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Abstract 12 

 13 

The scaling pattern of the forelimb in Carnivora was determined using a sample of 30 variables measured on 14 

the scapula, humerus, radius, ulna, and third metacarpal, of 429 specimens belonging to 137 species of 15 

Carnivora. Standardized major axis regressions on body mass were calculated for all variables, using both 16 

traditional regression methods and phylogenetically independent contrasts (PIC). In agreement with previous 17 

studies on the scaling of the appendicular skeleton, conformity to either the geometric similarity hypothesis 18 

or the elastic similarity hypothesis was low. The scaling pattern of several phyletic lines and locomotor types 19 

within Carnivora was also determined, and significant deviations from the scaling pattern of the order were 20 

found in some of these subsamples. Furthermore, significant evidence for differential scaling was found for 21 

several variables, both in the whole sample and in various phylogenetic and locomotor subsamples. Contrary 22 

to previous studies, significant differences were found between the allometric exponents obtained with 23 

traditional and PIC regression methods, emphasizing the need to take into account phylogenetic relatedness 24 

in scaling studies. In light of these and previous results, we conclude that similarity hypotheses are too 25 

simplistic to describe scaling patterns in the carnivoran appendicular skeleton, and thus we propose that 26 

scaling hypotheses should be built from similarities in the scaling patterns of phylogenetically narrow 27 

samples of species with similar locomotor requirements. The present work is a first step in the study of those 28 

samples. 29 

 30 
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Introduction 38 

 39 

Size is one of the most important factors affecting the shape and function of the elements of the 40 

musculoskeletal system of animals, as well as the parameters defining their locomotor dynamics (e.g. duty 41 

factor) (Schmidt-Nielsen, 1984; Alexander, 2002; Biewener, 2003). Thus, several hypotheses have been 42 

proposed to predict how these musculoskeletal elements and locomotor parameters would be affected by 43 

variations in body size (i.e., scaling). The most widespread of these similarity hypotheses are the geometric 44 

similarity hypothesis (already supported by Hill, 1950) and the elastic similarity hypothesis (proposed by 45 

McMahon, 1973). The former states that all linear measurements of an organism are proportional to its body 46 

mass0.33, while according to the latter, lengths scale to body mass0.25 and diameters to body mass0.375. 47 

In the case of skeletal measurements, early studies suggested that geometric similarity (GS) explained their 48 

scaling in mammals (e.g. Alexander et al., 1979), while elastic similarity (ES) was only found in Bovidae 49 

(McMahon, 1975a; Alexander, 1977). However, as the number of studies in this subject increased, empirical 50 

evidence showed that conformity to either hypotheses was low in mammals (Bou et al., 1987; Bertram & 51 

Biewener, 1990; Christiansen, 1999a,b; Carrano, 2001; Llorens et al., 2001; Lilje et al., 2003; Casinos et al., 52 

2012). Furthermore, in some cases it has been found that the same skeletal measurement scaled 53 

geometrically in small species and elastically in large species (Economos, 1983; Bertram & Biewener, 1990; 54 

Silva, 1998; Christiansen, 1999a,b; Carrano, 2001). This differential scaling (or complex allometry) suggests 55 

that general allometric calculations would thus not be applicable to a large range of variations in body size. 56 

Despite the large number of studies on the scaling of the mammalian appendicular skeleton, little to no 57 

consideration has been given to the scaling of skeletal measurements other than the length and diameters of 58 

the humerus, radius/ulna, femur and tibia. In fact, only the study of Lilje et al. (2003) on Ruminantia and that 59 

of Schmidt & Fischer (2009) on Mammalia have paid any attention to the scaling of the scapula, which has 60 

been shown to be the main propulsive element of the forelimb (Lilje & Fischer, 2001; Fischer et al., 2002). 61 

Furthermore, although several studies have dealt with the scaling of particular orders within Mammalia, their 62 

sample sizes are usually too small to perform interfamilial comparisons. Finally, no work so far has studied 63 

how locomotor specializations affect the scaling pattern of the appendicular skeleton in a comparative 64 

framework. It has been suggested that similarity hypotheses imply adaptive neutrality, or at least 65 

independence of the locomotor type of the species that are compared (Bou et al., 1987). Therefore, samples 66 

including extreme locomotor patterns should deviate markedly from the predictions of similarity hypotheses. 67 

The order Carnivora is one of the few groups of mammals that allows an allometric study of the appendicular 68 

skeleton in such a multifaceted approach, since: 1) carnivorans span a size range of four orders of magnitude 69 

(from less than 0.1 kg in the least weasel (Mustela nivalis) to well over two tonnes in elephant seals 70 

(Mirounga sp.)), which enables not only classic allometric studies but also to test for differential scaling; 2) 71 

they constitute a monophyletic group with several well-represented families, granting interfamilial scaling 72 

comparisons; and 3) they present one of the widest locomotor diversities among mammals, which allows to 73 

study the effect of locomotor specializations in the scaling of the limb bones (Van Valkenburgh, 1987; 74 

Bertram & Biewener, 1990; Wilson & Mittermeier, 2009; Nyakatura & Bininda-Emonds, 2012). 75 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 2, 2022. ; https://doi.org/10.1101/2022.06.29.498091doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.29.498091
http://creativecommons.org/licenses/by-nc-nd/4.0/


Thus, the first aim of this study was to determine the scaling pattern of the carnivoran appendicular skeleton, 76 

with emphasis on the scapula and several morphofunctional dimensions of the appendicular skeleton, and to 77 

assess whether differential scaling could be found in this pattern. Previous studies on the scaling of the 78 

appendicular skeleton in Carnivora have shown low conformity to either similarity hypothesis when long 79 

bone lengths are regressed against diameters (Bertram & Biewener, 1990). However, when regressed against 80 

body mass, bone lengths tend to scale geometrically and least circumference elastically (Christiansen, 81 

1999a). More recently, two studies on the scaling of relative segment lengths in Mammalia have also 82 

presented separate results for the carnivoran species in their sample. However, while first Schmidt (2008) 83 

suggested that limb proportions are size-independent in Carnivora, significant size-related variation in those 84 

variables was later found by the same author (Schmidt & Fischer, 2009). Finally, regarding differential 85 

scaling, Bertram & Biewener (1990) found evidence for complex allometry in the length and diameters of 86 

the carnivoran humerus, radius, femur and tibia. 87 

Once this scaling pattern for the whole order was determined, the second aim of this study was to analyze 88 

whether the main phyletic lines (families) within Carnivora deviated from it, and if so, then how. Few 89 

scaling studies have been carried out on the appendicular skeleton of any particular family within Carnivora. 90 

When regressing long bone lengths and diameters to femur length in Canidae, Wayne (1986) found 91 

significant deviations from isometric scaling, which suggested low conformity with either GS or ES in the 92 

appendicular skeleton of canids. However, in a study with over sixty dog breeds, Casinos et al. (1986) found 93 

that the scaling of humerus, radius and tibia conformed to GS but not that of the femur, which could explain 94 

the lack of conformity in Wayne’s study. Heinrich & Biknevicius (1998) showed that, in Martinae 95 

(Mustelidae), long bone dimensions tended to scale elastically, but conformity was also low. Recent studies 96 

suggest geometric scaling with no differential scaling in Felidae (Day & Jayne, 2007; Gálvez-López & 97 

Casinos, 2012). Finally, evidence for scaling differences between Felidae and Canidae was presented by 98 

Meachen-Samuels & Van Valkenburgh (2009). 99 

The last objective of the present study was to test whether particular locomotor habits within Carnivora cause 100 

deviations from the general scaling pattern for the order. To our knowledge, only the study of Bou et al. 101 

(1987) has pursued a similar approach, but then in rodents and other small mammals. In the case of 102 

Carnivora, this lack of studies could be related to the general belief that their appendicular skeleton is highly 103 

conservative in terms of bone morphology and locomotor style (Flynn et al., 1988; Bertram & Biewener, 104 

1990; Day & Jayne, 2007; but see Heinrich & Biknevicious, 1998; Gálvez-López, 2021). 105 

 106 

Material and Methods 107 

 108 

The sample consisted of 429 specimens from 137 species of Carnivora (Table 1), representing about 48% of 109 

extant species (Wozencraft, 2005). For each specimen, measurements were taken on the scapula, humerus, 110 

radius, ulna, and third metacarpal. The variables analyzed in this study have already been described in the 111 

Supplementary Information of Gálvez-López (2021) but are repeated here in Table 2 for simplicity. The 30 112 

studied variables included 19 linear measurements, one projected distance (T), 8 ratios, and 2 angles (, ), 113 
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and are summarized in Figure 1. Finally, Table 3 describes the locomotor categories used in this study, 114 

which represent the locomotor specialization of each species (i.e., the main locomotor habit of each species). 115 

 116 

Table 1. Species measured. For each species, the table shows the number of measured specimens (n), the 117 
assigned category for locomotor type (loctyp), and the references from which the mean body mass value for 118 
that species was taken (Mb). See Table 2 for a description of locomotor type categories. Abbreviations: 119 
semiaq, semiaquatic; semiarb, semiarboreal; semifoss, semifossorial. 120 

 species n loctyp Mb  species n loctyp Mb  species n loctyp Mb 

Canidae    
 Canis aureus 6 terrestrial 1  Lupulella adusta 4 terrestrial 1  Speothos venaticus 6 terrestrial 1 

