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Abstract

Melanosuchus niger (Crocodylia, Alligatoroidea) is one of the six living caimanine species
widely distributed throughout the Amazon River basin today. Although there is only one extant
species of Melanosuchus, fossil material assigned to this genus, represented by M. fisheri, has
been reported from the late Miocene in South America. However, the validity of this taxon has
been questioned and a recent investigation indicates that the referred specimen of M. fisheri
(MCZ 4336) actually belongs to Globidentosuchus brachyrostris, while those diagnostic
characters present in the holotype (MCNC 243) fall into the spectrum of intraspecific variation of
M. niger. Here, we compare the skull shape of the holotype of M. fisheri with the ontogenetic
series of the four jacarean species (M. niger, Caiman yacare, Caiman crocodilus and Caiman
latirostris) using 2D geometric morphometric analyses in two different views. The analyses
indicate that MCNC 243 falls into the morphospace of M. niger and C. latirostris. Despite strong
shape similarities between juveniles of C. latirostris and MCNC 243, further anatomical
comparisons reveal notable differences between them. In contrast, no concrete anatomical
differences can be found between MCNC 243 and M. niger, although shape analyses indicate that
MCNC 243 is relatively robust for its size. Thus, this study is able to confirm that the genus
Melanosuchus was present in the late Miocene, but it still remains unclear if MCNC 243 should
be treated as a junior synonym or probably a sister species of M. niger. Its Miocene age favors
the second option, but as the shape analyses were also not able to extract any diagnostic

characters, it should be retained as Melanosuchus cf. niger.
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A comparison of the skull shape of the fossil caiman MCNC 243 with four jacarean caimans

indicates that MCNC 243 falls into the morphospace of Melanosuchus niger and Caiman

latirostris, while orbit shape and size supports an affiliation with the genus Melanosuchus.



1. Introduction

The black caiman (Melanosuchus niger Spix, 1825) is the largest extant member of
Alligatoroidea, with adult males that can exceed 4-5 m in length and females with a mean adult
total length of 2.8 m (Brazaitis, 1973; Thorbjarnarson, 2010). Within Alligatoroidea, phylogenetic
analyses place M. niger closer to the genus Caiman Spix, 1825 than to Paleosuchus Gray, 1862,
forming the clade Jacarea (e.g., Brochu, 1999, 2003, 2010; Oaks, 2011; Scheyer et al., 2013;
Salas-Gismondi et al., 2015). Today, M. niger is widely distributed throughout the Amazon River
basin, but fossil discoveries allow researchers to trace the history of the genus back to the Late
Miocene (Medina, 1976; Sanchez-Villagra and Aguilera, 2006; Scheyer and Delfino, 2016). Two
fossil skulls (the holotype MCNC 243 and referred specimen MCZ 4336) from the Urumaco
Formation of Venezuela were described as Melanosuchus fisheri Medina, 1976 (Figure 1), but
their validity was called into question as both skulls are fairly damaged and taphonomically
deformed, making a proper diagnosis impossible (Brochu, 1999). A recent reinvestigation of the
skull material described by Medina (1976) came to the conclusion that the holotype and the
referred specimen are different species, and MCZ 4336 shares a number of similarities with the
basal caimanine Globidentosuchus brevirostris Scheyer et al., 2013 from the same formation
(Bona et al., in press). As some of the diagnostic characters of M. fisheri are based on this
referred specimen, this result has a significant impact on the validity of the latter species. In
contrast, the holotype specimen could be clearly classified as a jacarean caimanine, but due to its
bad preservation neither a certain assignment to the genus Melanosuchus nor a valid diagnosis of

M. fisheri could be given on the basis of the anatomical comparison (Bona et al., in press).

Thus, the aim of this study is to test the taxonomic status of M. fisheri based on the holotype

(MCNC 243) by comparing its cranial shape with the cranial ontogenetic series of the four



jacarean caimanine species; Caiman yacare Daudin, 1802, Caiman crocodilus Linnaeus, 1758,
Caiman latirostris Daudin, 1802 and M. niger, performing 2D geometric morphometric analyses
(GMA). Together with further anatomical comparison we want to investigate if MCNC 243 can
be assigned to the genus Melanosuchus and if the species M. fisheri can be diagnosed with help

of shape differences.

1.1. Institutional abbreviations

AMU-CURS, Coleccion de Paleontologia de Vertebrados de la Alcaldia de Urumaco, Estado
Falcon, Venezuela; FML, Fundacion Miguel Lillo, Tucuman, Argentina; MACN, Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia”, Buenos Aires, Argentina; MCNC,
Museo de Ciencias Naturales de Caracas, Venezuela; MCZ, Museum of Comparative Zoology,
Harvard University, USA; MFA, Museo Provincial de Ciencias Naturales "Florentino
Ameghino", Santa Fé, Argentina; MLP, Museo de La Plata, Buenos Aires, Argentina; ZSM,

Zoologische Staatssammlung Miinchen, Germany.

2. Materials and methods

2.1. Geometric morphometric analyses of jacarean caimanine skulls

Geometric morphometrics is a powerful tool for taxonomic identification (e.g. Zelditch et al.,
2012) and has been previously applied to study cranial shape variation in crocodylians and their
ancestors. For instance, Piras et al. (2010) and Watanabe and Slice (2014) studied the ontogenetic

variation in the crocodylian skull, while Monteiro et al. (1997), Fernandez Blanco et al. (2014),



Foth et al. (2015) and Okamoto et al. (2015) focussed similar studies particularly on caimanines.
In addition, Hastings and Hellmund (2016) studied the cranial shape diversity of fossil
crocodylians from the Geiseltal Lagerstdtte in Germany, while Young et al. (2010), Stubbs et al.
(2013), Foth, Ezcurra et al. (2016) and Wilberg (2017) performed geometric morphometric and

disparity analyses on the cranial shape of crocodylian ancestors during the Mesozoic.

