
INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 
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considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0
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INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

Fig. 1. Reconstructions of a Cretaceous Latimeriid (Macropoma) and a Cretaceous mawsoniid (Mawsonia) showing the main 
morphological features used to define intra- and interrelationships of mawsoniids. Redrawn from several sources.

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0
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INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

Fig. 1. Reconstructions of a Cretaceous Latimeriid (Macropoma) and a Cretaceous mawsoniid (Mawsonia) showing the main 
morphological features used to define intra- and interrelationships of mawsoniids. Redrawn from several sources.

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.

ACKNOWLEDGEMENTS

We thank the referees, Diogo de MAYRINCK (Rio de 
Janeiro) and an anonymous reviewer for their constructive 
comments. This article is part of a special volume of the 
Bulletin of Kitakyushu Museum of Natural History and 
Human History, Series A (Natural History), following the 
international meeting "Round-table of Coelacanth Evolution" 
held in August 2017 at the Kitakyushu Museum of Natural 
His tory  and Human His tory  and a t  the  Aquamarine  
Fukushima. C.C. was partially financed by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior – Brasil 
(CAPES) – Finance Code 001 (Programa Nacional de Pós 
Doutorado-PNPD) and U.D. was partially financed by the 
International Scientific Coordination Network (GDRI) 
PalBioDiv ASE.

REFERENCES

BRITO, P. M. and RICHTER, M. 2015. The contribution of Sir 
Arthur Smith Woodward to the palaeoichthyology of 
Brazil–Smith Woodward's types from Brazil. Geological 
Society, London, Special Publications, 430: 201–217.

BRITO, P. M., MEUNIER, F. J., CLEMENT, G. and GEFFARD-KURIYAMA, 
D. 2010. The histological structure of the calcified lung 
of the fossil coelacanth Axelrodichthys araripensis 
(Actinistia: Mawsoniidae). Palaeontology, 53: 1281–1290.

BRITO, P. M., CUPELLO, C., YABUMOTO, Y., HELL, J. V., BRUNET, 
M. and OTERO, O. 2018. First occurrence of a mawsoniid 
(Sarcopterygii: Actinistia), Mawsonia soba sp. nov., in 
pre-Aptian Cretaceous deposits from Cameroon. 
Cretaceous Research, 86: 91–96.

CARVALHO, M. S. S. and MAISEY, J. G. 2008. New occurrence 
of Mawsonia (Sarcopterygii: Actinistia) from the Early 
Cretaceous of the Sanfranciscana Basin, Minas Gerais, 

southeastern Brazil. Geological Society, London, Special 
Publications, 295: 109–144.

CARVALHO, M. S. S., GALLO, V. and SANTOS, H. R. S. 2013. 
New species of coelacanth fish from the Lower Cretaceous 
(Albian) of the Grajaú Basin, NE Brazil. Cretaceous 
Research, 46: 80–89.

CARDOSO, A. R., NOGUEIRA, A. C. R., ABRANTES, F. R. and 
RABELO, C. E. N. 2017. Mesozoic lacustrine system in the 
Parnaíba Basin, northeastern Brazil: Paleogeographic 
implications for west Gondwana. Journal of South 
American Earth Sciences, 74: 41–53.

CASIER, E. 1961. Matériaux pour la Faune Ichthyologique 
Eocrétacique du Congo. Annales du Musée Royal de 
l'Afrique Centrale-Tervuren, Belgique, série 8, Sciences 
géologiques, 39: 1–96.

CAVIN, L. and FOREY, P. L. 2004. New mawsoniid coelacanth 
(Sarcopterygii: Actinistia) remains from the Cretaceous 
of the Kem Kem beds, SE Morocco. In: TINTORI, A. and 
ARRATIA, G. (eds.), Mesozoic Fishes III: Systematics, 
Plaeoenvironments and Biodiversity. Dr Pfeil Verlag, 
München, pp. 493–506.

CAVIN, L. and GUINOT, G. 2014. Coelacanths as “almost living 
fossils”. Frontiers in Ecology and Evolution, 2: 1–5.

CAVIN, L., FOREY, P. L., BUFFETAUT, E. and TONG, H. 2005. 
Latest European coelacanth shows Gondwanan affinities. 
Biology Letters, 2005: 176–177.

CAVIN, L., FURRER, H. and OBRIST, C. 2013. New coelacanth 
material from the Middle Triassic of eastern Switzerland, 
and comments on the taxic diversity of actinistans. Swiss 
Journal of Geosciences, 106: 161–177.

CAVIN, L., BOUDAD, L., TONG, H., LÄNG, E., TABOUELLE, J. and 
VULLO, R. 2015. Taxonomic composition and trophic 
structure of the continental bony fish assemblage from 
the early Late Cretaceous of southeastern Morocco. PLoS 
ONE, 10: e0125786.

CAVIN, L., VALENTIN, X. and GARCIA, G. 2016. A new mawsoniid 
coelacanth (Actinistia) from the Upper Cretaceous of 
Southern France. Cretaceous Research, 62: 65–73.

CAVIN, L., MENNECART, B., OBRIST, C., COSTEUR, L. and 
FURRER, H. 2017. Heterochronic evolution explains novel 
body shape in a Triassic coelacanth from Switzerland. 
Scientific Reports, 7: 13695.

CLÉMENT, G. 2005. A new coelacanth (Actinistia, Sarcopterygii) 
from the Jurassic of France, and the question of the 
closest relative fossil to Latimeria. Journal of Vertebrate 
Paleontology, 25: 481–491.

CLOUTIER, R. 1991. Patterns, trends, and rates of evolution 
within the Actinistia. Environmental Biology of Fishes, 
32: 23–58.

CUPELLO, C., BATISTA, T. A., FRAGOSO, L. G. and BRITO, P. M. 
2016. Mawsoniid remains (Sarcopterygii: Actinistia) 
from the lacustrine Missão Velha Formation (Lower 
Cretaceous) of the Araripe Basin, North-East Brazil. 
Cretaceous Research, 65: 10–16.

CUPELLO, C., MEUNIER, F. J., HERBIN, M., JANVIER, P., 
CLÉMENT, G. and BRITO, P. M. 2017. The homology and 
function of the lung plates in extant and fossil coelacanths. 
Scientific Reports, 7(1): 9244.

CUPELLO, C., CLÉMENT, G., MEUNIER, F. J., HERBIN, M., 
YABUMOTO, Y. and BRITO, P. M. 2019. The long-time 
adaptation of coelacanths to moderate deep water: 
reviewing the evidences. Bulletin of Kitakyushu Museum 
of Natural History and Human History Series A, Natural 
History, 17: 29–35.

DEESRI, U., CAVIN, L., AMIOT, R., BARDET, N., BUFFETAUT, E., 
CUNY, G., GINER, S., MARTIN, J. E. and SUAN, G. 2018. A 
mawsoniid coelacanth (Sarcopterygii: Actinistia) from 
the Rhaetian (Upper Triassic) of the Peygros quarry, Le 
Thoronet (Var, southeastern France). Geological Magazine, 
155: 187–192.

DUTEL, H., MAISEY, J. G., SCHWIMMER, D. R., JANVIER, P., 
HERBIN, M. and CLÉMENT, G. 2012. The Giant Cretaceous 
Coelacanth (Actinistia, Sarcopterygii) Megalocoelacanthus 
dobiei SCHWIMMER, STEWART & WILLIAMS, 1994, and its 
Bearing on Latimerioidei Interrelationships. PLoS ONE, 
7: e49911.

DUTEL, H., PENNETIER, E. and PENNETIER, G. 2014. A giant 
marine coelacanth from the Jurassic of Normandy, France. 
Journal of Vertebrate Paleontology, 4: 1239–1242.

DUTEL, H., HERBIN, M. and CLÉMENT, G. 2015. First occurrence 
of a mawsoniid coelacanth in the Early Jurassic of Europe. 
Journal of Vertebrate Paleontology, e929581.

ELLIOTT, D. K. 1987. A new specimen of Chinlea sorenseni from 
the Chinle Formation, Dolores River, Colorado. Journal 
of the Arizona-Nevada Academy of Science, 22: 47–52.

FOREY, P. L. 1998. History of the Coelacanth Fishes. Chapman 
and Hall, London.

FRAGOSO, L. G., BRITO, P. and YABUMOTO, Y. 2018. Axelrodichthys 
araripensis Maisey, 1986 revisited. Historical Biology: 
1–23. DOI: 10.1080/08912963.2018.1454443

FRIEDMAN, M. and COATES, M. I. 2006. A new recognized fossil 
coelacanth highlights the early morphological diversification 
of the clade. Proceedings of the Royal Society, Series B, 
273: 245–250.

GENG, B.-H., ZHU, M. and JIN, F. 2009. A revision and phylo-
genetic analysis of Guizhoucoelacanthus (Sarcopterygii, 
Actinistia) from the Triassic of China. Vertebrata PalAsi-
atica, 47: 311–329.

GOTTFRIED, M. D., ROGERS, R. R. and CURRY ROGERS, K. 
2004. First record of Late Cretaceous coelacanths from 
Madagascar. In: ARRATIA, G., WILSON, M. V. H. and 
CLOUTIER, R. (eds.), Recent Advances in the Origin and 
Early Radiation of Vertebrates. Dr Pfeil VERLAG, Munich, 
pp. 687–691.