 Canis latrans 3 terrestrial 1 Lupulella mesomelas 7 terrestrial 1  Vulpes chama 1 terrestrial 1 

 Canis lupus 5 terrestrial 2, 3 Lycalopex culpaeus 3 terrestrial 1  Vulpes lagopus 3 terrestrial 1 

 Cerdocyon thous 2 terrestrial 1 Lycalopex gymnocercus 4 terrestrial 1  Vulpes vulpes 12 terrestrial 5 

 Chrysocyon brachyurus 6 terrestrial 2, 3  Lycaon pictus 3 terrestrial 1  Vulpes zerda 2 terrestrial 1 

 Cuon alpinus 3 terrestrial 1 Nyctereutes procyonoides 3 terrestrial 1     

Mustelidae    

 Amblonyx cinereus 2 semiaq 1 Lontra provocax 1 semiaq 6 Melogale orientalis 1 terrestrial 1 

 Arctonyx collaris 1 semifoss 1 Lutra lutra 5 semiaq 7 Mustela erminea 8 terrestrial 8 

 Eira barbara 2 semiarb 1 Lutrogale perspicillata 1 semiaq 1 Mustela eversmannii 1 terrestrial 1 

 Enhydra lutris 1 aquatic 1 Lyncodon patagonicus 2 terrestrial 1 Mustela lutreola 1 semiaq 1 

 Galictis cuja 2 terrestrial 1 Martes americana 1 semiarb 1 Mustela nivalis 5 terrestrial 8 

 Galictis vittata 2 terrestrial 1 Martes foina 23 scansorial 8 Mustela nudipes 2 terrestrial 1 

 Gulo gulo 2 scansorial 1 Martes martes 8 semiarb 8 Mustela putorius 6 terrestrial 1 

 Ictonyx lybicus 2 terrestrial 1 Martes zibellina 1 scansorial 1 Neovison vison 2 semiaq 1 

 Ictonyx striatus 1 terrestrial 1 Meles meles 5 semifoss 9 Pteronura brasiliensis 2 semiaq 1 

 Lontra felina 3 semiaq 1 Mellivora capensis 2 semifoss 1 Vormela peregusna 3 semifoss 1 

 Lontra longicaudis 2 semiaq 1 Melogale moschata 1 terrestrial 1     

Mephitidae    

 Conepatus chinga 2 semifoss 1 Conepatus humboldti 1 semifoss 1 Spilogale gracilis 2 terrestrial 1 

Otariidae    

 Arctocephalus australis 1 aquatic 10 Otaria flavescens 2 aquatic 11 Zalophus californianus 2 aquatic 11 

 Arctocephalus gazella 1 aquatic 10     

Phocidae    

 Hydrurga leptonyx 1 aquatic 11 Mirounga leonina 1 aquatic 12 Phoca vitulina 2 aquatic 12 

Procyonidae    

 Bassaricyon gabbii 1 arboreal 1 Nasua nasua 6 scansorial 15 Procyon cancrivorus 3 scansorial 1 

 Bassariscus astutus 1 scansorial 1 Potos flavus 4 arboreal 1 Procyon lotor 5 scansorial 1 

 Nasua narica 4 scansorial 14     

Ursidae    

 Ailuropoda melanoleuca 2 scansorial 1 Tremarctos ornatus 2 scansorial 1 Ursus arctos 6 scansorial 1 

 Helarctos malayanus 1 scansorial 1 Ursus americanus 2 scansorial 1 Ursus maritimus 4 terrestrial 1 

 Melursus ursinus 1 scansorial 1     

Ailuridae    Prionodontidae    Nandiniidae    

 Ailurus fulgens 7 scansorial 13 Prionodon linsang 1 arboreal 1 Nandinia binotata 5 semiarb 1 

Viverridae    

 Arctictis binturong 4 arboreal 1 Genetta genetta 7 scansorial 1 Poiana richardsoni 1 semiarb 1 

 Arctogalidia trivirgata 2 arboreal 1 Genetta maculata 3 semiarb 1 Viverra tangalunga 4 terrestrial 1 

 Civettictis civetta 4 terrestrial 20 Genetta tigrina 1 semiarb 1 Viverra zibetha 2 terrestrial 1 

 Cynogale benettii 1 semiaq 1 Hemigalus derbyanus 4 semiarb 1 Viverricula indica 4 scansorial 1 

 Genetta felina 5 scansorial 1 Paradoxurus hermaphroditus 2 arboreal 1     

Herpestidae    

 Atilax paludinosus 2 semiaq 1 Galerella sanguinea 1 terrestrial 1 Suricata suricatta 4 semifoss 1 

 Crossarchus obscurus 2 terrestrial 8 Helogale parvula 2 terrestrial 1 Urva brachyura 1 terrestrial 1 

 Cynictis penicillata 4 terrestrial 1 Herpestes ichneumon 4 terrestrial 1 Urva edwardsii 2 terrestrial 1 

 Galerella pulverulenta 4 terrestrial 1 Ichneumia albicauda 2 terrestrial 1 Urva javanica 1 terrestrial 1 
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Eupleridae    

 Cryptoprocta ferox 2 semiarb 1 Galidia elegans 4 scansorial 1 Salanoia concolor 2 scansorial 1 

 Fossa fossa 2 terrestrial 1 Mungotictis decemlineata 1 scansorial 1     

Hyaenidae    

 Crocuta crocuta 2 terrestrial 8 Parahyaena brunnea 1 terrestrial 1 Proteles cristatus 2 terrestrial 8 

 Hyaena hyaena 3 terrestrial 1     

Felidae    

 Acinonyx jubatus 3 scansorial 1 Leopardus pardalis 2 scansorial 1 Panthera onca 2 scansorial 1 

 Caracal aurata 1 scansorial 1 Leopardus tigrinus 2 scansorial 1 Panthera pardus 8 scansorial 13 

 Caracal caracal 5 scansorial 1 Leptailurus serval 6 scansorial 12 Panthera tigris 9 scansorial 18 

 Felis chaus 1 scansorial 1 Lynx lynx 3 scansorial 1 Panthera uncia 4 scansorial 19 

 Felis nigripes 2 scansorial 16 Lynx pardinus 4 scansorial 12 Pardofelis marmorata 1 arboreal 1 

 Felis silvestris 15 scansorial 1 Lynx rufus 1 scansorial 1 Prionailurus bengalensis 1 scansorial 1 

 Herpailurus yaguaroundi 3 scansorial 1 Neofelis nebulosa 1 semiarb 17 Prionailurus planiceps 1 scansorial 1 

 Leopardus colocolo 2 scansorial 1 Otocolobus manul 2 scansorial 1 Puma concolor 5 scansorial 1 

 Leopardus geoffroyi 2 scansorial 1 Panthera leo 7 scansorial 1 

References: 1. Wilson & Mittermeier, 2009; 2. Blanco et al., 2002; 3. Mech, 2006; 4. Dietz, 1984; 5. Cavallini, 1995; 
6. Reyes-Küppers, 2007; 7. Yom-Tov et al., 2006; 8. Grzimek, 1988; 9. Virgós et al., 2011; 10. Perrin et al., 2002; 11. 
MacDonald, 2001; 12. Silva & Downing, 1995; 13. Roberts & Gittleman, 1984; 14. Gompper, 1995; 15. Gompper & 
Decker, 1998; 16. Sliwa, 2004; 17. Sunquist & Sunquist, 2002; 18. Mazák, 1981; 19. IUCN Cat Specialist Group, 
2011; 20. Ray, 1995. 

 121 

Table 2. Locomotor type categories. Locomotor type categories were adapted from previous works on the 122 
relatioship between locomotor behavior and forelimb morphology (Eisenberg, 1981; Van Valkenburgh, 123 
1985, 1987). 124 

Locomotor type Description 
arboreal species that spend most of their life in trees (over 75%), rarely descending to the ground 

semiarboreal 
species that spend a large amount of their time in the trees (between 50% and 75%), both 
foraging and resting, but also on the surface of the ground 

scansorial 
species that, although mostly terrestrial (over half their time is spent on the ground), can climb 
well and will readily do so to chase arboreal prey or escape 

terrestrial 
species that rarely or never climb or swim, and that may dig to modify a burrow but not 
regularly for food 

semifossorial 
species that dig regularly for both food and shelter, but that still show considerable ability to 
move about on the surface 

semiaquatic 
species that forage regularly underwater and usually plunge into the water to escape, but must 
spend time ashore to groom,… 

aquatic 
species that carry out most of their life cycle in water, although some part of it can be confined 
to land (parturition, mating, rearing the young) 

 125 

Regression methods were used to relate each variable to body mass (Mb). All regressions were calculated 126 

with the standardised major axis method (SMA), since regression slopes were the primary interest of this 127 

study, and ordinary least squares regression methods (OLS) tend to understimate the slope of the line-of-128 

best-fit because its calculation involves fitting the predicted y-values as closely as possible to the observed y-129 

values (Warton et al., 2006). The power equation ( y  a  xb ; Eq. 1) was assumed for all variables but T and  130 
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, for which the linear model of regression was used 132 