For the geometric morphometric analyses, we examined the skull of the holotype of
Melanosuchus fisheri (MCNC 243) and the four living species of jacarean Caimaninae:
Melanosuchus niger, Caiman yacare, Caiman crocodilus and Caiman latirostris (following the
taxonomy of Brochu, 1999). All skulls were photographed in dorsal and left lateral view as
described by Pearcy and Wijtten (2010), resulting in 194 specimens in dorsal view (78 of C.
yacare, 35 of C. latirostris, 33 of C. crocodilus, 47 of M. niger and MCNC 243) and 193
specimens in lateral view (76 of C. yacare, 35 of C. latirostris, 34 of C. crocodilus, 47 of M.
niger and MCNC 243) (Supp. Table 1), including individuals of different postnatal ontogenetic
stages for each species. Depending on the availability in scientific collections the ratio of
premature individuals varies roughly between 10.6% (M. niger) and 68.4% (C. yacare). As no
specific age data is available, in general we used half of the maximum centroid size in each
species as a rough threshold for defining the stage of maturity. This threshold is based on the
observation in Alligator mississippiensis, in which sexual maturity is reached at about half of the

average maximum body length (see Wilkinson and Rhodes, 1997).

The digital images of caiman skulls were compiled into a tps file using the program tpsUtil
1.44 (Rohlf, 2004). Skull shape was captured in dorsal view using 28 landmarks and 2 semi-
landmarks (Supp. Table 2), and in lateral view using 16 landmarks and 6 semi-landmarks (Supp.

Table 3; Supp. Figure 1). The different landmarks include homologies of Type I (intersection of



sutures), Type II (maximum and minimum of curvatures) and Type III (extreme or constructed
points) following the definition of Bookstein (1991). Landmarks and semi-landmarks were
digitized using the software tpsDig 2.14 (Rohlf, 2005). For dorsal view, we chose an unilateral
configuration (left side) because mirroring landmarks would not add more shape information
(Young et al., 2010), but in contrast inflate the degrees of freedom in the statistical analyses

(Pierce et al., 2008).

In order to include damaged specimens and increase sample size, we estimated missing
landmarks for a handful of specimens using the function estimate.missing in the package
‘geomorph’ (Adams and Otarola-Castillo, 2013) with R 3.1.2 (R Development Core Team, 2011).
This function interpolates the thin-plate spline of a reference specimen, which is based on all
specimens with complete landmarks, in order to map the locations of missing landmarks on the
target specimens (Gunz et al., 2009). The number of missing landmarks varies from one (for both
views) to six (for lateral view) and one to 15 (for dorsal view). The amount of affected specimens
varies between 10.6% (for M. niger in dorsal view) to 40.5% (for C. latirostris) (see Supp. Table
1). This procedure was done for each species separately to avoid misplacements of landmarks due
to interspecific variation. The position of reconstructed landmarks was controlled for each

specimen afterwards.

In the next step, the datasets of each species were combined into one large file and loaded in
R. Using the package ‘geomorph’ the landmark coordinates were superimposed with help of
Generalized Procrustes Analysis (GPA), which minimizes shape variation related to scale,
translation (i.e., position) and rotation, leaving only shape variation (Rohlf and Slice, 1990).
Because semi-landmarks possess lesser degrees of freedom than ordinary landmarks, it can be

appropriate to minimize their impact on shape analyses. To do so, semi-landmarks were slid



along the line-tangent to the curve during superimposition, minimizing the bending energy of

deformation in the thin-plate spline (Zelditch et al., 2012).

Before applying the Procrustes superimposed data to PCA and other statistical analyses, we
regressed Procrustes distance against Euclidean distance for each landmark pair, using the
program tpsSmall 1.2 (Rohlf, 2003). This procedure estimates the amount of distortion when the
Procrustes data, which lie within a curved space (i.e., Kendall’s shape space), is projected onto
the Euclidean space (Dryden and Mardia, 1998). For both datasets, correlation was found to be 1,
indicating that distortion is minimal, and that all results of subsequent analyses are confident in
respect of geometrical projection. Data were exported to MorphoJ 1.06d (Klingenberg, 2011)
where a principal component analysis (PCA) was performed by generating a covariance matrix.
To explore shape changes along ontogeny, we performed a multivariate regression on the
Procrustes coordinates against log-transformed centroid size. A verification of correlations
indicates the presence of an allometric signal in the data, and produces a set of residual
coordinates for which allometric variation is reduced. In addition, a pooled species within-group
multivariate regression, which uses the deviation of observations of the average of variables of
each species instead of the deviation from the grand mean of all species (Klingenberg, 2009), was
conducted. Afterwards, we analyzed the slopes of ontogenetic series performing a one-way
ANCOVA on the basis of an F test in PAST v. 3.05 (Hammer et al., 2001). This performance
allows testing if ontogenetic trajectories show different allometric growth, which is characterized
by differences in slope and intercept. Finally, we reran a PCA on the basis of (pooled and un-
pooled) non-allometric residuals from the regression tests, and compared the distribution of

species to the original PCA (see above).



All datasets were tested for normality, using the Henze-Zirkler’s, Mardia’s and Royston’s
multivariate normality (MVN) test in R (Supp. Table 4), which are integrated in the R-package
‘MVN’ (Korkmaz et al., 2014). The Henze-Zirkler’s MVN test is based on a non-negative
functional distance, which measures the distance between two distribution functions. The
Mardia’s MVN test is based on a multivariate projection of skewness and kurtosis, while the
Royston’s MVN test uses Shapiro-Wilk/Shapiro-Francia statistics. If p-values of each test are

0.05 or higher, the data is normally distributed. Results were further visualized by a Chi-Square

Q-Q plot (Supp. Figure 2).