HENNIG, E. 1951. Trachymetopon liassicum, Ald., ein Reisen- 
Crossopterygier aus Schwäbischem Ober-Lias. Neues 
Jahrbuch für Geologie und Paläontologie-Abhandlungen, 
94: 67–79.

LÓPEZ-ARBARELLO, A., RAUHUT, O. W. M. and MOSER, K. 2008. 
Jurassic fishes of Gondwana. Revista de la Asociacion 
Geologica Argentina, 63: 586–612.

MAISEY, J. G. 1986. Coelacanths from the Lower Cretaceous 
of Brazil. American Museum Novitates, 2866: 1–30.

MAISEY, J. G. 1991a. Mawsonia WOODWARD, 1907. In: MAISEY, 
J. G. (ed.), Santana Fossils. An Illustated Atlas. T.F.H. 
Publications, Inc., Neptun City, pp. 317–323.

MAISEY, J. G. 1991b. Axelrodichthys MAISEY, 1986. In: MAISEY, 
J. G. (ed.), Santana Fossils. An Illustrated Atlas. T.F.H. 
Publications, Inc., Neptun City, 303–314.

MIGUEL, R., GALLO, V. and MORRONE, J. J. 2014. Distributional 
patterns of Mawsoniidae (Sarcopterygii: Actinistia). 
Anais da Academia brasileira de Ciências, 86: 159–170.

NEWBERRY, J. S. 1878. Descriptions of new fossil fishes from 
the Trias. Annals of the New York Academy of Sciences, 
1: 127–128.

SAINT-SEINE, P. D. 1955. Poissons fossiles de l'étage de 
Stanleyville (Congo belge). Première partie : la faune des 
argilites et schistes bitumineux. Annales du Musée Royal 
du Congo Belge, série 8: 1–126.

SCHAEFFER, B. 1952. Rates of evolution in the coelacanth and 
dipnoan fishes. Evolution, 6: 101–111.

SCHAEFFER, B. 1967. Late Triassic fishes from the western 
United States. American Museum of Natural History, 35: 
289–342.

SCHULTZE, H.-P. 1993. Osteichthyes: Sarcopterygii. In: 
BENTON, M. J. (ed.), The Fossil Record 2. Chapman and 
Hall, London, pp. 657–663.

SCHULTZE, H.-P. 2004. Mesozoic sarcopterygians. In: 
ARRATIA, G. and TINTORI, A. (eds.), Mesozoic Fishes 
3-systematics, Paleoenvironments and Biodiverity. Verlag 
Dr Friedrich Pfeil, München, pp. 463–492.

SOTO, M., DE CARVALHO, M. S. S., MAISEY, J. G., PEREA, D. 
and DA SILVA, J. 2012. Coelacanth remains from the Late 
Jurassic? -  Earl iest  Cretaceous of  Uruguay:  the 
southernmost occurrence of the Mawsoniidae. Journal of 
Vertebrate Paleontology, 32: 530–537.

SWOFFORD, D. L. 2001. PAUP: phylogenetic analysis using 
parsimonyand other methods. Sinauer Associates, 
Sunderland.

TABASTE, N. 1963. Etude de restes de poissons du Crétacé 
saharien. Mémoire IFAN, Mélanges Ichthyologiques, 68: 
437–485.

WEILER, W. 1935. Ergebnisse der Forschungsreisen Prof. E. 
STROMERS in den Wüsten Ägyptens. II. Wirbeltierreste der 
Baharîje-Stufe (unterstes Cenoman). Neue Untersuchungen 
an den Fishresten. Abhandlungen der Bayerischen Akademie 
der Wissenschaften. Mathematisch-naturwissenschaftliche 
Abteilung. Neue Folge: 1–57.

WEN, W., ZHANG, Q.-Y., HU, S.-X., BENTON, M. J., ZHOU, 
C.-Y., TAO, X., HUANG, J.-Y. and CHEN, Z.-Q. 2013. 
Coelacanths from the Middle Triassic Luoping Biota, 
Yunnan, South China, with the earliest evidence of 

ovoviviparity. Acta Palaeontologica Polonica, 58: 175–193.
WENZ, S. 1975. Un nouveau coelacanthidé du Crétacé inférieur 

du Niger, remarques sur la fusion des os dermiques. In: 
Colloque international CNRS, Problèmes actuels de 
paléontologie-évolution des vertébrés. vol. 218, Centre 
national de la recherche scientifique, Paris, pp. 175–190.

WENZ, S. 1980. A propos du genre Mawsonia, Coelacanthe 
géant du Crétacé inférieur d'Afrique et du Brésil. Mémoire 
de la Société Géologique de France, N. S., 139: 187–190.

WENZ, S. 1981. Un coelacanthe géant, Mawsonia lavocati 
Tabaste, de l'Albien-base du Cénomanien du sud marocain. 
Annales de Paléontologie (Vertébrés), 67: 1–20.

WOODWARD, A. S. 1907. On the Cretaceous formation of 
Bahia (Brazil), and on vertebrate fossils collected therein. 
II. The vertebrate fossils. Quarterly Journal of the 
Geological Society of London, 63: 131–139.

WOODWARD, A. S. 1908. On some fossil fishes discovered by 
Prof. Ennes DE SOUZA in the Cretaceous Formation at 
Ilhèos (State of Bahia), Brazil. Quarterly Journal of the 
Geological Society of London, 64: 358–362.

YABUMOTO, Y. 2002. A new coelacanth from the Early 
Cretaceous of Brazil (Sarcopterygii, Actinistia). 
Paleontological Research, 6: 343–350.

YABUMOTO, Y. 2008. A new Mesozoic coelacanth from Brazil 
(Sarcopterygii, Actinistia). Paleontological Research, 12: 
329–343.

YABUMOTO, Y. and UYENO, T. 2005. New materials of a 
Cretaceous coelacanth, Mawsonia lavocati Tabaste from 
Morocco. Bulletin of the National Science Museum, 31: 
39–49.

APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0



INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 
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because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0
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INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 
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because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.

ACKNOWLEDGEMENTS

We thank the referees, Diogo de MAYRINCK (Rio de 
Janeiro) and an anonymous reviewer for their constructive 
comments. This article is part of a special volume of the 
Bulletin of Kitakyushu Museum of Natural History and 
Human History, Series A (Natural History), following the 
international meeting "Round-table of Coelacanth Evolution" 
held in August 2017 at the Kitakyushu Museum of Natural 
His tory  and Human His tory  and a t  the  Aquamarine  
Fukushima. C.C. was partially financed by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior – Brasil 
(CAPES) – Finance Code 001 (Programa Nacional de Pós 
Doutorado-PNPD) and U.D. was partially financed by the 
International Scientific Coordination Network (GDRI) 
PalBioDiv ASE.

REFERENCES

BRITO, P. M. and RICHTER, M. 2015. The contribution of Sir 
Arthur Smith Woodward to the palaeoichthyology of 
Brazil–Smith Woodward's types from Brazil. Geological 
Society, London, Special Publications, 430: 201–217.

BRITO, P. M., MEUNIER, F. J., CLEMENT, G. and GEFFARD-KURIYAMA, 
D. 2010. The histological structure of the calcified lung 
of the fossil coelacanth Axelrodichthys araripensis 
(Actinistia: Mawsoniidae). Palaeontology, 53: 1281–1290.

BRITO, P. M., CUPELLO, C., YABUMOTO, Y., HELL, J. V., BRUNET, 
M. and OTERO, O. 2018. First occurrence of a mawsoniid 
(Sarcopterygii: Actinistia), Mawsonia soba sp. nov., in 
pre-Aptian Cretaceous deposits from Cameroon. 
Cretaceous Research, 86: 91–96.

CARVALHO, M. S. S. and MAISEY, J. G. 2008. New occurrence 
of Mawsonia (Sarcopterygii: Actinistia) from the Early 
Cretaceous of the Sanfranciscana Basin, Minas Gerais, 

southeastern Brazil. Geological Society, London, Special 
Publications, 295: 109–144.

CARVALHO, M. S. S., GALLO, V. and SANTOS, H. R. S. 2013. 
New species of coelacanth fish from the Lower Cretaceous 
(Albian) of the Grajaú Basin, NE Brazil. Cretaceous 
Research, 46: 80–89.

CARDOSO, A. R., NOGUEIRA, A. C. R., ABRANTES, F. R. and 
RABELO, C. E. N. 2017. Mesozoic lacustrine system in the 
Parnaíba Basin, northeastern Brazil: Paleogeographic 
implications for west Gondwana. Journal of South 
American Earth Sciences, 74: 41–53.

CASIER, E. 1961. Matériaux pour la Faune Ichthyologique 
Eocrétacique du Congo. Annales du Musée Royal de 
l'Afrique Centrale-Tervuren, Belgique, série 8, Sciences 
géologiques, 39: 1–96.

