the tentative WL value for each analyzed stem bird. Given 339 

that these WL estimates depend on two values (BM and SL) that have associated errors of 340 

estimation, we expect a greater margin of error for predicting WL. As we know the actual values 341 

of WL for specimens included in the modern dataset, mean prediction errors could be estimated 342 

for this compound variable (i.e. %MPE, MPEVS-25 and MPEVS-GA). This calculation was 343 

performed for each combination of predictive MR functions for BM and SL. The aspect ratio (AR) 344 

was obtained as the squared wingspan divided by the total wing surface (i.e. AR = B2/SL). As AR 345 

values also depend on two estimated values (i.e. B and SL) with an associated error, mean 346 

prediction errors (i.e. %MPE, MPEVS-25 and MPEVS-GA) were also calculated for all combinations 347 

of predictive MR functions for B and SL. Such procedure allows calibrating the error of the 348 

compound variables (AR and WL) from the simple variables (B, SL, and BM). Furthermore, the 349 

obtaining of the |%MPE| values allowed us to delimit the confidence intervals for the estimates 350 

of WL and AR obtained for each basal bird. 351 

 352 

Results 353 
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Predictive Ability from Different Regression Approaches (issues from Multicollinearity, Taxon-354 

Weighting and Automatic Stepwise) 355 

The best multiple regressions derived for B and SL from the modern dataset show a  356 

greater degree of multicolinearity when compared to both (1) single regressions of the best 357 

correlated predictors (i.e. length of carpometacarpus for B, and width of distal epiphysis of 358 

humerus for SL) and (2) regressions of the principal components (Table 2). In spite of this, 359 

multiple regressions had a predictive strength that is notably higher than the corresponding single 360 

regressions (higher values of R2adj and lower of MPEs). Multiple regressions also had slightly 361 

higher R2adj and predictive power on the whole dataset (i.e. lower |%MPE|) than principal 362 

components regressions (Table 2). The errors in predicting B and SL values stemward were 363 

similar in multiple regression and principal components regression (Table 2). 364 

The values of R2adj, and MPEs values of the unweighted multiple regression models were 365 

similar or better than those values from taxonomically weigthed MR models (Table 3).  366 

As expected, the reduction of variables included in a model generated by automatic 367 

stepwise resulted in a better adjusted coefficient of determination (R2adj) when compared to the 368 

full model (Table 3). SL prediction errors on the whole dataset (i.e. |%MPE|) were slightly lower 369 

in the models that included the full set of x-variables. However, we found that the models 370 

generated by automatic stepwise increased the predictive power (at least by 1.7%) on new 371 

specimens placed stemward from Neoaves (|%MPE|VS-GA in Table 3).  372 

 373 

Phylogenetic Non-Independence Issue 374 

Diagnostics for suitability of PICs relative to the branch lengths of the cladogram were 375 

achieved in all variables, as shown by the lack of relationship between PICs and their 376 
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corresponding standard deviations (P > 0.05). The variables B, SL, and all forelimb 377 

measurements showed a highly significant phylogenetic signal in the tree of Neognathae 378 

(permutation tests: P < 0.001 in all cases). This indicates that the use of phylogenetically 379 

corrected models, like PICs, derived from this data is statistically appropriate (Revell 2010). 380 

Least squares linear regressions with B as response variable were highly significant in both 381 

regression approaches, PICs and OLS on the mean species values (permutation test: P < 0.0001), 382 

showing an overlap in the corresponding confidence intervals for the slopes (Table 4). In all 383 

cases, phylogenetically corrected scaling relationships showed lower R2 values than those 384 

adjusted from uncorrected data. Regressions for SL on the unstandardized SR functions and PICs 385 

were also highly significant in all cases (permutation test: P < 0.0001), overlapping the 386 

confidence intervals for the slopes (Table 5). In addition, R2 values of phylogenetically corrected 387 

functions were lower than R2 of the OLS regressions of species means, except in the cases of HL, 388 

RL, and CmL.  389 

The overlapping of the confidence intervals of the slopes observed indicates that the 390 

morphological patterns depicted by the species sampled are not strongly driven by phylogeny; 391 

the variables can be considered statistically to be ‘taxon-free’. Therefore, non-independence 392 

issue does not affect the phylogenetically uncorrected models. In addition, these models also 393 

showed higher predictive power.  394 

 395 

Predictive Models for Wing Span  396 

The relationship between the interclavicular distance (i.e. WF) and the proxy for 397 

wingspan (i.e. Lw*) in the sample of neognaths shows a slightly positive allometry (RMA slope 398 

= 1.14; 95% confidence interval = 1.10-1.18). As the slope of the stem birds analyzed (RMA 399 
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slope = 1.17; 95% confidence interval = 0.72-1.49) is included in the confidence interval of 400 

modern birds, a similar scaling pattern can be assumed (Fig. 2). Then, the prediction of B values 401 

for non-neornithine birds is not affected by any possible differences in the interclavicular 402 

distance (i.e., the corporal region situated between the wings) between these birds and their 403 

living counterparts.    404 

For all analyzed stem birds, the length of the longest primary feather (Lprim) with respect 405 

to the sum of the lengths of the skeletal elements of the forelimb (Lwsk) is included in the range 406 

of variation of neognaths (Fig. 3). This suggests that the variable Lprim has a potential use for 407 

generating models based on modern birds, therfore allowing the prediction of B in stem birds.  408 

 Three MR models for estimating B in extinct birds were derived (Table 6), showing very 409 

low prediction errors (|%MPE|: 2.6 to 7.4%; and |%MPE|VS-GA: 3.3 to 4.7%). The application of 410 

these models depends on the anatomical portions preserved in the fossils. The most complete 411 

model is MR-B1, because it includes the length of each wing element used to calculate wing 412 

span except LDII. The function MR-B2 was applied to those fossils that do not preserve the wing 413 

feathers (i.e., the measurement of Lprim was not available in them), which increases the 414 

uncertainty of the estimation. Finally, the model MR-B3 is useful to make predictions in the case 415 

of those fossils of basal birds that are less complete and cannot provide a CmL value; this has the 416 

poorest predictive power of the three models.  417 

 418 

Predictive Models for Lift Surface  419 

After selection for the predictor variables (Fig. 4, Table 7), several of them were excluded 420 

for deriving the specific functions for each stem taxa (Table 8). This results in 11 MR functions 421 

for predicting SL values (i.e. more than one for each of the six fossil groups; Table 9). The 422 
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application of a given equation to a given fossil depends on which variables it preserves. The 423 

number of predictor variables included in the models ranged from two in the equation MR-424 

SLArch3 to seven in both MR-SLArch1 and MR-SLEnan1. Their predictive error |%MPE| was 425 

under 15% in all cases. Stemward validation suggests a good generalizability for the models 426 

selected, with 10 MR models having |%MPE|VS-GA values ranging from 5.1 to 13.8%, and one 427 

model doing notably worse than the others (23.3% in MR-SLArch3). The MR equations based on 428 

the highest skeletal completeness derived for Archaeopterygidae (MR-SLArch1), Enantiornithes 429 

(MR-SLEnan1), Sapeornithidae, and stem Ornithuromorpha (MR-SLSape1 / MR-SLOrph1) have 430 

the highest predictive strength (|%MPE| and |%MPE|VS-GA ≈ 5-6%). In contrast, those functions 431 

based on less variables for Archaeopterygidae (MR-SLArch3), Enantiornithes (MR-SLEnan4), 432 

and Sapeornithidae (MR-SLSape2) were worse predictors (|%MPE| ≈ 11-14%; and |%MPE|VS-GA 433 