In order to test whether different extant caimanine species overlap with each other or are
significantly separated from each other in morphospace, we performed a multivariate analysis of
variance (MANOVA) and a nonparametric multivariate analysis of variance (npMANOVA, also
called perMANOVA) in PAST, and a Discriminant Function Analysis (DFA) and a Canonical
Variate Analysis (CVA) in MorphoJ. MANOVA is a parametric test requiring normal distribution
of data that searches equality of multivariate means within different groups, indicating a potential
overlapping in morphospace (Hammer and Harper, 2006). In contrast, npMANOVA tests the
significance of the distribution of groups on the basis of permutation (10,000 replications) and
Euclidean distance (as one of several possible distance measures), and does not require normal
distribution (Anderson, 2001; Hammer and Harper, 2006). In both cases, the spatial relationship
of species relative to each other is expressed by a p-value, which was Bonferroni corrected by
multiplying the p-values with the number of comparisons. In contrast, DFA and CVA try to
project a multivariate dataset down to one dimension by maximizing the separation between two
(DFA) or more groups (CVA) (Hammer and Harper, 2006) on the basis of Procrustes (=

Euclidean) distances and Mahalanobis distances. Whereas the former is a measure of the absolute



between group mean distances, the latter incorporates additional within-group variation to the
calculation (Drake, 2011). Significance level was given by a p-value, which is based on a
permutation (10,000 replications). The overlap and separation of species within morphospace was
tested on the basis of Procrustes coordinates and non-allometric residuals of both the pooled and
un-pooled multivariate regressions. If the p-values of each test are 0.05 or smaller, a significant

separation between two groups within morphospace can be assumed.

2.2. Position of Melanosuchus fisheri with jacarean caimanines

After investigating the general shape variation within jacarean caimanines, we explored the
position of Melanosuchus fisheri relative to other Caimaninae in morphospace by calculating the
relative probability (deterministic model; see Benson et al., 2011) on the basis of principal
components sourcing on both Procrustes coordinates and non-allometric residuals (pooled and
un-pooled). For that, principal components were conducted with the broken stick method
(Jackson, 1993), which determines those principal components (PCs) with significant shape
variation. In the next step, we estimated the centroids of the morphospace of each extant species
on the basis of the median and average of the PCs, defining the mean shapes of each species.
Afterwards, we estimated the Euclidian distance of MCNC 243 to each species centroid. The
similarity of MCNC 243 to other caimanine species is expressed by the relative probability,
which is the normalized inverse distance of MCNC 243 and each species centroid (see Benson et
al., 2011; Foth, Rabi et al., 2017). The results were compared with the outcome of the DFA and

CVA (see above).
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3. Results

3.1. Skull shape variation of jacarean caimanines

For the dorsal view, significant shape variation is defined by the first four PCs, which explain
73.0 % of total shape variation (PC1=38.5%, PC2=17.5%, PC3=9.4%, PC4=7.6%). Negative
values of PC1 (Figure 2B) describe specimens with a short snout (LM 1 and LM 29), short and
wide naris (LM 2 to LM 4) and nasal (LM 5 to LM 8), large, anteriorly displaced orbit (LM 10 to
LM 13 and LM 25), elongated supratemporal fenestra (LM 14 to LM 17), large, laterally
displaced infratemporal fenestra (LM 23 to LM 25 and LM 13), posteriorly displaced posterior
margin of the skull table (LM 18 to LM 21) and a posteromedial displacement of the posterior
point of the quadrate-quadratojugal suture (LM 22). The anterior end of the nasal reaches into the
naris (LM 5 and 4, respectively). The cranial outline is wide. Positive values (Figure 2C) show
specimens with a long snout (LM 1 and LM 29), long and narrow naris (LM 2 to LM 4) and nasal
(LM 5 to LM 8), small, posteriorly displaced orbit (LM 10 to LM 13 and LM 25), shortened
supratemporal fenestra (LM 14 to LM 17), small, anteromedially displaced infratemporal fenestra
(LM 23 to LM 25 and LM 13), anteriorly displaced posterior border of the skull table (LM 18 to
LM 21) and an anterolateral displacement of the posterior point of the quadrate-quadratojugal
suture (LM 22). The anterior end of the nasal does not contact the naris (LM 5 and LM 4,

respectively). The cranial outline is narrow.

Regarding PC2, negative values of this component (Figure 2D) account for specimens with a
short snout (LM 1 and LM 29), short and wide naris (LM 2 to LM 4), large and wide nasal (LM 5
to LM 8), short and wide orbit (LM 10 to LM 13 and LM 25), small, medially displaced

supratemporal fenestra (LM 14 to LM 17), wide infratemporal fenestra (LM 23 to LM 25 and
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LM 13), concavely shaped posterior margin of the skull table (LM 18 to LM 21) and a
posterolateral displacement of the posterior point of the quadrate-quadratojugal suture (LM 22).
The posterior contact between both nasals and the most anterior point of the frontal (LM 8 and
LM 9, respectively) are separated. The anterior end of the nasal reaches into the naris (LM 5 and
LM 4, respectively). The cranial outline is wide. Positive values of this component (Figure 2E)
display a long snout (LM 1 and LM 29), long and narrow naris (LM 2 to LM 4), narrow and
slightly short nasal (LM 5 to LM 8), large, laterally displaced orbit (LM 10 to LM 13 and LM
25), large, laterally displaced supratemporal fenestra (LM 14 to LM 17), narrow and slightly
large infratemporal fenestra (LM 23 to LM 25 and LM 13), almost straight (posteriorly displaced)
posterior margin of the skull table (LM 18 to LM 21) and an anteromedial displacement of the
posterior point of the quadrate-quadratojugal suture (LM 22). The posterior contact between both
nasals and the most anterior point of the frontal (LM 8 and LM 9, respectively) are very close.
The anterior end of the nasal does not contact the naris (LM 5 and LM 4, respectively). The

cranial outline is basically narrow.

For lateral view, the first three principal components contain significant shape variation and
explain 72.4 % of total shape variation (PC1=33.1%, PC2=25.1%, PC3=14.2%). Shape changes
associated with negative values of PC1 (Figure 3B) show dorsoventrally compressed skulls with
a long snout (LM 1), large orbit (LM 12 to LM 17), tall and posteroventrally displaced
infratemporal fenestra (LM 11 to LM 13), anterodorsal displaced posterior contact between the
quadrate and quadratojugal (LM 8) and an anteroventral displacement of the most posterodorsal
point of the squamosal (LM 10). Positive values (Figure 3C) represent high skulls with a short
snout (LM 1), small orbit (LM 12 to LM 17), low and anterodorsally displaced infratemporal

fenestra (LM 11 to LM 13), posteroventrally displaced posterior contact between the quadrate

12



and quadratojugal (LM 8), and a posterodorsal displacement of the most posterodorsal point of

the squamosal (LM 10).

