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Many mammals dig, either during foraging to access subsurface food resources, or in creating
burrows for shelter. Digging requires large forces produced by muscles and transmitted to the
soil via the skeletal system; thus fossorial mammals tend to have characteristic modifications of
the musculoskeletal system that reflect their digging ability. Bandicoots (Marsupialia: Peramelidae) scratch-dig mainly to source food, searching for subterranean food items including invertebrates, seeds, and fungi. They have musculoskeletal features for digging, including shortened,
robust forelimb bones, large muscles, and enlarged muscle attachment areas. Here, we compared changes in the ontogenetic development of muscles associated with digging in the
Quenda (Isoodon fusciventer). We measured muscle mass (mm), pennation angle, and fiber length
(FL) to calculate physiological cross-sectional area (PCSA; a proxy of maximum isometric force)
as well as estimate the maximum isometric force (Fmax) for 34 individuals ranging in body size
from 124 to 2,390 g. Males grow larger than females in this bandicoot species, however, we
found negligible sex differences in mass-specific mm, PCSA or FL for our sample. Majority of the
forelimb muscles PCSA showed a positive allometric relationship with total body mass, while
mm and FL in the majority of forelimb muscles showed isometry. Mechanical similarity was
tested, and two thirds of forelimb muscles maximum isometric forces (Fmax) scaled with isometry; therefore the forelimb is primarily mechanical similar throughout ontogeny. PCSA showed a
significant difference between scaling slopes between main movers in the power stroke, and
main movers of the recovery stroke of scratch-digging. This suggests that some forelimb muscles grow with positive allometry, specially these associated with the power stroke of digging.
Intraspecific variation in PCSA is rarely considered in the literature, and thus this is an important
study quantifying changes in muscle architectural properties with growth in a mammalian model
of scratch-digging.
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1 | I N T RO D UC T I O N

used in mammals. Scratch-digging mammals are characterized by morphological modifications of their forelimbs that allow them to produce

Many animals scratch-dig in search of shallow subterranean food, or

large out-forces that act against the resistance of the soil (Hildebrand,

to construct burrows to shelter themselves and their young from envi-

1985; Rose, Sandefur, Huskey, Demler, & Butcher, 2013).

ronmental extremes and predators (Shimer, 1903). Fossorial and semi-

If limb segments are modeled as simple lever systems, the

fossorial mammals are categorized by their principal mode of

mechanical advantage is dependent on the ratio of in-lever length to

excavating soil (Table 1). Of these, scratch-digging, in which soil loos-

out-lever length and the magnitude of the in-force (Hildebrand, 1985).

ened by clawed forelimbs using a running motion (using an alternating

As a result, the limb bones in scratch-digging mammals are short and

limb cycle of retraction-power stroke, and protraction-recovery

robust to reduce the out-lever length, main mover muscles during the

stroke) in a parasagittal plane, is the most common mode of digging

power stroke of scratch-digging are enlarged to increase the
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TABLE 1

Summary of the four modes of digging in mammals
Description

Actions

Examples

References

Scratch-digging

Soil loosened by clawed
forelimbs using a running
motion in a parasagittal plane.

•
•
•
•

e.g., bandicoots and bilbies
(Peramelemorphia),
wombats (Vombatidae),
potoroos (Potoroidae),
badgers (Mustelidae),
armadillos (Dasypodidae),
groundhogs (Sciuridae)

(Hildebrand, 1985; Moore,
Budny, Russell, & Butcher, 2013;
Olson, Womble, Thomas, Glenn,
& Butcher, 2015; Vassallo, 1998;
Warburton, Grégoire, Jacques,
& Flandrin, 2013)

Chisel-tooth
digging

Gnaw soil with incisors
to excavate their burrows.

• Incisors increased
procumbency
• Jaw adductors
• Jaw stabilisation

e.g., rodents (Octodontids,
Ctenomyids), mole-rats
(Bathyergidae)

(Hildebrand, 1985; Hopkins
& Davis, 2009; McIntosh
& Cox, 2016a, 2016b)

Humeral-rotation

Sprawling, abducted forelimb
posture, and involves a
rotation of the humerus
while the forelimb extends
to sweep the soil behind.

• Humeral rotation
• Elbow extension
• Manus held between
supination and pronation

e.g., moles (Talpidae),
echidnas (Tachyglossidae)

(Barnosky, 1981;
Hopkins & Davis, 2009)

Head-lift
digging

Snout and forelimbs to
wedge open the tunnel
where they permanently
reside.

• Head elevation
• Push firmly down
with the forelimbs

e.g., Golden moles
(Chrysochloridae),
mole voles (Cricetidae),
mole-rats (Bathyergidae)

(Gasc, Jouffroy, Renous,
& Blottnitz, 1986;
Hildebrand, 1985;
Stein, 2000)

Humeral retraction
Elbow extension
Carpal flexion
Digit flexion

Fossorial animals (those that are morphologically or physiologically adapted for digging, yet are mostly active above ground) are categorized by their principal
mode of excavating soil, of which, scratch-digging is the most common used mode of digging in mammals. Subterranean animals (species that are highly specialized for living almost wholly underground) show further specialisations for scratch-digging and/or resort to other digging modes (Lessa & Thaeler 1989).

