The stapes of stem and extinct Marsupialia: implications for the ancestral condition
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MATERIALS

Sipalocyon gracilis (MACN-A 5952) is a fragmentary cranium preserving a left petrosal and a broken left dentary, collected by C. Ameghino from the Puesto Estancia La Costa at Corriguen Aike, Santa Cruz Province, Argentina (Santa Cruz Formation, early Miocene, Santacrucian age). The left stapes fell into the petrosal labyrinth post mortem. S. gracilis (AMNH VP-9254) is a complete cranium and partial dentary collected near the Estancia Felton at Killik Aike, Santa Cruz Province, Argentina (Santa Cruz Formation, early Miocene, Santacrucian age). This specimen was first described by Sinclair (1906; = Amphiproviverra manzaniana) and its basicranial region further investigated by Archer (1976; = Thylacodictis manzaniana). Because of its exquisite preservation, this specimen has been used as a reference for the anatomy of the species in recent contributions (e.g., Muizon et al., 2018; Forasiepi et al., 2019). Only the right stapes is preserved inside the petrosal. 

Borhyaena tuberata (YPM-PU 15120) is a complete cranium and partial postcranial material collected by O. A. Peterson 15 km south of Coy Inlet, Santa Cruz Province, Argentina (Santa Cruz Formation, early Miocene, Santacrucian age). It was described by Sinclair (1906; = B. excavata) and its right petrosal was removed for study by Archer (1976; see also Muizon et al., 2018; Forasiepi et al., 2019). 

Arctodictis sinclairi (MLP 85-VII-3-1) is an almost complete skeleton collected by J. C. Quiroga in Gran Barranca, Chubut Province, Argentina (Sarmiento Formation, early Miocene, Colhuehueapian age). The specimen was described by Forasiepi (2009). The right petrosal was preserved detached from the skull and the associated stapes was found inside it.

The two extinct didelphomorphians come from the Pampean region and were originally described by Goin (1991). Sparassocynus bahiai (MACN-PV 2927) is a partial cranium with associated dentaries and partial postcranial elements, collected in Monte Hermoso, Buenos Aires, Argentina (Monte Hermoso Formation, early Pliocene, Montehermosan age). Thylophorops cf. T. chapalmalensis (MACN-PV 6644) is a partial cranium with the basicranial region preserved and partial postcranial elements collected by C. Ameghino in 1916 in Miramar, Buenos Aires Province, Argentina (Chapalmalal Formation, mid- Pliocene, Chapadmalalan age). Both didelphimorphian retain their right stapes.

Argyrolagus scagliai MMP 5538 is a partial left cranium associated with other elements, including the left stapes within the auditory bulla (material collected by M. Taglioretti at the Chapadmalal-Miramar region, Buenos Aires, Argentina; Chapadmalal Formation, mid- Pliocene, Chapadmalalan age). The basicranium of this specimen was illustrated (but not described in detail) by Beck (2017: fig. 12c). Skull anatomy of Argyrolagus scagliai was earlier studied by Simpson (1970).
TABLE S1. Scan parameters for specimens. The total slices correspond to stack in transverse axis.

	Taxon
	Specimen
	Slice thickness [µm]
	Voltage [kV]
	Amper [µA]
	Slice resolution [pxl]
	Total slices

	Arctodictis sinclairi
	MLP 85-VII-3-1
	20.01
	100
	100
	788 × 856
	522

	Argyrolagus scagliai
	MMP 5538
	12.67
	90
	140
	1308 × 1527
	2282

	Borhyaena tuberata
	YPM-PU 15120
	11.28
	130
	140
	1140 × 886
	1431


TABLE S1. (Continued)

	Caenolestes sp.
	IANIGLA uncatalogued
	10.00
	70
	114
	2048 × 2048
	1436

	Dromiciops gliroides
	MACN-Ma 23607
	12.67
	90
	140
	1152 × 1075
	1800

	Sipalocyon gracilis
	AMNH VP-9254
	69.36
	170
	190
	1037 × 593
	1648

	Sipalocyon gracilis
	MACN-A 5952
	16.27
	100
	100
	824 × 708
	523

	Sparassocynus bahiai
	MACN-PV 2927
	32.32
	100
	260
	1086 × 743
	2020

	Thylophorops cf. T. chapalmalensis
	MACN-PV 6644
	24.31
	135
	300
	1651 × 1790
	1698