Regarding PC2, negative values of this component (Figure 3D) account for skulls with a long
and deep snout (LM 1 to LM 4, LM 18, LM 19 and LM 22) relative to the low postrostral region
(LM 5to LM 17, LM 20 and LM 21), which is compressed, a small orbit (LM 12 to LM 17) and
infratemporal fenestra (LM 11 to LM 13), anterodorsally displacement of the posterior contact
between the quadrate and quadratojugal (LM 8) and an anteroventral displacement of the most
posterodorsal point of the squamosal (LM 10). The lowest point of the maxilla (LM 4) is
anteroventrally displaced and the contact of maxilla and premaxilla (LM 3) is anterodorsally
displaced. Positive values of this component (Figure 3E) include skulls with a short and tapering
snout (LM 1to LM 4, LM 18, LM 19 and LM 22) relative to the high postrostral region (LM 5 to
LM 17, LM 20 and LM 21), an enlarged orbit (LM 12 to LM 17) and infratemporal fenestra (LM
11 to LM 13), posteroventrally displaced posterior contact between the quadrate and
quadratojugal (LM 8), and a posterodorsal displacement of the most posterodorsal point of the
squamosal (LM 10). The lowest point of the maxilla (LM 4) is posterodorsally displaced and the

contact of the maxilla and premaxilla (LM 3) is posteroventrally displaced.

3.2. Morphospace occupation of jacarean caimanines

For dorsal view, specimens are mainly distributed into two groups separated along the first and
second PC axes (Figure 2A). Caiman latirostris is well separated from the other species in the
area determined by negative values of both PC1 and PC2. Melanosuchus niger, Caiman yacare

and Caiman crocodilus overlap with each other in the remaining morphospace. Here, M. niger is

13



separated from C. crocodilus with respect to PC1, while C. yacare overlaps with both species. If
allometric shape variation is excluded from the data, the morphospace is similar to the former
case but the overlapping of M. niger with C. yacare and C. crocodilus is less intensive (Supp.
Figure 2 A). Pooling species for species affiliation results in a stronger separation of M. niger and
Caiman latirostris from other species, while C. yacare and C. crocodilus remain overlapping.

(Supp. Figure 2 B).

In lateral view, PCA also reveals that species are mainly clustered into two groups separated
along the first and second PC axes (Figure 3A). C. latirostris is well separated from other
Caimaninae toward the most positive values of PC1 but overlaps marginally with M. niger and C.
yacare. In the second cluster, toward the negative values of PC1, M. niger and C. yacare overlap
with each other with respect to both PC axes. C. crocodilus is more separated from other species,
overlapping partly with M. niger and C. yacare. Non-allometric data reveals a similar distribution
of species within morphospace, although M. niger and C. yacare are better separated from each
other with respect to the second PC axis. When data are additionally pooled, the separation
between M. niger and C. yacare is enhanced (Supp. Figure 2C), whereas C. yacare overlaps more

strongly with C. crocodilus.

For both views, all statistical tests reveal that M. niger, C. yacare, C. crocodilus and C.
latirostris occupy distinct areas in morphospace and can be distinguished significantly from each

other by shape (Supp. Table 5, 10).
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3.3. Ontogenetic variation of jacarean caimanines

In dorsal view, based on the regression analysis between Procrustes coordinates and log-
transformed centroid size, allometric size variation explains 10.67% of total shape variation (p-
value < 0.0001) for raw data (Figure 4), and 28.08% when the data is pooled for species. Main
ontogenetic changes are included in the shape variation described by PC1 and PC3. In general,
juvenile caimanines (Figure 4B) share a short snout (LM 1 and LM 29), naris (LM 2 to LM 4)
and nasal (LM 5 to LM 8), wide and short orbit (LM 10 to LM 13 and LM 25), elongated
supratemporal fenestra (LM 14 to LM 17), laterally displaced infratemporal fenestra (LM 23 to
LM 25 and LM 13), posteriorly displaced posterior border of the skull table (less concave) (LM
18 to LM 21) and an anteromedially displaced posterior point of the quadrate-quadratojugal
suture (LM 22). The anterior end of the nasal contacts the naris (at the same level of the
premaxilla) (LM 5 and LM 4, respectively) (Figure 4B). Adult specimens (Figure 4C) show a
long snout (LM 1 and LM 29), naris (LM 2 to LM 4) and nasal (LM 5 to LM 8), long and narrow
orbit (LM 10 to LM 13 and LM 25), shortened supratemporal fenestra (LM 14 to LM 17),
medially displaced infratemporal fenestra (LM 23 to LM 25 and LM 13), anteriorly displaced
(more concave) posterior border of the skull table (LM 18 to LM 21) and a posterolateral
displacement of the posterior point of the quadrate-quadratojugal suture (LM 22). The anterior
end of the nasal almost reaches the posterior border of the naris (LM 5 and 4, respectively)
(Figure 4C). All species show very similar ontogenetic trajectories (Figure 4), although Caiman
latirostris differs from Melanosuchus niger (for un-pooled regression) and Caiman crocodilus

(for pooled regression) (Table 1).