magnitude of the in-force, and the attachment sites of these muscles

2013). As PCSA is a representation of maximum isometric force pro-

are moved further away from the joint (center of rotation) to increase

duction for individual muscles, the PCSA values of muscles in a limb

the in-lever length (Hildebrand, 1985; Lagaria & Youlatos, 2006; Rose,

can be used to interpret biological functions in correlation with skele-

Moore, Russell, & Butcher, 2014; Shimer, 1903; Warburton, Grégoire,

tal morphology (Myatt et al., 2012; Thorpe, Crompton, GÜnther,

et al., 2013). Forelimb muscles involved in humeral stabilization,

Ker, & McNeill, 1999). Scratch-digging mammals have relatively large

humeral retraction, and elbow extension are capable of producing

PCSA values for muscles used as main movers in the power stroke,

large out-forces during the power stroke (Hildebrand, 1985; Lagaria &

such as the triceps brachii long head, which reflect a greater number

Youlatos, 2006). For example, Quenda (Isoodon fusciventer) have large

of fibers per unit volume of muscles; this allows them to produce a

and powerful muscles associated with humeral retraction, elbow

greater force for scratch-digging (Moore et al., 2013; Olson et al.,

extension, and carpal and digital flexion (Warburton, Grégoire, et al.,

2015; Rose et al., 2013; Rupert et al., 2015).

2013). The bones of the forelimb have enlarged muscle attachment

Bandicoots (Peramelidae) are typically omnivorous and use

areas, relatively long in-levers, such as an elongate olecranon process

scratch-digging to search for subterranean food sources. When mov-

for the insertion of the elbow extensors, and the humerus, radius, and

ing, bandicoots use an asymmetrical half-bound gait similar to many

ulna are short and robust (Warburton, Grégoire, et al., 2013). These

other marsupial taxa (Bennett & Garden, 2004; Hildebrand, 1977).

specializations provide improved mechanical advantage for scratch-

This mode of locomotion, being powered primarily by the hindlimbs,

digging.

allows bandicoots to retain specialized forelimbs for digging

Muscle ultrastructure reflects contractile velocity and force pro-

(Bennett & Garden, 2004; Gordon & Hulbert, 1989). Quenda are com-

duction, and is therefore also likely to demonstrate specializations for

monly found throughout south-west Western Australia. The Quenda

digging. Fiber length (FL) represents the number of sarcomeres in a

produces an average of 45 foraging pits per day (Valentine, Anderson,

series (Michilsens, Vereecke, D'Août, & Aerts, 2009), and conse-

Hardy, & Fleming, 2013) as they search for subterranean food

quently longer fibers have faster shortening velocity (Azizi, Brainerd, &

sources. Each dig is conical in shape, measuring 35–135 mm in depth,

Roberts, 2008; Kikuchi, 2010; Lieber & Fridén, 2000). In digging ani-

and an average-sized (1.4 kg) Quenda is estimated to move 2.8 tons

mals such as badgers (Taxidea taxus; Moore et al., 2013), groundhogs

of soil per year. As the presence of digging mammals is known to

(Marmota monax; Rupert, Rose, Organ, & Butcher, 2015), and armadil-

improve soil quality, the presence of bandicoots has the potential to

los (Dasypus novemcinctus; Olson et al., 2015), longer fibers in muscles

greatly impact their local ecological community, and these animals are

such as the latissimus dorsi, pectoralis, triceps brachii, and teres major

therefore considered ecosystem engineers (Fleming et al., 2014; Val-

provide rapid fiber contraction during the power stoke of scratch-dig-

entine et al., 2013).

ging. The force a muscle produces is influenced by the arrangement of

Scaling muscle architectural properties (such as individual mm, FL, or

the muscle fibers (number of sarcomeres in parallel; Lieber & Ward,

PCSA) against total body mass are commonly used to investigate loco-

2011; Rupert et al., 2015). Physiological cross-sectional area (PCSA) is

motor adaptations, or used to describe intraspecific biomechanical con-

calculated from muscle mass (mm) and muscle architecture data; fiber

straints across a range of body sizes (Allen et al., 2014; Allen, Elsey,

length (FL) and pennation angle (the angle between the line of action

Jones, Wright, & Hutchinson, 2010; Lamas, Main, & Hutchinson, 2014;

of the muscle and the fibers), and is considered a better representa-

Picasso, 2015) or among species (Bertram & Biewener, 1990; Cuff et al.,

tion of muscle force production than muscle mass alone (Moore et al.,

2016). A scaling muscle architecture study has not been used to
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investigate Australian digging marsupials. We compared ontogenetic

(Version 1.49) (Abramoff, Magalhaes & Ram 2004) at 10 randomized

changes in the forelimb muscles in Isoodon fusciventer, testing the pre-

locations throughout the muscle belly. Muscles were placed in 30%

diction that muscles that are main movers during the power stroke of

nitric acid for 24 hr to loosen the connections between fibers, then

scratch-digging would show steeper allometric growth compared with

washed in water and soaked in 30% glycerol for 1–2 hr. This process

the muscles that are more associated with the recovery stroke of

allowed individual muscle fibers to be teased apart using blunt for-

scratch-digging, reflecting modifications associated with large out-force

ceps. Superficial fibers were avoided as they tended to be longer,

production in these scratch-digging mammals.

therefore 10 deeper fibers were randomly selected for measurement
of FL. PCSA was calculated:

2 | MATERIALS AND METHODS
2.1 | Specimens

 mm ðgÞ x pennation angle ð cos θÞ
PCSA cm2 =
muscle density ðg=cm3 Þ x FL ðcmÞ
where an estimate of vertebrate muscle density (1.06 g/cm3;
Mendez & Keys, 1960) was used as the muscle density constant. To