CAVIN, L. and FOREY, P. L. 2004. New mawsoniid coelacanth 
(Sarcopterygii: Actinistia) remains from the Cretaceous 
of the Kem Kem beds, SE Morocco. In: TINTORI, A. and 
ARRATIA, G. (eds.), Mesozoic Fishes III: Systematics, 
Plaeoenvironments and Biodiversity. Dr Pfeil Verlag, 
München, pp. 493–506.

CAVIN, L. and GUINOT, G. 2014. Coelacanths as “almost living 
fossils”. Frontiers in Ecology and Evolution, 2: 1–5.

CAVIN, L., FOREY, P. L., BUFFETAUT, E. and TONG, H. 2005. 
Latest European coelacanth shows Gondwanan affinities. 
Biology Letters, 2005: 176–177.

CAVIN, L., FURRER, H. and OBRIST, C. 2013. New coelacanth 
material from the Middle Triassic of eastern Switzerland, 
and comments on the taxic diversity of actinistans. Swiss 
Journal of Geosciences, 106: 161–177.

CAVIN, L., BOUDAD, L., TONG, H., LÄNG, E., TABOUELLE, J. and 
VULLO, R. 2015. Taxonomic composition and trophic 
structure of the continental bony fish assemblage from 
the early Late Cretaceous of southeastern Morocco. PLoS 
ONE, 10: e0125786.

CAVIN, L., VALENTIN, X. and GARCIA, G. 2016. A new mawsoniid 
coelacanth (Actinistia) from the Upper Cretaceous of 
Southern France. Cretaceous Research, 62: 65–73.

CAVIN, L., MENNECART, B., OBRIST, C., COSTEUR, L. and 
FURRER, H. 2017. Heterochronic evolution explains novel 
body shape in a Triassic coelacanth from Switzerland. 
Scientific Reports, 7: 13695.

CLÉMENT, G. 2005. A new coelacanth (Actinistia, Sarcopterygii) 
from the Jurassic of France, and the question of the 
closest relative fossil to Latimeria. Journal of Vertebrate 
Paleontology, 25: 481–491.

CLOUTIER, R. 1991. Patterns, trends, and rates of evolution 
within the Actinistia. Environmental Biology of Fishes, 
32: 23–58.

CUPELLO, C., BATISTA, T. A., FRAGOSO, L. G. and BRITO, P. M. 
2016. Mawsoniid remains (Sarcopterygii: Actinistia) 
from the lacustrine Missão Velha Formation (Lower 
Cretaceous) of the Araripe Basin, North-East Brazil. 
Cretaceous Research, 65: 10–16.

CUPELLO, C., MEUNIER, F. J., HERBIN, M., JANVIER, P., 
CLÉMENT, G. and BRITO, P. M. 2017. The homology and 
function of the lung plates in extant and fossil coelacanths. 
Scientific Reports, 7(1): 9244.

CUPELLO, C., CLÉMENT, G., MEUNIER, F. J., HERBIN, M., 
YABUMOTO, Y. and BRITO, P. M. 2019. The long-time 
adaptation of coelacanths to moderate deep water: 
reviewing the evidences. Bulletin of Kitakyushu Museum 
of Natural History and Human History Series A, Natural 
History, 17: 29–35.

DEESRI, U., CAVIN, L., AMIOT, R., BARDET, N., BUFFETAUT, E., 
CUNY, G., GINER, S., MARTIN, J. E. and SUAN, G. 2018. A 
mawsoniid coelacanth (Sarcopterygii: Actinistia) from 
the Rhaetian (Upper Triassic) of the Peygros quarry, Le 
Thoronet (Var, southeastern France). Geological Magazine, 
155: 187–192.

DUTEL, H., MAISEY, J. G., SCHWIMMER, D. R., JANVIER, P., 
HERBIN, M. and CLÉMENT, G. 2012. The Giant Cretaceous 
Coelacanth (Actinistia, Sarcopterygii) Megalocoelacanthus 
dobiei SCHWIMMER, STEWART & WILLIAMS, 1994, and its 
Bearing on Latimerioidei Interrelationships. PLoS ONE, 
7: e49911.

DUTEL, H., PENNETIER, E. and PENNETIER, G. 2014. A giant 
marine coelacanth from the Jurassic of Normandy, France. 
Journal of Vertebrate Paleontology, 4: 1239–1242.

DUTEL, H., HERBIN, M. and CLÉMENT, G. 2015. First occurrence 
of a mawsoniid coelacanth in the Early Jurassic of Europe. 
Journal of Vertebrate Paleontology, e929581.

ELLIOTT, D. K. 1987. A new specimen of Chinlea sorenseni from 
the Chinle Formation, Dolores River, Colorado. Journal 
of the Arizona-Nevada Academy of Science, 22: 47–52.

FOREY, P. L. 1998. History of the Coelacanth Fishes. Chapman 
and Hall, London.

FRAGOSO, L. G., BRITO, P. and YABUMOTO, Y. 2018. Axelrodichthys 
araripensis Maisey, 1986 revisited. Historical Biology: 
1–23. DOI: 10.1080/08912963.2018.1454443

FRIEDMAN, M. and COATES, M. I. 2006. A new recognized fossil 
coelacanth highlights the early morphological diversification 
of the clade. Proceedings of the Royal Society, Series B, 
273: 245–250.

GENG, B.-H., ZHU, M. and JIN, F. 2009. A revision and phylo-
genetic analysis of Guizhoucoelacanthus (Sarcopterygii, 
Actinistia) from the Triassic of China. Vertebrata PalAsi-
atica, 47: 311–329.

GOTTFRIED, M. D., ROGERS, R. R. and CURRY ROGERS, K. 
2004. First record of Late Cretaceous coelacanths from 
Madagascar. In: ARRATIA, G., WILSON, M. V. H. and 
CLOUTIER, R. (eds.), Recent Advances in the Origin and 
Early Radiation of Vertebrates. Dr Pfeil VERLAG, Munich, 
pp. 687–691.

HENNIG, E. 1951. Trachymetopon liassicum, Ald., ein Reisen- 
Crossopterygier aus Schwäbischem Ober-Lias. Neues 
Jahrbuch für Geologie und Paläontologie-Abhandlungen, 
94: 67–79.

LÓPEZ-ARBARELLO, A., RAUHUT, O. W. M. and MOSER, K. 2008. 
Jurassic fishes of Gondwana. Revista de la Asociacion 
Geologica Argentina, 63: 586–612.

MAISEY, J. G. 1986. Coelacanths from the Lower Cretaceous 
of Brazil. American Museum Novitates, 2866: 1–30.

MAISEY, J. G. 1991a. Mawsonia WOODWARD, 1907. In: MAISEY, 
J. G. (ed.), Santana Fossils. An Illustated Atlas. T.F.H. 
Publications, Inc., Neptun City, pp. 317–323.

MAISEY, J. G. 1991b. Axelrodichthys MAISEY, 1986. In: MAISEY, 
J. G. (ed.), Santana Fossils. An Illustrated Atlas. T.F.H. 
Publications, Inc., Neptun City, 303–314.

MIGUEL, R., GALLO, V. and MORRONE, J. J. 2014. Distributional 
patterns of Mawsoniidae (Sarcopterygii: Actinistia). 
Anais da Academia brasileira de Ciências, 86: 159–170.

NEWBERRY, J. S. 1878. Descriptions of new fossil fishes from 
the Trias. Annals of the New York Academy of Sciences, 
1: 127–128.

SAINT-SEINE, P. D. 1955. Poissons fossiles de l'étage de 
Stanleyville (Congo belge). Première partie : la faune des 
argilites et schistes bitumineux. Annales du Musée Royal 
du Congo Belge, série 8: 1–126.

SCHAEFFER, B. 1952. Rates of evolution in the coelacanth and 
dipnoan fishes. Evolution, 6: 101–111.

SCHAEFFER, B. 1967. Late Triassic fishes from the western 
United States. American Museum of Natural History, 35: 
289–342.

SCHULTZE, H.-P. 1993. Osteichthyes: Sarcopterygii. In: 
BENTON, M. J. (ed.), The Fossil Record 2. Chapman and 
Hall, London, pp. 657–663.

SCHULTZE, H.-P. 2004. Mesozoic sarcopterygians. In: 
ARRATIA, G. and TINTORI, A. (eds.), Mesozoic Fishes 
3-systematics, Paleoenvironments and Biodiverity. Verlag 
Dr Friedrich Pfeil, München, pp. 463–492.

SOTO, M., DE CARVALHO, M. S. S., MAISEY, J. G., PEREA, D. 
and DA SILVA, J. 2012. Coelacanth remains from the Late 
Jurassic? -  Earl iest  Cretaceous of  Uruguay:  the 
southernmost occurrence of the Mawsoniidae. Journal of 
Vertebrate Paleontology, 32: 530–537.

SWOFFORD, D. L. 2001. PAUP: phylogenetic analysis using 
parsimonyand other methods. Sinauer Associates, 
Sunderland.

TABASTE, N. 1963. Etude de restes de poissons du Crétacé 
saharien. Mémoire IFAN, Mélanges Ichthyologiques, 68: 
437–485.