STAPES SHAPE

To classify the stapes shape, three values are compared. These quantify the maximum stapedial body width at three different positions in dorsal view as presented in figure S1. This classification disregards the presence or absence of the intracrural foramen in an attempt to quantify stapedial shape independent of this feature. The first width (W1) is measured at the union of the body and head of the stapes; it excludes, when present, the muscular process for stapedial muscle attachment (figure S1; HB in red). The second (W2) is measured at the contact of the body and stapedial footplate (figure S1; FB in blue). The third (W3) is taken at the mid-point of body height (figure S1; asterisk on the green line), perpendicular to the plane of the body (figure S1; MB in green). The body plane (figure S1; PB) is constructed by two points taken at mid-points of the two widths previously measured (figure S1; asterisks on the red and blue lines). The three widths are compared as follows:
1. W1 at the base of the head is smaller than W2, and W2 at mid-body height is smaller than W3 at the footplate (figure S1; A, triangular stapes);

2. W1 at the base of the head is larger or equal to W2, and W2 at mid-body height is much smaller (<2/3 of the footplate maximal length) than W3 at the footplate (figure S1; B, columelliform stapes);

3. W1 at the base of the head is much smaller (1/2 of the body width at the footplate) than W2, W2 at mid-body height is subequal to W3 at the footplate (figure S1; C, stirrup-shaped stapes);

4. All three widths (W1, W2, W3) are subequal (figure S1; D, quadrate stapes).

[image: image1.png]We < We< W We2 We<< We
triangular columelliform

— el P

T

We << W.z We We= V\I/oz We
stirrup-shaped quadrate




FIGURE S1. Stapes morphology in dorsal view. A, triangular stapes (e.g., Didelphis, Equus, Sipalocyon); B, columelliform stapes (e.g., Thylacinus, Tachyglossus, Argyrolagus); C, stirrup-shaped stapes (e.g., Homo, Erinaceus); D, quadrate stapes (e.g., Bos, Antilocapra, Chaoyangodens). HB, MB, and FP (defined blow) are the minimum crural width measurements used to classify stapes shapes (see text and Supplementary Data 1 for measurement precisions). Some combinations are never encountered in the groups examined here (e.g., HB > MB > FP) and are thus not illustrated. Abbreviations: PB, plane of the stapedial body, HB, line taken at the base of the head, MB, line taken at mid-height of the stapedial body, FP, line taken at the stapedial footplate, W, Width of the body.

STAPES MEASUREMENTS
TABLE S2. Stapes measurements. Angles are measured in degrees, frequencies in kiloHerz, and all other values in millimeters. Frequencies are estimated from the equation of Rosowski (1992; 1 in table) and Rosowski and Greybeal (1991; 2 in table). Stapedial footplate area follows Fleischer (1973). Abbreviations: (AC, angle of incline of the anterior crus, (B , angle of incline of the body, ACr, anterior crus to body height ratio, Afp, stapedial footplate area, (PC, angle of incline of the posterior crus, βD, angle of crural divergence, BF, best frequency, BSr, body height to stapes height ratio, CCBr, mean crura length or crus length to body height ratio, HB, height of body, HF, high frequency limit; HICF, height of intracrural foramen, HNC, height of neck, HS, height of stapes, ICFr, intracrural foramen ratio (height/width), ICTD, intercrural tympanic distance, ICVD, intercrural vestibular distance; LAC, length of the anterior crus, LCC, mean length of the crura, LF, low frequency limit, LFP, length of footplate, LPC, length of the posterior crus, PCr, posterior crus to body height ratio, SrS, stapedial ratio, VDFPr, vestibular distance to footplate length ratio, WAC, width of the anterior crus, WCC, total width of the crura, WICF, width of intracrural foramen, WFB, width of the body at the footplate, WFP, width of footplate, WHB, width of the body at the contact with the head, WMB, width of the body at mid-height of the body, WPC, width of the posterior crus; -, not measurable, /, not applicable.
	Taxon
	Arctodictis sinclairi
	Borhyaena tuberata
	Sipalocyon gracilis
	Sipalocyon gracilis
	Sparassocynus bahiai
	Thylophorops cf. T. chapalmalensis
	Dromiciops gliroides
	Argyrolagus scagliai
	Caenolestes sp.