In lateral view, allometric size variation explains 17.69% of total shape variation (p-value <

0.0001) for raw data (Figure 5), and 33.01% when data is pooled. Main ontogenetic changes are
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included in the shape variation described by PC2 and PC3. Juvenile specimens (Figure 5B) share
a short and low snout (LM 1 to LM 4, LM 18, LM 19 and LM 22), large orbit (LM 12 to LM 17)
and infratemporal fenestra (LM 11 to LM 13), anteroventrally displaced posterior contact
between the quadrate and quadratojugal (LM 8) and a posteroventral displacement of the most
posterodorsal point of the squamosal (LM 10). The orbital region (LM 14, LM 15 and LM 20) is
dorsally expanded in relation to the snout, the lowest point of the maxilla (LM 4) is
posterodorsally displaced and the contact of the maxilla and premaxilla (LM 3) is posteriorly
displaced (Figure 5B). Adult specimens (Figure 5C) show a slightly long and tall snout (LM 1 to
LM 4, LM 18, LM 19 and LM 22), small orbit (LM 12 to LM 17) and infratemporal fenestra (LM
11 to LM 13), posterior contact between the quadrate and quadratojugal (LM 8) that is dorsally
displaced and an anterior displacement of the most posterodorsal point of the squamosal (LM 10).
The orbital region (LM 14, LM 15 and LM 20) is flattened dorsally, the lowest point of the
maxilla (LM 4) is anteroventrally displaced and the contact of the maxilla and premaxilla (LM 3)
is anteriorly displaced (Figure 5C). The un-pooled allometric trajectories of M. niger resemble
that of C. latirostris and Caiman yacare, while C. crocodilus has a significantly lower slope than
M. niger, C. latirostris and C. yacare. C. yacare differs significantly from C. latirostris. When
data is pooled, most trajectories become similar, although M. niger differs significantly from C.

crocodilus as the former has a higher slope than the latter (Table 1).

3.4. The dffiliation of Melanosuchus fisheri

Based on its size in dorsal view, MCNC 243 appears within the biggest size classes of C.

latirostris, C. yacare and C. crocodilus, but within the intermediate sizes of M. niger (Figure 3A).
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In this view, Melanosuchus fisheri lies in the overlap area of the morphospaces of Melanosuchus
niger and Caiman latirostris, but also close to Caiman yacare and Caiman crocodilus (Figure
2A). For non-allometric data, the shape of the morphospace of each species is retained, but
MCNC 243 lies deeper within the morphospace of M. niger (Supp. Figure 2). For pooled, non-
allometric data, MCNC 243 lies isolated in the middle of the morphospace, but is closer to M.
niger than all others (Supp. Figure 2). Based on the relative probability, MCNC 243 is closer to
M. niger in all cases, except for the average-based species centroids of non-allometric residuals,
where MCNC 243 is closer to C. latirostris. In direct comparison to M. niger and C. latirostris,
MCNC 243 resembles M. niger, except when non-allometric residuals are used (Table 2). DFA
and CVA frequently fail to separate MCNC 243 from M. niger and C. latirostris, although most

cases favor an association of MCNC 243 with the black caiman (Table 3).

In lateral view, MCNC 243 clusters in the overlap area of the morphospaces of M. niger and
C. latirostris for Procrustes-based (Figure 3A) and non-allometric data (Supp. Figure 2), while
for pooled, non-allometric data, it lies isolated between C. latirostris, M. niger and C. yacare
(Supp. Figure 2). Based on relative probability, MCNC 243 resembles M. niger, when non-
allometric data is used, whereas pooling species results in a closer relationship with C. latirostris.
For Procrustes-based principal components MCNC 243 is closer to M. niger for average-based
species centroids, whereas the median-based centroids lead to a closer relationship with C.
latirostris. In direct comparison to M. niger and C. latirostris, MCNC 243 resembles M. niger,
except when species are pooled (Table 4). As in dorsal view, DFA and CVA fail to separate
MCNC 243 from M. niger and C. latirostris, but in contrast to the former case, MCNC 243 is

found more often together with the broad-snouted caiman.
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4. Discussion

Shape analyses reveal that all extant jacarean caimanine species can be separated from each
other on a significant level based on cranial shape. Although shape data is not normally
distributed (Supp. Table 4, Supp. Figure 3), CVA, DFA, MANOVA and npMANOVA produce
similar results for the separation of different species (Supp. Table 5-10). As npMANOVA does
not require normality, we treat the similar outcomes of the other tests as robust. Although
different in shape, the ontogenetic trajectories of Caiman and Melanosuchus species are,
however, generally similar, especially in dorsal view, meaning that the skulls of each species
studied undergo similar allometric shape changes during growth (see also Watanabe and Slice,
2014; Fernandez Blanco et al., 2014; Foth et al., 2015). In consequence, differences in cranial
shape are simply given by size, which depends on the length (i.e., the duration of growth, found
in dorsal and lateral view) and the starting point of the trajectories (i.e., the size of the hatchling,
found only in dorsal view). Only Caiman crocodilus is slightly different from the other species,

showing fewer allometric shape changes.

Within morphospace, the holotype of Melanosuchus fisheri (MCNC 243) is closer to
Melanosuchus niger and Caiman latirostris than to Caiman yacare and C. crocodilus, which is
verified by multiple different statistical analyses. Here, it is evident that MCNC 243 is closer to
M. niger for dorsal view, while it shows some more similarities to C. latirostris in lateral view.
This result is in agreement with previous morphology-based phylogenetic analyses, where M.
niger and C. latirostris form a clade, excluding C. yacare and C. crocodilus (Poe, 1996; Brochu,
1999, 2004, 2011; Hastings et al., 2016). MCNC 243 shares with M. niger and C. latirostris some
discrete characters (or rather falls within the intraspecific morphological range of variation of the

two extant taxa) that include: presence of 13 maxillary teeth and a strong transversal preorbital
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ridge (Scheyer and Delfino, 2016; also present in C. crocodilus). In C. latirostris, the ridge is
usually continuous and broadly U-shaped (as in MCNC 243), while most individuals of M. niger
show an interruption by the frontals, giving it a W-shaped (double U-shaped) appearance.
However, individual variation also includes W-shaped ridges in C. latirostris and U-shaped ridges
in M. niger. In MCNC 243, the prefrontals contact each other, while in the majority of individuals
of M. niger and C. latirostris these bones are separated from each other by the frontals. However,
due to individual variation, the former condition can be occasionally found in both extant species.
Furthermore, the skull roof table of MCNC 243 possesses a straight posterior margin. This
character is usually highly variable in both extant species, varying from straight to concave in M.
niger and straight to convex in C. latirostris. Thus, the straight condition found in MCNC 243

can be found in both extant taxa, too.