WEILER, W. 1935. Ergebnisse der Forschungsreisen Prof. E. 
STROMERS in den Wüsten Ägyptens. II. Wirbeltierreste der 
Baharîje-Stufe (unterstes Cenoman). Neue Untersuchungen 
an den Fishresten. Abhandlungen der Bayerischen Akademie 
der Wissenschaften. Mathematisch-naturwissenschaftliche 
Abteilung. Neue Folge: 1–57.

WEN, W., ZHANG, Q.-Y., HU, S.-X., BENTON, M. J., ZHOU, 
C.-Y., TAO, X., HUANG, J.-Y. and CHEN, Z.-Q. 2013. 
Coelacanths from the Middle Triassic Luoping Biota, 
Yunnan, South China, with the earliest evidence of 

ovoviviparity. Acta Palaeontologica Polonica, 58: 175–193.
WENZ, S. 1975. Un nouveau coelacanthidé du Crétacé inférieur 

du Niger, remarques sur la fusion des os dermiques. In: 
Colloque international CNRS, Problèmes actuels de 
paléontologie-évolution des vertébrés. vol. 218, Centre 
national de la recherche scientifique, Paris, pp. 175–190.

WENZ, S. 1980. A propos du genre Mawsonia, Coelacanthe 
géant du Crétacé inférieur d'Afrique et du Brésil. Mémoire 
de la Société Géologique de France, N. S., 139: 187–190.

WENZ, S. 1981. Un coelacanthe géant, Mawsonia lavocati 
Tabaste, de l'Albien-base du Cénomanien du sud marocain. 
Annales de Paléontologie (Vertébrés), 67: 1–20.

WOODWARD, A. S. 1907. On the Cretaceous formation of 
Bahia (Brazil), and on vertebrate fossils collected therein. 
II. The vertebrate fossils. Quarterly Journal of the 
Geological Society of London, 63: 131–139.

WOODWARD, A. S. 1908. On some fossil fishes discovered by 
Prof. Ennes DE SOUZA in the Cretaceous Formation at 
Ilhèos (State of Bahia), Brazil. Quarterly Journal of the 
Geological Society of London, 64: 358–362.

YABUMOTO, Y. 2002. A new coelacanth from the Early 
Cretaceous of Brazil (Sarcopterygii, Actinistia). 
Paleontological Research, 6: 343–350.

YABUMOTO, Y. 2008. A new Mesozoic coelacanth from Brazil 
(Sarcopterygii, Actinistia). Paleontological Research, 12: 
329–343.

YABUMOTO, Y. and UYENO, T. 2005. New materials of a 
Cretaceous coelacanth, Mawsonia lavocati Tabaste from 
Morocco. Bulletin of the National Science Museum, 31: 
39–49.

APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0
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Phylogeny and evolutionary history of mawsoniid coelacanths

INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0Fig. 2. Main evolutionary events of the mawsoniids mapped on a time-scaled phylogeny (CI = 0.660, RI = 0.653, tree length = 

100). Bremer support higher than 1 are indicate in black. Main characters (with ci = 1) supporting the nodes are mentioned and 
figured on the silhouettes with plesiomorphic condition in pink and apomorphic condition in red. Stratigraphical ranges are in 
blue for marine taxa and in green for brackish genera. Indication of possible vicariant and dispersal events are figured with 
black arrows and geographical locations of the terminal taxa are indicated by present-day silhouettes of the continents. 
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Phylogeny and evolutionary history of mawsoniid coelacanths

INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0Fig. 2. Main evolutionary events of the mawsoniids mapped on a time-scaled phylogeny (CI = 0.660, RI = 0.653, tree length = 

100). Bremer support higher than 1 are indicate in black. Main characters (with ci = 1) supporting the nodes are mentioned and 
figured on the silhouettes with plesiomorphic condition in pink and apomorphic condition in red. Stratigraphical ranges are in 
blue for marine taxa and in green for brackish genera. Indication of possible vicariant and dispersal events are figured with 
black arrows and geographical locations of the terminal taxa are indicated by present-day silhouettes of the continents. 

8 9Lionel CAVIN, Camila CUPELLO, Yoshitaka YABUMOTO, Léo FRAGOSO, Uthumporn DEESRI and Paulo M. BRITO



INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Fig. A1. One of the most parsimonious trees with the nodes 
numbered.

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0
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INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Fig. A1. One of the most parsimonious trees with the nodes 
numbered.

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0
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INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

12 13

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0

Phylogeny and evolutionary history of mawsoniid coelacanths
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INTRODUCTION

Mawsoniidae are an extinct lineage of coelacanths known 
from the Triassic to the Late Cretaceous, in freshwater and 
marine environments of North America, South America, 
Africa, Madagascar, Asia, and Europe (SOTO et al., 2012; 
DUTEL et al., 2015; CAVIN et al., 2016; CUPELLO et al., 2016; 
DEESRI et al., 2017; BRITO et al., 2018). Since its recognition 
by SCHULTZE (1993), most studies include in this family the 
genera Chinlea, Diplurus, Trachymetopon, Parnaibaia, 
Lualabaea, Mawsonia and Axelrodichthys (FOREY, 1998; 
SCHULTZE, 2004; CLÉMENT, 2005; LÓPEZ-ALBARELLO et al., 
2008; YABUMOTO, 2008; DUTEL et al., 2012; CAVIN et al., 
2013, 2018; MIGUEL et al., 2014; DUTEL et al., 2015), while 
Garnbergia and Libys are in a few instances added to the list 

(FOREY, 1998; GENG et al., 2009). The family is defined 
mainly by the presence of ossified ribs, coarse rugosities of the 
dermatocranium and cheek bones, spiracular and suboperculum 
usually absent, and reduction or loss of the descending process 
of the supratemporal (SCHULTZE, 1993; FOREY, 1998) (Fig. 1).

The first discovered mawsoniid is Diplurus described by 
NEWBERRY (1878) from freshwater deposits of Late Triassic 
and Early Cretaceous of USA (SCHAEFFER, 1952). Another 
Late Triassic mawsoniid, Chinlea, was then recognized in the 
Chinle Formation (SCHAEFFER, 1967; ELIOTT, 1987). In the 
meantime, fossils of a younger and more characteristic 
mawsoniid, Mawsonia, were described from the Early Cretaceous 
of Brazil by WOODWARD in 1907, and three decades latter in 
Egypt by WEILER (1935). In some early Cretaceous freshwater 
or brackish basins in South America and North Africa, remains 

of often large-sized mawsoniids might be abundant, but they 
are often fragmentary (CAVIN et al., 2015; CARVALHO and 
MAISEY, 2008). Knowledge of the diversity of South American 
mawsoniids increased with the discovery of new material 
referred to Mawsonia sp. from the Upper Jurassic or Lower 
Cretaceous of Uruguay (SOTO et al., 2012), with a new species 
of Mawsonia from the Santana Formation in Brazil (YABUMOTO, 
2002), as well as with the recognition by MAISEY (1986) of a 
new genus, Axelrodichthys, from the same formation, and 
eventually with a potential distinct species from the Grajaú 
Basin (CARVALHO et al., 2013). Our knowledge of the diversity 
of mawsoniids increased also in Africa with the recognition of 
a new genus, Lualabaea, from the Late Jurassic of the 
Democratic Republic of the Congo (SAINT-SEINE, 1955) and 
with new species of Mawsonia from the mid-Cretaceous of 
North Africa (TABASTE, 1963; WENZ, 1975) and from the Early 
Cretaceous of Cameroon (BRITO et al., 2018). In Europe, no 
mawsoniids were recognized until DUTEL et al. (2015) 
assigned to the mawsoniids Trachymetopon, an Early Jurassic 
marine coelacanth from Holzmaden, Germany, described by 
HENNIG in 1951. This genus was also recovered from the Late 
Jurassic of Northern France (DUTEL et al., 2014). Recently, 
another indeterminate mawsoniid was described from the Late 

Triassic of Southern France (DEESRI et al., 2018). Eventually, 
mawsoniids from the terminal Cretaceous of France were 
referred to a distinct species of Axelrodichthys (CAVIN et al., 
2005, 2016). This occurrence is the youngest for the family.

This short review shows the diversity of the mawsoniids, 
but it also reveals the work remaining to be done because of the 
difficulty for identifying characters relevant for phylogenetic 
analyses and, beyond, for retracing the evolutionary history of 
the family. Here, we propose a first attempt 1) to resolve the 
phylogenetic relationships of the mawsoniids at the species 
level, and 2) to draw up a sketch of the evolutionary history of 
the family, with a focus on its biogeography.

MATERIALS AND METHODS

Mawsoniid taxa used in the phylogenetic analysis
Mawsonia gigas. This species was described by 

WOODWARD (1907) from the Ilhas Group, (?Late Hauterivian 
Marfim Formation) in the Recôncavo Basin, state of Bahia in 
Brazil (cf. BRITO and RICHTER, 2015). Other specimens known 
from fragmentary elements found in other basins (such as 
Almada, Iguatu, Araripe, and Sanfranciscana), were attributed, 
sometimes with doubt, to this taxon. We scored this species, 

which is known mostly by isolated remains, on the basis of 
CARVALHO and MAISEY (2008), CARVALHO et al. (2013), CUPELLO 
et al. (2016) and on personal observations by PB and CC.