Quenda were recently raised to species level on the basis of cranio-dental

permit for the most accurate estimate of the maximum isometric force

morphology and molecular data compared to the other subspecies in Isoo-

(Fmax; Moore et al., 2013; Williams, Wilson, Rhodes, Andrews, &

don obesulus (Travouillon & Phillips, 2018) (Figure 1). Their ability to adapt

Payne, 2008), we multiplied the PCSA (cm2) by a maximum isometric

to an urban environment has come with risks, as Quenda are susceptible

stress of 30 N/cm−2 (Medler, 2002).

to dog attacks and collisions with cars; these were the primary reasons of
death for the specimens collected. Bandicoot cadaver specimens (n = 34)

2.3 | Statistical analysis

were collected from Kanyana Wildlife Rehabilitation Centre (Lesmurdie,
Western Australia), or opportunistically collected throughout the Perth
metropolitan area (Regulation 17 licence SF010344). Details of specimens
are presented in Supporting Information Table S1. Quenda are sexually
dimorphic in body size (body mass mb range; males: 500–1,850 g,
females: 400–1,200 g) (Warburton & Travouillon, 2016), and therefore,
we were mindful of potential sex differences in our analyses.

Twenty-nine muscles were classified for statistical analyses into nine
functional groups (Table 2). Muscles involved in scapula stabilization
(SS), humeral retraction (HR), elbow extension (EE), carpal/digital flexion (CF), and pronation (PRO) where considered to be active during
the power stroke of scratch-digging, whereas the functional groups
involved in humeral protraction (HP), elbow flexion (EF), carpal/digital

Specimens were stored frozen (–18  C), and defrosted for 48 hr

extension (CE), and supination (SUP) were classified as active during

in refrigerated conditions (4  C) prior to dissection. Total body mass

the recovery stroke (Figure 1). While we acknowledge that many mus-

(mb) was recorded (± 0.1 g; Phoenix Scales Ltd., West Bromwich, UK)
and then specimens were skinned, eviscerated, and embalmed in a
solution of 10% formalin and 4% glycerol for 7 days before transfer to
70% ethanol for storage until muscle dissection. Specimens were preserved in formalin for the study due to the nature of specimen collection; road kill specimens have substantial damage, therefore, fixing the
specimens allowed the forelimbs to be used in the study. Entire bodies
were fixed with the forelimbs and hindlimbs fixed in the resting anatomical position (as close to a 90 angle that could be achieved) to
minimize the effect of changing (shortening or lengthening) the
lengths of the muscles and therefore muscle architecture. All muscle
architectural measurements were corrected using correction factors
published for fixed muscle tissue (Kikuchi & Kuraoka, 2014).

cles will have more than one action, this simplified view was taken to
allow comparison between muscles classified as main movers in the
power stroke vs. recovery stroke during scratch-digging.
The four muscle architectural properties (mm, FL, PCSA, Fmax)
were log10-transformed and analyzed against log10-total body mass
(mb). We tested for potential sex differences in the slopes of these
relationships by Analysis of Covariance (ANCOVA), with sex (males:
0, females: 1) as a fixed factor and mb as the covariate. To calculate
the slopes of the relationships between the muscle architectural properties and mb, we used reduced major axis (RMA; Model II) regression
in PAST version 3.16 (Paleontological Statistics; http://folk.uio.
no/ohammer/past/; Hammer, Harper, & Ryan, 2001). All scaling
regressions were assessed using Shapiro–Wilk tests (Quinn & Keough,
2002). Correlation coefficients (Pearson's Moment correlation) and
upper and lower bounds of the 95% confidence intervals were calcu-

2.2 | Muscle dissection

lated to evaluate the data spread around each regression. To consider

Muscle dissections were performed using standard dissection techniques

different properties as geometrically similar, and thus infer the scaling

and followed muscle descriptions (names, origins, and insertions) and

pattern, the measures must be scaled following the rules of isometry.

methods by Warburton, Grégoire, et al. (2013). Right forelimbs were dis-

Muscle properties were considered isometric for masses (mm) and

sected unless damage had occurred, in which case the left forelimb was

force (Fmax) if they scale with m1:0
b , areas (i.e., PCSA) if they scale to

dissected. Individual muscles were isolated and removed, and muscle

, and lengths (i.e., FL) if they scale to mb0:33 . The slopes (β) of the
m0:67
b

mass recorded (mm, ±0.001 g; Mettler Toledo BB240 Precision Balance,

individual muscles were tested against the null hypotheses of β = 1

Toronto Surplus & Scientific Inc., Richmond Hill Canada).

(mm), β = 0.67 (PCSA), or β = 0.33 (FL) by calculating the t ratio = (β-1.0,

Photographs of isolated muscle bellies (Olympus Stylus Tough

0.67, or 0.33)/standard error of the slope. To test if the muscles are

TG-3 Digital Camera, Olympus Australia, Pty Ltd., Notting Hill,

mechanically similar throughout ontogeny, the slope of Fmax with total

Australia) were used to determine pennation angle. Pennation angles

body mass was tested against the null hypothesis of the slope of 1.0

were measured on photographs using the “angle” tool in ImageJ

(Rose, 2014). We estimated the false discovery rate (FDR) to determine
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TABLE 2

Average values of muscle mass (mm), fiber length (FL), pennation angle, physiological cross-sectional area (PCSA) and isometric force (Fmax)
of each individual muscle calculated from 29 Quenda (Isoodon fusciventer). Muscles are sorted by functional groups and then from proximal to distal
Abb.