11.7-23.3%). 434 

 435 

Prediction Errors Derived from Adaptive Differences  436 

The post hoc analyses performed on the errors associated with the prediction of B values 437 

showed that the most predictive multivariate equation (i.e. MR-B1) was not affected by the flight 438 

mode of modern birds. Specifically, the ANOVA provided statistically non-significant results for 439 

the differences among groups of aerial locomotion (Table 10A). These differences, however, are 440 

significant in the other two MR equations (i.e. MR-B2 and MR-B3) as well as in the most 441 

predictive univariate function (i.e. SR from UL), which means that their B predictions are 442 

influenced by flight modality. However, the low mean %PE values and standard deviations 443 

obtained for each aerial group indicate that MR-B2 and MR-B3 minimize the influence of flight 444 

modality more than the best SR equation. 445 
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 Table 10B shows that six of the 11 MR models derived for predicting SL are independent 446 

of the type of aerial locomotion, as their corresponding ANOVA’s are non-significant. However, 447 

the best SR equation (i.e. deHW) and the five MR functions result in SL estimates that are 448 

affected by flight mode. As in the previous case, the influence of aerial locomotion is minimized 449 

in the MR functions with respect to the SR equations, as shown by the lower mean %PE values 450 

and standard deviations.  451 

 452 

Calibrating the Aerodynamic Parameters: WL and AR 453 

The WL values calculated from the estimates of BM and SL have a range of prediction 454 

errors between 15.2% and 23.1% (Table 11A). Taking into account the |%MPE| range from the 455 

MR models derived for predicting BM (16.5% - 20.2%) and SL (5.8% - 14.2%), the error 456 

accumulated for obtaining WL estimates can be considered quite low and depends mainly on the 457 

prediction error associated with the estimation of BM. However, it should be noted that two 458 

combinations of regression models (MR-Arch to estimate BM with MR-SLArch3 to estimate SL; 459 

and MR-Orph to body mass with MR-SL Orph3 to SL) gave values higher than 30% in the 460 

stemward validation.     461 

 On the other hand, the range of prediction errors for the AR values calculated from SL and 462 

B estimates fluctuates between 7.0% and 17.8% (Table 11B). Given that the |%MPE| ranges 463 

associated with the prediction of B values (2.6% - 7.4%) and SL values (5.8% - 14.2%), the 464 

cumulative error of the AR estimates can also be considered very low and, in this case, it 465 

basically depends on the prediction error of SL. As in the previous case, combinations including 466 

MR-SL Arch3 to estimate SL resulted in the highest values for the stemward validation. 467 

 468 
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B, SL, WL, and AR Values in Mesozoic Stem Taxa 469 

The MR functions obtained (Tables 6 and 9) were used to estimate B and SL values in the 470 

fossil specimens studied. These values and those obtained for BM (Serrano et al. 2015: Table 8) 471 

were used for calculating the WL and AR estimates for extinct birds (Table 12). The specimens of 472 

Archaeopterygidae show a range in WL values between 0.572 and 0.879 g/cm2, the values 473 

obtained for the Berlin and Solnhofen specimens of Archaeopteryx, respectively. The AR values 474 

obtained for these birds range from 5.0 to 7.9 (Solnhofen and London specimens, respectively). 475 

In the case of Jeholornithidae, the largest specimen sampled (V13274) is also the most loaded, 476 

and its AR value is lower than in the other sampled specimen (V13353), which is considered a 477 

juvenile (Zhou and Zhang 2003). Similarly, the smallest specimen of Sapeornis, also considered 478 

a juvenile (DNHM 3078; Gao et al. 2012), has the lowest values for WL (0.376 g/cm2) and AR 479 

(6.4). Larger specimens of Sapeornis show WL and AR ranging between 0.441 - 0.550 g/cm2 and 480 

7.1 - 7.8, respectively. In contrast, the smallest (and oldest) sampled specimen of 481 

Confuciusornithidae (i.e., Eoconfuciusornis) presents WL and AR values higher than individuals 482 

of Confuciusornis. The confuciusornithid specimens analyzed show WL and AR ranginig from 483 

0.636 to 0.893 g/cm2 and from 5.5 to 8.3, respectively. In the case of Ornithothoraces, the WL 484 

values of enantiornithines range between 0.240 g/cm2 in Longirostravis and 0.59 g/cm2 in 485 

Protopteryx and Otogornis, while the AR values vary from 4.0 in Rapaxavis to 8.4 in 486 

Protopteryx. The basal members of Ornithuromorpha have WL values ranging between 0.399 487 

and 0.837 g/cm2, which correspond to the values of Gansus (CAGS-04-CM003) and 488 

Jianchangornis, respectively. The lowest AR value (5.1) is estimated for Longicrusavis, while 489 

Apsaravis shows the highest value (10.0).   490 
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 Table 13 show the differences between the values of B, SL, WL, and AR estimated in this 491 

study and those provided by other authors using outline body reconstructions. It is evident from 492 

this comparison that our estimate of B for the Berlin Archaeopteryx (598 mm) differs more from 493 

the estimate obtained by Longrich (2006) than from the estimates provided by Yalden (1971; 494 

1984), Elzanowski (2002) and Wellnhofer (2008). In the case of SL, our estimate is similar to 495 

those of Wellnhofer (2008) and Longrich (2006), but differs to a greater extent from those 496 

derived using the other two previous models [e.g., Yalden (1971; 1984) and Elzanowski (2002)]. 497 

In regards to Hongshanornis, our estimates of B and SL are close to those provided by Chiappe et 498 

al. (2014). Given that the specimen of Hongshanornis analyzed here (IVPP V14533) is not the 499 

same as the one used in the latter study (DNHM D2945/6), the small differences between these 500 

estimates can be interpreted as the result of intraspecific variation. A more important difference 501 

involves the BM values (i.e., 88 g vs. 65 g), which impact the values calculated for WL (i.e., 502 

0.540 g/cm2 vs. 0.406 g/cm2).  503 

 504 

Discussion 505 

From an aerodynamic point of view, the easiest approach to characterizing the wings of a bird is 506 

to measure their wingspan (B) and lift surface (SL) (Pennycuick 2008). For a given species, the 507 

values of these variables and the body mass (BM) allow for the calculation of two aerodynamic 508 

parameters, wing loading (WL) and aspect ratio (AR), known to influence flight speed, energy 509 

expenditure and maneuverability (Viscor and Fuster 1987; Rayner 1988; Norberg 2002; 510 

Alerstam et al. 2007; Meseguer and Sanz 2007; Pennycuick 2008). This relation highlights the 511 

need to obtain reliable estimates of BM, B and SL for the purpose of characterizing the flight of 512 

extinct avian taxa. Serrano et al. (2015) provided regression models that allow estimating BM in 513 
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a variety of stem birds. Previously, the only way to obtain B and SL estimates for stem birds was 514 

to use outline reconstructions of their wings, which were only available for fossils with well-515 

preserved wing feathers. However, these reconstructions are relatively scarce and with the recent 516 

exception of the basal ornithuromorph Hongshanornis (Chiappe et al. 2014), they have been 517 

mainly focused on the Berlin Archaeopteryx (e.g., Yalden 1971; 1984; Elzanowski 2002; 518 

Longrich 2006; Wellnhofer 2008). Estimates of B and SL for extinct crown birds (e.g. Rando et 519 

al. 2010; Ksepka 2014) have also been obtained using regression equations derived from skeletal 520 

measures in crown Aves. However, these predictive equations are subject to a number of sources 521 

of error and bias, especially for stem taxa, arising from statistical issues, phylogenetic history, 522 

locomotor adaptations, and diagenetic compaction (Serrano et al. 2015). Developing predictive 523 

models that are less influenced by these potential sources of error and bias, as those presented 524 

here, improves the reliability of the estimates.   525 

The statistical limitations imposed by taxonomic unevenness in the modern dataset (see 526 

Smith 2002; Mendoza et al. 2006, De Esteban-Trivigno et al. 2008) and the correlation between 527 

the predictor variables incorporated in the model (i.e., multicollinearity; see Mitchell-Olds and 528 

Shaw 1987; Bowerman and O’Connell 1990; Quinn and Keough 2001) had no significant effects 529 

on the models’ ability to estimate B and SL. Additionally, the lack of generalizability of multiple 530 

regressions, especially when obtained by automatic stepwise procedure (see Smith 2002; 531 

Whittingham et al. 2006), was not applicable to the MR functions for B and SL. In contrast, the 532 

stepwise procedure improved the predictive power stemward (i.e. on sister-taxa specimens that 533 

were not included to derive a given function).  534 

In regards to the phylogenetic dependence of the data, the fact that the confidence 535 

intervals for the slopes of the PICs regressions overlapped with those derived from OLS on 536 
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species means (Tables 4 and 5) suggests that phylogeny did not play a major role in the scaling 537 

patterns of flying birds for B and SL, at least for the forelimb elements measured. Such results 538 

indicate that the uncorrected models are not biased by phylogenetic dependence of the modern 539 

dataset.  540 

Given that it is not possible to directly examine the relationship between the dimensions 541 

of the forelimb elements and B or SL in the fossils, a certain degree of error must always be 542 

accepted by these types of paleobiological studies (see Carrano 2001; Smith 2002; Packard et al. 543 