( y  a b  x ; Eq. 2), and 95% confidence intervals 133 

were calculated for both the coefficient (a) and the 134 

allometric exponent (btrad). All regressions were 135 

calculated using PAST (Hammer et al., 2001). In order 136 

to compare the present results with those previously 137 

published using OLS regressions, SMA slopes were 138 

calculated for those studies prior to the comparison by 139 

dividing their OLS slopes by the corresponding 140 

correlation coefficient (Sokal & Rohlf, 1995). 141 

Additionally, all the SMA regression slopes were also 142 

calculated using phylogenetically independent 143 

contrasts (PIC; Felsenstein, 1985). This methodology 144 

takes into account the phylogenetic signal inherent to 145 

interspecific data and thus accounts for the potential 146 

correlation of the error terms that could arise due to the 147 

lack of independence among species, since they can be 148 

arranged in a hierarchical sequence (i.e., a 149 

phylogenetic tree; Felsenstein, 1985; Grafen, 1989; 150 

Harvey & Pagel, 1991; Christiansen, 2002a, b). PIC 151 

regression slopes (bPIC) were calculated using the 152 

PDAP: PDTREE module of Mesquite (Maddison & 153 

Maddison, 2010; Midford et al., 2010). The structure 154 

of the phylogenetic tree used in this study is discussed 155 

and detailed in the Supplementary Information of 156 

Gálvez-López (2021), but is reproduced here in Figure 2. When necessary, branch lengths were transformed 157 

in order to obtain a low and non-significant correlation between the standardized value of the PIC contrasts 158 

and their corresponding standard deviation. This process has proven to be a good solution against possible 159 

violations of the assumptions implied by PIC methodology (Felsenstein, 1985; Grafen, 1989; Díaz-Uriarte & 160 

Garland, 1996, 1998). 161 

For each variable and methodology (traditional and PIC), separate regressions were calculated for the whole 162 

sample, for a subsample excluding Pinnipedia (i.e., a “fissiped” subsample, since pinnipeds showed atypical 163 

values for their body mass in most of the scatter plots), and for several subsamples by family and by 164 

locomotor type. Regressions were not calculated for any subsample with a sample size lower than 5, which 165 

was the case for Hyaenidae, Mephitidae, Phocidae, Otariidae, Prionodontidae, and the monotypic families 166 

(Ailuridae, Nandiniidae), and also for Eupleridae when using PIC regression. 167 

Allometric exponents were considered to deviate significantly from the predictions of either similarity 168 

hypothesis when their 95%CI did not include the corresponding theoretical value. As stated in the 169 

Table 3. Variable names and abbreviations.
Two subsamples can be defined within the studied 
variables: linear measurements (dark grey) and 
ratios and angles (light grey). For each variable, it 
is also indicated which table in the Supplementary 
Materials shows the regression results. 

Name Abbr. Table 
Body mass Mb  
Scapular length Ls SR1, 31 
Maximum width of supraspinous fossa S SR2, 32 
Maximum width of infraspinous fossa I SR3, 33 
Maximum scapular width A SR4, 34 
Scapular spine height HS SR5, 35 
Humerus functional length Lh SR6, 36 
Humerus sagittal diameter dsh SR7, 37 
Humerus transverse diameter dth SR8, 38 
Projected height of greater tubercle T SR9 
Humerus robusticity HR SR10, 39 
Radius functional length Lr SR11, 40 
Radius sagittal diameter dsr SR12, 41 
Radius transverse diameter dtr SR13, 42 
Styloid process length P SR14, 43 
Radius robusticity RR SR15, 44 
Ulna functional length Lu SR16, 45 
Ulna sagittal diameter dsu SR17, 46 
Ulna transverse diameter dtu SR18, 47 
Olecranon process length O SR19, 48 
Olecranon angle  SR20, 49 
Olecranon abduction angle  SR21, 50 
Ulna robusticity UR SR22, 51 
Indicator of Fossorial Ability IFA SR23, 52 
Third metacarpal functional length Lm SR24, 53 
Third metacarpal sagittal diameter dsm SR25, 54 
Third metacarpal transverse diameter dtm SR26, 55 
Third metacarpal robusticity MR SR27, 56 
Relative length of the proximal segment 
of the forelimb 

%prox SR28, 57 

Relative length of the middle segment of 
the forelimb 

%mid SR29, 58 

Relative length of the distal segment of 
the forelimb 

%dist SR30, 59 
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introduction, according to GS, all linear dimensions should be proportional to Mb
0.33. Thus, all ratios, 170 

including relative lengths and bone robusticities, should present an allometric exponent not different from 0. 171 

On the other hand, ES proposes that lengths are proportional to Mb
0.25 and diameters to Mb

0.375, which 172 

derives into bone robusticities scaling with a theoretical exponent of 0.125 while ratios other than bone 173 

robusticities should present an allometric exponent not different from 0. Finally, angles, when measured in 174 

radians, can be considered lengths, and thus they should scale to Mb
0.33 or Mb

0.25, according to GS or ES, 175 

respectively. 176 

For each variable, allometric exponents were then compared between the whole sample and the fissiped 177 

subsample, and between the different subsamples by family and locomotor type. Furthermore, the PIC slopes 178 

(bPIC) were compared to those obtained by traditional regression analysis (btrad) with an F-test (p < 0.05) to 179 

assess whether the phylogenetic signal had any effect on the results. 180 

Finally, also for each variable and each subsample, the presence of differential scaling was also evaluated 181 

using the model proposed by Jolicoeur (1989): 182 

   ln  y  ln  A C  (ln  xmax  ln  x)D , (Eq. 3) 183 

where A is a constant (corresponding to a in Eq. 1), C is the coefficient of allometry, xmax is the maximum 184 

observed value of the independent variable (i.e., body mass, Mb), and D is the exponent of complex 185 

allometry, a time-scale factor. In our case, D > 1 indicated faster relative growth in small carnivorans, and D 186 

< 1 indicated that relative growth increased with size. The complex allometry hypothesis was thus accepted 187 

when D was significantly different from 1 (p < 0.05). Equation 3 was fitted with SPSS for Windows (release 188 

15.0.1 2006; SPSS Inc., Chicago, IL, USA), and 95% confidence intervals were calculated for all parameters. 189 

 190 

Figure 1. Bone measurements. All other variables were calculated from 
these measurements. See Gálvez-López (2021) for a more detailed 
definition of each variable, and an assessment of measurement error. 
Variable names are listed in Table 3. 
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Figure 2. Phylogenetic relationships among the species of Carnivora used in this study. The timescale 191 

represents divergence times in millions of years. The phylogeny shown was modified after Nyakatura & 192 

Bininda-Emonds (2012), as described in Gálvez-López (2021, Supplementary Information). 193 

 194 

Results 195 

 196 

Supplementary Tables SR1 through SR30 show the regression results for each variable. As observed in 197 

previous studies comparing traditional and PIC regressions (Christiansen, 2002a,b; Gálvez-López & 198 

Casinos, 2012), the correlation coefficients (R) from the PIC analyses were lower than those from traditional 199 

regressions in most cases, which sometimes resulted in regressions no longer being significant (e.g. Table 200 

SR30). Some authors have attributed this phenomenon to a higher risk of type I errors (i.e., indicating a 201 

significant correlation between two variables when there was none) when the effect of phylogeny is 202 

neglected in correlation analyses (Grafen, 1989; Christiansen, 2002a). In some cases, however, R actually 203 
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increased after taking into account the effect of phylogeny, which could result in regressions becoming 204 

significant (e.g. Table SR28). Branch lengths had to be transformed in most cases before performing the PIC 205 

regressions (Table S1). 206 

 207 

Whole sample vs. Fissiped subsample 208 

No significant relation with body mass was found for the olecranon abduction angle (), or the robusticity of 209 

the ulna (UR) or the third metacarpal (MR). Neither was significant the regression of radial robusticity (RR) 210 

in the whole sample (btrad), nor those of IFA (btrad), T (bPIC), %prox (btrad), and %dist (both), after removing 211 

Pinnipedia (i.e., in the fissiped subsample). 212 

Overall, removal of Pinnipedia from the sample caused a generalized increase of the allometric exponents 213 

when using traditional regression methods, although this increase was only significant for Lh, Lr, Lu, and 214 

%mid. The exception to this general trend were S, A, dth, HR, and dtr, for which a reduction in the allometric 215 

exponent was observed (although it was only significant for S; Table SR2). These differences were not 216 

recovered by the PIC regressions, which produced fairly similar allometric exponents for the whole sample 217 

and the fissiped subsample. In fact, only for dtu was the allometric exponent of the fissiped subsample 218 

significantly different from that obtained for the whole sample. 219 

Contrary to previous studies comparing traditional and PIC regression methods (Christiansen, 2002b; 220 

Christiansen & Adolfssen, 2005; Gálvez-López & Casinos, 2012), significant differences between the 221 

allometric exponents obtained with each method were observed in the present study. In the case of S, I, A, 222 

and dtr for both samples, and Ls, Lh, dth, Lr, and Lu for the fissiped subsample, the allometric exponents 223 

obtained using traditional regression methods were significantly higher than PIC slopes (Tables SR1–SR4, 224 