TABLE S2. (Continued)
	Specimen
	MLP 85-VII-3-1
	YPM-PU 15120
	AMNH VP-9254
	MACN-A 5952
	MACN-PV 2927
	MACN-PV 6644
	MACN-Ma 23607
	MMP 5538
	IANIGLA uncatalogued

	HS
	-
	-
	0.96
	0.93
	0.78
	0.91
	0.68
	0.66
	0.38

	WHB
	0.39
	-
	0.36
	0.15
	0.17
	0.29
	0.18
	0.11
	0.16

	WMB
	-
	-
	0.42
	0.39
	0.27
	0.39
	0.21
	0.07
	0.09

	WFB
	-
	0.93
	0.70
	0.66
	0.53
	0.66
	0.55
	0.26
	0.33

	HB
	-
	-
	0.62
	0.69
	0.46
	0.72
	0.50
	0.52
	0.28

	BSr
	-
	-
	0.65
	0.74
	0.59
	0.79
	0.74
	0.79
	0.74

	(B
	-
	-
	92
	82
	89
	91
	92
	104
	95

	HNC
	0.39
	-
	0.21
	0.21
	0.10
	0.27
	0.31
	/
	/

	LAC
	0.49
	-
	0.41
	0.51
	0.39
	0.45
	0.20
	/
	/

	WAC
	0.14
	-
	0.10
	0.08
	0.06
	0.06
	0.08
	/
	/

	ACr
	-
	-
	0.66
	0.74
	0.85
	0.63
	0.40
	/
	/

	(AC
	-
	-
	94
	78
	103
	99
	104
	/
	/

	LPC
	-
	-
	0.45
	0.43
	0.39
	0.44
	0.20
	/
	/


TABLE S2. (Continued)
	WPC
	
	-
	0.14
	0.09
	0.08
	0.11
	0.09
	/
	/

	PCr
	-
	-
	0.73
	0.62
	0.85
	0.61
	0.40
	/
	/

	(PC
	-
	-
	109
	115
	103
	102
	112
	/
	/

	LCC
	
	-
	0.43
	0.51
	0.39
	0.45
	0.20
	/
	/

	WCC
	
	-
	0.24
	0.17
	0.14
	0.17
	0.17
	/
	/

	CCBr
	
	-
	0.69
	0.74
	0.85
	0.62
	0.40
	/
	/

	ICTD
	0.24
	-
	0.25
	0.19
	0.14
	0.23
	0.15
	/
	/

	ICVD
	-
	0.64
	0.43
	0.46
	0.29
	0.40
	0.27
	/
	/

	βD
	-
	-
	27
	39
	23
	23
	42
	/
	/

	HICF
	-
	-
	0.38
	0.48
	0.29
	0.38
	0.18
	/
	/

	WICF
	-
	-
	0.23
	0.30
	0.18
	0.30
	0.13
	/
	/

	ICFr
	-
	-
	1.65
	1.60
	1.61
	1.27
	1.38
	/
	/

	LFP
	-
	1.18
	0.82
	0.82
	0.82
	0.78
	0.79
	0.47
	0.40

	WFP
	-
	0.74
	0.50
	0.51
	0.47
	0.47
	0.39
	0.31
	0.30

	SrS
	-
	1.59
	1.64
	1.61
	1.74
	1.66
	2.03
	1.52
	1.33


TABLE S2. (Continued)
	Afp
	-
	0.87
	0.41
	0.42
	0.38
	0.37
	0.31
	0.15
	0.12

	VDFPr
	-
	1.84
	1.91
	1.78
	2.83
	1.95
	2.93
	/
	/

	LF1
	-
	0.5
	1.1
	1.0
	1.1
	1.2
	1.5
	3.3
	4.1

	LF2
	-
	0.5
	1.1
	1.1
	1.2
	1.3
	1.6
	3.6
	4.4

	BF1
	-
	6.6
	9.9
	9.8
	10.2
	10.4
	11.4
	16.9
	18.7

	BF2
	-
	6.4
	10.6
	10.5
	11.1
	11.4
	12.8
	21.0
	23.9

	HF1
	-
	35.9
	48.6
	48.2
	49.8
	50.8
	54.4
	73.4
	79.4

	HF2
	-
	42.0
	55.1
	54.7
	56.4
	57.4
	61.1
	80.0
	85.8


STAPEDIAL CHARACTERS

Characters and character states used to describe the stapes morphology are defined as follows:
Stapes, shape: (0) quadrate, (1) triangular, (2) columelliform or (3) stirrup or horse-shoe shaped (modified from O’Leary et al., 2013).

