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Synopsis The canines of saber-toothed cats are a classic example of an extreme morphology, yet important questions

pertaining to their evolution remain unanswered. Recent analyses suggest these structures functioned as tools of intra-

sexual combat where trait size acts as both a weapon of battle and signal of competitive ability. However, classic skeletal

reconstructions suggest saber-tooth canines evolved as specialized hunting tools. Either scenario could have led to the

evolution of extreme canine size and distinguishing between these hypotheses is therefore difficult. This is made more

challenging by the fact that natural observation of saber-toothed cats is impossible, and biologists must rely on measures

of static morphology to study the patterns of selection that favored extreme canine size. Here I analyze the static

intraspecific scaling relationship between canine size and body size in the saber-toothed cat, Smilodon fatalis, to deter-

mine whether or not extreme canine size functioned as a sexually selected signal. I review the literature surrounding the

evolution of sexually selected signals and the methods recently established by O’Brien et al. (2018), show how static

scaling relationships can be useful, reliable tools for inferring patterns of selection, especially in fossil organisms, and

provide evidence that extreme canine size in saber-toothed cats was not the product of selection for effective sexual

signals, but instead evolved as either a pure intrasexually selected weapon or a hunting tool.

Introduction

Extreme dentition is a hallmark of sexual selection

(Emlen 2008; Rico-Guevara and Hurme 2018).

Structures like the canines of non-human primates

(Plavcan and van Schaik 1992, 1993) or the tusks of

elephants (Chelliah and Sukumar 2013) are among

the most recognizable products of sexual competi-

tion and are common throughout the animal world

(Fig. 1). In this context, extreme dentition typically

serves two overlapping roles. First, competitors may

use their teeth as weapons in direct, physical alter-

cations over potential mates (walruses, Miller 1975;

elephants, Chelliah and Sukumar 2013). Animals

with the largest weapons are typically the best com-

petitors and, as a result, have the greatest reproduc-

tive success (Emlen 2008; Hardy and Briffa 2013).

Second, animals may use enlarged teeth as inter-

and/or intrasexual signals (non-human primates,

Plavcan and van Schaik 1992; narwhals, Kelley

et al. 2015). Here, the signal is the tooth itself and

information encoded in tooth size pertains to the

genetic and environmental variation underlying indi-

vidual fitness (hereafter referred to simply as

“quality”). Receivers are either same-sex competitors

who use tooth size to determine a rival’s competitive

ability (Hardy and Briffa 2013; McCullough et al.

2016; O’Brien et al. 2018; Rico-Guevara and

Hurme 2018) or members of the opposite sex who

use exaggerated dentition to determine the suitability

of potential mates (Andersson 1994; Bradbury and

Vehrencamp 2011). Large, conspicuous signals allow

for fast, accurate assessment of the bearer. Combined

with the high morphological variation that often

accompanies extreme structures (Wallace 1987;

Alatalo et al. 1988; Petrie 1992; Cuervo and Møller

2001), enlarged dentition can magnify otherwise sub-

tle differences in the quality of competitors (Wallace

1987; Hasson 1991; Tazzyman et al. 2014).

One of the most striking examples of extreme

dentition is that of saber-toothed cats (Fig. 1).
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Saber-toothed cats (subfamily Machairodontinae) are

large, extinct felids that were characterized by elon-

gate canines (i.e., sabers) that extended up to 28 cm

in the largest species (Turner and Ant�on 1997). As

one of the most charismatic and abundant represen-

tations of extinct megafauna, saber-toothed cats have

long attracted the attention of biologists and the

general public (Kurt�en and Anderson 1980).

However, basic questions pertaining to their evolu-

tion remain unanswered. In particular, we have yet

to determine the selective pressures that led to the

evolution of their extreme canine size.

There are currently two well-supported hypotheses

regarding the evolution of extreme canine size in

saber-toothed cats. First, these structures may have

evolved as intrasexual signals that were used to com-

pete with same-sex rivals over access to mates.

Previous work suggests canine size displays the type

of scaling relationship characteristic of most sexually

selected signals (Turner and Ant�on 1997; Randau

et al. 2013) and the presence of saber-shaped lesions

on adult saber-tooth skulls suggests canines were

used during intraspecific combat (Kurt�en and

Anderson 1980; Chimento et al. 2019).