SR6, SR8, SR11, SR13, SR16). On the other hand, in HR and  for both samples, dtm for the whole sample, 225 

and RR and dtu for the fissiped subsample, the PIC slopes were significantly higher than those obtained with 226 

traditional regression methods (Tables SR10, SR15, SR18, SR21, SR26). 227 

Regarding conformity with the similarity hypotheses, Table 4 presents the percentage of linear 228 

measurements that conform to each similarity hypothesis in both the whole sample and the fissiped 229 

subsample, and also using either traditional regression methods or PIC. As indicated by the low percentages, 230 

the scaling pattern of the forelimb in Carnivora conformed poorly to either similarity hypothesis, no matter 231 

whether Pinnipedia was included in the sample. The decrease of most allometric exponents after taking into 232 

account phylogenetic relatedness resulted in about half the variables including 0.33 in their 95% CIb, 233 

improving thus conformity to the geometric similarity (see Table 4, PIC results). Again, results were the 234 

same with or without Pinnipedia. 235 

Although IFA and the relative segment lengths were supposed to be independent of body mass according to 236 

both similarity hypotheses, this was not the case (Tables SR23, SR28–SR30). In the case of T a significant 237 

but minimal allometric effect was detected (Tables SR9). The olecranon angle () scaled with an exponent 238 

not significantly different from 0.33 in most cases (Tables SR21). Finally, regarding bone robusticities, 239 

regressions were only significant for HR and RR. Traditional regression provided conflicting results 240 

between the whole sample and the fissiped subsample in each bone robusticity. On the other hand, using PIC 241 
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regression both bone robusticities in both subsamples scaled with positive allometry to body mass, no matter 242 

which similarity hypotheses was used (Tables SR10, SR15).  243 

 244 

Family subsamples 245 

No significant differences were found between the allometric exponents obtained with each method (Tables 246 

SR1–SR30), which agrees with previous studies comparing traditional and PIC regression methods 247 

(Christiansen, 2002b; Christiansen & Adolfssen, 2005; Gálvez-López & Casinos, 2012). 248 

Whereas the scaling pattern of some families conformed clearly better to the geometric similarity hypothesis 249 

(Mustelidae, Herpestidae) or the elastic similarity hypothesis (Ursidae), for others the 95% CIb were wide 250 

enough to include the theoretic value for both hypotheses in most of the variables and no similarity 251 

hypothesis could be ruled out (Procyonidae, Eupleridae, Viverridae) (Table 4). In Canidae, conformity to the 252 

geometric similarity hypothesis was low (under 60%), but clearly better than to elastic similarity (under 40%, 253 

just diameters conformed to elastic similarity). In the case of Felidae, conformity to either similarity 254 

hypotheses was low when considering traditional regression results, since many of the narrow 95% CIb 255 

excluded the theoretical values proposed by both hypotheses. Considering the PIC regression results, 256 

however, the felid scaling pattern clearly conformed to the geometric similarity hypothesis (Table 4). 257 

As observed for the whole sample and the fissiped subsample, when significant, IFA scaled positively to 258 

body mass (except for Eupleridae; Table SR23), and T presented a significant but minimal allometric 259 

exponent (except for Mustelidae; Table SR9). In the case of relative segment lengths (Tables SR28–SR30), 260 

regressions were significant only in a few cases, but %prox always increased with body mass (b > 0), while 261 

%mid always decreased with increasing body mass (b < 0). Regarding the angles, regressions for  were only 262 

Table 4. Conformity to the similarity hypotheses summary. For each subsample, the number 
of linear measurements conforming to geometric (G) or elastic similarity (E) is given, as is the 
percentage of the significant regressions for that subsample that they represent. Values in grey 
indicate that the number of variables conforming to a particular similarity hypothesis is either 
less than half the number of variables, or over 20% lower than the number of variables 
conforming to the other similarity hypothesis. 

  traditional PIC   traditional PIC 

whole sample 
G 7/19 (36.8%) 9/19 (47.4%) 

Viverridae 
G 16/19 (84.2%) 17/17 (100%) 

E 4/19 (21.1%) 5/19 (26.3%) E 15/19 (78.9%) 14/17 (82.4%) 

fissipeds 
G 2/19 (10.5%) 9/19 (47.4%) 

arboreal 
G 18/18 (100%) 13/17 (76.5%) 

E 4/19 (21.1%) 5/19 (26.3%) E 15/18 (83.3%) 6/17 (35.3%) 

Canidae 
G 11/19 (57.9%) 10/19 (52.6%) 

semiarboreal 
G 13/19 (68.4%) 16/19 (84.2%) 

E 7/19 (36.8%) 7/19 (36.8%) E 14/19 (73.7%) 17/19 (89.5%) 

Mustelidae 
G 14/19 (73.7%) 17/19 (89.5%) 

scansorial 
G 9/19 (47.4%) 13/19 (68.4%) 

E 6/19 (31.6%) 8/19 (42.1%) E 5/19 (26.3%) 7/19 (36.8%) 

Procyonidae 
G 18/18 (100%) 7/7 (100%) 

terrestrial 
G 5/19 (26.3%) 18/19 (94.7%) 

E 17/18 (94.4%) 7/7 (100%) E 6/19 (31.6%) 7/19 (36.8%) 

Ursidae 
G 8/18 (44.4%) 6/8 (75.0%) 

semifossorial 
G 18/18 (100%) 18/18 (100%) 

E 14/18 (77.8%) 8/8 (100%) E 17/18 (94.4%) 17/18 (94.4%) 

Felidae 
G 9/19 (47.4%) 14/19 (73.7%) 

semiaquatic 
G 18/19 (94.7%) 17/17 (100%) 

E 9/19 (47.4%) 7/19 (36.8%) E 14/19 (73.7%) 13/17 (76.5%) 

Herpestidae 
G 18/19 (94.7%) 18/19 (94.7%) 

aquatic 
G 12/17 (70.6%) 6/11 (54.5%) 

E 9/19 (47.4%) 11/19 (57.9%) E 11/17 (64.7%) 7/11 (63.6%) 

Eupleridae 
G 18/19 (94.7%) – 

freshwater 
G 18/19 (94.7%) 18/19 (94.7%) 

E 16/19 (84.2%) – E 14/19 (73.7%) 14/19 (73.7%) 
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significant for Herpestidae (btrad) and Canidae (bPIC), in both cases presenting allometric exponents very 263 

close to zero (Table SR20). On the other hand, the 95% CIb for  included both 0.25 and 0.33 in all 264 

significant traditional regressions. However, after correcting for phylogeny, only the regression for Felidae 265 

remained significant (and scaled geometrically; Table SR21). Finally, regressions of bone robusticities on 266 

body mass were not significant in most cases, but when they were significant, their allometric exponents 267 

conformed better to the predictions of the hypothesis of elastic similarity, since they were in every case 268 

different from 0 (Tables SR10, SR15, SR22, SR27). 269 

Figure 3 shows comparisons of the allometric exponents between different families for each variable, which 270 

are summarized in Table 5. No significant differences between families were found for HR, , , UR, IFA, 271 

MR, %prox, %mid, or %dist. Overall, Canidae scaled faster than all other families in each case where 272 

significant differences between allometric exponents were found (especially when considering PIC 273 

regression results), while the relationships among the rest of the families varied among the variables studied. 274 

 275 

Table 5. Differences in allometric exponents between families. Rows list families with an allometric 
exponent (b) significantly lower than the families listed in columns. That can happen when comparing 
allometric exponents from traditional regression (trad.), phylogenetically independent contrasts (PIC), or 
when using both methodologies (both). Variable names are listed in Table 3. 

 < Canidae < Mustelidae < Felidae < Herpestidae < Eupleridae < Viverridae 

Canidae < – – – 
trad: T 
 

– 
 
PIC: T 

Mustelidae < 
both: Ls, dth, dtr, P, dsm 
trad.: dsr 
PIC: Lh, T, Lr, Lu, Lm 

– 
 
trad.: dth, dsr, dtu 
PIC: T 

– 
 
trad.: dth 

 
 
PIC: T 

Procyonidae < 
both: dth, dsr, Lm 
trad.: I, A, Lh, dtm 
PIC: Lr, Lu 

 
trad.: I 

 
 
PIC: dsr 

– 
 
trad.: Lh, dth 

 
 
PIC: dsh 

Ursidae < 

both: Ls, S, A, dsh, dth, 
Lr, dsm, dtm 

trad.: I, HS, dsu, O 
PIC: Lh, dtr, Lu 

both: S, A, dsh, dth, 
Lu, dsm, dtm 

trad.: I, HS, Lr 

both: S, A, dsh, 
dth, dsm, dtm 

trad.: I, HS 
PIC: Lr, Lu 

both: S, A 
 
trad.: I 
PIC: dsm 

 
 
trad.: S, A, Lh, 

dsh, dth, dsm 

both: A, dth, dsm 
 
trad.: S, HS 

Felidae < 
both: Ls, S, T, P, dsm 
 
PIC: A, Lh, dtr, Lu, Lm 

both: I 
trad.: S, A, HS – 

 
trad: T 
 

 
trad.: Lh 

both: T 
 

Herpestidae < 

both: Ls, S, A, HS, dsh, 
dth, P, dsm, dtm 

trad.: dsr, O 
PIC: I, Lh, dtr 

both: I, A, HS 
 
trad.: S, dsh 
PIC: dtm 

both: HS, dsh, dth 
 
 
PIC: dtm 

– 

 
 
trad.: dsh, dth 

both: HS, dth 

Eupleridae < trad.: dsr, Lm – – trad.: Lm – – 

Viverridae < 
both: Ls, A, Lh, dsh, Lr 
trad.: S, dsr, dtr, dsm 
PIC: I, Lh, Lu 

both: I, A 
trad.: HS 

 
trad.: dsr, RR, dtu – 

 
trad.: Lh – 

   276 

Locomotor type subsamples 277 

Contrary to previous studies comparing traditional and PIC regression methods (Christiansen, 2002b; 278 