2009; Campione and Evans 2012; Field et al. 2013). Such an error is compounded by the fact 544 

that progressively stemward taxa (in our case, Mesozoic non-neornithine birds) exhibit body 545 

plans that are progressively less similar to those depicted by the crown clade, which means that 546 

the applicability of the regressions is likely to decrease proportionately. For these reasons, it is 547 

important that the predictive equations derived from extant birds assume similar scaling patterns 548 

for the extinct species under consideration. In order to obtain values of B and SL as reliably as 549 

possible for the fossil specimens included here, we have taken into account the scaling 550 

relationships of the predictor variables in both modern and stem birds. 551 

Wing span (B) estimations depend on the length of the anatomical elements of the wing 552 

(i.e. humerus, ulna, carpometacarpus, major digit, and longest primary feather), the angles of the 553 

elbow and the wrist, and the length of the body region between the wings. Given that the length 554 

proportions between the main wing bones for stem birds are similar to those of modern birds 555 

(e.g. Middleton and Gatesy 2000, Dyke and Nudds 2009, Benson and Choiniere 2013), the 556 

length of these elements were used to derive regression models for predicting B values in stem 557 

Mesozoic birds. Similarly, the longest primary feather length (Lprim) was used as an estimator of 558 

B because our results indicate that stem taxa show Lprim/Lwsk values within the range of neognaths 559 
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(Fig. 3). These results are contrary to previous claims indicating that Lprim was significantly 560 

shorter in some stem taxa (e.g., Archaeopterygidae and Enantiornithes) (Wang et al. 2011). We 561 

argue that such disagreement stems in part from the fact that the limited taxonomic sample used 562 

by Wang et al. (2011)—50 species from a non-specified number of families and orders—covers 563 

a smaller range of morphological variation than the one represented here—131 species from 67 564 

families and 22 orders—. In addition to the similarity in the proportions of the wing bones 565 

between modern and Mesozoic taxa, the angle of the elbow and wrist of the stretched wings of 566 

stem birds fall within the wide spectrum of modern birds, which ranges from very close to very 567 

open joint angles (e.g., swifts and many passerines, respectively; see Videler 2006). Our results 568 

also show that the relationship between the proxies used in stem birds for the interclavicular 569 

distance (WF) and wingspan (Lw*) are within the neognath's range, because the slope obtained 570 

for the 10 fossil specimens analyzed here is included in the confidence interval of the slope for 571 

modern birds (Fig. 2). Therefore, the prediction of B in stem birds using equations derived from 572 

modern ones is presumably not affected by morphological differences in the width of the 573 

corporal region situated between the wings. Finally, we obtained three MR models that allow 574 

estimating B in fossils with a varying degree of skeletal completeness. Unsurprisingly, the 575 

models that incorporate a high number of measures from wing elements have higher predictive 576 

power than those based on a low number (Table 6).  577 

SL correlates with B because it spans the area of both wings and includes the area 578 

corresponding to the part of the body situated between the wings (Pennycuick 2008). In addition, 579 

SL correlates also with BM because it supports the bird's weight in the air (Greenwalt 1975; 580 

Viscor and Fuster 1987; Rayner 1988; Álvarez et al. 2001; Norberg 2002; Sanz et al. 2002; 581 

Meseguer and Sanz-Andrés 2007; Pennycuick 2008). Hence, the value of SL can be estimated 582 
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from the same variables as B and BM, but it also depends on the wing chord (here considered the 583 

chord at wrist level, c). As in the case of the models derived for predicting BM by Serrano et al. 584 

(2015), we have used a methodology whereby the osteological and feather measurements 585 

selected for each stem group were those that showed scaling patterns in extinct birds similar to 586 

those found among modern birds. This procedure generated 11 clade-specific MR functions, 587 

which were used to predict SL for non-neornithine extinct birds. Within each stem taxa, several 588 

functions were derived for applying them to a given fossil, in accordance with the variables that 589 

it preserved. Among these MR models, those that included the two variables related to the 590 

plumage (i.e. Lprim and c) as well as some osteological measurements had the highest predictive 591 

power (Table 9).  592 

Given that the variables used for deriving MR models for B and SL show similar scaling 593 

patterns in stem and modern birds, these models are robust against the bias generated by the 594 

deviations in body plans between crown and stem clades.  595 

Moreover, a number of studies on the functional adaptations of modern birds have shown 596 

that the skeletal morphology of the wings is highly constrained by the dynamics of locomotion 597 

(e.g. Cubo and Casinos 1998; De Margerie et al. 2005; Habib and Ruff 2008; Hinic-Frlog and 598 

Motani 2010; Simmons 2010; Bell and Chiappe 2011; Simmons et al. 2011; Dececchi and 599 

Larsson 2013), which could result in biased predictions of B and SL for new specimens, either 600 

extant or extinct ones. Compared to the most predictive univariate models, ulnar length (UL) and 601 

dorsoventral width of the distal humerus (deHW), the post hoc analyses indicate that a combined 602 

use of variables in the MR functions minimizing the effects of flying adaptions on the scaling 603 

between wing elements and B or SL (Table 10). Similar results were obtained for the effects of 604 

locomotion on the predictions of BM values (Serrano et al. 2015).  605 
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The effect of diagenetic compaction can alter the osteological dimensions of fossil birds, 606 

mainly the width of the ends of the long bones. The estimation of B values is not influenced by 607 

this potential bias, as this parameter is only estimated from longitudinal measures. In contrast, 608 

the SL values obtained from univariate models could be biased in severely compacted fossils. 609 

However, the use of a step-by-step methodology to obtain a specific MR model for each 610 

Mesozoic stem taxa reduces these potential biases, as in the case of the BM predictions (see 611 

Serrano et al. 2015).  612 

Additional evidence on the reliability of the predictions obtained from the MR models 613 

derived here comes from the congruence of the values estimated for Archaeopteryx (Berlin 614 

specimen) and Hongshanornis (two different specimens) with those obtained by the most recent 615 

outline reconstructions (i.e., Wellnhofer 2008, Chiappe et al. 2014). Furthermore, the B value of 616 

Archaeopteryx obtained by our MR models is also very close to those derived from reconstructed 617 

models (Yalden 1971; 1984; Elzanowski, 2002) and its SL value approaches the one estimated by 618 

Longrich (2006) on the basis of direct measurements of the Berlin specimen. The largest 619 

differences between previously published models are related to the BM values, which were 620 

previously calculated by either volumetric body displacement or univariate allometric inference 621 

(Table 13). The advantages of using MR models for obtaining reliable predictions of BM in stem 622 

birds were discussed in Serrano et al. (2015).   623 

  Modern birds seem to display a pattern of "many-to-one mapping", in which several 624 

distinct combinations of wing elements lengths may result in wings that are functionally 625 

equivalent and show similar AR values. For this reason, combining evidence from different wing 626 

components allows reliable inferences on wing shape and function in neognaths to be derived 627 

(Hieronymus 2015). Therefore, we suggest that the selection of variables procedure developed in 628 
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this study allows reliable stemward inferences of AR (and WL) values for extinct birds. 629 

Furthermore, in spite of the fact that the values predicted by MR models have an associated 630 

prediction error, calculation of flight parameters from them (i.e. WL and AR) does not result in an 631 

accumulation of this error. Hence, the empirical prediction errors of WL and AR resemble those 632 

of the basic variables estimated with the highest |%MPE| values (e.g. BM vs. WL and SL vs. AR; 633 

see Table 11). Because this is the first time in which WL and AR values have been calculated for 634 

an extensive dataset, and the associated prediction errors are calibrated empirically, there is no 635 

reference for comparing the accuracy of the WL and AR estimates. Nonetheless, comparisons 636 

with the prediction errors provided for BM in previous studies (Serrano et al. 2015: Table 5 and 637 

references therein) indicate that these errors are relatively low. Therefore, the WL and AR 638 

estimates reported here can be considered suitable. In addition, given that the models to estimate 639 