Alternatively, saber-tooth canines may have evolved

as specialized hunting tools. Supported by several of

skeletal reconstructions, this hypothesis posits that

saber-toothed cats were hypercarnivorous ambush

predators that used their canines in isolation to ad-

minister killing blows to large prey (Simpson 1941;

Anyonge 1996; Biknevicius et al. 1996; Van

Valkenburgh 2001; Figueirido et al. 2018). Under

both hypotheses, selection could favor the evolution

of extreme canine size. Large intrasexual signals al-

low for fast, reliable assessment of quality and

competitive ability (Wallace 1987; Hasson 1991;

Tazzyman et al. 2014) and large predatory structures

allow for increased range and speed of attack

(Maldonado et al. 1967; Loxton and Nicholls 1979;

Vogel 2013; Emlen 2014). Distinguishing between

these hypotheses is therefore difficult, especially since

natural observation of these animals is impossible.

Biologists must instead rely on indirect methods of

assessment, such as the study of closely related extant

taxa or the analysis of static morphology (i.e., fos-

sils), to infer patterns of selection and/or trait func-

tion, practices that, until recently, have been

associated with a large degree of uncertainty (Knell

and Sampson 2011; Padian and Horner 2011, 2013,

2014; Knell et al. 2013; Hone and Mallon 2017;

Mallon 2017).

O’Brien et al. (2018) recently proposed a means to

reliably determine trait function using measures of

static morphological scaling. These methods leverage

the distinct patterns of morphology produced by se-

lection for large, sexually selected signals to identify

and ascribe trait function without natural observa-

tion. They rely on the fact that when the size of a

signal structure is correlated with body size, and

body size is tightly correlated with individual quality,

then selection for increasingly effective signals should

favor the evolution of steep intraspecific scaling re-

lationship slopes and high trait-specific coefficients

of variation (CV) (Kodric-Brown and Brown 1984;

Green 1992; Petrie 1992; Kodric-Brown et al. 2006;

Biernaskie et al. 2014). The end result is that when

viewed on a log–log scale, the slope of the scaling

relationship between signal trait size and body size is

significantly greater than that of other traits within

the same organism. It should be noted that these

Fig. 1 Extreme dental morphology. Clockwise from top left: skull of male western gorilla (Gorilla gorilla), enlarged canines; skull of

saber-toothed cat (Smilodon fatalis), enlarged canines; skull of walrus (Odobenus rosmarus), enlarged canines; right tusk of African

elephant (Loxodonta africana), enlarged incisor. Photo credits in acknowledgments.
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patterns are not a ubiquitous product of strong sex-

ual selection and that sexually selected structures that

do not reflect individual quality, such genitalia

(Hosken and Stockley 2004; Eberhard 2010) and sen-

sory structures (Bertin and Cezilly 2003; O’Brien

et al. 2018), do not display steep scaling relationship

slopes (Bonduriansky and Day 2003; Bonduriansky

2007; Eberhard et al. 2018). Steep scaling should also

be absent whenever body size does not accurately

reflect individual quality (e.g., Bolger and Connolly

1989; Cuervo and Møller 2001). In the context of

sexually selected signals, however, where body size

does accurately represent individual quality, steep

intraspecific scaling relationships are expected and

can be used to reliably distinguish between patterns

of selection that produce some extreme structures.

Indeed, these methods have been used to identify

patterns of selection in fossil species (Protoceratops

andrewsi, Rhamphorhynchus muensteri) and in the

context of extreme dental morphology (Bitis gabon-

ica, Cyclommatus metallifer, Ursus arctos) (O’Brien

et al. 2018).

Here, using methods adapted from O’Brien et al.

(2018), I analyzed the static intraspecific scaling re-

lationship between saber-tooth canine size and body

size to determine whether or not these structures

functioned as sexually selected signals. I sourced

measurements of the saber-toothed cat, Smilodon

fatalis (Fig. 1), from Felidae of the Rancho La Brea

by Merriam and Stock (1932) and compared the

scaling relationship between canine size and body

size with the scaling relationship between reference

traits and body size within the same organisms. I

predicted that if canine size were the product of

strong sexual selection, then the scaling relationship

between canine size and body size would be signifi-

cantly steeper than those of the reference traits and

body size. Similarly, trait-specific CV would be

higher for canine size than reference trait sizes.