Mawsonia brasiliensis. MAISEY (1986, 1991a) described 
mawsoniid material from the Albian Santana Formation that he 
referred to M. cf. gigas. In 2002, YABUMOTO studied a new 
complete specimen from the same formation that he attributed 
to a new species, Mawsonia brasiliensis, to which he referred 
the material previously described by MAISEY (1986). The 
information about this species used in this study come from 
MAISEY (1986), YABUMOTO (2002), FRAGOSO et al. (2018) and 
on personal observations by YY, PB and CC. 

Axelrodichthys araripensis. This species was originally 
described from the Albian Santana Formation by MAISEY 
(1986). New data about this species are from MAISEY (1991b) 
and FOREY (1998), and supplemented by a complete recent 
revision by FRAGOSO et al. (2018), and by personal observations 
by PB and CC.

Parnaibaia maranhaoensis. In South America, a third 
mawsoniid genus, Parnaibaia, known by the species P. 
maranhaoensis, was described by YABUMOTO (2008) from the 
Pastos Bons Formation, Maranhão, Brazil. The age of this 
formation was debated, but it is now generally regarded as 
Late Jurassic or Early Cretaceous (CARDOSO et al., 2017). The 
scoring of the characters is based on YABUMOTO (2008) and on 
personal observations by YY, PB and CC. 

«Mawsonia» lavocati. This species was described on the 
basis of a single angular from the site of Gara Sbaa, in 
southeastern Morocco, by TABASTE (1963). Further material 
referred to this species was then described by WENZ (1980, 
1981), CAVIN and FOREY (2004), YABUMOTO and UYENO 
(2005) and CAVIN et al. (2015). Most of the material of "M." 
lavocati is composed of isolated remains and CAVIN and FOREY 
(2004) and CAVIN et al. (2015) suggested that some elements 
belong to the genus Axelrodichthys. There are no overlaps 
between bones from this site referred to Axelrodichthys and 
Mawsonia, and we refer here all the material from Morocco to 
a single species, “Mawsonia” lavocati. The occurrence of a 
single species is reinforced by strong resemblances between 
similar bones described by these authors: the angular described 
by TABASTE (1963) with the angular described by YABUMOTO 
and UYENO (2005), the ethmosphenoid portion described by 
WENZ (1981) with those described by CAVIN and FOREY (2004) 
and by YABUMOTO and UYENO (2005), the principal coronoid 
described by YABUMOTO and UYENO (2005) with the one 
described by CAVIN et al. (2015). Recently, FRAGOSO et al. (2018) 
included “M.” lavocati in the genus Axelrodichthys, based on 
morphological similarities (e.g. curved parietonasal; three pairs 
of nasals; fine ornamentation of the operculum; curved posterior 
edge of the operculum; ventral swelling of the pterygoid). 

Mawsonia tegamensis. This species from the Aptian of 
Gadoufaoua, Niger, was described by WENZ (1975). Most of 
the data about this species are from this publication, plus 
additional information from FRAGOSO et al. (2018).

Axelrodichthys megadromos. This species was recently 
recognized in the Late Cretaceous of Southern France (CAVIN 
et al., 2005, 2016). The scoring of this taxon rests on these 
publications plus personal observations by LC. 

Trachymetopon liassicum. A species originally described 
by HENNIG (1951) from the Lower Toarcian of Ohmden, 
Baden-Wurttemberg, Germany, and redescribed by DUTEL et 
al. (2015), who confirmed its affinities with the mawsoniids 
previously noticed by FOREY (1998). The genus was also 
recovered in the Late Jurassic of France (DUTEL et al., 2014).

Lualabaea lerichei. This species was described by 
SAINT-SEINE (1955) from the Late Jurassic of the Lualaba 
Series, Democratic Republic of the Congo. FOREY (1998) and 
CARVALHO and MAISEY (2008) noticed the resemblance 
between this genus and the Mawsonia/Axelrodichthys  
complex. Some characters were discussed by FRAGOSO et al. 
(2018). The material was re-examined by two of us (LC, 
UD). 

Diplurus. This Triassic and Early Jurassic North 
American genus was described in detail by SCHAEFFER (1952). 
We consider the genus as terminal taxon, and consequently we 
scored the characters merging information from both D. 
longicaudatus and D. newarki, based mostly on SCHAEFFER 
(1952) and FOREY (1998). 

Chinlea sorenseni. This species was described by SCHAEFFER 
(1967) from the Upper Triassic of the Chinle Formation 
and ?Dockum Group, North America. ELLIOTT (1987) 
described a new specimen from the Chinle Formation. FRAGOSO 
et al. (2018) provided new information about this species.

Mawsoniid taxa not used in the phylogenetic analysis
Several species of Mawsonia and Axelrodichthys have 

been described on the basis of material too incomplete to allow 
their inclusion in the phylogenetic analysis. These are 
Mawsonia soba from the pre-Aptian of Cameroon (BRITO et 
al., 2018), M. libyca from the Cenomanian of Bahariya, Egypt 
(WEILER, 1935), M. ubangiana from the Neocomian of the 
Republic of Congo (CASIER, 1961) (both considered as junior 
synonym of the type species M. gigas by CARVALHO and 
MAISEY, 2008), Mawsonia sp. from the Late-Jurassic-Earliest 
Cretaceous of Uruguay (SOTO et al., 2012), Axelrodichthys sp. 
from the Late Cretaceous of Madagascar and from the Aptian 
of Niger (GOTTFRIED et al., 2004). Axelrodichthys maiseyi 
(CARVALHO et al., 2013) was recently described from the Albian 
Codó Formation in Brazil. FRAGOSO et al. (2018) expressed 
doubts about the interpretation of some anatomical structures 
and suggested to revise this species. M. minor from the 
Neocomian of Brazil (WOODWARD, 1908) is considered as 
junior synonym of the type species M. gigas by some authors 
(CARVALHO and MAISEY, 2008). Consequently, this taxon is not 
included in our phylogenetic analysis.

Characters used in the phylogenetic analysis
Morphological disparity of post-Devonian actinistians is 

considered as comparatively low compared to other clades 
(SCHAEFFER, 1952; CLOUTIER, 1991; FOREY, 1998; SCHULTZE, 
2004; FRIEDMAN and COATES, 2006; CAVIN and GUINOT, 
2014). Moreover, it has been suggested that intraspecific 
polymorphism is high in mawsoniid species. A study of a large 
sample of individuals from a single population of M. gigas 
from the Sanfranciscana Basin (Southeastern Brazil) suggested 
that some of the osteological variations previously proposed to 
discriminate genera and species of mawsoniids, such as pattern 
of ornamentation, position of the otic canal and arrangement of 
the anterior apophyses of the postparietal shield, are variable 
and should be used with caution as diagnostic characters 
(CARVALHO and MAISEY, 2008). Keeping this caution in mind, 
we explored the phylogenetic intra-relationships of mawsoniids 
by using a set of characters, which putatively contains 
phylogenetic signals.  Mawsoniidae were considered 
monophyletic in all previous cladistics analyses (CLOUTIER, 
1991; FOREY, 1998; DUTEL et al., 2012; CAVIN et al., 2013, 
2017; WEN et al., 2013) and consistently included the same 
taxa (see Introduction).

The basis of the character set used here is from FOREY 
(1998), with subsequent modifications. In the present cladistics 
analysis, however, we did not include actinistian characters 
that are uninformative for our set of taxa, i.e. the same 
character score is present in all mawsoniids (FOREY’s 
characters 5–7, 10–13, 18–21, 24–25, 29, 31, 33–35, 48, 
51–55, 58, 61–64, 69–73, 75–78, 80–88, 90–91, 93–95, 97, 
99–103, 105, 108–109). Character 26 is also regarded as 
uninformative because it was erroneously scored for Latimeria 
in FOREY (1998) and in subsequent works. We rejected two 
characters (FOREY’s characters 37, 51) that, as currently 
defined, could not be scored in our set of genera, and we 
defined nine new characters that are regarded as relevant for 
addressing specific features discriminating mawsoniids 
species. The 56 resulting characters are defined as follows:

List of characters
1. Posterior margin of posterior-most supraorbital and the 

posterior parietal: supraorbital series extends posteriorly to 
the posterior parietal (0); aligned transversally (1); notch 
between both ossifications (2). [Modified from character 1 
in FOREY (1998), adapted from the discussion in CARVALHO 
and MAISEY (2008).]

2. Snout bones: lying free from one another (0); consolidated 
(1). [character 2 in FOREY (1998).]

3. Median rostral: single (0); several (1). [character 3 in FOREY 
(1998).]

4. Premaxillae: paired (0); fragmented (1). [character 4 in 
FOREY (1998).]

5. Anterior and posterior pairs of parietals: of similar size (0); 
anterior shorter than posterior (1); anterior longer than 
posterior (2). [Modified from character 8 in FOREY (1998) 
(state 2 added).]

6. Number of supraorbitals/tectals: fewer than eight (0); more 

than 10 (1). [character 9 in FOREY (1998).] 
7. Supratemporal descending process: absent (0); present (1). 