Christiansen & Adolfssen, 2005; Gálvez-López & Casinos, 2012), significant differences between the 279 

allometric exponents obtained with each method were observed for some locomotor type categories. Most of 280 

these significant differences occurred in terrestrial carnivorans, where PIC slopes were generally lower than 281 

those  obtained  using  traditional regression methods (Ls, I, A, Lh , Lr, dtr, P, Lu, Lm; Tables SR1, SR3, SR4, 282 
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 283 

Figure 3. Allometric exponents by family. For each subsample, the allometric exponents obtained using traditional regression methods (green) and 284 

phylogenetically independent contrasts (blue), as well as their 95% confidence intervals, are shown. Only the results of significant regressions are presented. The 285 

allometric exponents obtained for the whole sample and the fissiped subsample are included as a reference. The dashed line represents the theoretical value proposed 286 

by the geometric similarity hypothesis, while the dotted line corresponds to that proposed by the elastic similarity hypothesis. Variable names are listed in Table 3. 287 

 288 
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SR6, SR11, SR13, SR14, SR16, SR24, respectively). However, significantly lower PIC slopes were also 289 

found for scansorial carnivorans (dth; Table SR8). Finally, PIC slopes were significantly higher for %mid in 290 

terrestrial carnivorans (Table SR29). 291 

The scaling pattern of scansorial and semiaquatic carnivorans conformed better to the geometric similarity 292 

hypothesis (Table 4). In the case of semiarboreal, semifossorial, and aquatic carnivorans, however, the 95% 293 

CIb were wide enough to include the theoretic value for both hypotheses in most of the variables and thus no 294 

similarity hypothesis could be ruled out. In the case of arboreal carnivorans, conformity to both similarity 295 

hypotheses was high when considering traditional regression results. On the other hand, for terrestrial 296 

carnivorans, the scaling pattern obtained using traditional regression methods did not conform to any 297 

similarity hypothesis. Considering the PIC regression results, however, the scaling pattern of both locomotor 298 

types clearly conformed to the geometric similarity hypothesis (Table 4). 299 

Regarding ratios and angles, the results were similar to those obtained for the whole sample, the fissiped 300 

subsamples and the family subsamples. First, when significant, IFA scaled positively to body mass (except 301 

for arboreal and terrestrial carnivorans, bPIC and btrad respectively; Table SR23), and T presented a significant 302 

but minimal allometric exponent (Table SR9). And second, in the case of relative segment lengths (Tables 303 

SR28–SR30), %prox always increased with body mass (b > 0), while %mid generally decreased with 304 

increasing body mass (b < 0; except for arboreal and semiaquatic carnivorans, bPIC both). On the other hand, 305 

%dist either increased (terrestrial, aquatic) or decreased (semiarboreal, semiaquatic) with body mass. 306 

Regarding the angles, again regressions for  were only significant in two cases, in both cases presenting 307 

allometric exponents very close to zero: semifossorial (btrad, b > 0) and arboreal (bPIC, b < 0) (Table SR20). 308 

The scaling of the olecranon angle () conformed either to elastic similarity (scansorial, btrad), to geometric 309 

similarity (scansorial, bPIC), or to both (terrestrial, btrad) (Table SR21). Finally, although the allometric 310 

exponents for bone robusticities were positive and conforming to the elastic similarity hypothesis for most 311 

locomotor types (Tables SR10, SR22, SR27), contrary to the results for the previous subsamples, the 312 

allometric exponents were negative in the radius, ulna, and third metacarpal, of terrestrial carnivorans (btrad 313 

in all cases), indicating that bone robusticity decreased with increasing body mass values (Tables SR15, 314 

SR22, SR27). 315 

Figure 4 shows comparisons of the allometric exponents between different locomotor types for each variable, 316 

which are summarized in Table 6. 317 

 318 

Complex allometry 319 

Results for the test for complex allometry are shown in Tables SR31 through SR59. Since T presented 320 

negative values, Equation 3 could not be fit, which made impossible testing for complex allometry with this 321 

method. 322 

In the whole sample, evidence for complex allometry was found in almost half of the variables. In the case of 323 

Ls, I, HS, Lh, Lr, Lu, O, Lm, and %dist, D was significantly higher than 1, indicating that these variables scale 324 

faster in small species; while in HR, IFA, %prox, and %mid, D was significantly lower than 1, suggesting that 325 

these variables scale faster in large species. However, in all cases where D<1, the 95% CID included 0, which 326 
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 327 

Figure 4. Allometric exponents by locomotor type. For each subsample, the allometric exponents obtained using traditional regression methods (green) and 328 

phylogenetically independent contrasts (blue), as well as their 95% confidence intervals, are shown. Only the results of significant regressions are presented. The 329 

allometric exponents obtained for the whole sample and the fissiped subsample are included as a reference. The dashed line represents the theoretical value proposed 330 

by the geometric similarity hypothesis, while the dotted line corresponds to that proposed by the elastic similarity hypothesis. See Table 2 for a description of 331 

locomotor type categories. Variable names are listed in Table 3. 332 
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 333 

would result in (ln  xmax  ln  x)D  1 , and hence ln  y  ln  A C , which indicates independence from 334 

the dependent variable x (here body mass). 335 

After removing Pinnipedia from the sample (i.e. in the fissiped subsample), evidence for complex allometry 336 

was not recovered in most cases. Only for HS, O, Lm, and %dist, was D still significantly different from 1 (D 337 

> 1 in all cases). Furthermore, significant evidence for complex allometry was also found for dtu, which 338 

presented D < 1. 339 

Overall, significant evidence for complex allometry was scarce in the family subsamples. In Procyonidae, 340 

Ursidae and Felidae no variable presented complex allometry, while in Canidae and Eupleridae only one 341 

variable presented complex allometry in each subsample (respectively, P and dsh; D>1 in both cases). On the 342 

other hand, some variables presented significant evidence for complex allometry in Mustelidae (HR, dtr, 343 

%prox, %mid), Herpestidae (Ls, HS, P), and Viverridae (I, Lh, Lr, dsr, dtr, Lu), with D<1 in all cases. However, 344 

as observed for the whole sample when D<1, in some cases the 95% CID also included 0, indicating 345 

independence from body mass. This was the case for HR, %prox and %mid in Mustelidae, HS and P in 346 

Herpestidae, and Lh in Viverridae. 347 

Finally, in the locomotor type subsamples, significant evidence for complex allometry was even less frequent 348 

than in the family subsamples. Thus, evidence for complex allometry was only found for A, Lh, dtr and Lu in 349 

semiarboreal carnivorans, for HS, Lh, P, O, Lm and dsm in scansorial carnivorans, and for dsu in terrestrial 350 

carnivorans. In terrestrial and semiarboreal carnivorans, when complex allometry was detected, it indicated 351 

Table 6. Differences in allometric exponents between locomotor types. Rows list categories with an 
allometric exponent (b) significantly lower than the categories listed in columns. That can happen when 
comparing allometric exponents from traditional regression (trad.), phylogenetically independent contrasts 
(PIC), or when using both methodologies (both). Variable names are listed in Table 3. 

 < arboreal < semiarb < scansorial < terrestrial < semifoss < semiaq < aquatic 

arboreal < – 
 
 
PIC: IFA 

 
 

PIC: Ls, dtu 

 
trad: I 

PIC: Ls, dtu, T 

 
 

PIC: Ls, dtu 

 
 
PIC: Ls, IFA 

both: dtu  
trad: dtr 

PIC: IFA 

semiarb < 
 
 
PIC: A 

– 
both: A, Lr, dsr, Lu, dtu 
trad: dsu 

PIC: I 

both: A, Lr, dsr, Lu 
trad: Ls, I, Lh, %dist 

 
– 

both: dsr 

 
PIC: A 

both: dtu, Lm 
trad: dsr, dtr, dsm, 

%dist 

scansorial < 

 
 
 
PIC: %mid 

– – 

 
trad: Ls, I, A, HS, Lh, 

Lr, dtr, Lu, Lm 
PIC: T 

 
trad: T 
 
 

 
 
 
PIC: %mid 

both: dsm 
trad: IFA, Lm 

 
 

terrestrial < 
 
 
PIC: %mid 

 
trad: IFA 
 

 
trad: dsu, UR, IFA, MR 
PIC: P 

– – 
 
trad: IFA, MR 
PIC: %mid 

both: dsm 
trad: IFA 

 

semifoss < – 
 
trad: P 
 

 
trad: P 
 

 
trad: P 
 

– – 
both: dsm 
trad: dtr, P, Lm 

 

semiaq < 
 
trad: N 
PIC: UR 

 
trad: dth 

 

 
trad: dth, dtr 

 

both: Lr, Lu 
trad: Lh, dth, dtr, Lm 

 
– – 

both: Lm 
trad: dtr, dtu, dsm 

 

aquatic < 
 
 
PIC: %mid 

– 
 
 
PIC: %mid 

both: %mid 
trad: Lh 

 
– – – 
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that large carnivorans scaled faster than small species (i.e. D < 1), while the opposite was true for scansorial 352 

carnivorans (i.e. D > 1). No 95% CID included 0. 353 

 354 

Discussion 355 

 356 

Considerations on the scaling pattern of the carnivoran forelimb 357 

The present study is currently the largest and most thorough work on skeletal allometry in Carnivora, 358 

regarding both the number of species sampled and the skeletal elements considered. In fact, even when 359 

considering all previous allometric studies on Mammalia, only that of Christiansen (1999a) on long-bone 360 

allometry and that of Silva (1998) on the scaling of body length include a larger amount of species. 361 