Alternately, if extreme canine size were the product

of selection for specialized hunting tools, then the

scaling relationship between canine size and body

size would be no greater than those of the reference

traits and body size and the trait-specific CV for

canine size should be no greater than those of the

reference traits.

Materials and methods

Measurements of S. fatalis

Measurements of 25 S. fatalis skulls were sourced

from The Felidae of Rancho La Brea (Merriam and

Stock 1932). All specimens were collected from La

Brea tarpits in Los Angeles California, USA in

association with the Natural History Museum of

Los Angeles County and the Carnegie Institution of

Washington (Carnegie Institution of Science). All

specimens were adults in which permanent dentition

was present.

Measurements of body size, the focal trait (canine

size), and reference traits (Table 1) were chosen in

accordance with the methods established by O’Brien

et al. (2018). The 20 measurements of skull size with

the most complete datasets were used to estimate

overall body size for each specimen. Skull size offers

the most reliable metric of body size in this context,

since complete skulls are easily linked with dentition

from that same animal (not true for disarticulated

skeletons), and skull size is tightly correlated with

body mass across mammals (Damuth et al. 1990).

Measurements of the focal trait included anterior–

posterior canine width and transverse canine width,

which were both measured at the base of the canine.

Canine width provided a robust and accurate mea-

sure of canine size, since canine width (measured at

the base) is (a) more resistant than canine length to

damage during fossilization or excavation, (b) less

susceptible than canine length to wear throughout

the animal’s life, and (c) scales with body size in a

pattern similar to overall canine length, the putative

signal trait (Randau et al. 2013).

Reference traits were chosen as five measurements

of non-canine dentition that were not expected to be

correlated with canine size through development

(Michon et al. 2010; Salazar-Ciudad and Jernvall

2010) or selection, regardless of the pattern of selec-

tion that favored extreme canine size. If, for example,

extreme canine size is the result of sexual selection,

then only the conspicuous, protruding canines

should experience selection for increased size, not

the remaining dentition (Turner and Ant�on 1997;

Maynard Smith and Harper 2003; Bradbury and

Vehrencamp 2011; O’Brien 2018). Similarly, if ex-

treme canine size evolved via selection for effective

predation tools, then selection should act on canines

in near isolation, since the overwhelming majority of

reconstructions suggest saber-toothed cats used their

canines independently of the remaining dentition

(Butler 1939; Simpson 1941; Akersten 1985;

Anyonge 1996). Weak correlations between canine

size and the size of non-canine dentition were veri-

fied using Pearson correlation coefficients (below).

Statistical analysis

All analyses were performed in R 3.5.2 (R Core

Development Team 2018). Mean trait size (l) and

standard error (SE) were calculated for all raw

Extreme canine size in Smilodon fatalis 1305
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measurements of body size, the focal trait, and ref-

erence traits.

Data were log transformed prior to the remaining

analyses. Mean trait size and the trait-specific CV

(CV ¼r
l �100) were calculated for all measurements

of the focal trait and reference traits. Mean CV was

also calculated for the focal trait and reference traits

and compared using a one-tailed Welch’s two sample

t-test.

Focal trait size and reference trait size were

regressed on body size in separate models using or-

dinary least squares (OLS) regression. For this test,

principal component analyses (PCA; R package

FactoMineR [Le et al. 2008]) were used to estimate

overall focal trait size, reference trait size, and body

size. In each PCA, PC1 explained the majority of

variation in overall trait size (focal trait size: 53%;

reference trait size: 44%; body size: 57%) and was

used as an estimate of overall size for that trait. The

slopes of these scaling relationships were compared

using 95% confidence intervals and analyses of co-

variance (ANCOVA). PCAs were also used to calcu-

late Pearson correlation coeffects to confirm weak

correlations between canine size and the size of

non-canine dentition. Correlation coefficients were

calculated for focal trait PC1 and reference trait

PC1 and separately for focal trait PC1 and each mor-

phological measure that comprised reference trait

PC1 (Table 2).

A generalized linear mixed-effects model was also

used to assess the effect of trait type (focal/reference)

on the scaling relationship slope between trait size

and body size [R package lmerTest (Kuznetsova et al.