Funct

Muscle mass

Fiber length

Pennation

PCSA

Fmax

Trapezius

Trap

SS

3.94 ± 2.49

1.81 ± 0.83

28 ± 7

1.82 ± 1.10

54.57 ± 32.48

Omotransversarius

OmT

SS

1.05 ± 0.68

1.69 ± 0.60

11 ± 9

0.57 ± 0.33

17.06 ± 10.14

Rhomboideus

Rho

SS

2.11 ± 1.71

1.46 ± 0.54

26 ± 11

1.13 ± 0.65

33.98 ± 19.21

Serratus ventralis

SeV

SS

5.83 ± 4.36

1.84 ± 0.68

12 ± 10

2.90 ± 2.29

87.08 ± 67.62

Latissimus dorsi

LtD

HR

3.19 ± 2.17

1.88 ± 0.94

22 ± 8

1.53 ± 0.87

45.78 ± 25.89

Pectoralis

Pec

HR

9.85 ± 6.63

1.85 ± 0.70

27 ± 10

4.18 ± 2.29

125.33 ± 67.93

Deltoideus

Delt

HR

0.50 ± 0.33

1.03 ± 0.30

29 ± 9

0.38 ± 0.22

11.44 ± 6.36

Infraspinatus

Inf

HR

1.45 ± 1.03

0.94 ± 0.22

25 ± 5

1.24 ± 0.72

37.15 ± 21.41

Teres major

TMj

HR

1.14 ± 0.78

1.07 ± 0.51

21 ± 7

0.91 ± 0.50

27.21 ± 14.77

Subscapularis

Sub

HR

1.63 ± 1.16

0.89 ± 0.22

24 ± 12

1.50 ± 0.90

44.88 ± 26.63

Triceps brachii

TrB

EE

4.99 ± 3.41

1.36 ± 0.44

23 ± 7

3.12 ± 1.88

93.54 ± 55.74

Anconeus

Anc

EE

0.19 ± 0.14

0.85 ± 0.28

NA

0.20 ± 0.13

6.13 ± 3.83

Tensor fascia antebrachii

TFA

EE

0.81 ± 0.70

1.53 ± 0.72

NA

0.49 ± 0.35

14.57 ± 10.49

Flexor carpi radialis

FCR

CDF

0.26 ± 0.20

0.78 ± 0.19

19 ± 7

0.29 ± 0.18

8.56 ± 5.22

Flexor carpi ulnaris

FCU

CDF

0.25 ± 0.20

0.68 ± 0.19

35 ± 7

0.27 ± 0.19

8.09 ± 5.70

Palmaris longus

PaL

CDF

0.20 ± 0.16

0.82 ± 0.20

20 ± 6

0.20 ± 0.14

5.98 ± 4.08

Flexor dig. Superficialis

FDS

CDF

0.21 ± 0.14

0.95 ± 0.23

20 ± 11

0.18 ± 0.12

5.49 ± 3.53

Flexor dig. Profundus

FDP

CDF

1.76 ± 1.26

0.98 ± 0.24

25 ± 7

1.41 ± 0.83

42.36 ± 24.51

Pronator teres

PrT

PRO

0.20 ± 0.13

0.74 ± 0.13

24 ± 6

0.22 ± 0.13

6.52 ± 3.95

Pronator quadratus

PrQ

PRO

0.05 ± 0.03

0.40 ± 0.09

NA

0.11 ± 0.07

3.22 ± 2.21

Supraspinatus

Sup

HP

1.80 ± 1.22

1.07 ± 0.27

25 ± 5

1.41 ± 0.82

42.37 ± 24.28

Biceps brachii

BiB

HP/EF

0.56 ± 0.41

1.06 ± 0.30

16 ± 6

0.47 ± 0.28

13.96 ± 8.32

Brachialis

Bra

EF

0.68 ± 0.45

1.13 ± 0034

22 ± 7

0.51 ± 0.28

15.33 ± 8.32

Extensor carpi radialis

ECR

CDE

0.55 ± 0.34

1.05 ± 0.32

22 ± 6

0.46 ± 0.27

13.95 ± 8.00

Extensor dig. Communis

EDC

CDE

0.38 ± 0.25

1.01 ± 0.18

19 ± 8

0.33 ± 0.20

10.02 ± 6.03

Extensor dig. Lateralis

EDL

CDE

0.09 ± 0.07

0.86 ± 0.27

10 ± 10

0.10 ± 0.08

3.11 ± 2.45

Extensor carpi ulnaris

ECU

CDE

0.16 ± 0.10

0.72 ± 0.19

16 ± 8

0.22 ± 0.16

6.63 ± 4.84

Abductor digiti I longus

AbdL

CDE

0.10 ± 0.07

0.68 ± 0.22

NA

0.15 ± 0.11

4.40 ± 3.17

Supinator

Spr

SUPI

0.10 ± 0.07

0.57 ± 0.20

NA

0.18 ± 0.19

5.35 ± 5.71

Standard deviations displayed and the abbreviations of all the muscles that are used throughout the study. NA in pennation angle represents muscles that
display parallel fibers and no pennation.
Abbreviations: SS = Scapula stabilization; HR = humeral retraction; EE = elbow extension; CDF = carpal/digital flexion; PRO = pronators; HP = humeral protraction; EF = elbow flexion; CDE = carpal/digital extension; SUPI = supinators.