BM, B, and SL are generalizable and robust against the sources of bias discussed above, this 640 

reliability can also be applied to the flight parameters derived from them.  641 

 642 

Implications for the Flight of Early Aves 643 

The estimates of WL and AR for the fossils included in this study show that these stem 644 

birds fall within the range of variation of modern birds (Fig. 5). In regards to WL, the range of 645 

variation of continuous flappers overlaps the ranges of the remaining modern flight modes. 646 

Diving birds (e.g. alcids, loons, and diving ducks), with high wing loads, fall in the uppermost 647 

range of the continuous flapping spectrum. Specimens of Archaeopterygidae, Jeholornithidae, 648 

Confuciusornithidae, and early Ornithuromorpha show wing loads that are higher than those of 649 

Sapeornithidae and Enantiornithes. The latter clade includes the only stem birds that overlap with 650 

modern bounding fliers; the remaining stem birds included in this study overlap with other flight 651 
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modes (i.e., continuous flapping, flap and glide, soaring). The WL values of sapeornithids 652 

overlap with the bulk of the soarers. With respect to AR, modern birds adapted to either dynamic 653 

soaring or diving have the highest values (above from 9.0). The AR estimates for stem birds 654 

ranged between 4.0 and 10.0, clearly within the range of most of modern birds (Fig. 5B). A 655 

combination of high wing loading and very high aspect ratio is not inferred in any of the fossil 656 

birds analyzed. This suggests that these birds were neither dynamic soaring nor diving 657 

specialists. Nonetheless, the combination of their WL and AR values indicate that these stem 658 

birds had evolved flight modes comparable to those of many modern birds. Furthermore, our 659 

data suggests that bounding flight, common among modern Passeriformes, could have been 660 

achieved by some enantiornithines.  661 

 662 

Conclusions 663 

Our MR models for predicting wingspan (B) and lift surface (SL) have a high prediction power 664 

and generalizability, which in turn indicate that they can provide accurate estimations. These 665 

models also minimize the potential biases that could result from statistical issues and differences 666 

in phylogenetic legacy, locomotor adaptations, and degree of taphonomic alteration. 667 

Furthermore, using models of variables that scale similarly in crown and stem taxa, and that 668 

produce estimates similar to values obtained from direct measurements of preserved wing 669 

outlines, provides indirect support for the accuracy of the values predicted for non-neornithine 670 

Aves. Therefore, accuracy, generalizability, and robustness of our MR models indicate that the B 671 

and SL values here obtained for stem birds are reliable. Given that the BM estimates are also 672 

minimally biased (Serrano et al. 2015), the values calculated for the aerodynamic parameters, 673 

WL (i.e. BM g/SL) and AR (i.e. B2/SL), can be considered minimally influenced by the biases 674 
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mentioned above. In addition, although the estimations of BM, B, and SL carry an associated 675 

error, there is no cumulative error in the calculation of WL and AR from them; both aerodynamic 676 

parameters also show relatively low prediction errors. Our estimates of AR and WL show that 677 

stem birds could have flown using most of the flight modesknown for modern birds, although we 678 

have found no evidence for either dynamic soarers or flighted divers (hovering was not 679 

analyzed). Evidence for bounding flight was found only among enantiornithines.  680 
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FIGURE CAPTIONS 948 

 949 

Figure 1. Measurements of wing elements used in this study (defined in Table 1). A, skeletal 950 

forelimb elements: humerus (cranial aspect), ulna (dorsal aspect), radius (dorsal aspect). B, bird 951 

silhoutte for illustrating the furcula and feathered wing measurements. 952 

 953 

Figure 2. Relationship between interclavicle distance (WF) and a proxy of wingspan, Lw* (taken 954 

as the cumulative length of HL, UL, CmL, LDII and Lprim) in modern flying birds and those stem 955 

birds in which these variables could be unequivocally measured. The grey line corresponds to the 956 

RMA slope for Neognathae (log WF = 1.142 log Lw* – 1.555; N= 326). The black line 957 

represents the RMA slope for stem birds (log WF = 1.178 log Lw* – 1.607; N= 10). R2 and the p-958 

values of the regressions (obtained with permutation test with 10000 replicates) are displayed in 959 

the graph. 960 

 961 

Figure 3. Proportion between the longest primary feather (Lprim) and the length of the wing 962 

skeleton (Lwsk) in the main avian taxa.  Abbreviations: Arch – Archaeopterygidae, Jeh – 963 

Jeholornithidae, Sape – Sapeornithidae, Conf – Confuciusornithidae, Enan – Enantiornithes, 964 

Orph – basal members of Ornithuromorpha, Neo – Neognathae. Box length in neognaths 965 

indicates the interquartile range (25th and 75th percentiles) and horizontal lines show the 5–95% 966 

confidence limits. Grey points are outliers. 967 

 968 

Figure 4. Scaling of the anatomical variables against estimated wing surface (SL) in modern and 969 

stem birds. The biplots are used in the procedure of selection of variables for each basal group of 970 
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Mesozoic birds (identified with different symbols). Each of 16 anatomical variable was plotted 971 

against a combination of the remaining variables used for estimating SL (Table 7). Each biplot 972 

shows the OLS regression line fitted for extant birds (grey circles) with the 95% confidence 973 

intervals for SL predictions (dotted lines), the R2 value and the p-value of the regression (obtained 974 

with permutation test with 10000 replicates). 975 

 976 

Figure 5. Range of values for the aerodynamic variables calculated in the present study for stem 977 

avian taxa and flying neognaths. Modern birds are distributed according their predominant flight 978 

mode. Each box plot represents one stem taxa or modern flight mode. Box length shows the 979 

interquartile range (25th and 75th percentiles). Whiskers length indicate the 5–95% confidence 980 

limits. Unfilled circles represents individuals out of this range, and asterisks indicate outliers. A. 981 

Wing loading values. B. Aspect ratio values. 982 
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Figure 1. Measurements of wing elements used in this study (defined in Table 1). A, skeletal forelimb 
elements: humerus (cranial aspect), ulna (dorsal aspect), radius (dorsal aspect). B, bird silhoutte for 

illustrating the furcula and feathered wing measurements.  
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Figure 2. Relationship between interclavicle distance (WF) and a proxy of wingspan, Lw* (taken as the 
cumulative length of HL, UL, CmL, LDII and Lprim) in modern flying birds and those stem birds in which 

these variables could be unequivocally measured. The grey line corresponds to the RMA slope for 

Neognathae (log WF = 1.142 log Lw* – 1.555; N= 326). The black line represents the RMA slope for stem 
birds (log WF = 1.178 log Lw* – 1.607; N= 10). R2 and the p-values of the regressions (obtained with 

permutation test with 10000 replicates) are displayed in the graph.  
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Figure 3. Proportion between the longest primary feather (Lprim) and the length of the wing skeleton (Lwsk) 
in the main avian taxa.  Abbreviations: Arch – Archaeopterygidae, Jeh – Jeholornithidae, Sape – 
Sapeornithidae, Conf – Confuciusornithidae, Enan – Enantiornithes, Orph – basal members of 

Ornithuromorpha, Neo – Neognathae. Box length in neognaths indicates the interquartile range (25th and 
75th percentiles) and horizontal lines show the 5–95% confidence limits. Grey points are outliers.  
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Figure 4. Scaling of the anatomical variables against estimated wing surface (SL) in modern and stem birds. 
The biplots are used in the procedure of selection of variables for each basal group of Mesozoic birds 

(identified with different symbols). Each of 16 anatomical variable was plotted against a combination of the 
remaining variables used for estimating SL (Table 7). Each biplot shows the OLS regression line fitted for 
extant birds (grey circles) with the 95% confidence intervals for SL predictions (dotted lines), the R2 value 

and the p-value of the regression (obtained with permutation test with 10000 replicates).  
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Figure 5. Range of values for the aerodynamic variables calculated in the present study for stem avian taxa 
and flying neognaths. Modern birds are distributed according their predominant flight mode. Each box plot 
represents one stem taxa or modern flight mode. Box length shows the interquartile range (25th and 75th 

percentiles). Whiskers length indicate the 5–95% confidence limits. Unfilled circles represents individuals out 
of this range, and asterisks indicate outliers. A. Wing loading values. B. Aspect ratio values.  
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Table 1. Definition of measurements of the forelimb elements used in this study, which 

are illustrated in Fig.1.  