2017)]. For this test, raw trait measurements were

Table 1 Summary focal, reference, and body size traits including mean trait size and standard error (SE).

Trait Trait type n

Mean trait

size (mm) SE

Canine (anterior–posterior diameter) Focal 24 42.05 0.538

Canine (transverse diameter) Focal 24 19.675 0.852

Premolar 3 (anterior–posterior diameter) Reference 17 17.118 0.329

Premolar 4 (anterior–posterior diameter) Reference 22 40.145 0.538

Premolar 4 (transverse diameter) Reference 22 16.523 0.33

Premolar 4 (anterior–posterior diameter of base) Reference 19 12.347 0.183

Premolar 4 (length—base to anterior end) Reference 18 9.811 0.187

Skull length (anterior end of premaxillary to posterior end of condyles) Body size 25 308.576 4.793

Basal skull length (anterior end of premaxillary to inferior notch between condyles) Body size 25 293.884 4.503

Skull length (anterior end of premaxillary to posterior end of inion) Body size 25 332.368 6.325

Skull length (anterior end of premaxillary to anterior end of posterior nasal opening) Body size 25 162.552 4.745

Palate length Body size 24 140.85 2.234

Skull length (posterior end of glenoid cavity to posterior end of condyles) Body size 24 100.558 2.203

Anterior–posterior diameter of nasals Body size 24 82.358 1.657

Width of anterior nares Body size 24 54.938 0.875

Greatest width across muzzle at canines Body size 24 101.279 4.188

Least width between superior boarders of orbit Body size 25 94.268 1.215

Width across postorbital processes Body size 23 118.513 1.651

Width across postorbital constriction Body size 25 60.416 0.75

Greatest width across zygomatic arches Body size 24 204.625 5.628

Anterior palatal width between superior canines Body size 24 56.917 0.83

Posterior palatal width between inner roots of superior carnassials Body size 24 98.371 4.435

Width across palate between posterior alveoli of superior carnassials Body size 24 127.467 1.462

Greatest transverse diameter across auditory bulla Body size 24 54.179 1.099

Greatest width across mastoid processes Body size 24 133.613 2.211

Greatest diameter across condyles Body size 25 65.02 0.772

Height of anterior zygomatic pedicle Body size 24 57.225 1.25

Length of anterior zygomatic pedicle Body size 24 51.904 0.734
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used rather than estimates from the PCA. The model

included trait type (focal/reference) as a fixed effect

and trait (i.e., Table 1, Column 1) and specimen

number as random effects with random slopes and

intercepts.

Results

Mean trait size and standard error for raw measure-

ments of all traits are summarized in Table 1. Mean

trait size and trait-specific CV for log-transformed

focal and reference traits are summarized in

Table 2. Pearson correlation coefficients confirmed

relatively weak correlations between focal trait size

PC1 and reference trait size PC1 (r¼ 0.431) and be-

tween focal trait size PC1 and each raw reference

trait size measurement (Table 2). Overall, there was

no significant difference between the CVs of focal

and reference traits (mean CVfocal¼2.262; mean

CVreference¼2.829; t1.736¼�0.878, P¼ 0.484; Table 2).

Focal trait size increased as body size increased

with a shallow, positive slope (b¼0.12660.188,

F1,23¼ 4.85, P¼ 0.038). Reference trait size also in-

creased as body size increased with a shallow, posi-

tive slope (b¼ 0.306 6 0.099, F1,23¼ 9.541, P< 0.01)

(Fig. 2). Overall, the scaling relationship slope be-

tween focal trait size and body size was not greater

than that of reference trait size and body size.

Ninety-five percent confidence intervals surrounding

the scaling relationship slopes were overlapping (fo-

cal trait [0.008, 0.244]; reference trait [0.101, 0.51])

and the ANCOVA suggested that focal trait size does

not scale at a significantly different rate with body

size than do the reference traits (F1,46¼ 3.938,

P¼ 0.053). Results from the generalized linear

mixed-effects model also indicate that focal trait

size does not scale with body size at a different

rate than do the reference traits. Here, trait size in-

creased with overall body size (t0.14¼ 3.01,

P¼ 0.009), but there was no significant effect of trait

type (focal/reference) on the scaling relationship

slope between trait size and body size (body size k
trait type: t5.2¼ 1.565, P¼ 0.18).