Despite the similarities in morphology and close morphospace occupation with C. latirostris,
MCNC 243 can be affiliated with the genus Melanosuchus as originally proposed by Medina
(1976) for several reasons. Within morphospace, most specimens of C. latirostris plotting close to
MCNC 243 (dorsal view: MACN 30565*, MACN 30611*, MLP R 5812*, FML 23627; lateral
view: MLP R5802, MLP R 5803, MLP R5804*, MLP R5808, MLP R5809, MLP R5811%,
MACN 30567, ZSM 3003/0*, MFA-ZV-Croc.0.8; *specimens with reconstructed landmarks) are
primarily juvenile individuals, which are significantly smaller (ranging from 16 to 68% of the
centroid size of MCNC 243). Thus, shape similarities between MCNC 243 and C. latirostris are
based primarily on juvenile characters, including the relatively large orbit and a moderately broad
rostrum. During ontogeny, however, the orbits of C. latirostris become relatively smaller, while
the snout gets broader, representing an extreme within extant crocodylians (Mook, 1921; Kalin,

1933; Bona and Desojo, 2011; Figure 1A). Besides, MCNC 243 differs from C. latirostris in
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having oval-shaped orbits (Figure 1B) and a gently curved orbital margin of the jugal (Figure

1E). In C. latirostris the orbits are rather round (Figure 1A) and the posterior half of the jugal
orbital margin possesses a distinct kink (Figure 1D). In contrast, the closest individuals of M.
niger are about the same size or larger than MCNC 243 (ranging from 87 to 245% of the centroid
size of MCNC 243). Like M. niger specimens of the same size range, MCNC 243 has enlarged,
oval-shaped orbits (Figure 1B) and similar proportions of the rostrum. Enlarged orbits are a
characteristic of M. niger and represent another extreme within recent crocodylians (Mook, 1921;
Kalin, 1933; Figure 1C). Furthermore, the orbital margin of the jugal is similar in MCNC 243 and

M. niger in that they both lack the distinct kink of C. latirostris (Figure 1E, F).

If MCNC 243 can be assigned to the genus Melanosuchus the next question is whether it
belongs to M. niger or represents its own species, namely M. fisheri. Unfortunately, due to the
poor preservation of this specimen there are no characters that allow a proper diagnosis. As found
by Bona et al. (in press), most characters of the original diagnosis listed by Medina (1976) cannot
be evaluated for the holotype due to its state of preservation (e.g., size of the suborbital and
external mandibular fenestrae; robustness of the mandible) and preparation (e.g., shape of the
interorbital bar), while other diagnostic characters fall within the range of intraspecific variation
of M. niger (e.g., robustness of the skull and the snout; intensity of the preorbital ridges on snout;
shape of the central portion of posterior border of skull roof table). In addition, those diagnostic
features that actually separate M. fisheri from M. niger (e.g., number of maxillary teeth; size of the
suborbital and external mandibular fenestrae; robustness of the mandible) are based on the referred
specimen (MCZ 4336; Medina, 1976), which actually belongs to Globidentosuchus brachyrostris
(Bona et al., in press). In the absence of any discrete morphological features that allow a final

taxonomic conclusion, it is more correct to consider MCNC 243 as M. niger, Melanosuchus cf.
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niger or even Melanosuchus sp. (see Bona et al., in press). The morphometric analyses reveal that
MCNC 243 is nested at the margin of the Melanosuchus niger morphospace, and has a relatively
robust morphology for its size (see also AMU-CURS-234; Scheyer and Delfino, 2016), which is
the only character of the original diagnosis from Medina (1976) that is actually present in this
specimen. However, treating the robustness as an extreme shape for M. niger, MCNC 243 could
still be assigned to the extant species. However, together with the late Miocene age (c. 6-8 mya)
of MCNC 243, the relative robustness of the skull makes an assignment to the extant species

Melanosuchus niger still problematic, so that we classifty MCNC 243 as Melanosuchus cf. niger.

The marginal position of MCNC 243 relative to the morphospace of M. niger (especially in
lateral view) indicates a possible variation of the morphospace size and/or position of this lineage
through time and maybe a stronger overlapping with the morphospace of C. latirostris in the past
(assuming similar morphospace variations). The closeness of MCNC 243 to the C. latirostris
morphospace indicates a closer relationship between Melanosuchus and C. latirostris (see above),
where Melanosuchus is nested within the genus Caiman (Poe, 1996; Brochu, 1999, 2004, 2011;
Hastings et al., 2016). If this relationship can be verified by future molecular-based phylogenetic
analyses, the genus Melanosuchus will need to be synonymized with Caiman. However, for the
moment all molecular studies favour a relationship, in which M. niger is the sister species to all
extant Caiman species, with C. latirostris being closest to the root of the genus (Poe, 1996; Hrbek

et al., 2008; Oaks, 2011), causing no conflict in present caimanine taxonomy.
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5. Conclusions

The present study reveals that the holotype of Melanosuchus fisheri shares more similarities
with the extant Melanosuchus niger than the other three jacarean caimanines. These similarities
could be found on two levels: overall shape (this study) and discrete morphological features (this
study; Bona et al., in press). As MCNC 243 is relatively robust for its size and represents an
extreme shape for Melanosuchus, it is uncertain if it should be assigned to M. niger or as a
potential sister species. Its Miocene age, however, favors the second option, but as no diagnostic
characters can be established it should be retained as Melanosuchus cf. niger. The robust affinity
of MCNC 243 indicates a close relationship between Melanosuchus and Caiman latirostris, as
predicted by morphology-based phylogenetic analyses. As the Miocene form is only represented
by one specimen in our sample, the shape, size and overlap of its morphospace relative to the
other species remains speculative. Independently from the phylogeny, however, the fossil record
reveals that representatives of the M. niger and C. latirostris lineage were already present in the
Late Miocene of South America (e.g., Bona et al., 2014, Scheyer and Delfino, 2016; this study),
which is further supported by molecular-based time calibrations (Oaks, 2011). Together with
Globidentosuchus brachyrostris, Caiman australis Bravard, 1858; Bona and Barrios, 2015,
Caiman brevirostris Souza-Filho, 1987, Caiman gasparinae Bona and Carabajal, 2013, Caiman
lutescens Roverto, 1912, Caiman wannlangstoni Salas-Gismondi et al., 2015, Gnatusuchus
pebasensis Salas-Gismondi et al., 2015, Kuttanacaiman iquitosensis Salas-Gismondi et al., 2015,
Mourasuchus arendsi Bocquentin-Villanueva, 1984, Purussaurus mirandai Aguilera et al., 2006,
Paleosuchus sp. Gray, 1862, Purussaurus brasiliensis Barbosa-Rodrigues, 1892 (see Scheyer et
al., 2013; Salas-Gismondi et al., 2015; Scheyer and Delfino, 2016), Melanosuchus is a

component of the high caimanine diversity that evolved in Amazonia since the Late Miocene.
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FIGURE and TABLE legends