Regarding the scaling of the appendicular skeleton in Carnivora, similarly to previous studies on the subject 362 

in this and other groups (Bou et al., 1987; Bertram & Biewener, 1990; Christiansen, 1999a,b; Carrano, 2001; 363 

Llorens et al., 2001; Lilje et al., 2003; Casinos et al., 2012), conformity to either the geometric similarity 364 

hypothesis or the elastic similarity hypothesis was low. It could be argued that geometric similarity provided 365 

a better explanation than elastic similarity (Table 4), but that was only because no length scaled elastically. 366 

Also in agreement with previous studies (Economos, 1983; Bertram & Biewener, 1990; Silva, 1998; 367 

Christiansen, 1999a,b; Carrano, 2001), significant evidence for complex allometry was found in several of 368 

the studied variables. Finally, contrary to previous studies comparing traditional regression methods and 369 

phylogenetically independent contrasts (PIC) (Christiansen, 2002b; Christiansen & Adolfssen, 2005; Gálvez-370 

López & Casinos, 2012), significant differences between the allometric exponents of both methodologies 371 

were found, especially in the fissiped subsample. Thus, in order to avoid any possible artefacts caused by the 372 

phylogenetic relatedness of the species in our sample, only the PIC results will be further discussed. 373 

One of the predicted consequences of increasing size is enduring higher peak stresses (especially during 374 

locomotion), which could lead to mechanical failure (Alexander, 2002). Thus, as mammals get larger, they 375 

must either develop more robust bones to resist these higher stresses or change their limb posture to reduce 376 

the magnitude of these stresses (Biewener, 2003; Carrano, 2001). Based on previous results, it has been 377 

proposed that limb posture changes might be the preferred strategy to cope with the size-related increase of 378 

peak stresses, but that at body masses over 200kg more robust bones must be developed, since limbs cannot 379 

be further straightened (Christiansen, 1999a; Carrano, 2001). The change in bone scaling required to develop 380 

more robust bones in large mammals has commonly been considered the cause of differential scaling in bone 381 

dimensions (Biewener, 1990; Christiansen, 1999b). In Carnivora, only a handful of non-aquatic species 382 

attain such large body sizes, suggesting that peak stresses should be reduced in this group by limb 383 

straightening, not by changing limb bone scaling. In the present study, two arguments were found against 384 

this assumption. First, significant evidence for differential scaling was found in several variables, indicating 385 

that the scaling of the forelimb does change with size in Carnivora. However, since the amount of variables 386 

showing complex allometry severely decreased after removing Pinnipedia, most of these scaling changes are 387 

probably related to their specialized biology and ecomorphology and not to reducing peak stresses. Second, 388 

limb bones seemed to scale elastically in Ursidae, which includes most of the largest non-aquatic 389 
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carnivorans. Since the elastic scaling of limb bones in Bovidae (which includes most of the largest non-390 

aquatic mammals) was one of the main arguments supporting that large mammals develop more robust bones 391 

to cope with increased peak stresses (Economos, 1983; Christiansen, 1999a), the present results for Ursidae 392 

would point to a similar conclusion. However, the elastic scaling of Ursidae could be an artefact caused by 393 

the combination of their overall lower allometric exponents than other families (i.e., both in lengths and 394 

diameters) and their wide 95%CIb (Fig. 3). Furthermore, although the regressions for bone robusticities are 395 

not significant in Ursidae, their allometric exponents are not higher than those of other carnivoran families. 396 

In fact, they were lower than in most other families, especially for the humerus (HR; Table SR10). Thus, the 397 

results of the present study support that, in large non-aquatic carnivorans, mechanical failure is mainly 398 

avoided by limb posture changes instead of by modifying limb bone scaling. Further evidences for this 399 

conclusion are the lack of differential scaling in the “large” families (Canidae, Felidae, Ursidae; Tables 400 

SR31–SR59) and the significant increase with size of the olecranon angle (; Table SR21), especially in the 401 

fissiped subsample. This angle determines the position in which the triceps muscle has the greatest leverage, 402 

being a flexed elbow when  is small (straight or cranially bent olecranon) or an extended limb when it is 403 

large (caudally bent olecranon) (Van Valkenburgh, 1987). Thus, an allometric increase of  suggests that 404 

large carnivorans have increasingly straighter forelimbs (but see Day & Jayne, 2007). 405 

Several authors have suggested that proximal limb segments are more conservative in lengthening with 406 

increasing body mass than distal ones (McMahon, 1975a; Lilje et al., 2003; Schmidt & Fischer, 2009). 407 

According to this, when regressing bone length to body mass, proximal bones should produce higher 408 

correlation coefficients, and, when comparing allometric exponents, significant differences between 409 

subsamples should be scarce for proximal segments. While this might be the case for Artiodactyla 410 

(McMahon, 1975a; Lilje et al., 2003), the results of the present study suggest that, while it might also apply 411 

for Carnivora as a whole, the more conservative nature of proximal limb segments is not evident in several 412 

carnivoran subsamples. For instance, the highest correlation coefficients correspond to the radius and ulna in 413 

Procyonidae and Ursidae, and to the third metacarpal in aquatic carnivorans. Furthermore, when comparing 414 

the allometric exponents obtained for bone lengths, significant differences were found for all forelimb bones 415 

in all subsample sets (i.e., by family and by locomotor type). 416 

Previous studies had reported differences in the scaling of the various forelimb bones (Wayne, 1986; 417 

Bertram & Biewener, 1990; Christiansen, 1999a; Lilje et al., 2003). In those studies, the lengths of the 418 

middle segment (i.e., humerus) tended to scale slower than the rest of the forelimb segments. The scaling of 419 

the proximal element (i.e., scapula) was seldom described, but it presented intermediate values between the 420 

humerus and the distal elements in Canidae (Wayne, 1986) and the fastest scaling in Ruminantia (Lilje et al., 421 

2003). In the present study the humerus presented the lowest allometric exponent in almost all subsamples, 422 

but no significant differences were found among the other forelimb bones. Only in arboreal, semiarboreal 423 

and semifossorial carnivorans the humerus scaled faster than other segments consistently (scapula, 424 

radius/ulna and third metacarpal, respectively). Together with previous results, this suggests that the slow 425 

scaling of the humerus relative to the other forelimb segments could be a common trend in Mammalia, with 426 

groups with particular locomotor adaptations (such as climbing or digging) deviating from this pattern. 427 
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Furthermore, the slow scaling of the humerus relative to other forelimb segments would explain the negative 428 

allometry found for its relative length (%mid) both here and in the study of Schmidt & Fischer (2009). 429 

Regarding bone diameters, few studies have obtained confidence intervals narrow enough to describe 430 

differences in the scaling of different bones: Cubo & Casinos (1998) reported a faster scaling of the 431 

transverse diameter of the radius (dtr) relative to the sagittal diameter of the radius and both humerus 432 

diameters in Mammalia. On the other hand, while comparing the same bones, Heinrich & Biknevicius (1998) 433 

and Llorens et al. (2001) found higher allometric exponents for the sagittal diameter of the humerus (dsh) 434 

than for other bone diameters in Martinae and Platyrrhina, respectively. The results of the present study in 435 

Carnivora showed that the sagittal diameter of the third metacarpal (dsm) scaled significantly slower than 436 

most other bone diameters, and the transverse diameters of both radius and ulna (dtr, dtu) and the sagittal 437 

diameter of the humerus (dsh) scaled significantly faster than most other bone diameters. In the case of dsh, 438 

our results suggest that the conflicting results found in previous studies could be related to whether the 439 

deltoid tuberosity was included in its measurement, since it was included within dsh in the present study, and 440 

only in Viverridae, whose species do not present a particularly developed deltoid tuberosity, scaled dsh 441 

significantly slower than dth (Tables SR7, SR8). Finally, regarding the fast scaling of dtr and dtu, it could be 442 

related to a greater development of the muscles originating in the shaft on the radius and ulna (pronators and 443 

supinators of the hand, some wrist flexors and extensors). These increased forearm muscles would provide a 444 

stronger grip to large climbing species (e.g. bears) and also to species relying in the forelimb for prey capture 445 

(e.g. felids), but would also cause larger mediolateral stresses on those bones, hence the need of increased 446 

transverse diameters. In agreement to this, significant evidence for differential scaling was found for dtr in 447 

fissipeds and in semiarboreal carnivorans, in both cases with larger species scaling faster than small species. 448 

Aiello (1981) stated that the use of ratios is only correct when both variables comprising it scale 449 

isometrically between them. In agreement with this, due to differences in scaling among bone lengths, the 450 

allometric exponents found for the relative length of the proximal and middle segment (%prox, %mid; Tables 451 