FIGURE 1

Musculature of the forelimb muscles of the Quenda (Isoodon fusciventer). Each colour represents a different functional muscle group.
(a) Superficial medial view altered from (Warburton, Grégoire, et al., 2013) and (b) superficial lateral view. Abbreviations: BiB = Biceps brachii; bra
= Brachialis; Del acr & Del spi combined for Delt = Deltoideus; ECR = Extensor carpi radialis; ECU = Extensor carpi ulnaris; EDC = Extensor
digitorum communis; EDL = Extensor digitorum lateralis; FCR = Flexor carpi radialis; FCU = Flexor carpi ulnaris; FDP = Flexor digitorum
profundus; FDS = Flexor digitorum superficialis; Inf: Infraspinatus; LtD = Latissimus dorsi; Pec = Pectoralis; PrT = Pronator teres; sub =
Subscapularis; sup = Supraspinatus; TFA = Tensor fascia antebrachii; TMj = Teres major; TLn & TMd combined for TrB = Triceps brachii

5

MARTIN ET AL.

which slopes were significantly different from the geometric slope

There were negligible sex differences in forelimb muscle architec-

(Benjamini & Hochberg, 1995) to control for Type 1 errors. Mann–

tural properties (analysis of covariance testing for sex differences in the

Whitney U test was used to compare the slopes (β) of power stroke and

scaling relationships with mb for each of the three muscle architecture

recovery stroke muscles.

measures [mm, FL, PCSA] of the 29 individual forelimb muscles;

Values are presented as means ±1SD throughout.

Figure 3). Only one relationship (of the total 87 total measurements analysed) showed a significant sex effect (muscle mass of the tensor fascia
antebrachii [TFA]; p = 0.027), which had a significantly steeper slope

3 | RESULTS

(positive allometry) in males than females. Sex was included as a factor
in the analyses of slopes to account for any potential sex differences,
although the sex effect will not be described in any further detail.

3.1 | Is there a significant sex difference in forelimb
development?
In our sample, male Quenda specimens (1,041 ± 667 g, range
124–2,390 g, n = 21) were not significantly larger than females
(810 ± 356 g, range 208–1,320 g, n = 13; t32 = −1.15 p = 0.259). The
mean total forelimb mass for our sample of Quenda was 43.2 ± 29.6 g
(male) and 31.2 ± 15.0 g (female), which accounts for 4.0 ± 0.5% (male)
and 3.8 ± 0.3% (female) of the total body mass. There was no significant
sex difference in total forelimb mass (t32 = −1.65 p = 0.109).
Forelimb muscle mass was distributed in a proximal-distal gradient,
with larger muscles positioned closer to the shoulder joint (Table 2).
Nearly half of the forelimb mm was attributed to humeral retraction (HR,

3.2 | Do digging power stroke muscles show greater
positive allometry compared with recovery stroke
muscles?
Forelimb muscle masses (mm) were strongly correlated with mb; 26 of
the 29 muscles had correlation coefficient values r > 0.90 (Table 3).
The slopes for all of the muscles except flexor carpi radialis (FCR) were
greater than 1, and only half the muscles had 95% confidence intervals that included the line of geometric similarity (β = 1; Figure 4). The
slopes for six muscles (all classed as main movers in the power stroke
of scratch-digging) were statistically different from β = 1.
Compared with the muscle mass values, measures of FL, generally

40.4 ± 3.36%), while scapula stabilization (SS, 29.2 ± 3.46%), elbow

showed weaker correlations with mb (most muscles had r < 0.60;

extension (EE, 13.6 ± 1.25%) and carpal/digital flexion (CDF,

Table 3). The majority of forelimb muscles had slopes steeper than

6.03 ± 0.58%) contributed the next three largest proportions of the

β = 0.33 (the value reflecting geometric similarity for this linear measure)

forelimb mass; the other five functional group each contributed less

indicating they may be developing with positive allometry. Only five of

than 5% of the forelimb mass (Figure 2). Males and females had a

these muscles were statistically significantly different from a slope of

slightly different distribution of muscles throughout the limb (Figure 2).

0.33 (Figure 4); four muscles (of 20) were associated with the power

Compared with females, males had relatively heavier forearm muscles:

stroke, and one (of nine) in the recovery stroke of scratch-digging.

elbow flexors (EF) and extensors (EE), carpal/digital flexors (CDF),
humeral protractors (HP), and the pronators (PRO).

FIGURE 2

Values of PCSA for all muscles were significantly correlated with
mb, with the majority of the muscles (25/29) having correlation

Average (±1SD) proportions of total forelimb muscle mass represented by each of the nine functional groups. Functional groups are
separated into muscles associated with either the power stroke or recovery stroke in scratch-digging and ordered from proximal to distal muscle.
There were sex differences in distribution of muscle mass (t test), and therefore the data are shown organized by sex where * p < .05, ** p < .01,
*** p < .001. Functional group abbreviations are defined in Table 2. Black bars: Male, gray bars: Female. Functional groups are ordered proximal
to distal
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FIGURE 3