TABLE 1. Differences of ontogenetic trajectories (one-way ANCOVA) of Caiman yacare, C.

crocodilus, C. latirostris and Melanosuchus niger in dorsal and lateral views. F-values are shown

in bold. Significant differences are shown with underlined p-values.

Dorsal view

un-pooled Slope | C. crocodilus C. yacare C. latirostris | M. niger
C. crocodilus 4.586 0.119 0.106 0.502
C. yacare 5.771 2471 0.134 0.155
C. latirostris 6.848 2.697 2.275 0.04
M. niger 5.184 0.455 2.045 4.308

pooled Slope | C. crocodilus C. yacare C. latirostris | M. niger
C. crocodilus 3.648 0.062 0.048 0.24
C. yacare 4.674 3.547 0.065 0.505
C. latirostris 5.712 4.067 3.483 0.059
M. niger 4.449 1.406 0.448 3.683

Lateral view

un-pooled Slope | C. crocodilus C. yacare C. latirostris | M. niger
C. crocodilus 3.158 0.011 0.011 0.002
C. yacare 4.799 6.653 0.011 0.293
C. latirostris 4.99 6.613 6.813 0.574
M. niger 5.216 10.63 1.118 0.32

pooled Slope | C. crocodilus C. yacare C. latirostris | M. niger
C. crocodilus 3.71 0.351 0.188 0.047
C. yacare 4.163 0.878 0.303 0.063
C. latirostris 4.544 1.772 1.07 0.584
M. niger 4.76 4.086 3.515 0.302
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TABLE 2. Probabilistic predictions for MCNC 243 showing the similarity to all extant jacarean

caimanines (left) and Caiman latirostris and Melanosuchus niger (right) in dorsal and lateral
views based on the Euclidean distances towards the centroids of the species morphospaces
(defined by those principal components containing significant shape variation). Bold values

indicate the highest similarity.

Dorsal view Procrustes coordinates

PC1-PC4 C. crocodilus | C.yacare | C. latirostris | M. niger | PC1-PC3 C. latirostris | M. niger
Average 0.167 0.213 0.237 0.383 Average 0.349 0.651
Median 0.169 0.221 0.262 0.348 Median 0.407 0.593

Un-pooled, non-allometric residuals
PC1-PC4 C. crocodilus C. yacare C. latirostris | M. niger | PC1 and PC4 C. latirostris M. niger
Average 0.157 0.209 0.287 0.346 Average 0.718 0.282
Median 0.154 0.205 0.339 0.302 Median 0.588 0.412
Pooled, non-allometric residuals

PC1-PC3 C. crocodilus C. yacare C. latirostris | M. niger | PC1 and PC4 C. latirostris M. niger
Average 0.188 0.207 0.279 0.326 Average 0.44 0.561
Median 0.182 0.208 0.299 0.312 Median 0.443 0.557
Lateral view Procrustes coordinates

PC1-PC3 C. crocodilus C. yacare C. latirostris | M. niger | PC1 C. latirostris M. niger
Average 0.161 0.236 0.282 0.321 Average 0.31 0.69
Median 0.165 0.238 0.307 0.29 Median 0.332 0.668

Un-pooled, non-allometric residuals
PC1-PC3 C. crocodilus C. yacare C. latirostris | M. niger | PC1 C. latirostris M. niger
Average 0.158 0.227 0.275 0.34 Average 0.437 0.563
Median 0.156 0.227 0.301 0.317 Median 0.466 0.534
Pooled, non-allometric residuals

PC1-PC3 C. crocodilus C. yacare C. latirostris | M. niger | PC1 C. latirostris M. niger
Average 0.178 0.252 0.324 0.247 Average 0.561 0.439
Median 0.176 0.243 0.345 0.236 Median 0.58 0.42
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TABLE 3. Results of the Discriminant Function Analysis (DFA) and Canonical Variance
Analysis (CVA) in dorsal view, showing the difference of MCNC 243 to all extant jacarean
caimanines (left) and Caiman latirostris and Melanosuchus niger (right). Bold p-values show

non-significant values, indicating no statistical differences.

Procrustes coordinates
DFA C. crocodilus | C. yacare C. latirostris M. niger . latirostris M. niger
Procrustes distance 0.101 0.087 0.083 0.069 0.083 0.069
p-value 0.022 0.003 0.035 0.151 0.042 0.153
Mahalanobis distance 18.659 83.83 19.343 145.231 19.375 144.826
p-value 0.015 0.009 0.019 0.015 0.014 0.003
CVA C. crocodilus | C. yacare C. latirostris M. niger . latirostris M. niger
Procrustes distance 0.101 0.087 0.083 0.069 0.083 0.069
p-value 0.003 0 0.032 0.144 0.049 0.14
Mabhalanobis distance 28.024 26.969 25.672 25.448 36.875 36.903
p-value 0.003 0.01 0.024 0.02 0.017 0.006
Un-pooled, non-allometric residuals
DFA C. crocodilus | C. yacare C. latirostris M. niger . latirostris M. niger
Procrustes distance 0.101 0.087 0.078 0.071 0.077 0.069
p-value 0.006 0.006 0.058 0.108 0.078 0.112
Mabhalanobis distance 16.184 75.242 14.764 92.761 17.851 88.049
p-value 0.035 0.001 0.053 0.002 0.003 0.014
CVA C. crocodilus | C. yacare C. latirostris M. niger . latirostris M. niger
Procrustes distance 0.101 0.087 0.078 0.071 0.077 0.069
p-value 0.015 0.013 0.05 0.102 0.074 0.092
Mahalanobis distance 27.258 26.128 24.713 25.154 36.218 36.001
p-value 0.014 0.004 0.019 0.008 0.028 0.02
Pooled, non-allometric residuals