SR28, SR29) and the indicator of fossorial ability (IFA; Table SR23) were significantly different from zero, 452 

the value predicted by both similarity hypotheses. Furthermore, the present results on the scaling of relative 453 

segment lengths of the forelimb in Carnivora mirrored those obtained previously for Schmidt & Fischer 454 

(2009) in both Carnivora and Artiodactyla: relative humerus length scales negatively to body mass, while the 455 

relative scapula length does it positively. Finally, it has been proposed that group-specific differences in limb 456 

kinematics are characteristic of large mammals, since small mammals are relatively similar in limb 457 

kinematics regardless of locomotor habit and phylogenetic position (Fischer et al., 2002; Schmidt & Fischer, 458 

2009). Furthermore, small mammals present crouched limbs and large mammals extended limbs, each 459 

requiring different sets of limb-segment proportions for self-stability (Seyfarth et al., 2001). Thus, since 460 

Carnivora includes both small and large species, differential scaling would be expected for their relative 461 

segment lengths, as it has been found in the present study (Tables SR57–SR59). 462 

 463 

 464 

 465 
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Phylogenetic deviations to the scaling of the carnivoran forelimb 466 

Overall, the scaling patterns found in the different carnivoran families for the forelimb were similar to the 467 

pattern found in the whole order. However, several families deviated significantly from it (Fig. 3). In the case 468 

of Canidae, scapula and humerus length (Ls, Lh), as well as the maximum width of the supraspinous fossa 469 

(S), scaled faster than in the rest of Carnivora. Furthermore, when comparing the allometric exponents 470 

obtained for each variable between families, Canidae scaled faster than all other families in each case. This 471 

agrees with the expectations of Wayne (1986), who suggested that size selection is likely one of the most 472 

predominant forces in canid evolution because size differences help mitigate interspecific competition. On 473 

the other hand, several variables scaled significantly slower in Ursidae and in Herpertidae than in the whole 474 

sample (Fig. 3). Finally, it should be noted that the wide confidence intervals (95%CIb) obtained for some 475 

families could be obscuring further significant deviations from the ordinal scaling pattern (e.g. Procyonidae, 476 

Eupleridae, Viverridae). 477 

The lack of significant differences between the allometric exponents calculated using traditional and PIC 478 

regression methods agrees with a previous study stating that most morphological variability of the 479 

appendicular skeleton in Carnivora occurs at the family level (Gálvez-López, 2021). 480 

Regarding conformity to the similarity hypotheses, the present results agree with those of Bertram & 481 

Biewener (1990) in that 1) Ursidae tended to conform better to the elastic similarity hypothesis; 2) mustelids 482 

scaled geometrically; and 3) conformity to either similarity hypotheses was low in Canidae, but slightly 483 

better to geometric similarity. However, contrary to the results of Bertram & Biewener (1990) but in 484 

agreement with those of Day & Jayne (2007) and Gálvez-López & Casinos (2012), felids conformed well to 485 

the geometric similarity hypothesis. The wide 95%CIb obtained for Procyonidae in both studies made both 486 

similarity hypotheses equally (un)likely. According to Wayne (1986), bone diameters in Canidae were 487 

expected not to conform to the elastic similarity hypothesis, which was not the case in the present study. The 488 

conflicting results of the present study could be caused by the lower sample size (17 spp here vs. 27 in 489 

Wayne, 1986) or, more probably, by the different independent variables used, since in the present study all 490 

variables were regressed to body mass, and Wayne used femur length. 491 

Finally, an interesting pattern was found among the families of Caniformia: for most linear measurements, 492 

the allometric exponents consistently increased from Ursidae to Procyonidae, to Mustelidae, and then to 493 

Canidae (Fig. 3). Neither body mass nor phylogenetic relatedness could explain this pattern, since Canidae 494 

and Ursidae represent both the largest caniforms, and the first phyletic lines to diverge from the caniform 495 

stem, and are placed in opposite extremes of this pattern. A possible explanation to this pattern could be an 496 

increasing degree of adaptation to overground locomotion, or a decrease in arboreal activity. Of all bears 497 

studied, only the polar bear (Ursus maritimus) is not an adept climber, since young brown bears (Ursus 498 

arctos) do climb (Gambaryan, 1974; Wilson & Mittermeier, 2009). Procyonids stand in a similar position, 499 

which could explain why they present lower allometric exponents than bears for some variables. Several 500 

mustelid lineages have diverged from the scansorial lifestyle (e.g. Lutrinae, Mustelinae), and thus Mustelidae 501 

presents intermediate values between ursids/procyonids and Canidae, which are fully adapted to a 502 

completely terrestrial lifestyle (understanding here the word “terrestrial” as defined in Table 2, i.e., with no 503 
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specific climbing, digging, or swimming capabilities). In agreement with this, the four studied families 504 

within Feliformia, all of which but Herpestidae included species with a varied degree of climbing skills, 505 

presented similar allometric exponents in most variables (Fig. 3). In fact, only the terrestrial Herpestidae 506 

presented, in a few cases, allometric exponents significantly different from the rest of feliform families 507 

(Table 5). Another possible explanation could be a different degree of size selection within each caniform 508 

family. Both the present study and that of Wayne (1986) suggest size selection as a major force in canid 509 

evolution. However, nothing is known on the importance of size selection in the rest of caniform families. 510 

 511 

Locomotor habit and the scaling pattern of the carnivoran forelimb 512 

Lilje et al. (2003) suggested that the scaling of limb bone lengths is more heavily influenced by phylogenetic 513 

relatedness than by habitat preference, at least in Artiodactyla. The present results suggest that this might 514 

also be the case for Carnivora, since the comparison of allometric exponents for bone lengths obtained using 515 

traditional regression methods produced more significant differences than the comparison of PIC slopes for 516 

the same variables among locomotor types. 517 

Regarding the particular deviations associated to each locomotor type, in arboreal carnivorans scapular 518 

length (Ls) and ulna transverse diameter (dtu) increased with body mass with significantly lower exponents 519 

than those obtained for Carnivora as a whole and the fissiped subsample (Fig. 4). However, the narrow 520 

95%CIb and high R for these regressions were unexpected given the low sample size of the arboreal 521 

subsample, suggesting that these results should be regarded cautiously (Tables SR1, SR18). Thus, the 522 

deviations observed for semiarboreal carnivorans probably represent a more accurate description of the 523 

scaling pattern associated to species spending most of their time in the canopy. In this subsample, 524 

significantly lower allometric exponents than those obtained for Carnivora were obtained for the functional 525 

length of the radius and the ulna (Lr, Lu), the sagittal diameter of the radius (dsr), and most scapular widths 526 

(A, I) (Fig. 4; Table 6). Similar deviations were found for the other functional bone lengths (Ls, Lh, Lm) and 527 

the width of the supraspinous fossa (S), although they were not significant (Fig. 4). Furthermore, in all these 528 

cases, the allometric exponents for semiarboreal carnivorans were lower than those for scansorial and 529 

terrestrial species (Fig. 4), often significantly (Table 6). Thus, with increasing size, semiarboreal carnivorans 530 

will present shorter limbs and narrower scapulae than similar-sized scansorial and terrestrial species. 531 

According to Cartmill (1985), the first would be a strategy to increase stability during arboreal locomotion 532 

for claw-climbing mammals, like carnivorans, since relatively shorter limbs enable to maintain their center 533 

of mass close to the support, and thus reduce lateral oscillations of the center of mass. Carnivorans less 534 

adapted to moving in arboreal settings, such as scansorial species, should then resort to postural changes and 535 

other strategies in order to gain in stability when navigating arboreal supports, as demonstrated for the 536 

domestic cat by Gálvez-López et al. (2011). Continuing with adaptations to arboreality, in a study on 537 

forelimb morphology in North American carnivorans, Iwaniuk et al. (1999) found that the degree of 538 

arboreality was positively correlated with long-bone robusticities (calculated as Lx/dsx). Thus, they stated 539 

that, with increasing arboreality, forelimb bones became wider, more robust, to better withstand the 540 

multidimensional loads resulting from arboreal locomotion. However, from the definition of their ratios, 541 
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their results seemed to indicate just the opposite, that is, that arboreal carnivorans presented less robust 542 

forelimb bones (i.e., relatively longer or more slender bones). In the present study, the regressions of bone 543 

robusticities onto body mass tended to produce higher allometric exponents in the subsamples with the most 544 

arboreal species (e.g. HR: allometric exponents for semiarboreal carnivorans were higher than for scansorial 545 

and terrestrial carnivorans; Table SR10). Since in the present study bone robusticity was the inverse of the 546 

definition of Iwaniuk et al. (1999) (i.e., dsx/Lx), these higher allometric exponents did indeed suggest that 547 

forelimb bones become sturdier (i.e., relatively wider or shorter) with increasing arboreality in Carnivora. 548 

Finally, regarding the pattern of increasing allometric exponents with decreasing arboreality found in 549 

Caniformia, it was not recovered in most cases in the locomotor type subsamples (Fig. 4), which could be 550 

explained by feliform species making up around 70% of the arboreal, semiarboreal and scansorial 551 

subsamples. 552 

Although all mammals run (i.e., present gaits, either symmetrical or asymmetrical, in which their limbs 553 

spend less than half a cycle on the ground; Alexander, 2002; Biewener, 2003), some of them have developed 554 

certain morphological adaptations to increase step length (and thus speed) and to minimize energy costs 555 

while running (e.g. Gambaryan, 1974; Hildebrand, 1985). These mammals better adapted to running are 556 

often referred to as “cursorial mammals” (Smith & Savage, 56; Gambaryan, 1974; Hildebrand, 1985). 557 