Stapes, height relative to footplate width: (0) tall, height exceeding greatest width of the footplate (1) short, height equals to or less than greatest width of footplate (O’Leary et al., 2013).
Stapedius muscle process: (0) distinct, (1) indistinct (modified from O’Leary et al., 2013).
Stapedius muscle process, position: (0) on the head, (1) on the neck, (2) on the crus (Archibald, 1979).

Crura, length relative to body: (0) high, with crural length more than half the height of the body, (1) short, with crural length equal to or less than half the height of the body. 

Crura, curvature: (0) straight, (1) concave, (2) straight on one side and concave or convex on the other (= bimorphic) (O’Leary et al., 2013).

Crura, position taken at the center of each crus: (0) symmetric, both crura are equally distant from the stapedial footplate margin, (1) asymmetric, one crus more marginal than the other (modified from Schultz et al., 2018).

Body, height relative to footplate length: (0) tall, height exceeding 2/3 of the greatest length of the footplate, (1) short, height equal to or less than 2/3 of the greatest length of footplate.
Intracrural foramen: (0) present, (1) absent (O’Leary et al., 2013).

Intracrural foramen, size relative to crural width: (0) microperforated, (1) total crural width wider than foramen (= small), (2) total crural width subequal to or narrower than foramen width (= large). (O’Leary et al., 2013).

Stapedial footplate, vestibular surface shape: (0) flat, (1) concave, (2) convex or bullate, (3) hollow (modified from Sánchez-Villagra and Nummela, 2001).

Stapedial footplate, roundness: (0) round (<1.8) or (1) oval (>1.8) (Rougier et al., 1998).

PHYLOGENETIC OPTIMIZATION OF STAPEDIAL CHARACTERS
In order to reconstruct the ancestral state of the stapes in Marsupialia and Metatheria, three characters were optimized in the context of mammalian phylogeny: stapedial footplate roundness, intracrural foramen presence, and stapes shape. Character reconstruction is optimized by parsimony and two different Markov models of likelihood (symmetrical and asymmetrical models). 
Table S3 presents the character matrix used for the optimization analysis. Relevant information comes mostly from the material available for this study (see main text for stapedial descriptions). Branch lengths for extant marsupials were calculated from Mitchell et al. (2014) and estimated for fossils based on Beck (2008), Beck and Taglioretti (2019), and Weisbecker et al. (2021) (see Figure S2). Table S4 provides optimization results and Figures S3 and S4 illustrate each resulting tree. The ancestral stapes of Marsupialia is reconstructed with an intracrural foramen and a round stapedial footplate. Because of lack of information on basalmost metatherians, stapes shape could not be optimally reconstructed (see main text for discussion).
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FIGURE S2. Phylogenetic tree with branch length in Million years used for the optimization with A. scagliai related to A, the Paucituberculata and B, the Microbiotheria. LC refers to Late Cretaceous.

TABLE S3. Optimization character matrix. Stapedial footplate, round (0) or oval (1); intracrural foramen, present (0) or absent (1); stapes shape, quadrate (0), triangular (1), or columelliform (2). Late Cretaceous Eutheria is based on specimen USNM  215118, likely assigned to Protungulatum donnae from the Late Cretaceous of Montana, USA (Archibald, 1979) 
	Taxon
	Stapedial footplate
	Intracrural foramen
	Stapes shape

	Phalangeridae
	0
	0
	1

	Potoroidae
	0
	0
	1

	Macropodidae
	0
	0
	1

	Acrobatidae
	1
	0
	no data

	Pseudocheiridae
	1
	0
	1

	Petauridae
	1
	0
	1

	Vombatidae
	0
	1
	1

	Phascolarctidae
	no data
	1
	1

	Notoryctidae
	0
	1
	1

	Thylacinidae
	no data
	1
	2

	Dasyuridae
	0
	1
	2

	Myrmecobiidae
	no data
	1
	1

	Peramelidae
	0
	1
	1

	Chaeropodidae
	no data
	1
	1

	Dromiciops
	1
	0
	1

	Argyrolagus
	0
	1
	2

	Caenolestes
	0
	1
	2

	Sparassocynus
	0
	0
	1


TABLE S3. (Continued)