DFA C. crocodilus | C. yacare C. latirostris M. niger . latirostris M. niger
Procrustes distance 0.102 0.095 0.084 0.076 0.086 0.075
p-value 0.006 0.003 0.045 0.04 0.014 0.032
Mabhalanobis distance 17.084 73.415 23.539 71.265 20.173 58.771
p-value 0.001 0.004 0.021 0.015 0.002 0.002
CVA C. crocodilus | C. yacare C. latirostris M. niger . latirostris M. niger
Procrustes distance 0.102 0.095 0.084 0.076 0.086 0.075
p-value 0.026 0.001 0.041 0.03 0.007 0.022
Mahalanobis distance 28.335 27.431 26.139 25.717 39.412 36.958
p-value 0.008 0.002 0.023 0.017 0.003 0.007
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TABLE 4. Results of the Discriminant Function Analysis (DFA) and Canonical Variance
Analysis (CVA) in lateral view, showing the difference of MCNC 243 to all extant jacarean

caimanines (left) and Caiman latirostris and Melanosuchus niger (right).

Procrustes coordinates
DFA C. crocodilus | C. yacare C. latirostris M. niger | C. latirostris M. niger
Procrustes distance 0.119 0.097 0.091 0.086 0.091 0.086
p-value 0.006 0.005 0.189 0.141 0.182 0.123
Mahalanobis distance 214.047 37.702 52.386 50.825 53.263 50.393
p-value 0.017 0.005 0.068 0.042 0.067 0.029
CVA C. crocodilus | C. yacare C. latirostris M. niger | C. latirostris M. niger
Procrustes distance 0.119 0.097 0.091 0.086 0.091 0.086
p-value 0.01 0.007 0.189 0.129 0.185 0.112
Mabhalanobis distance 20.312 19.825 21.293 19.23 22.861 22.129
p-value 0.026 0.005 0.002 0.022 0.028 0.016
Un-pooled, non-allometric residuals
DFA C. crocodilus | C. yacare C. latirostris M. niger | C. latirostris M. niger
Procrustes distance 0.116 0.099 0.091 0.086 0.092 0.078
p-value 0.008 0 0.055 0.009 0.128 0.103
Mabhalanobis distance 137.517 35.782 47.987 42.782 47.033 39.356
p-value 0.032 0.001 0.111 0.061 0.105 0.064
CVA C. crocodilus | C. yacare C. latirostris M. niger | C. latirostris M. niger
Procrustes distance 0.117 0.099 0.091 0.086 0.092 0.078
p-value 0.018 0.015 0.066 0.011 0.104 0.086
Mahalanobis distance 20.724 20.335 21.031 19.669 22.928 22.211
p-value 0.011 0.009 0.006 0.005 0.013 0.002
Pooled, non-allometric residuals

DFA C. crocodilus | C. yacare C. latirostris M. niger | C. latirostris M. niger
Procrustes distance 0.116 0.099 0.09 0.099 0.09 0.096
p-value 0.004 0.005 0.06 0.001 0.09 0.005
Mabhalanobis distance 163.084 33.383 48.044 49.573 66.518 51.184
p-value 0.023 0.013 0.037 0.068 0.042 0.037
CVA C. crocodilus | C. yacare C. latirostris M. niger | C. latirostris M. niger
Procrustes distance 0.116 0.099 0.09 0.099 0.09 0.096
p-value 0 0.008 0.081 0.004 0.089 0.01
Mahalanobis distance 20.751 20.365 21.32 20.906 23.211 24.686
p-value 0 0.011 0.002 0.001 0.016 0.012
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FIGURE 1. Skull morphology of jacarean caimanines. Cranium in dorsal view showing the
different orbital shape in A. Caiman latirostris (MACN 7375), B. MCNC 243, and C.
Melanosuchus niger (ZSM 86/1911). Shape of the dorsal jugal margin in D. Caiman latirostris
(MACN 7375), E. MCNC 243, and F. Melanosuchus niger (ZSM 68/1911). Scale bar 5 cm.
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FIGURE 2. Results of A. the principal component analysis and B—E. major shape variation in
dorsal view. Red circle (Caiman crocodilus, CC), violet circle (Melanosuchus niger, MN), orange
star (MCNC 243, MF), dark green circle (C. yacare, CY), yellow circle (C. latirostris, CL). Blue
wireframes show major shape variation of the first two principal components compared to the

consensus shape shown in cyan.
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FIGURE 3. Results of A. the principal component analysis and B—E. major shape variation in
lateral view. Red circle (Caiman crocodilus, CC), violet circle (Melanosuchus niger, MN),
orange star (MCNC 243, MF), dark green circle (C. yacare, CY), yellow circle (C. latirostris,
CL). Blue wireframes show major shape variation of the first two principal components

compared to the consensus shape shown in cyan.
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FIGURE 4. Results of A. the Regression Analysis and B—C. major shape variation during
ontogeny in dorsal view. Red circle (Caiman crocodilus, CC), violet circle (Melanosuchus niger,
MN), orange star (MCNC 243, MF), dark green circle (C. yacare, CY), yellow circle (C.
latirostris, CL). Blue wireframes show major shape variation during ontogeny compared to the

consensus shape shown in cyan.
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FIGURE 5. Results of A. the Regression Analysis and B—C. major shape variation during
ontogeny in lateral view. Red circle (Caiman crocodilus, CC), violet circle (Melanosuchus niger,
MN), orange star (MCNC 243, MF), dark green circle (C. yacare, CY), yellow circle (C.
latirostris, CL). Blue wireframes show major shape variation during ontogeny compared to the

consensus shape shown in cyan.
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