Discussion

The canines of saber-toothed cats represent some of

the most extreme dental morphology in the animal

world. Such extreme dentition typically functions as

a sexually selected signal where the size of the struc-

ture displays the quality of the bearer (Emlen 2008;

Rico-Guevara and Hurme 2018). Tooth size is cor-

related with overall body size and body size is cor-

related with individual quality. Through this

connection, tooth size becomes a clear indicator of

quality that experiences selection for exceedingly

steep scaling relationship slopes and high

within-species variation (Andersson 1982; Wallace

Table 2 Summary of log-transformed measurements of focal and reference traits, including mean trait size, trait-specific coefficient of

variation, and Pearson Correlation Coefficient between canine size (focal trait size) PC1 and each reference trait.

Trait Trait type n Mean trait size

Coefficient

of variation

Correlation

coefficient

Canine (anterior–posterior diameter) Focal 24 3.737 1.704

Canine (transverse diameter) Focal 23 3.015 2.82

Premolar 3 (anterior–posterior diameter) Reference 17 2.229 2.996 0.227

Premolar 4 (anterior–posterior diameter) Reference 22 3.691 1.738 0.379

Premolar 4 (transverse diameter) Reference 22 2.801 3.265 0.219

Premolar 4 (anterior–posterior diameter of base) Reference 19 2.521 2.54 0.261

Premolar 4 (length:base to anterior end) Reference 18 2.28 3.604 0.341

Fig. 2 Static scaling relationship between trait size PC1 and body

size PC1 for canines (triangles, solid line) and non-canine denti-

tion (circles, dotted line). Lines represent OLS regressions (focal:

y=0.16x + 3.81e-15, F1,23=9.68, P<0.01, R2=0.296; reference:

y=0.31x + 1.4e-14, F1,23=9.541, P<0.01, R2=0.401).
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1987; Alatalo et al. 1988; Petrie 1992; Cuervo and

Møller 2001). These patterns appear true for nearly

every sexually selected signal studied to date and,

when present, provide compelling evidence for a his-

tory of strong sexual selection (Emlen 2008;

Eberhard et al. 2018; O’Brien et al. 2018; Rico-

Guevara and Hurme 2018). To date, however, it

has been unclear whether or not saber-toothed cat

canines evolved in response to selection for effective

sexual signals and consequently display these pat-

terns of morphology (Simpson 1941; Randau et al.

2013; Figueirido et al. 2018).

Here, the static intraspecific scaling relationship

between canine size and body size was analyzed in

the saber-toothed cat, S. fatalis, to examine whether

or not these structures functioned as sexual signals.

Overall, the scaling relationship between canine size

and body size was not significantly different than

that of the reference traits and body size (Fig. 2)

and trait-specific CVs were not significantly different

between the focal and reference traits (Table 2). This

is in contrast to previous work by Randau et al.

(2013) where a steep interspecific scaling relationship

was clearly identified across saber-toothed feliforms

(Nimravidae, Barbourofelidae, Machairodontinae;

including S. fatalis). Together, these results suggest

the canines of S. fatalis did not function as signals of

quality, since selection for effective sexual signals re-

liably produces steep intraspecific scaling relationship

slopes and high trait-specific CVs (Andersson 1982;

Maynard Smith and Harper 2003; Bradbury and

Vehrencamp 2011; Eberhard et al. 2018; O’Brien

2018). Instead, these structures likely performed a

non-signal function either as “pure weapons” of

intrasexual competition or specialized predatory

structures where selection favored the evolution of

extreme trait size across species but not the evolution

of steep scaling relationship slopes within species

(McCullough et al. 2016; O’Brien et al. 2018).

Sexually selected structures lie along a continuum

that ranges from “pure weapons,” which serve no

signal function, to “pure signals,” which function

only to display individual quality (McCullough

et al. 2016). The majority of intrasexually selected

weapons fall somewhere in between and serve dual

function as both tools of combat and signals of qual-

ity (Andersson 1982; Bradbury and Vehrencamp

2011; Hardy and Briffa 2013; McCullough et al.