However, as pointed out by Stein & Casinos (1997), the works of Jenkins and other authors (Jenkins, 1971; 558 

Jenkins & Camazine, 1977; Alexander & Jayes, 1983) introduced ambiguity into the concept of “cursorial” 559 

so it no longer meant “specialized runner”. Thus, the term “cursorial” will not be used in the present work, 560 

and instead “efficient runner” will be used to designate those mammals that have developed morphological 561 

adaptations to run efficiently. It has been described that presenting long limbs is an adaptation to effective 562 

running, since it allows for longer steps and thus higher speeds (Lull, 1904; Gambaryan, 1974; Hildebrand, 563 

1985; Van Valkenburgh, 1987). However, limb elongation is mainly effected through the distal segments 564 

(Hildebrand, 1985; Van Valkenburgh, 1987), and thus, the radius, ulna and metacarpals of running species 565 

should scale faster than the humerus. In the present study, there was not a specific subsample grouping 566 

“efficient runners”, but two subsamples included a fair amount of those species: Canidae, and terrestrial 567 

carnivorans. Thus, bone lengths were expected to scale faster in these subsamples than in other subsamples. 568 

Additionally, Lr, Lu and Lm were expected to scale faster than Lh. Both assumptions were supported by the 569 

results of the present study (Figs. 3–4; Tables 5–6). Another adaptation to effective running was proposed by 570 

Smith & Savage (1956), who described larger infraspinous fossae than supraspinous fossae in mammals 571 

adapted to running. Thus, it was expected that I scaled faster than S in Canidae and terrestrial carnivorans. 572 

However, the present results suggest that a faster scaling of the infraspinous fossa is a common trend in 573 

Carnivora, not a particular adaptation to running efficiently. Oddly enough, Canidae was one of the 574 

subsamples deviating from this general trend. Thus, it might be concluded that previously described 575 

adaptations to effective running other that limb elongation are present in the scaling of most carnivoran 576 

subsamples (not just “effective runners”), which suggests that they are more related to the biomechanical 577 

consequences of increasing size than to effective running. 578 
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The effect of adaptations to digging and swimming to the scaling pattern of the carnivoran forelimb were 579 

hard to ascertain, since 95%CIb were usually too wide in semifossorial, semiaquatic and aquatic carnivorans. 580 

In the case of semifossorial carnivorans, they presented high allometric exponents for scapular widths (S, I, 581 

A) and olecranon length (O), but they were not significantly different from any other subsample due to high 582 

95%CIb (Fig. 4; Table 6). Regarding adaptations to swimming, both semiaquatic and aquatic carnivorans 583 

tended to present high allometric exponents for scapular widths (S, I, A), olecranon length (both absolute, O, 584 

and relative, IFA), and several bone diameters (dsh, dsr, dtu) and bone robusticies (HR, RR, UR) (Fig. 4; 585 

Table 6). Furthermore, in semiaquatic carnivorans bone lengths scaled slower than in most carnivorans 586 

(significantly in the middle segment: Lr, Lu), while in aquatic carnivorans the third metarcapal scaled faster 587 

than in the rest of Carnivora, in both sagittal diameter and length (Fig. 4; Table 6). Most of these adaptations 588 

had already been suggested by previous anatomical and morphometrical analyses (Osburn, 1903; Smith & 589 

Savage, 1956; English, 1977; Gálvez-López, 2021), and were recovered here as characteristic deviations of 590 

the aquatic/semiaquatic scaling pattern: shorter and more robust limb bones, larger olecrana (both O and 591 

IFA), and wider scapulas (although not in semiaquatic carnivorans). 592 

 593 

Differential scaling, phylogeny and locomotor habit 594 

According to Bertram & Biewener (1990), differential scaling might not be evident within the individual 595 

carnivoran families due to their narrow body size ranges. Furthermore, they also stated that differences in 596 

scaling explained by differences in locomotor habit would probably be overridden by phylogenetic 597 

differences in scaling. Those concerns proved irrelevant in the present study, since not only did more 598 

significant cases of complex allometry were found in Viverridae (Mb range: 0.54kg – 13.25kg) than in other 599 

families with wider body mass ranges (Canidae, Felidae, Mustelidae), but also significant cases of complex 600 

allometry were detected in several locomotor type subsamples (again, regardless of body mass range). 601 

Previous studies have suggested that differential scaling could be a consequence of mixing species with 602 

different locomotor specializations (Castiella & Casinos, 1990; Gálvez-López & Casinos, 2012). The results 603 

of the present study provide arguments both in favour and against this hypothesis. On one hand, significant 604 

evidence for complex allometry was found in almost half the variables in the whole sample. Furthermore, 605 

several variables presented differential scaling in Mustelidae and Viverridae, both including species with 606 

several locomotor types, and the latter also presenting a narrow body mass range. On the other hand, after 607 

removing the large, swimming, pinniped species, significant evidence for complex allometry was rarely 608 

found. Furthermore, differential scaling was found in some locomotor type categories. 609 

 610 

On the viability of similarity hypotheses and scaling studies 611 

The present and previous results on the scaling of limb bone morphology have made clear that no similarity 612 

hypothesis alone can explain the scaling patterns existing in mammalian limb bones (Bou et al., 1987; 613 

Bertram & Biewener, 1990; Christiansen, 1999a,b; Carrano, 2001; Llorens et al., 2001; Lilje et al., 2003; 614 

Casinos et al., 2012). In our understanding, the main problem with any similarity hypothesis is their 615 

extremely simplistic approach: each similarity hypothesis chooses one of the many factors determining how 616 
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limb bone morphology changes with increasing size and defines allometric exponents based on it (geometric 617 

similarity: isometric growth; elastic similarity: deformation under gravity; static stress: constant stresses 618 

while standing still; dynamic stress: constant stresses during locomotion; McMahon, 1973, 1975b; Alexander 619 

& Jayes, 1983; Alexander, 2002). Thus, since no such single determining factor exists, all similarity 620 

hypotheses are doomed to fail. However, their inability to produce an accurate theoretical allometric 621 

exponent is instead excused by stating that variability around that “universal” trend is clouding the results, 622 

and thus the observed allometric exponents deviate from the predicted ones. 623 

A further problem is that large and small mammals have different locomotor requirements (Lilje & Fischer, 624 

2001; Seyfarth et al., 2001; Fischer et al., 2002; Schmidt & Fischer, 2009). This results in differential scaling 625 

and its oversimplification by establishing a threshold body mass value with which separate those small and 626 

large mammals, and thus be able to ascribe them separately to some similarity hypothesis (or a similarity 627 

hypothesis with different allometric exponents for small and large mammals; Garcia & da Silva, 2006). But 628 

see also Kokshenev (2003, 2007) for a criticism of Garcia-Silva’s model. The thing with differential scaling 629 

is that it is indeed differential. As observed in any plot representing complex allometry (Fig. 5), the 630 

allometric exponent changes gradually along a wide spectrum of body masses, and no real threshold exists, 631 

no matter how justifiable it is (e.g. the 20 kg threshold in Carnivora, which is related to prey size changes; 632 

Carbone et al., 1999). 633 

Another source of variability is the adaptation to performing 634 

different modes of locomotion besides walking and running 635 

(climbing, swimming, digging). As stated in the introduction, 636 

Bou et al. (1987) suggested that similarity hypothesis imply 637 

adaptive neutrality, which is not the case, since the present study 638 

has proved that adaptations to different locomotor habits do 639 

indeed result in different scaling patterns. Furthermore, 640 

differences in locomotor habit within the same sample has been 641 

proposed as another possible explanation for differential scaling 642 

(Castiella & Casinos, 1990; Gálvez-López & Casinos, 2012). 643 

Finally, at least in Carnivora, phylogenetic relatedness also plays 644 

an important role in limb bone scaling, as suggested by the 645 

different allometric exponents obtained with traditional and PIC 646 

regression methods in the present study (contrary to previous 647 

studies comparing both methodologies in this and other mammal 648 

groups; Christiansen, 2002b; Christiansen & Adolfssen, 2005; 649 

Gálvez-López & Casinos, 2012). 650 

In conclusion, thus, we propose that either an overcomplicated 651 

model should be constructed including all these factors (and the 652 

ones we are probably missing), or we finally drop the “universal 653 

scaling” searching and focus on solving little problems one at a 654 

Figure 5. Differential scaling. Complex 
allometry plots for olecranon length (A) 
and ulna transverse diameter (B) in the 
fissiped subsample. As indicated by the 
curvature of the plot, olecranon length 
scales faster in small carnivorans than in 
large carnivorans (i.e., D > 1), while the 
opposite is true for ulna transverse 
diameter (i.e., D < 1). 
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time, and from the sum of them formulate a generalization (if possible). For instance, how does limb bone 655 

morphology change with size in arboreal carnivorans? What about in arboreal didelphids and so on? Can we 656 

generalize all those scaling patterns into one scaling pattern for arboreal mammals? We consider that the 657 

present study constitutes a first step in that direction. 658 
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