 

HL  Length of humerus  

dpL  Length of delto-pectoral crest  

bcL  Length of bicipital crest  

deHW  Dorsoventral width of distal humerus  

dHW Dorsoventral width at midshaft of the humerus  

UL Length of ulna  

peUW  Dorsoventral width of proximal ulna 

deUW  Dorsoventral width of distal ulna  

dUW Craniocaudal width at midshaft of the ulna  

RL  Length of radius 

dRW Craniocaudal width at midshaft of the radius  

CmL  Length of carpometacarpus from the semilunate to the joint  with major digit 

dCmW Craniocaudal width at midshaft of major metacarpal  

DCmW 
Midshaft width from the cranial edge of major metacarpal to the caudal edge 

of minor metacarpal  

LDII Length of the two phalanx of the major digit  

Lwsk Skeletal wing length, calculated as summation of HL, UL, CmL, and LDII 

Lprim Length of the longest primary feather 

Lw Wing length from the shoulder to the wingtip 

Lw* Wingspan proxy, calculated as summation of HL, UL, CmL, LDII and Lprim 

c Wing chord at wrist level (proxy of the mean chord)  

Sw One-wing area  

B Wing span, from one to the other wingtip 

SL Full wing area or lift surface 

WF Interclavicular distance, from the tip of one furcular ramus to the other  
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Table 2. Ordinary least-squares single regressions (SR) with the best correlated X-

variables (*; i.e. higher Pearson coefficient), the best multiple regressions (MR), and the 

principal components regressions (PCR), derived to predict B and SL. |%MPE|, mean 

percentage prediction error calculated over the whole data set; |%MPE|VS-25, mean 

percentage prediction error calculated over the validating subsample of 25% species 

from the dataset; |%MPE|VS-GA, mean percentage prediction error calculated using 

Galloansarae as validating subsample; VIF, factor of variance inflation, 1/(1 – R
2
). 

 

 

 

Y-

variable 
Reg. Model N R2

adj |%MPE| |%MPE|VS-25% |%MPE|VS-GA intercept a X-variables slope b VIF 

B 

Simple (SR) 182 0.948 8.6 7.8 6.7 1.464 logLCMC* 0.9 1.0 

Multiple 

(MR) 
141 0.995 2.6 3.4 3.3 0.953 

   

       
logLH 0.244 33.3 

       
logLU 0.082 29.5 

       
logLCMC 0.208 20.5 

              logfprim 0.455 5.0 

Principal 

components 

(PCR) 

143 0.992 2.9 3.4 3.4 2.825 
   

       
PC1 0.211 1.0 

       
PC2 0.017 1.0 

              PC4 0.006 1.0 

SL 

Simple (SR) 188 0.965 14.2 15.7 17.1 -3.073 logedH* 1.901 1.0 

Multiple 

(MR) 
140 0.992 6.4 8.5 5.1 -4.694       

       
logLH 0.227 27.7 

       
logedHDV 0.420 33.1 

       
logLU -0.796 592.3 

       
logLR 0.893 535.4 

       
logfprim 0.364 7.2 

       
Cwr mm 0.855 15.5 

Principal 

components 

(PCR) 

136 0.991 6.6 7.6 5.0 -1.137       

       
PC1 0.395 1.0 

       
PC3 0.058 1.0 

       
PC2 0.033 1.0 

       
PC5 -0.018 1.0 

       
PC6 0.015 1.0 

              PC8 0.012 1.0 
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Table 3. Effects of the taxonomical weighting and the stepwise procedure on the 

prediction errors of the best multiple regressions derived from the modern birds’ 

dataset. |%MPE|, mean percentage prediction error calculated over the whole data set; 

|%MPE|VS-25, mean percentage prediction error calculated over the validating subsample 

of 25% species from the dataset; |%MPE|VS-GA, mean percentage prediction error 

calculated using Galloansarae as validating subsample. (*) indicates that stepwise 

procedure extracted the same function than the full model. 

 

Model Weighting taxa 

Full model Automatic stepwise 

N R
2

adj |%MPE| 
|%MPE|VS-

25% 

|%MPE|VS-

GA 
N R

2
adj |%MPE| 

|%MPE|VS-

25% 

|%MPE|VS-

GA 

RM-B 

Unweighed* 141 0.995 2.6 3.4 3.3 141 0.995 2.6 3.4 3.3 

Weighed by 

families 
35 0.993 2.7 3.7 2.7 36 0.994 2.8 4.0 2.7 

Weighed by 

species* 
64 0.995 2.6 3.6 2.7 64 0.995 2.6 3.6 2.7 

MR-SL 

Unweighed 136 0.991 5.9 7.2 6.8 140 0.992 6.4 8.5 5.1 

Weighed by 

families 
34 0.978 6.0 8.2 11.9 36 0.990 6.4 7.3 6.5 

Weighed by 

species 
61 0.989 5.9 7.1 7.8 67 0.991 6.3 8.1 6.1 
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Table 4. Ordinary least-squares single regressions obtained for each predictor variable 

against wing span (B), using the means of species calculated from raw data and the 

appropriate phylogenetically independent contrasts (PIC’s). PIC’s assume a regression 

through the origin (a = 0). Statistical significance of the regressions was checked by 

permutation tests with 10000 replicates. 95% bootstrapped confidence intervals of the 

slopes are also shown. Slope difference significance between OLS-raw data and OLS-

PICs were tested using t-Student (α = 0.05). For abbreviations of variables, see Table 1. 

 

X-variable 
Raw data (log B = log a + b log X) PICs (log B = b log X) Slopes 

comparison  

(p)  N log a b   interv. conf. b R
2
 N b   interv. conf. B R

2
 

log LH 71 1.487 0.770 *** 0.725 0.820 0.930 70 0.811 *** 0.752 0.871 0.916 ns 

log LU 71 1.320 0.841 *** 0.800 0.887 0.946 70 0.842 *** 0.790 0.892 0.938 ns 

log LCMC 69 1.458 0.903 *** 0.872 0.939 0.946 68 0.916 *** 0.865 0.970 0.935 ns 

log Lprim 67 0.560 1.047 *** 0.963 1.135 0.893 66 1.023 *** 0.935 1.107 0.888 ns 

 

*** p < 0.0001  

ns - non significant (p > 0.05) 
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Table 5. Ordinary least-squares single regressions obtained for each predictor variable 

against wing area (SL), using the means of species calculated from raw data and the 

appropriate phylogenetically independent contrasts (PIC’s). PIC’s assume a regression 

through the origin (a = 0). Statistical significance of the regressions was checked by 

permutation tests with 10000 replicates. 95% bootstrapped confidence intervals of the 

slopes are also shown. Slope difference significance between OLS-raw data and OLS-

PICs were tested using t-Student (α = 0.05). For abbreviations of variables, see Table 1. 