	Monodelphis
	0
	0
	1

	Thylophorops
	0
	0
	1

	Didelphis
	0
	0
	1

	Sipalocyon
	0
	0
	1

	Arctodictis
	0
	0
	1

	Borhyaena
	0
	0
	no data

	Late Cretaceous Metatheria
	0
	no data
	no data

	Late Cretaceous Eutheria
	1
	0
	0


TABLE S4. Optimization results with Argyrolagus scagliai (Argyrolagidae) regarded as related to Paucituberculata (run 1) following Sánchez-Villagra (2001) and Beck (2017) and to Polydolopimorpha (run 2) as part of the australidelphian radiation (Goin et al., 2009, 2016). Stapedial footplate, round (0) or oval (1); intracrural foramen, present (0) or absent (1); stapes shape, quadrate (0), triangular (1), or columelliform (2). Likelihood is expressed as the percentage of likelihood required to recover the character indicated in the parsimony column. When the character state is not resolved in the parsimony analysis (italics), the percentage of the most likely state is indicated, with the corresponding state in parenthesis. The asymmetric Markov model for the likelihood analysis does not support the optimization when more than two states of characters are present; only the symmetric model of Markov is indicated for the optimization of the stapes shape. In the analysis, we included the stapedial ratio calculated by Archibald (1979) on the petrosal of the Late Cretaceous Metatheria; the number of nodes does not coincide with figure 6 that illustrates the stapes shapes because in this specimen, the stapes is unknown. Abbreviation: eq, equivocal, L1, asymmetrical Markov model of likelihood; L2, Markov model of likelihood; P, parsimony, -, not reconstructed. 
	Node
	Stapedial footplate
	Intracrural foramen
	Stapes shape

	
	P
	L1
	L2
	P
	L1
	L2
	P
	L2

	Run 1
	
	
	
	
	
	
	
	

	1
	Theria
	eq
	74.3 (0)
	74.9 (0)
	0
	72.8
	67.9
	eq
	50.4 (1)

	2
	Metatheria
	0
	76.0
	76.9
	0
	-
	-
	eq
	-

	3
	
	0
	99.5
	99.7
	0
	57.1
	74.0
	1
	99.1

	4
	Sparassodonta
	0
	99.5
	99.7
	0
	88.9
	93.8
	1
	99.7

	5
	
	0
	99.8
	100
	0
	99.0
	99.4
	1
	-

	6
	Marsupialia
	0
	99.8
	99.9
	0
	51.0
	70.4
	1
	99.3

	7
	Didelphimorphia
	0
	99.8
	99.9
	0
	98.1
	98.9
	1
	99.9

	8
	
	0
	100
	100
	0
	99.9
	99.9
	1
	100

	9
	
	0
	100
	100
	0
	100
	100
	1
	100

	10
	
	0
	99.8
	99.9
	eq
	89.9 (1)
	61.5 (1)
	1
	98.6

	11
	Paucituberculata
	0
	99.9
	99.9
	1
	99.9
	99.4
	2
	99.1

	12
	Australidelphia
	0
	99.8
	99.9
	eq
	93.7 (1)
	66.9 (1)
	1
	99.1

	13
	
	0
	100
	100
	eq
	97.5
	73.9
	1
	99.0

	14
	
	0
	100
	100
	1
	98.9
	81.6
	eq
	98.1 (1)

	15
	Peramelemorphia
	0
	100
	100
	1
	99.3
	85.5
	eq
	97.8 (1)

	16
	
	0
	-
	-
	1
	100
	99.7
	1
	99.9

	17
	Dasyuromorphia
	0
	-
	-
	1
	100
	99.2
	eq
	58.8 (1)

	18
	
	0
	-
	-
	1
	100
	99.5
	eq
	58.6 (1)