2016; O’Brien et al. 2018; Rico-Guevara and

Hurme 2018). The canines of saber-toothed cats,

however, may represent a rare case of a pure

weapon, where individual quality is not encoded in

the relationship between canine size and body size

and canine size therefore serves no signal function. If

true, then saber-tooth canines should have neither

steep scaling relationship slopes nor high CVs

(McCullough et al. 2016; O’Brien et al. 2018).

Large teeth may offer a competitive advantage

through increased reach and/or faster attack, but

this advantage would be experienced by the entire

population, regardless of body size. Selection for

large pure weapons should therefore favor intraspe-

cific scaling relationships with high intercepts and

shallow slopes, which may then manifest as steep

interspecific scaling relationships (e.g., Randau

et al. 2013). Furthermore, unlike weapon-signals,

steep intraspecific scaling relationship slopes and

high CVs would likely hinder pure-weapons. In

weapon-signal systems, high cost weapons are often

maintained by steep scaling relationship slopes that

produce large animals with exceedingly large relative

weapons sizes (Zeh and Zeh 1988; Green 1992; Petrie

1992; Bonduriansky and Day 2003; Kodric-Brown

et al. 2006; Biernaskie et al. 2014). These large weap-

ons come at a justifiable cost, which is essential for

signal honesty when weapons indicate quality but

provides no benefit for non-signal systems.

Selection on pure-weapon systems may therefore

mitigate unnecessary cost by reducing the intraspe-

cific scaling relationship slope and decreasing

weapon size in the largest animals where absolute

cost is greatest (Harvey and Gange 2006;

McCullough et al. 2014, 2015; Mills et al. 2016;

O’Brien et al. 2017). Non-signal systems also gain

no benefit from morphological hypervariation. The

magnification of subtle differences in quality is irrel-

evant in non-signal systems and even subtle variation

in weapon size/shape may hinder systems that rely

on a particular weapon morphology (Kawano 1997;

Dennenmoser and Christy 2013; McCullough et al.

2014, 2015; O’Brien et al. 2017; O’Brien and

Boisseau 2018).

Selection for pure hunting tools may also produce

extreme trait sizes without increasing the intraspe-

cific scaling relationship slope (O’Brien et al. 2018).

Like pure intrasexual weapons, pure hunting tools

can benefit from large sizes that increase the range

and speed of attack (Maldonado et al. 1967; Loxton

and Nicholls 1979; Emlen 2014), but steep scaling

relationship slopes and the associated hypervariation

may decrease hunting efficacy. This may explain why

the scaling relationship between canine and body size

in S. fatalis was relatively shallow compared with that

of the reference traits (Fig. 2). When a particular

morphology is required for effective prey capture re-

gardless of body size (e.g., Cresswell 1993; Turingan

et al. 1995; Labropoulou and Eleftheriou 1997;

Benkman 2003; Snowberg et al. 2015), then shallow
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scaling relationships that produce proportional trait

sizes across a range of body sizes should be the

norm. Indeed, many structures that require particular

morphologies for proper function, such as genitalia,

tend to display especially shallow scaling relationships

(Bonduriansky and Day 2003; Eberhard 2010; Emlen

et al. 2012; Eberhard et al. 2018; O’Brien 2018;

Rodr�ıguez and Eberhard 2019) and analyses of extant

felids suggest that selection for large hunting tools can

produce extreme canine sizes without the scaling re-

lationship slopes characteristic of sexually selected sig-

nals (Therrien 2005; Christiansen 2006, 2008; Slater

and Van Valkenburgh 2008).

Overall, the evidence suggests that extreme canine

size in the saber-toothed cat, S. fatalis, was not the

product strong selection for effective sexual signals.

The slope of the static intraspecific scaling relation-

ship between canine size and body size was not

different from that of the reference traits and trait-

specific CVs were not different between focal and

reference traits. Instead, extreme canine size was

likely the product of selection for large, pure weap-

ons or pure predation tools since, in both scenarios,

selection would have favored the evolution of ex-

ceedingly large structures across species, but not

steep scaling relationship slopes within species.

Future work should be aimed at developing concrete

methodology to distinguish between these alterna-

tives, perhaps by assessing patterns of sexual dimor-

phism within and across species or through

behavioral studies of closely related, extant taxa.
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