 

 

X-variable 
Raw data (log SL = log a + b log X) PICs (log SL = b log X) slopes 

comparison 

(p)  N log a b   interv. conf. b R
2
 N b   interv. conf. B R

2
 

log HL 71 -3.558 1.374 *** 1.251 1.494 0.877 70 1.563 *** 1.453 1.688 0.889 * 

log dpL 71 -2.661 1.262 *** 1.161 1.376 0.895 70 1.293 *** 1.117 1.547 0.828 ns 

log bcL 71 -2.492 1.458 *** 1.336 1.578 0.885 70 1.560 *** 1.440 1.723 0.851 ns 

log deHW  71 -3.056 1.889 *** 1.805 1.959 0.966 70 1.840 *** 1.761 1.911 0.948 ns 

log dHW  71 -2.328 1.858 *** 1.758 1.944 0.946 70 1.831 *** 1.727 1.930 0.933 ns 

log UL 71 -3.883 1.516 *** 1.420 1.619 0.910 70 1.622 *** 1.521 1.727 0.910 ns 

log peUW  71 -2.733 1.931 *** 1.772 2.090 0.886 70 1.768 *** 1.572 2.035 0.839 ns 

log deUW  71 -2.697 1.892 *** 1.757 2.027 0.923 70 1.871 *** 1.740 2.018 0.903 ns 

log dUW  71 -2.193 1.882 *** 1.751 1.751 0.908 70 1.776 *** 1.551 2.099 0.846 ns 

log RL 69 -3.723 1.453 *** 1.357 1.562 0.894 68 1.590 *** 1.480 1.706 0.909 ns 

log dRW  69 -1.502 1.292 *** 1.145 1.422 0.841 68 1.339 *** 1.107 1.622 0.739 ns 

log CmL 69 -3.598 1.604 *** 1.511 1.718 0.884 68 1.745 *** 1.620 1.873 0.897 ns 

log dCmW  70 -1.921 1.981 *** 1.825 2.116 0.872 69 1.855 *** 1.669 2.062 0.836 ns 

log DCmW  68 -2.687 2.056 *** 1.922 2.187 0.923 67 2.048 *** 1.891 2.225 0.898 ns 

log Lprim 66 -5.346 1.929 *** 1.756 2.085 0.880 65 1.952 *** 1.739 2.148 0.836 ns 

log c 71 -5.446 2.057 *** 1.950 2.167 0.952 70 1.900 *** 1.792 2.028 0.937 * 

 

*** p < 0.0001  

* 0.01 < p < 0.05 

ns - non significant (p > 0.05) 
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Table 6. Ordinary least-squares multiple regressions derived for predicting wing span 

(B) in avian taxa. For abbreviations of variables, see Table 1. 

 

 

N = number of individuals.  

R2
adj = coefficient of determination adjusted for the number of predictors included in the model 

|%MPE| = mean percent prediction error calculated over the whole dataset. 

|%MPE|VS-25 = mean percent prediction error calculated over the validating subsample (25% species).  

|%MPE|VS-GA = mean percentage prediction error calculated using Galloanserae as validating subsample. 

Model 
log B = log a + b1 log X1 + b2 log X2…+ bp 

log Xp 
N R

2
adj  |%MPE| |%MPE|VS-25% |%MPE|VS-GA 

MR-B1 
log B = 0,953 + 0,244 log HL + 0,082 log 

UL + 0,208 log CmL + 0,455 log Lprim 
141 0.995 2.6 3.4 3.3 

MR-B2 
log B = 1,318 - 0,064 log HL + 0,528 log UL 

+ 0,443 log CmL 
164 0.977 5.3 7.1 3.8 

MR-B3 log B = 1,322 - 0,267 log HL + 0,580 log UL 172 0.96 7.4 7.6 4.7 
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Table 7. Ordinary least-squares multiple regressions used in the procedure for selection 

of variables. Three functions to predict SL were obtained from different combinations of 

the anatomical predictors (MR Sel.1-3). The SL values obtained in these functions were 

plotted against each predictor variable to test and select those for specific stem taxa 

(Fig. 4 and Table 8).  

 

 

 

MR 

model 
log SL = log a + b1 log X1 + b2 log X2…+ bp 

log Xp 
N R

2
 Tested variables 

Sel.1 
log SL = -3,815 + 0,798 log dHW + 0,5 log RL + 

0,584 log Lprim 
142 0,975 

HL, dpL, bcL, UL, peUW, 

deUW, dUW, dRW, CmL, 

dCmW, DCmW, c 

Sel.2 
log SL  = -3,982 + 0,827 log UL + 0,469 log 

dUW - 0,277 log CmL + 0,355 log DCmW + 

0,570 log Lprim 
141 0,973 dHW, deHW, RL  

Sel.3 
log SL  = -3,517 + 0,637 log dHW + 0,824 log 

UL - 0,26 log dRW - 0,330 log peUW + 0,162 

log dpL 
159 0,972 Lprim 
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Table 8. Forelimb variables discarded after the selection procedure for predicting SL on 

each avian taxa. 

 

  

 

 

 

 

 

 

 

 

Taxa Excluded variables  

Archaeopterygidae HL, dpL, peUW, RL 

Jeholornithidae dpL, dHW, dRW, DCmW 

Sapeornithidae dpL, dRW 

Confuciusornithidae dpL, cbL, dCmW, UL 

Enantiornithes dpL, dHW, dUW, dRW 

Stem Ornithuromorpha dpL, dHW, dUW, dRW 
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Table 9. Ordinary least-squares multiple regressions obtained for predicting wing area 

(SL) in each avian taxa. For abbreviations of variables, see Table 1. For abbreviations of 

fossil taxa, see legend of Fig. 3. 

 

Model 
log SL = log a + b1 log X1 + b2 log X2…+ bp log 

Xp 
N R

2
adj |%MPE| |%MPE|VS-25% |%MPE|VS-GA 

MR-SL Arch1 

log SL = – 4,879 + 0,335 log LU + 0,258 log 

edU + 0,193 log LCMC – 0,198 log dCMC + 

0,201 log DCMC + 0,285 log Lprim + 0,923 log 

c 

139 0.993 6.1 6.4 5.7 

MR-SL Arch2 
log SL = – 3,905 + 0,54 log dH + 0,6 log LU + 

0,251 log DCMC + 0,525 log Lprim 
136 0.978 11 11.2 9.3 

MR-SL Arch3 log SL = – 3,2 + 0,968 log dH + 0,798 log LU   173 0.965 14.2 16.2 23.3 

MR-SL Jeho1 = 

Conf = Ornph2  

log SL = – 3,883 + 1,096 log edH + 0,357 log 

LR + 0,458 log Lprim  
144 0.985 8.8 14.5 6.8 

MR-SL Jeho2 = 

Orph4 

log SL = – 3,284 – 0,695 log LH + 1,545 log LU 

+ 1,032 log dU   
172 0.963 14.1 13.7 6.3 

MR-SL Sape1 = 

Ornph1  

log SL = – 4,771 + 0,259 log LH + 0,342 log 

edH – 0,63 log LU + 0,709 log LR + 0,391 log 

Lprim + 0,888 log c 

135 0.994 5.8 7.2 5.1 

MR-SL Sape2 
log SL = – 3,436 + 1,275 log edH + 0,556 log 

LU   
176 0.977 11.2 13.6 13.8 

MR-SL Enan1 

log SL = – 4,787 + 0,285 log edH + 0,271 log 

LU + 0,275 log LCMC + 0,207 log DCMC – 

0,171 log dCMC + 0,283 log Lprim + 0,832 log 

c 

141 0.992 6.2 7 6.0 

MR-SL Enan2 
log SL = – 3,963 + 1,044 log edH + 0,397 log 

LU + 0,48 log Lprim  
145 0.985 8.8 10 7.0 

MR-SL Enan3 = 

Ornph3 

log SL = – 3,459 + 1,254 log edH - 0,382 log 

epU + 0,598 log LU + 0,375 log DCMC 
167 0.98 10.5 14.4 11.6 

MR-SL Enan4 
log SL = – 3,507 + 0,889 log LU + 1,015 log 

DCMC 
167 0.968 13.1 15.1 11.7 

 

N = number of individuals.  

R2
adj = coefficient of determination adjusted for the number of predictors included in the model 

|%MPE| = mean percent prediction error calculated over the whole dataset. 

|%MPE|VS-25 = mean percent prediction error calculated over the validating subsample (25% species).  
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|%MPE|VS-GA = mean percentage prediction error calculated using Galloanserae as validating subsample. 
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Table 10. Effect of different aerial locomotion on the mean prediction error (%PE) 

values of the best SR equation and the MR models obtained. Flying mode 

abbreviations: CF, continuous flapping; FG, flap and gliding; FB, flap and bounding; S, 

soaring. For abbreviations of variables, see Table 1. When Levene's test (Lev.) was non-

significant, the difference between groups was tested by a one-way ANOVA. In other 

case, Welch's test was performed. A. Predictive models for wingspan (B). B. Predictive 

models for wing area (SL). For abbreviations of fossil taxa, see legend of Fig. 3. 

A. 

 

 

B. 