	19
	Diprotodontia
	0
	99.4
	99.7
	eq
	88.2
	59.9
	1
	99.9

	20
	
	0
	-
	-
	1
	98.9
	93.6
	1
	99.9

	21
	
	0
	97.5
	98.6
	0
	91.9
	96.8
	1
	100


TABLE S4. (Continued)

	22
	
	0
	96.3
	97.7
	0
	94.4
	98.1
	1
	100

	23
	Macropodidea
	0
	99.8
	99.9
	0
	99.7
	99.9
	1
	100

	24
	Petauroidea
	1
	79.5
	79.6
	0
	98.0
	99.5
	1
	-

	25
	
	1
	94.0
	94.2
	0
	99.2
	99.7
	1
	100

	Run 2
	
	
	
	
	
	
	
	

	1
	Theria
	eq
	73.6 (0)
	73.5 (0)
	0
	70.9
	61.3
	eq
	51.9 (1)

	2
	Metatheria
	0
	74.8
	75.4
	0
	-
	-
	eq
	-

	3
	
	0
	98.6
	99.6
	0
	55.1
	63.8
	1
	97.3

	4
	Sparassodonta
	0
	98.4
	99.6
	0
	88.3
	90.3
	1
	99.2

	5
	
	0
	99.4
	99.9
	0
	98.8
	99.0
	1
	-

	6
	Marsupialia
	0
	99.1
	99.9
	0
	51.1
	59.4
	1
	97.5

	7
	Didelphimorphia
	0
	99.5
	99.9
	0
	97.9
	98.3
	1
	99.7

	8
	
	0
	99.9
	100
	0
	99.9
	99.9
	1
	100

	9
	
	0
	100
	100
	0
	100
	100
	1
	100

	10
	
	0
	99.5
	99.9
	1
	92.5
	75.1
	eq
	95.2 (1)

	11
	Australidelphia
	0
	74.3
	99.9
	1
	98.1
	83.6
	eq
	95.5 (1)

	12
	
	0
	85.7
	84.2
	1
	86.7
	69.7
	eq
	80.4 (1)

	13
	
	0
	85.7
	100
	1
	99.1
	86.5
	eq
	95.6 (1)

	14
	
	0
	99.9
	100
	1
	99.6
	89.7
	eq
	94.7 (1)

	15
	Peramelemorphia
	0
	99.9
	100
	1
	99.7
	91.6
	eq
	94.3 (1)

	16
	
	0
	-
	-
	1
	100
	99.7
	1
	99.8

	17
	Dasyuromorphia
	0
	-
	-
	1
	100
	99.4
	eq
	56.6 (1)

	18
	
	0
	-
	-
	1
	100
	99.5
	eq
	56.5 (1)


TABLE S4. (Continued)

	19
	
	0
	97.4
	99.6
	1
	88.3
	67.4
	1
	99.8

	20
	
	0
	-
	-
	1
	98.7
	94.0
	1
	99.8

	21
	
	0
	92.8
	98.3
	0
	91.6
	95.2
	1
	100

	22
	
	0
	91.0
	97.4
	0
	94.2
	96.9
	1
	100

	23
	Macropodidea
	0
	99.3
	99.9
	0
	99.6
	99.8
	1
	99.9

	24
	Petauroidea
	1
	75.1
	77.9
	0
	97.9
	99.0
	1
	-

	25
	
	1
	91.2
	93.3
	0
	99.1
	99.5
	1
	99.9
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FIGURE S3. Trees resulting from the optimization with A. scagliai related to the Paucituberculata. Likelihood 1 refers to the asymmetrical model of Markov, likelihood 2 refers to the symmetric model of Markov, LC to Late Cretaceous. In the analysis, we included the stapedial ratio calculated by Archibald (1979) on the petrosal of the Late Cretaceous Metatheria; the number of nodes does not coincide with figure 6 that illustrates the stapes shapes because in this specimen, the stapes is unknown.
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FIGURE S4. Trees resulting from the optimization with A. scagliai regarded as related to the Microbiotheria. Likelihood 1 refers to the asymmetrical model of Markov, likelihood 2 refers to the symmetric model of Markov, LC to Late Cretaceous. In the analysis, we included the stapedial ratio calculated by Archibald (1979) on the petrosal of the Late Cretaceous Metatheria; the number of nodes does not coincide with figure 6 that illustrates the stapes shapes because in this specimen, the stapes is unknown.
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