Relationship between total body mass muscles architectural properties plotted on a log scale. Total muscle architectural properties are
calculated by summing the muscle property values for all the individual muscles. (a) Total forelimb mass (g), (b) total fiber length (cm), (c) total
PCSA (cm−2), and (d) total isometric force (Fmax; Ncm−2). All the four muscle architectural properties showed a strong positive relationship with
total body mass. Black squares: Males, Gray diamonds: Females

coefficient values >0.8 (Table 3). Of the 29 muscles, 18 had slopes that

The scaling slopes of the muscles associated with the power

were significantly different from 0.67 (geometric similarity for this area

stroke of digging, and muscles associated with the recovery stroke of

measure) indicating that they increased with strong positive allometry.

digging were not significantly different for the muscles masses

Both muscles that are main movers in the power stroke, and muscles

(Zn = 20,9 = 0.660, p = 0.509) and FL (Zn = 20,9 = 0.825, p = 0.409), how-

associated with the recovery stroke of digging, showed positive

ever, the scaling slopes of PCSA showed a significant difference

allometry.

between the muscles associated with the two phases of scratch-

The slope of isometric force (Fmax) was significantly correlated with mb
and about a third of the muscles (11/29) had significantly different slopes

digging (Zn = 20,9 = −2.71, p = 0.007) with shallower slopes for muscles
active during the power stroke of scratch-digging.

from 1.0 (mechanical similarity). Ten of the muscles statistically different
from mechanical similarity were active during the power stroke, while brachialis (BRA) was the only muscle active during the recovery stroke.

4 | DI SCU SSION

The Quenda forelimb had some muscles that had relatively
greater PCSA and long FL that indicated the capacity for greater

We have presented the first study on ontogenetic scaling of the forelimb

power (Figure 5). The pectoralis (Pec), triceps brachii (TrB) and serra-

muscle architectural properties in a digging mammal, using 34 Quenda

tus ventralis (SeV) occupied the high power quadrant, while no mus-

across a large range of body masses. In our study, the majority of muscle

cles were in the force-specialized quadrant. While the larger muscles

PCSA values scaled with positive allometry, while mm and FL primarily

acting across the shoulder joint are expected to be more powerful, we

showed isometry. During growth, there appears to be strong investment in

saw that the largest elbow extensor, triceps brachii (TrB), was more

muscles associated with the power stroke of scratch-digging, and these

powerful that the shoulder stabilizers and humeral retractors such as

muscles account for 90% of the total forelimb muscle mass (range between

the latissimus dorsi (LtD) and rhomboideus (Rho).

88 and 91%).
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SUPI = Supinators.
Results with significant p-values are highlighted in bold which indicated that the muscle scaling relationship is significantly different to isometry. p-values with a * are p-values that are no longer significant using the
FDR. Muscles are separated into muscles associated with the power stroke or the recovery stroke of scratch-digging, and within these two groups muscles are ordered as proximally to distally placed muscles.
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Regression analysis results for the log-transformed muscle architecture properties vs. log-transformed total body mass of the Quenda (Isoodon fusciventer) forelimb muscles. The lower and upper
95% confidence intervals demonstrate the scaling relationship–gray-shaded cells highlight where the confidence intervals range did not included the line representing isometry
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FIGURE 4 The 95% confidence intervals for scaling slopes of forelimb log architectural properties on log total body mass in Quenda (Isoodon
fusciventer). Blue squares indicate the regression slopes for muscle mass (mm); pink circles indicate regression slopes for PCSA; and purple
diamonds indicate regression slopes for fiber length (FL). The error bars show the upper and lower 95% confidence intervals, and dashed lines
indicate the relevant value for isometry. Muscles are separated into muscles associated with the power stroke or recovery stroke of scratchdigging as well as ordered as most proximally placed muscles to most distally placed muscles. Majority of the muscle masses and PCSA slopes are
scaling above isometry, while the FL are scaling closer to isometry

FIGURE 5

Functional space plot (fiber length vs. PCSA) for muscles in the forelimb of Quenda, Isoodon fusciventer. Normalized PCSA is
normalized to body mass(0.67) and normalized FL is normalized to body mass(0.33). Data points are means with no error bars shown. Quadrant
definitions were based off the literature (Allen et al., 2010; Böhmer, Fabre, Herbin, Peigné, & Herrel, 2018; Channon, Günther, Crompton, &
Vereecke, 2009; Dick & Clemente, 2016). High force is defined as high PCSA and shorter fiber length to produce large forces over a small
working range. High power is defined as long fibers and high PCSA therefore muscles capable of producing high forces over a large working
range. High shortening velocity is defined as relatively longer fibers with a small PCSA with the muscles produce a small force but contract over a
longer distance. Generalized muscles have relatively small force production and fiber lengths
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4.1 | Isometry and some muscles of positive
allometry in muscle mass throughout the forelimb
The majority of the muscle masses in the Quenda forelimb scaled with
isometry, while only one fifth scaled with positive allometry, which
suggests that relative muscle size does not change throughout body
size growth. Previously published studies have found that generally
muscles tend to scale with positive allometry during ontogenetic

serratus ventralis (SeV) have positive allometry with body mass. These
muscles have relatively long fibers generally, and thus the fact that
these scale with positive allometry suggests that they become capable
of producing relatively greater power as the animal grows. FL also
scaled with positive allometry in tensor fascia antebrachii (TFA), pronator quadratus (PrQ), and extensor carpi ulnaris (ECU), suggesting
that these muscles rely on FL and therefore shortening velocity for
greater power generation.

growth, although findings of isometric scaling are often common
(Allen et al., 2010; Lamas et al., 2014; Marchi, Leischner, Pastor, &
tive allometry of muscles is found in hindlimbs where the interpreta-