[character 14 in FOREY (1998).]
8. Extrascapulars: sutured with postparietals (0); free (1). 

[character 15 in FOREY (1998).] 
9. Extrascapulars: behind level of neurocranium (0); forming 

part of the skull roof (1). [character 16 in FOREY (1998).]
10. Number of free extrascapulars: more than three (0); three 

(1); two (2). [Modified from character 17 in FOREY (1998). 
FOREY assumed that in most coelacanths, the lateralmost 
extrascapular has 'fused' with the supratemporal, and 
therefore counted the compound ossification when numbering 
the number of extrascapulars. Here, we prefer to consider 
the number of free extrascapulars only.]

11. Anterior branches of supratemporal commissure: absent 
(0); present (1). [character 22 in FOREY (1998).]

12. Supraorbital sensory canals opening through bones: as 
single large pores (0); bifurcating pores (1); many tiny pores 
(2); a large, continuous groove crossed by pillars (3). 
[character 23 in FOREY (1998).]

13. Bones of the skull roof: ornamented with enamel-capped 
ridges/tubercles (0); bones unornamented (1); all skull roof 
bones marked by coarse rugosities (2). [character 27 in 
FOREY (1998).] 

14. Parietals and postparietals: without raised areas (0); with 
raised areas (1). [character 28 in FOREY (1998).]

15. Spiracular (postspiracular): absent (0); present (1). 
[character 30 in FOREY (1998).]

16. Suboperculum: absent (0); present (1). [character 32 in 
FOREY (1998).]

17. Lachrymojugal: ending without anterior angle (0); angled 
anterodorsally (1); enlarged, with a groove for the posterior 
opening of the rostral organ (2). [Modified from character 
36 in FOREY (1998).]

18. Preoperculum: large (0); reduced to a narrow tube 
surrounding the preopercular canal only (1). [character 38 in 
FOREY (1998).]

19. Preoperculum: undifferentiated (0); developed as a 
posterior tube-like canal-bearing portion and an anterior 
blade-like portion (1). [character 39 in FOREY (1998).]

20. Postorbital: simple, without anterodorsal excavation (0); 
anterodorsal excavation in the postorbital (1). [character 40 
in FOREY (1998).]

21. Postorbital: without anterior process (0); with anterior 
process (1). [character 41 in FOREY (1998).] 

22. Postorbital: large (0); reduced to a narrow tube surrounding 
the sensory canal only (1). [character 42 in FOREY (1998).]

23. Postorbital: entirely behind the level of the intracranial 
joint (0); spanning the intracranial joint (1). [character 43 in 
FOREY (1998).]

24. Infraorbital canal within the postorbital: with simple pores 
opening directly from the main canal (0); anterior and 
posterior branches within the postorbital (1). [character 44 
in FOREY (1998).]

25. Infraorbital sensory canal: running through centre of 
postorbital (0); running at the anterior margin of the 
postorbital (1). [character 45 in FOREY (1998).]

26. Jugal sensory canal: simple (0); with prominent branches 
(1). [character 46 in FOREY (1998).]

27. Jugal canal: running through centre of bone (0); running 
along the ventral margin of the squamosal (1). [character 47 
in FOREY (1998).]

28. Ornaments upon cheek bones: absent (0); tubercular (1); 
represented as coarse superficial rugosity (2). [character 49 
in FOREY (1998).]

29. Infraorbital, jugal and preopercular sensory canals: opening 
through many tiny pores (0); opening through a few large 
pores (1). [character 50 in FOREY (1998).]

30. Coronoid: opposite to the posterior end of dentary not 
modified (0); modified (1). [character 56 in FOREY (1998).]

31. Dentary: simple (0); dentary hook-shaped, upper and lower 
extensions almost similar in size (1); dentary hook-shaped, 
lower extensions larger than the upper extension (2). 
[character 57 in FOREY (1998), state 1 and 2 modified from 
FOREY (1998), CUPELLO et al. (2016).]

32. Oral pit line: located at centre of ossification of angular 
(0); removed from centre of ossification (1). [character 59 
in FOREY (1998).]

33. Subopercular branch of the mandibular sensory canal: 
absent (0); present (1). [character 60 in FOREY (1998).]

34. Dentary: without prominent lateral swelling (0); with 
swelling (1). [character 65 in FOREY (1998).]

35. Principal coronoid: lying free (0); sutured to angular (1). 
[character 66 in FOREY (1998).]

36. Coronoid fangs: absent (0); present (1). [character 67 in 
FOREY (1998).]

37. Prearticular and/or coronoid teeth: pointed and smooth (0); 
rounded and marked with fine striations radiating from the 
crown (1). [character 68 in FOREY (1998).] 

38. Temporal excavation: not lined with bone (0); lined with 
bone (1). [character 74 in FOREY (1998).]

39. Parasphenoid: without ascending laminae anteriorly (0); 
with ascending laminae (1). [character 79 in FOREY (1998).]

40. Anocleithrum: simple (0); forked (1). [character 89 in 
FOREY (1998).]

41. Ossified ribs: absent (0); present (1). [character 92 in 
FOREY (1998).]

42. Fin rays in dorsal fin 1: > 10 (0); 8–10 (1); < 8 (2). 
[character 96 in FOREY (1998), We modified state 1 (8–10 
instead of 8–9) in order to include Mawsonia brasiliensis.]

43. Dorsal fin 1: without denticles (0); with denticles (1). 
[character 98 in FOREY (1998).]

44. Scale ornament: not differentiated (0); differentiated (1). 
[character 104 in FOREY (1998).]

45. Scales: ornament of ridges or tubercles (0); rugose (1). 
[character 106 in FOREY (1998).]

46. Ossified lung: absent (0); present (1). [character 107 in 
FOREY (1998). See BRITO et al. (2010) and CUPELLO et al. 

(2017) for details.]
47. Ventral swelling of the palatoquadrate: absent (0); present 

(1). [character 110 in DUTEL et al., 2012.]
48. Lachrymojugal: curved in its mid-region (0); straight in its 

mid-region (1). [New character. In some mawsoniids, the 
lachrymojugal is elongated and straight, the orbit being 
placed at the anterior curvature.]

49. Supraorbitals in the mid-length of the ethmosphenoid 
portion: significantly narrower that the parietal (0); 
approximately as broad as the parietal (1). [New character. 
This feature was pointed out by WENZ (1981).]

50. Outline of the skull roof of the ethmo-sphenoid portion in 
dorsal view: concave (0); convexe (1). [New character. 
character discussed, but not coded, by CARVALHO and 
MAISEY (2008).]

51. Posterior parietal: contacts more than 3 supraorbitals (0); 
contacts 3 supraorbitals (1); contacts 2 supraorbitals (2). 
[New character. Character discussed, but not coded, by 
CARVALHO and MAISEY (2008).]

52. Dorsal outline of the ethmosphenoid portion in lateral 
view: straight or convex (0); concave (1). [New character.]

53. Ratio Length/Width ethmosphenoid skull roof (L without 
Pmx and Ro, and Wmax): < 2.5 (0); >= 2.5 (1). [New 
character.]

54. Extrascapular versus supratemporal: significantly shorter 
(0); equal or almost equal in length (1). [New character.]

55. Posteroventral edge of the opercle: marks an angle or 
posterior margin rounded (0); straight (1); regularly curved 
(2). [New character, from CUPELLO et al. (2016) and 
FRAGOSO et al. (2018).]

56. Deepest point of the angular: approximately midway along 
the length of the bone (0); near the anterior margin of the 
bone (1). [New character, discussed by MAISEY (1986), 
FOREY (1998), CUPELLO et al. (2016).]

RESULTS

The data were analysed using PAUP*4.0b10 (SWOFFORD, 
2001). A heuristic search using random addition sequence, 
replicated 2000 times, 10 trees held at each iteration, and tree 
bisection and reconnection branch swapping was carried out 
with Latimeria and Macropoma as outgroup. Eighteen most 
parsimonious trees (length 100, CI = 0.660, RI = 0.653, RC = 
0.431) were obtained. The strict consensus tree is shown in 
Figure 2. Character changes in one of the most parsimonious 
tree are shown in the Appendix. Most nodes are weakly 
supported, i.e. with Bremer supports of 1. Only the node 
supporting the Mawsoniidae family and the node grouping 
Chinlea and more derived taxa have Bremer supports of 3, and 
the node grouping Parnaibaia with more derived taxa has a 
Bremer support of 2. The family Mawsoniidae are characterized 
by eight uniquely derived characters (ci=1), i.e. char. 7, 19, 20, 
32, 33, 38, 41, 42. This result is not discussed further here 

because it rests on previous analyses that characterized 
mawsoniids among all actinistians. Parnaibaia and more 
derived taxa share 9 characters absent in Diplurus, four of 
them being uniquely derived. Among the latter, two are 
unknown in Parnaibaia (25 and 27). The other two, regarded 
as strong support for this clade, are ‘fusion of the extrascapular 
to the skull roof’ (char. 8) and ‘postorbital spanning the 
intracranial joint’ (char. 23). The next node, more strongly 
supported, groups Chinlea with more derived taxa. This node 
is supported by five characters, four being uniquely derived 
and three being known in Chinlea: ‘extrascapulars forming 
part of the skull roof’ (char. 9), ‘Ornaments upon cheek bones 
represented as coarse superficial rugosity’ (char. 28) and 
‘Supraorbitals in the mid-length of the ethmosphenoid portion 
approximately as broad as the parietal’ (char. 49). Previous 
studies regarded Axelrodichthys and Mawsonia as a complex 
of species. We also find this strong relationship, but both 
genera are here resolved in a polytomy with Trachymetopon 
and with “Mawsonia” lavocati, whose generic identity is 
unclear. The node supporting this polytomy is characterized by 
seven characters, two being unambiguous: ‘Three (or less) 
extrascapulars’ (char. 10, state 1) and ‘principal coronoid fused 
to angular’ (char. 35). The genus Mawsonia (gathering M. gigas, 
M. brasiliensis and M. tegamensis) is defined by four characters, 
one being uniquely derived: ‘Two extrascapulars’ (char. 10, 
state 2). The node characterizing Axelrodichthys, which includes 

here A. araripensis and A. maegadromos, is supported by four 
characters, one being uniquely derived: ‘Deepest point of the 
angular located near the anterior margin of the bone’ (char. 
56). Lualabaea is grouped here with Axelrodichthys, but we 
wait that further phylogenetic studies can confirm, or 
invalidate, this result before performing nomenclatural 
changes.