Model 
Lev. ANOVA/Welch CF FG FB S Total 

p F p N %PE Sd N %PE Sd N %PE Sd N %PE Sd N %PE Sd 

SR-deHW * 6,431 ** 72 2,9 20,5 42 5 20,4 43 -5,4 10,2 31 3,4 18,1 188 1,6 18,5 

RM-SL Arch1 ns 0,470 ns 56 0,9 7,6 30 -0,4 7,7 27 1,0 8,0 26 -0,8 8,1 139 0,3 7,7 

RM-SL Arch2 ns 8,344 ** 56 2,0 14,5 29 -5,8 9,7 25 10,7 12,3 26 -3,1 13,0 136 0,9 13,9 

RM-SL Arch3 ** 3,447 * 65 -0,2 21,4 41 -1,4 11,5 37 8,7 16,3 30 -0,2 17,2 173 1,4 17,9 

RM-SL Jeho1 = 

RM-SL Conf = 

RM-SL Ornph2  

ns 0,571 ns 55 0,3 7,8 30 1,2 7,2 24 0,6 5,7 26 -1,3 6,9 135 0,3 7,1 

RM-SL Jeho2 = 

RM-SL Orph4 
* ,049 ns 65 1,4 17,4 42 0,8 12,1 40 0,5 10,4 29 0,3 13,8 176 0,9 14,1 

RM-SL Sape1 =  

RM-SL Ornph1  
* 3,434 * 58 3,4 13,5 32 -2,7 9,1 29 2,4 7,7 25 -2,7 11,0 144 0,8 11,4 

RM-SL Sape2 ns 1,542 ns 56 1,9 8,0 30 -0,7 8,0 28 0,4 8,5 27 -1,9 7,8 141 0,3 8,1 

Model 
Lev. ANOVA/Welch CF FG FB S Total 

p F p N %PE Sd N %PE Sd N %PE Sd N %PE Sd N %PE Sd 

SR-UL ** 3,195 * 68 1,1 13,4 41 4 14,8 40 -3,5 6,4 30 0,6 9,4 179 0,7 12,1 

RM-B1 ns 1,128 ns 58 -0,5 3,6 32 0,9 3,9 26 -0,4 3,0 25 -0,3 3,2 141 -0,1 3,5 

RM-B2 ns 3,991 * 63 -2,0 8,0 37 3,1 7,1 34 0,8 6,2 30 0,6 7,4 164 0,2 7,5 

RM-B3 * 3,262 * 67 -1,3 11,8 39 3,7 9,0 36 -1,5 6,2 30 1,3 9,6 172 0,2 10,0 
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RM-SL Enan1 * 3,863 * 57 3,7 13,5 33 -3,0 9,1 29 2,1 7,7 26 -3,0 11,3 145 0,6 11,5 

RM-SL Enan2 ns 1,802 ns 64 0,5 15,1 36 -2,4 10,6 38 4,5 10,8 29 1,5 13,2 167 0,9 13,1 

RM-SL Enan3 =  

RM-SL Ornph3 
** 9,851 ** 64 -0,2 16,4 36 -5,9 9,5 38 11,6 17,6 29 1,3 16,9 167 1,5 16,6 

RM-SL Enan4 * 1,495 ns 66 3,6 22,1 41 -1,4 13,5 36 4,2 16,0 29 -2,0 17,1 172 1,6 18,3 

 

** p < 0.01; * 0.05 > p > 0.01; ns = p > 0.05.  

Sd indicates the standard deviations for the mean values. 
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Table 11. Calibration of the cumulative prediction error on flight parameters. A. 

Prediction error in the calculation of WL, obtained from values estimated with MR 

models derived for predicting BM (in Serrano et al. 2015) and SL in the present work 

(Table 9). B. Prediction error in the calculation of AR, obtained from values estimated 

with MR models derived for predicting B (Table 6) and SL (Table 9). 

A. 

 

  

Models to estimate 

body mass (BM) 

Models to estimate lift 

surface (SL) 
Wing loading (WL) 

Model  |%MPE| Model  |%MPE| N |%MPE|  |%MPE|VS-25% |%MPE|VS-GA 

MR-Arch 18.8 

MR-SL Arch1 6.1 122 17.3 15.4 16.4 

MR-SL Arch2 11.0 122 19.1 18.2 18.0 

MR-SL Arch3 14.2 152 21.3 24.9 38.5 

MR-Jeho 17.3 
MR-SL Jeh1 8.8 127 19.2 21.4 17.4 

MR-SL Jeh2 14.1 147 20.0 26.9 15.6 

MR-Sape 16.5 
MR-SL Sap1 5.8 118 15.2 17.5 16.0 

MR-SL Sap2 11.2 142 18.5 25.0 24.9 

MR-Conf 16.9 MR-SL Conf1 8.8 123 19.4 19.2 22.6 

MR-Enan 19.4 

MR-SL Enan1 6.2 128 18.5 22.1 13.1 

MR-SL Enan2 8.8 132 19.3 24.5 16.6 

MR-SL Enan3 10.5 151 20.7 30.8 25.1 

MR-SL Enan4 13.1 151 21.5 35.0 17.9 

MR-Orph 19.4 

MR-SL Orph1 5.8 129 18.0 17.6 23.5 

MR-SL Orph2 8.8 153 21.2 19.8 23.8 

MR-SL Orph3 10.5 155 21.0 25.7 30.1 

MR-SL Orph4 14.1 165 23.1 25.8 21.5 

MR-Ornl 20.2 

MR-SL Enan3 - 

Orph3 
10.5 159 20.2 30.5 23.3 

MR-SL Orph4 14.1 159 22.5 25.8 21.5 
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B. 

 

Models to estimate 

wing span (B) 

Models to estimate lift surface 

(SL) 
Aspect ratio (AR) prediction errors 

Model  |%MPE| Model  |%MPE| N |%MPE|  |%MPE|VS-25% |%MPE|VS-GA 

MR-B1 2.6 

MR-SL Arch1 6.1 133 7.5 7.0 7.9 

MR-SL Arch2 11.0 133 12.6 10.9 13.2 

MR-SL Jeh1, Conf, 

Orph2 
8.8 137 10.6 10.8 11.6 

MR-SL Sap1, Orph1 5.8 133 7.0 8.6 9.5 

MR-SL Enan1 6.2 135 7.7 7.2 7.5 

MR-SL Enan2 8.8 139 10.5 12.0 11.0 

MR-SL Enan3, 

Orph3 
10.5 134 12.4 17.5 21.9 

MR-B2 5.3 

MR-SL Arch3 14.2 163 13.7 16.8 25.3 

MR-SL Sap2 11.2 162 11.5 16.5 13.6 

MR-SL Enan3, 

Orph3 
10.5 157 12.1 17.0 13.8 

MR-SL Enan4 13.1 157 14.7 14.1 14.6 

MR-B3 7.4 
MR-SL Arch3 14.2 170 16.8 18.7 24.4 

MR-SL Jeh2, Orph4 14.1 170 17.8 14.4 12.2 
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Table 12. Estimates of the basic and compound variables for the specimens of Mesozoic stem taxa. The multiple regression model from which 

wingspan (B) and wing area (SL) were obtained, are also indicated (MR-B and MR-SL, from Tables 6 and 9). The body mass values (BM) 

obtained in Serrano et al. (2015) are also included for a summary. The prediction errors (% MPEs) of wing loading (WL) and aspect ratio (AR) 

calculated on the modern dataset, are also shown for different combinations of B, SL, and BM estimates. Prediction intervals were calculated as 

predicted values ± |%MPE| values. 
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Taxa Specie Museum code BM (g) B (mm) B ± |%MPE| MR-B SL (cm2) SL ± |%MPE| MR-SL WL (g/cm2) WL ± |%MPE| AR  AR ± |%MPE| 

Arch Archaeopteryx lithographica  BMNH 37001 450 766 823 709 B3 740 845 635  Arch3 0,609 0,738 0,479 7,9 9,3 6,6 