4.3 | Strong positive allometry in PCSA for majority
of forelimb muscles

tion has been than more forceful hindlimb muscles are required for

The majority of muscles had positive allometry of PCSA consistent

behavior such as escape locomotion (Marchi et al., 2018). Given the

with other studies (Cuff et al., 2016; Dick & Clemente, 2016; McGo-

strong anatomical patterns consistent with adaptation to digging in

wan et al., 2008). This suggests that combinations of factors are

the Quenda (Warburton, Grégoire, et al., 2013), we might have

involved with the change in muscle force generation as Quenda grow.

expected that more muscles would scale with positive allometry. Con-

The 18 muscles that were significantly different from isometry

sistent with this hypothesis, we found that the six muscles scaled with

(i.e., scaled with positive allometry) included half the muscles classified

positive allometry were all muscles that acted as main movers in the

as main movers of the power stroke (9/20) and all of the muscles

power stroke of scratch-digging. Latissimus dorsi (LtD) and serratus

associated with the recovery stroke of scratch-digging (9/9).

Hartstone-Rose, 2018; McGowan, Skinner, & Biewener, 2008). Posi-

ventralis (SeV) were two of the largest proximal placed muscles, and

As animals grow larger, there are likely to be additional pressures

grew with positive allometry. These two muscles would allow the

on force production for other behavior including locomotion and the

forelimb to retract with a large force against the resistance of the soil,

need for balancing large scratch-digging forces with antagonistic

and to stabilize the scapula during the power stroke of digging,

forces to help stabilize joints. Positive allometry in PCSA has been

respectively.

found in a range of other studies on ontogenetic scaling of muscles

In the distal forelimb, Quenda have relatively massive carpal and

(Allen et al., 2010; Lamas et al., 2014) and is generally interpreted as

digital flexor muscles. This is consistent with patterns found in other

larger animals requiring relatively greater forces than predicted to sup-

scratch-digging mammals such as the American badger (Taxidea taxus),

port a heavier body mass and muscles involved in locomotion.

in order to stabilize the carpus during the power stroke of scratch-

It is interesting that all the muscles associated with the recovery

digging (Moore et al., 2013; Warburton, Grégoire, et al., 2013). In

stroke showed positive allometry, but not all muscles associated with

Quenda, the large flexor digitorum profundus (FDP) grew with positive

the power-stroke of scratch-digging did. This significant difference in

allometry and thus would be able to produce an increasing large force

slope was opposite of our hypothesis that the main movers of the

as the animal grows in comparison to the smaller muscles of the forearm

power stroke of scratch-digging would be more likely to grow with

that grew with isometry. The FDP is the largest muscles of the forearm,

positive allometry. While at first, this may appear to suggest differen-

and its increasing relative mass is indicative of its primary role in carpal

tial investment in force production, it could reflect the action of mus-

and digital flexion against the resistance of the soil during digging.

cles in different regions of the limb. The muscles in the recovery
stroke in general are smaller in mass, but may increase their potential

4.2 | Fiber length primarily shows isometry with
total body mass

force production by modifying their pennation angle in order to

We found that FL primarily scaled with isometry, and of the five mus-

growth of FL, however generally have a pennation angle of greater

cles in which FL scaled with positive allometry were not confined to

than 15 . This allows them to produce a large force from their rela-

either the power-stroke (n = 3) or recovery phases (n = 2) of scratch-

tively small muscle mass. In contrast, the main movers of the power

digging. This is consistent with other ontogenetic studies that have

stroke have greater capacity to increase potential force production by

found that FL generally scales isometrically within species (Allen et al.,

increasing muscle mass and/or fiber length.

increase the number of fibers into a given volume (Zajac, 1992). The
carpal and digital flexors and extensors (CDF and CDE) had isometric

2010). However, as FL is proportional to shortening velocity, longer

A trade-off between force (PCSA) and speed of contraction

fibers shorten at greater velocity and therefore are capable of greater

(FL) was seen between the smaller forearm muscles (force specialized),

power generation, difference in FL between species have been linked

and the larger muscles closer to the shoulder that showed relatively

to differences in function (Lieber & Ward, 2011; Rose, Nudds, &

longer FL in the Quenda. This trade-off is common, for example, in

Codd, 2016). It has been suggested that positive scaling of FL is often

jaw muscles (Hartstone-Rose, Perry, & Morrow, 2012) and hindlimbs

associated with muscles for which there is a strong functional signal

(Marchi et al., 2018) as larger animals have different functional pres-

for particular behavior (i.e., differing diets, different locomotor styles)

sures than smaller species. The positive allometry in PCSA of the pri-

(Leischner et al., 2018). As such, we might expect that if larger

mate's forelimbs combined with isometry in FL, suggest that larger

Quenda are digging to a greater extent that FL should have increased

species rely on stronger forearms while smaller species have relatively

with positive allometry. We found that FL of pectoralis (Pec) and

faster and more flexible forearms (Leischner et al., 2018). A similar
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case was made for interspecific variation in the forelimb muscles of

most commonly used method is using 95% confidence intervals to

felids (Cuff et al., 2016); however, after a phylogenetic correction was

assess the spread of data points around the regression line, and are

performed, these results were not significant. Our results were consis-

classed as isometric if the upper and lower confidence intervals

tent with the literature and shows the trade-off which allows rela-

include the relevant value for isometry, that is, mass: 1.0, lengths:

tively smaller muscles to be force specialized.