DISCUSSION

Based on the phylogeny, the evolutionary history of the 
Mawsoniidae can be divided into two main episodes: a mostly 
Triassic episode that occurred in North America with a 
younger outsider in South America (Parnaibaia), and a mostly 
early Cretaceous Western Gondwanan episode with a younger 
outsider in the Late Cretaceous of Europe (A. megadromos). 
Diversification during both episodes occurred in brackish or 
freshwater environments. Both episodes are separated by the 
Jurassic that yielded few mawsoniids remains, except the 
marine Trachymetopon. In our phylogeny, Trachymetopon is 
connected to the second episode, but data are still too 
incomplete to determine if brackish or freshwater Jurassic 
mawsoniids were effectively inexistent, or if the picture is 
biased by the poor continental fossil record of this period of 
time. Actually, age constraints of several of the South 

American continental occurrences are weak implying that 
Parnaibaia and the indeterminate mawsoniid from Uruguay 
may well be Late Jurassic in age (YABUMOTO, 2008, SOTO et 
al., 2012). 

Mawsonia and Axelrodichthys were for a long time 
regarded as sister taxa. The present phylogenetic analysis 
confirms this close relationship, as well as it makes clear 
characters that define both genera. However, both genera 
belong to a polytomy with Trachymetopon and ‘Mawsonia’ 
lavocati. The latter, which was included in Axelrodichthys by 
FRAGOSO et al. (2018), based on some morphological similarities 
(e.g. curved parietonasal; three pairs of nasals; fine ornamentation 
of the operculum; curved posterior edge of the operculum; 
ventral swelling of the pterygoid), is still problematic. 
Although known by some decent fossil specimens, most of the 
material on which characters were scored, are fragmentary, 
and we cannot exclude that they belong to different taxa 
(possibly a Mawsonia  and an Axelrodichthys) .  The 
coexistence of Mawsonia and Axelrodichthys was previously 
documented with M. brasiliensis and A. araripensis both from 
the Romualdo Member of Santana Formation in the Araripe 
basin (see MAISEY, 1986; YABUMOTO, 2002). This problem, 
which is also encountered with Mawsonia gigas from Brazil, 
stresses the necessity to carry on the research of more 
complete specimens in North Africa and South America. 

Based on the current fossil record and on the phylogeny, 
the history of mawsoniids may have started in North America, 
then the family rapidly spreads towards South America as 
indicates the phylogenetic position (and possibly the age) of 
Parnaibaia. Then, during the second episode, the history of 
these coelacanths is mostly concentrated in Western 
Gondwana, with probable vicariant events affecting both 
Axelrodichthys and Mawsonia in the Early Cretaceous during 
the opening of the South Atlantic. The integration in this 
scheme of the European marine occurrences,  i .e.  the 
indeterminate taxon from the Late Triassic and Trachymetopon 
from the Jurassic, are still pending an explanation. The latest 
occurrence of Mawsoniidae in the Late Cretaceous of Europe 
was regarded as the result of a probable dispersal from 
Gondwana (Africa?) as it was also observed for continental 
tetrapods at that time (CAVIN et al., 2016). The Late Cretaceous 
occurrence of Axelrodichthys in Madagascar (GOTTFRIED et al., 
2004) is also possibly due to a dispersal event from Africa or, 
less probable, the result of a very old vicariant event. 

CONCLUSION

Mawsoniids constitute one of the major coelacanth 
lineages, which followed the Early-Middle Triassic phase of 
diversification formed mostly by non-latimeroid taxa (FOREY, 
1998; CAVIN et al., 2013). Actually, post-Triassic coelacanths 
are represented exclusively by latimeroids (i.e. Latimeriidae 
and Mawsoniidae), except the Late Jurassic Coccoderma. 
Among latimeroids, mawsoniids are more diversified and more 

abundant than latimeriids. The phylogeny and the evolutionary 
history of mawsoniids proposed here are still weakly supported 
and should be regarded as working hypotheses for future 
works. These should focus on better definition of characters 
and, still more importantly, on the discovery of more material. 
Mawsoniids consti tuted a major component in some 
Cretaceous ecosystem, and their remains are in some localities 
very abundant. Some mawsoniids were characterized by their 
huge size (Mawsonia gigas, ‘M.’ lavocati, Trachymetopon) 
and some aspects of their life history should still be explored, 
such as their diet and their potential ability for air-breathing 
(CUPELLO et al., 2019). Although the lack or scarcity of 
information on the mawsoniids studied here, which are 
represented mainly by fragmentary remains, makes difficult 
the recognition of relevant characters for phylogenetic 
analyses, and beyond for tracing their evolutionary history, 
there is accumulating evidence suggesting that these fishes 
occupied a very special position in their ecosystems.
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APPENDIX

List of apomorphies for one of the most parsimonious tree 
(Fig. A1)

Node numbers are based on Fig. A1, Each character is 
followed by its consistency index (ci) and, by change of 
states (⇒: unambiguous transformation, →: ambiguous 

12 13

transformation) 
Node 24 → Node 23

3 (median rostral) :  0.333,  1 →  0;  6 (Number of  
supraorbitals/tectals): 0.500, 1 ⇒ 0; 7 (Supratemporal 
descending process): 1.000, 1 ⇒ 0; 11 (Anterior branches 
of supratemporal commissure): 0.500, 1 ⇒  0; 19 
(Preoperculum): 1.000, 1 ⇒ 0; 20 (Postorbital): 1.000, 1 
⇒ 0; 24 (Infraorbital canal within the postorbital): 0.500, 
1 → 0; 32 (Oral pit line): 1.000, 1 → 0; 33 (Subopercular 
branch of the mandibular sensory canal): 1.000, 1 ⇒ 0; 
38 (Temporal excavation): 1.000, 0 → 1; 41 (Ossified 
ribs): 1.000, 0 ⇒ 1; 42 (Fin rays in D1): 1.000, 2 ⇒ 1; 47 
(Ventral swelling of the palatoquadrate): 0.333, 1 ⇒ 0; 
51 (Posterior parietal): 0.667, 0 → 1

Node 23 → Node 22
5 (Anterior and posterior pairs of parietals): 0.500, 1 ⇒ 
0; 8 (Extrascapulars): 1.000, 1 ⇒ 0; 12 (Supraorbital 
sensory canals open): 0.500, 0 → 2; 23 (Postorbital): 
1.000, 0 ⇒ 1; 25 (Infraorbital sensory canal): 1.000, 1 → 
0; 27 (Jugal canal): 1.000, 1 → 0; 46 (Ossified lung): 
0.500, 0 → 1; 52 (Dorsal outline of the ethmosphenoid 
skull roof: 0.333, 0 → 1; 55 (Posteroventral edge of the 
opercle): 0.667, 0 ⇒ 2

Node 22 → Node 21
9 (Extrascapulars): 1.000, 0 ⇒ 1; 28 (Ornaments upon 
cheek bones): 1.000, 1 ⇒ 2; 37 (Prearticular and/or 
coronoid teeth): 1.000, 0 → 1; 45 (Scales): 0.500 0 → 1; 
49 (Supraorbitals in the mid-length): 1.000, 0 ⇒ 1

Node 21 → Chinlea
6 (Number of supraorbitals/tectals): 0.500, 0 ⇒ 1; 30 
(Coronoid): 0.500, 0 ⇒ 1; 36 (Coronoid fangs): 0.500, 0 
⇒ 1; 43 (Dorsal fin 1): 0.500, 1 ⇒ 0

Node 21 → Node 20
1 (Posterior margin of supraorbital): 0.667, 0 ⇒ 2; 10 
(Number of free extrascapulars): 1.000, 0 ⇒ 1;15 
(Spiracular  (postspiracular)) :  0 .500,  1  ⇒  0 ;  18 
(Preoperculum): 0.500, 0 → 1; 35 (Principal coronoid): 
1.000, 0 ⇒ 1; 50 (Outline of the skull roof of the 
ethmo-sphenoid portion in dorsal view): 0.333, 0 → 1; 53 
(ratio L/W ethmosphenoid skull): 0.500, 0 ⇒ 1