 
A. lithographica  HMN 1880/1881 343 598 614 583 B1 601 637 564  Arch1 0,572 0,671 0,473 6,0 6,4 5,5 

 
A. lithographica  JM 2257 176 400 410 390 B1 232 257 206  Arch2 0,759 0,903 0,614 6,9 7,8 6,0 

 
A. lithographica  BMMS 500 1088 784 826 743 B2 1238 1414 1063  Arch3 0,879 1,066 0,692 5,0 5,6 4,3 

 
A. lithographica  WDC-CSG-100 264 549 563 535 B1 401 446 357  Arch2 0,657 0,782 0,532 7,5 8,5 6,6 

Jeho Jeholornis prima V 13274 1516 1094 1175 1013 B3 2172 2477 1866  Jeh2 0,698 0,838 0,559 5,5 6,5 4,5 

 
J. prima V 13353 983 1027 1054 1000 B1 1641 1784 1497  Jeh1 0,599 0,714 0,484 6,4 7,1 5,7 

Sape Sapeornis chaoyangensis V 12698 900 1264 1331 1197 B2 2041 2269 1813  Sap2 0,441 0,523 0,359 7,8 8,8 6,8 

 
S. chaoyangensis V 13275 1041 1186 1248 1123 B2 1893 2104 1682  Sap2 0,550 0,652 0,448 7,4 8,4 6,5 

 
S. chaoyangensis V 13276 1038 1188 1250 1125 B2 1979 2200 1758  Sap2 0,524 0,621 0,427 7,1 8,0 6,2 

 
S. chaoyangensis DNHM 3078 491 912 935 888 B1 1305 1381 1229  Sap1 0,376 0,434 0,319 6,4 6,8 5,9 

Conf Eoconfuciusornis zhenghi V 11977 217 450 462 438 B1 244 265 222  Conf1 0,893 1,065 0,720 8,3 9,2 7,4 

 
Confuciusornis sanctus V 11374 520 668 685 651 B1 818 890 746  Conf1 0,636 0,759 0,513 5,5 6,0 4,9 

 
C. sanctus V 11640 762 786 806 766 B1 938 1020 856  Conf1 0,813 0,970 0,656 6,6 7,3 5,9 

 
C. sanctus MCFO-0374 550 674 692 656 B1 669 727 610  Conf1 0,823 0,982 0,664 6,8 7,5 6,1 

Enan Pengornis houi V 15336 437 695 731 658 B2 1008 1114 902  Enan3 0,433 0,523 0,343 4,8 5,4 4,2 

 
Cathayornis yandica V 9169  63 309 326 293 B2 199 220 178  Enan3 0,318 0,384 0,252 4,8 5,4 4,2 

 
Cuspirostrisornis houi V 10897 70 330 347 312 B2 169 187 151  Enan3 0,412 0,497 0,326 6,4 7,2 5,6 

 
Eocathayornis walkeri V 10916 56 286 301 271 B2 193 213 173  Enan3 0,290 0,349 0,231 4,2 4,7 3,7 

 
Eoenantiornis buhleri V 11537 80 317 325 309 B1 148 161 135  Enan2 0,541 0,645 0,437 6,8 7,5 6,1 

 
Longchengornis sanyanensis V 10530 86 335 353 318 B2 167 185 150  Enan3 0,518 0,625 0,410 6,7 7,5 5,9 

 
Longirostravis hani V 11309 39 318 326 310 B1 164 174 154  Enan1 0,240 0,284 0,195 6,2 6,6 5,7 

 
Otogornis genghisi V 9607 171 432 455 409 B2 291 322 261  Enan3 0,588 0,707 0,469 6,4 7,2 5,6 

 
Longipteryx chaoyangensis V 12325 193 463 487 438 B2 373 412 334  Enan3 0,517 0,624 0,410 5,7 6,4 5,0 

 
Rapaxavis pani DNHM D2522 47 238 251 225 B2 141 156 126  Enan3 0,334 0,403 0,265 4,0 4,5 3,5 

 
Protopteryx fengningensis V 11665 70 316 324 308 B1 119 130 109  Enan2 0,589 0,702 0,475 8,4 9,3 7,5 

 
Vescornis hebeiensis NIGPAS 130722 50 272 287 258 B2 126 140 113  Enan3 0,394 0,475 0,312 5,9 6,6 5,2 

 
Concornis lacustris LH-2814 70 342 360 324 B2 202 228 176  Enan4 0,347 0,421 0,272 5,8 6,6 4,9 

 
Eoalulavis hoyasi LH-13500 45 262 276 248 B2 160 177 143  Enan3 0,279 0,336 0,223 4,3 4,8 3,8 

Orph Archaeorhynchus spathula V 14287 272 550 564 536 B1 479 521 437  Orph2 0,568 0,689 0,448 6,3 7,0 5,6 

 
Yixianornis grabaui V 12631 321 522 536 509 B1 440 479 402  Orph2 0,729 0,884 0,575 6,2 6,9 5,5 
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Zhongjianornis yangi V 15900 570 724 763 686 B2 825 912 738  Orph3 0,691 0,835 0,546 6,4 7,1 5,6 

 
Yanornis martini V 12558 772 773 814 732 B2 1079 1192 966  Orph3 0,715 0,865 0,565 5,5 6,2 4,9 

 
Y. martini V 10996 618 820 863 776 B2 1154 1276 1033  Orph3 0,535 0,648 0,423 5,8 6,5 5,1 

 
Jianchangornis microdonta V 16708 820 822 844 801 B1 980 1083 877  Orph3 0,837 1,013 0,661 6,9 7,7 6,1 

 
Hongshanornis longicresta V 14533 88 350 359 341 B1 163 173 154  Orph1 0,540 0,637 0,443 7,5 8,0 7,0 

 
Longicrusavis houi PKUP V1069 89 299 315 283 B2 176 195 158  Orph3 0,504 0,611 0,397 5,1 5,7 4,5 

 
Gansus yumenensis CAGS 04-CM003 156 537 565 508 B2 392 433 351  Orph3 0,399 0,482 0,315 7,3 8,2 6,5 

 
G. yumenensis CAGS 04-CM004 162 515 543 488 B2 322 355 288  Orph3 0,505 0,607 0,403 8,3 9,3 7,3 

 
Ichthyornis dispar YPM 1450 284 682 732 631 B3 587 669 587  Orph4 0,423 0,520 0,325 7,9 9,3 6,5 

  Apsaravis ukhaana IGM 100/1017 184 546 586 505 B3 298 339 298  Orph4 0,618 0,758 0,479 10,0 11,8 8,2 
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Table 13. Comparison between the estimates for Berlin's Archaeopteryx and for 

Hongshanornis (two specimens) obtained using MR models (first line of each taxa) and 

outline body reconstructions. Superscript numbers indicate the method for obtaining BM 

values used in each study. The percent variation between values from published 

reconstruction and the values obtained at present work is also shown.   

 

Reconstruction´s reference 
BM       

(g) 

∆BM   

(%) 

B      

(mm) 

∆B        

(%) 

SL     

(cm
2
) 

∆SL      

(%) 

WL  

(g/cm
2
) 

∆WL    

(%) 
AR 

∆AR     

(%) 

Archaeopteryx HMN 1880 343
1
 - 598 - 601 - 0,572 - 6,0 - 

   Yalden (1971) - - 588 1,7 479 20,2 - - 7,2 -21,1 

   Yalden (1984) 271
2
 21,0 545 8,9 479 20,2 0,566 1,0 6,2 -4,1 

   Elzanowski (2002) 2763 19,5 550 8,0 500 16,7 0,552 3,4 6,1 -1,5 

   Longrich (2006) 250
4
 27,1 523 12,5 546 9,1 0,458 19,9 5,0 16,0 

   Wellnhofer (2008) 250
4
 27,1 580 3,0 611 -1,7 0,409 28,4 5,5 7,6 

Hongshanornis (V 14533) 88
5
 - 350 - 163 - 0,540 - 7,5 - 

   Chiappe et al. (2014) (D2945/6) 656 26,3 320 8,6 160 2,1 0,406 24,7 6,4 7,5 

 
1 

Multivariate allometric equation using 6 skeletal variables (ARCH), from Serrano et al. (2015) 
2 Volumetric displacement 
3
 Univariate allometric equation using femoral width at midshaft (dFW), from Campbell and Marcus 

(1992) 
4 Univariate allometric equation using dFW, from Yalden (1984) 
5
 Multivariate allometric equation using 7 skeletal variables (ORPH), from Serrano et al. (2015) 

6 Univariate allometric equation using FL, from Peters and Peters (2009) 
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