0.33, areas (volumetric property): 0.67 (Allen et al., 2010; Lamas et al.,
2014). In comparison, raw values of mm, FL, and PCSA are trans-

4.4 | Positive allometry in Fmax for one third of
muscles

formed by the value of isometry so that predicted regression slopes
would be equal to 1.0 (Leischner et al., 2018), or alternatively the raw
values are tested against the relevant value of isometry (our study;

The isometric hypothesis states that for mechanical similarity, isomet-

Cuff et al., 2016). The second less common method requires the cal-

ric force (N) scales with total body mass to the power of 1.0

culated slope to be statistically tested against the isometric slope

(Economos, 1982; Kokshenev, 2008; Rose, 2014). One third (11/29)

(geometric similarity). Scaling studies will have multiple measures per

of Quenda forelimb muscles scaled with positive allometry including

individual, therefore associated Type 2 errors, which are not con-

half of the power stroke muscles, and one recovery stroke of digging

trolled when the 95% confidence intervals is the only method of

muscles. The remaining two thirds of forelimb muscles in the Quenda

assessing the allometric relationship with the size component

are mechanically similar and thus force production remains the same

(Benjamini & Hochberg, 1995). We suggest using a statistical test to

through ontogeny.

assess the validity of claims of geometric similarity, or positive/nega-

In Quenda, we primarily found mechanical similarity across the
range of total body sizes. This suggests that smaller body size is not

tive allometry in addition to using the 95% confidence intervals in further scaling studies.

necessarily a disadvantage for smaller animals. In contrast, studies on
jackrabbits (Lepus californicus), musk-ox (Ovibos moschatus), and capuchin monkeys (Cebus spp.) have found that juveniles appear to be

4.7 | Limitations of this study

“over-built” in their musculoskeletal features to compensate for their

Using wild-derived specimens that died of natural causes or as a result

smaller overall body size (Carrier, 1983; Heinrich, Ruff, & Adamc-

of a road accident or dog/cat attack allowed us to collect a large sam-

zewski, 1999; Torzilli, Takebe, Burstein, & Heiple, 1981; Young,

ple size, although there was variation in decomposition and damage to

2005). These studies were principally related to hindlimbs and thus

the bodies. Specimens were limited to those in the best condition and

reflect adaptation for locomotion. Although the isometric force pro-

steps were taken to reduce these sources of variation. Specimens

duction of small Quenda is absolutely lower than the large individuals,

were frozen as soon as possible to stop decomposition; however, time

it is unclear to what extent this relates to their digging performance.

of death to freezing in some roadkill specimens was longer than

Data regarding the propensity to dig, the depth of diggings and the

euthanized animals. Fixation was required due to the nature of the

substrate selection between small and large individuals might reveal

specimens; to ensure decrease of mm and FL and allow comparison to

differential

fresh-thawed studies, the data was corrected using the correction fac-

behavior

that

could

be

associated

with

muscle

development.

tors proposed by Kikuchi and Kuraoka (2014). We also note that some
animals were from areas where supplementary feeding (i.e., by mem-

4.5 | No sex differences in forelimb muscle mass and
architecture

bers of the public) is reported, and as such these animals were potentially overweight (Hillman, Lymbery, Elliot, & Thompson, 2017).
Despite these limitations, wild-derived specimens allowed collection

There was negligible difference between males and females in fore-

of a larger number of individuals that would otherwise have been

limb architecture, although sexual dimorphism is known for this spe-

available, and thus to provide a robust test for intraspecific variation

cies (Warburton & Travouillon, 2016). Differential muscle growth is

that is often lacking in comparable studies.

reported in species where male–male competition involves fighting
with the forelimbs (Martin et al., 2018; Warburton, Bateman, & Fleming, 2013). However, in bandicoot species, male–male fighting

5 | CONC LU SIONS

involves primarily biting (Johnson, 1989; Stodart, 1966), and is
reflected in dimorphism in the dentition for some species, including
the Quenda (Flores, Abdala, & Giannini, 2013; Travouillon, Archer,
Hand, & Muirhead, 2015; Warburton & Travouillon, 2016). Negligible
sexual dimorphism in forelimb musculature in the Quenda is therefore
not unexpected.

We present the first ontogenetic scaling study of forelimb muscle
properties in a scratch-digging mammal. In this marsupial, we found
that the force production may be the driving factor in larger individuals benefitting from stronger forelimb muscles, while the smaller individuals rely on relatively faster or more flexible forelimbs for their
scratch-digging. The mechanical similarity hypothesis was accepted in

4.6 | Further considerations

two thirds of the forelimb muscles as the maximum isometric force
(N) scaled with isometry (slope 1.0). The other third of muscles (half of

The method of determining if two properties are considered geometri-

the main movers of scratch-digging) scaled with positive allometry.

cally similar (isometric pattern) or scale with positive or negative

This suggests that forelimb muscles force production remains the

allometry has been fairly consistent throughout the literature. The

same through ontogeny for two thirds of the muscles. We have also
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made recommendations for methods of scaling assessment for future
studies.
Our study emphasizes the importance of intraspecific variation in
morphological studies and quantified the ontogenetic muscle architecture. Our results propose questions around the functional behaviors
of juveniles in comparison to adults, such as habitat selection and
scratch-digging frequencies that can be ultimately tested by behavioral studies.
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