Node 20 → Node 17
17 (Lachrymojugal): 0.667, 3 → 0; 45 (Scales): 0.500, 1 
→ 0; 55 (Posteroventral edge of the opercle): 0.667, 2 → 1

Node 17 → Node 16 
21 (Postorbital): 1.000, 0 → 1; 43 (D1): 0.500, 1 → 0; 44 
(Scale ornament): 0.500, 1 → 0; 48 (Lachrymojugal): 
1.000, 0 ⇒ 1; 54 (Extrascapular versus supratemporal): 
1.000, 0 ⇒ 1

Node 16 → Node 15 
10 (Number of free extrascapulars): 1.000, 1 ⇒ 2; 17 
(Lachrymojugal): 0.667, 0 → 2; 50 (Outline of the skull 
roof of the ethmo-sphenoid portion in dorsal view): 
0.333, 1 → 0; 52 (Dorsal outline of the ethmosphenoid 
portion): 0.333, 1 → 0

Node 15 → Node 14 
1 (Posterior margin of supraorbital 1 and the posterior 
parietal): 0.667, 2 → 1; 34 (Dentary): 0.333, 0 → 1

Node 14 → Mawsonia gigas 
18 (Preoperculum): 0.500, 1⇒ 0

Node 14 → Mawsonia tegamensis 
31 (Dentary): 0.500, 2 ⇒ 0

Node 15 → Mawsonia braziliensis 
3 (median rostral): 0.333, 0 → 1; 5 (Anterior and 
posterior pairs of parietals): 0.500, 0 → 2

Node 16 → 'Axelrodichthys lavocati' 
5 (Anterior and posterior pairs of parietals): 0.500, 0 ⇒ 
1; 11 (Anterior branches of supratemporal commissure): 
0 . 5 0 0 ,  0  ⇒  1 ;  4 7  ( V e n t r a l  s w e l l i n g  o f  t h e  
palatoquadrate): 0.333, 0 ⇒ 1; 55 (Posteroventral edge of 
the opercle): 0.667, 1 → 2

Node 17 → Trachymetopon liassicum 
1 (Posterior margin of supraorbital): 0.667, 2 ⇒ 1; 42 
(Fin rays in D1): 1.000, 1 ⇒ 0

Node 20 → Node 19
24 (Infraorbital canal within the postorbital): 0.500, 0 → 
1; 34 (Dentary): 0.333, 0 → 1; 51 (Posterior parietal): 
0.667, 1 ⇒ 2; 56 (Deepest point of the angular): 1.000, 0 

⇒ 1
Node 19 → Node 18 

5 (Anterior and posterior pairs of parietals): 0.500, 0 → 
2; 47 (Ventral swelling of the palatoquadrate): 0.333, 0 
⇒ 1

Node 18 → Axelrodichthys araripensis 
31 (Dentary): 0.500, 2 ⇒ 1

Node 18 → Lualabaea lerichei 
53 (ratio L/W ethmosphenoid skull roof): 0.500, 1 ⇒ 0

Node 19 → Axelrodichthys megadromos 
31 (Dentary): 0.500, 2 ⇒ 0

Node 22 → Parnaibaia maranhaoensis 
3 (median rostral): 0.333, 0 → 1; 4 (premaxillae): 0.500, 
0 ⇒ 1; 34 (Dentary): 0.333, 0 ⇒ 1; 51 (Posterior 
parietal): 0.667, 1 → 0

Node 23 → Diplurus 
13 (bones  of  the  skul l  roof ) :  1 .000,  2  ⇒  1 ;  22  
(Postorbital): 1.000, 0 ⇒ 1; 26 (Jugal sensory canal): 
0.500, 0 → 1; 28 (Ornaments upon cheek bones): 1.000, 
1 ⇒ 0; 29 (Infraorbital, jugal and preoperculum): 0.500, 
0 → 1; 31 (Dentary): 0.500, 2 ⇒ 0; 39 (Parasphenoid): 
1.000, 1 ⇒ 0

Phylogeny and evolutionary history of mawsoniid coelacanths

La
tim

er
ia

M
ac

ro
po

m
a

C
hi

nl
ea

D
ip

lu
ru

s
M

aw
so

ni
a 

gi
ga

s
M

aw
so

ni
a 

br
az

ilie
ns

is
M

aw
so

ni
a 

te
ga

m
en

si
s

Ax
el

ro
di

ch
th

ys
 a

ra
rip

en
si

s
<M

aw
so

ni
a 

la
vo

ca
ti>

Ax
el

ro
di

ch
th

ys
 m

eg
ad

ro
m

os
Pa

rn
ai

ba
ia

 m
ar

an
ha

oe
ns

is
Tr

ac
hy

m
et

op
on

 li
as

si
cu

m
Lu

al
ab

ae
a 

le
ric

he
i

- 0 0 0 ? 2 1 2 2 ? 0 1 2

0 1 0 0 ? 0 0 0 0 ? 0 ? ?

1 1 ? 0 ? 1 0 0 ? ? 1 ? ?

1 0 0 0 ? ? ? 0 ? ? 1 ? ?

1 1 ? 1 ? 2 0 2 1 0 0 ? ?

1 1 1 0 ? 0 0 0 0 0 0 ? ?

1 1 ? 0 ? 0 0 0 0 ? ? 0 ?

1 1 0 1 0 0 0 0 0 ? 0 0 0

0 0 1 0 1 1 1 1 1 ? 0 1 1

10 0 0 0 0 2 2 2 1 1 ? 0 1 1

1 1 0 0 ? 0 0 0 1 ? ? ? ?

0 2 ? 0 2 2 2 2 2 ? 2 ? ?

2 0 2 1 2 2 2 2 2 2 2 2 2

1 0 0 0 0 0 0 0 0 0 0 0 0

1 0 1 1 ? 0 0 0 ? ? 1 ? ?

1 ? 0 0 ? 0 0 0 ? ? 0 ? ?

0 2 2 2 1 1 1 2 0 ? 2 ? 2

0 0 0 0 0 1 1 1 ? ? 0 ? ?

0 0 0 0 1 1 1 0 ? ? 0 0 ?

0 0 0 1 0 0 0 0 ? ? 0 0 ?

0 0 1 0 ? 1 1 1 ? ? 1 ? ?

1 1 ? 0 ? ? 0 1 ? ? ? ? ?

1 1 0 1 ? 0 0 0 ? ? ? ? ?

1 0 ? 1 ? ? ? 0 ? ? ? ? ?

1 1 ? 1 ? 0 ? 0 ? ? ? ? ?

1 1 2 0 ? 2 2 2 ? ? 1 2 2

1 0 0 1 ? 0 ? 0 ? ? ? ? ?

30 1 ? 1 0 ? ? ? 0 ? ? 0 ? ?

2 2 2 0 2 2 0 1 2 0 ? ? 2

1 1 ? 0 ? ? ? ? ? ? ? ? ?

1 1 ? 0 ? ? 0 0 ? ? ? 0 ?

0 0 0 0 1 0 ? 1 0 ? 1 0 1

0 0 0 0 1 1 1 1 1 ? ? 1 1

1 0 1 0 ? 0 0 0 ? ? 0 0 ?

0 0 ? 0 1 ? 1 1 1 1 0 ? ?

0 0 ? ? ? ? ? 1 1 ? ? ? ?

1 1 ? 0 ? ? ? 1 1 ? ? ? ?

40 0 1 ? 0 ? ? ? 0 ? ? ? ? ?

0 0 1 1 ? 1 ? 1 ? ? 1 1 ?

2 2 1 1 ? 1 ? 1 ? ? 1 0 ?

1 1 0 1 0 ? ? 1 ? ? 1 1 1

0 1 1 1 ? 0 ? 1 ? ? 1 1 1

0 0 1 0 ? ? ? 1 ? ? 0 0 ?

0 1 ? 0 1 1 ? 1 ? ? 1 1 ?

1 1 ? 0 ? 0 ? 1 1 0 ? 0 1

0 0 0 0 1 1 1 0 1 ? 0 0 0

0 0 1 0 ? 1 1 1 1 1 0 1 1

50 1 0 0 0 ? 0 0 1 1 1 ? ? 1

0 0 1 1 ? 1 1 2 1 2 0 ? ?

0 1 1 0 ? 0 ? 1 1 1 1 ? ?

0 0 0 ? ? 1 ? 1 1 1 0 ? 0

0 0 0 0 ? 1 1 0 1 ? 0 0 0

0 0 2 0 1 1 ? 2 2 ? 2 1 2

0 0 0 ? 0 0 0 1 0 1 ? 0 1

1 1 0 0 ? 0 0 0 ? ? 0 ? ?

20 1 1 0 0 ? 0 0 0 ? ? 0 0 ?

D
at

a 
m

at
rix

.

Lionel CAVIN, Camila CUPELLO, Yoshitaka YABUMOTO, Léo FRAGOSO, Uthumporn DEESRI and Paulo M. BRITO


