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ABSTRACT

Past bird communities are still under-studied in several Caribbean regions, including
the Lesser Antilles. In order to improve our understanding of this area’s avifauna,
we explore morphometrical variations of the carpometacarpus (CMC) within
West Indies Mimidae species. We combine geometric morphometric (GMM) and
conventional osteology focusing on characters of the entire or distal portion of the
CMC. Morphological variation related to their phylogenetic history is investigated using
uni- and multi-variate statistics, and the expression of certain osteological characters.
Fossil bone remains from the Guadeloupe Islands were included in the datasets to
test the applicability of these results to the archaeological and paleontological record.

Our results are consistent with the known phylogeny of Mimidae. The GMM analysis
clearly differentiated taxa at both inter- and intra-generic levels, which when combined
with osteological characters, allow fossil specimens to be determined to species. For
the fossil record of Guadeloupe Islands, this concerns three taxa: the Scaly-breasted
Thrasher Allenia fusca, the Gray Catbird Dumetella carolinensis, the first fossil occurrence
of this bird in the Greater and Lesser Antilles, and the Brown Trembler Cinclocerthia
ruficauda in Desirade and Marie-Galante, where the bird is now extirpated. These
results are of particular interest for tracking the impact of environmental changes on
the composition of West Indian bird communities.
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INTRODUCTION

The analysis of fossil bird bones from the West Indies
has provided a wealth of information concerning the
region’s past avian communities (e.g., Olson & Hilgartner
1982; Pregill, Steadman & Watters 1994; Steadman &
Franklin 2020). While it is now clear that many changes
in this region’s avifauna, including the disappearance of
endemic species, followed the arrival of humans during
the Holocene (e.g., Steadman, Pregill & Olson 1984,
Steadman & Takano 2013), important data at a larger
regionalscaleisstilllacking (Orihuelaetal. 2020; Steadman
& Franklin 2020). The species-level identification of bird
bones from archaeological and paleontological sites is
therefore crucial for exploring past bird communities,
especially as it potentially allows a chronology to be
built for the earliest and latest occurrences of particular
taxa. Although researchers typically rely on comparative
osteological collections to identify specimens, such an
approach has important limitations in the Caribbean.
The region’s avian communities are highly diverse due
to high island endemism that is poorly reflected in
current avian osteological collections (Lefevbre & Sharpe
2018; Steadman & Franklin 2017). Therefore, certain

groups, such as passerine birds, and several sub-regions,
including the Lesser Antilles, are still remarkably under-
documented (Olson 1978). This lack of data hinders the
identification of fossil bird remains and, as a consequence,
our understanding of larger-scale diachronic changes in
West Indian bird communities.

One bird family, Mimidae, is of particular interest for
better exploring these issues. This New World family of
passerine birds and their colonization of the Caribbean
Islands is one of the best-known examples of avian
radiation in the West Indies (Hunt, Bermingham &
Ricklefs 2001; Ricklefs & Bermingham 2008). In this
region, this family comprises five regional endemic
species to which can be added five pan-continental
species that differ in habit preference (dry vs. wet forest,
closed vs. open environments) or stratum exploited
(canopy vs. ground). The origin and phylogeny of this
family is also well established, with their dispersal
from North America currently being the most widely
accepted hypothesis (Arbogast et al. 2006; Bond 1948,
1963; Lovette et al. 2012). In addition, molecular
phylogeny shows modern specimens to occupy two
main clades based on distribution: an endemic Antillean
clade and a pan-continental clade (Figure 1; Cibois &

ﬂr

{ Melanotis caerulescens
Melanotis hypoleucus

Cinclocerthia ruficauda *
Cinclocerthia gutturalis *
Margarops fuscatus *

Allenia fusca *

Ramphocinlus brachyurus *

Ramphocinlus b. sanctaeluciae *
Melanoptila grabrirostris

*

Dumetella carolinensis

Hkkk

22-20Ma

Mimus gilvus **
4 Mimus polyglottos **

Mimus thenca

Mimus graysoni
Mimus gundlachii **

Hhk

Mimus parvulus
Toxostoma rufum **

Oreoscoptes montanus

Figure 1 A simplified consensus phylogenetic tree for Mimidae based on mitochondrial and nuclear DNA (modified after Lovette

et al. 2012: figure 1). The position of Dumetella carolinensis follows (DaCosta et al. 2019: figure 4). The colored branches represent

taxa included in the study. * Species belonging to the Antillean endemic clade. ** Species belonging to the Pan-continental clade.
*** Species endemic to the Galapagos Islands. **** Species endemic to South America.


https://doi.org/10.5334/oq.99

Jeantet et al. Open Quaternary DOI: 10.5334/0q.99

Cracraft 2004; Hunt, Bermingham & Ricklefs 2001;
Lovette & Rubenstein 2007). In this study, Dumetella
carolinensis has been included within the West Indian
endemics clade as previously suggested by Lovette
and collaborators (2012). More recently, DaCosta et al.
(2019) placed this passerine in a sister clade comprising
all the West Indian species.

Here we investigate morphometric variation in a
specific wing bone, the carpometacarpus (CMC), of
Mimidae from the West Indies. While quantitative and
qualitative osteological descriptions of the postcranial
skeleton of European Passeriformes are available (e.g.
Kessler 2015; Moreno 1985, 1986 and 1987; Tomek &
Bochenski 2000; Wojcik 2002), none exist for the CMC of
Mimidae, except for Mimus gundlachii (Tellkamp 2005).
We focus on the CMC as it is a key element involved in
flight and therefore has high potential as a taxonomic
indicator (Mayr 2016). Furthermore, the CMC is relatively
frequent in the archaeological and paleontological record
(Bovy 2002). Moreover, the skeleton flight apparatus
of Passeriformes has been shown to be “an interesting

area to partition the relative contributions of adaptive
correlated evolution and phylogenetic constraint to
species clustering in morphological space” (Corbin,
Lowenberger & Dorkoski 2013: 1).

We use classic osteological descriptions with geometric
morphometrics (GMM) applied to 3D surface models
of Mimidae CMC to investigate inter- and intra-generic
phenotypic differences connected to the evolutionary
history of this family and identify diagnostic characters
of different present-day West Indian Mimidae species.
These characters are then used to identify Mimidae
fossil remains from the Guadeloupe Islands in order to
generate a picture of this region’s past avian community.

MATERIAL AND METHODS

MODERN SPECIMENS

The modern Mimidae sample comprises 55 specimens
from 7 of the 10 genera of this family and 9 of 34 species
known worldwide. The material comes from eight
institutions and different geographic areas (see Table 1 for

COMMON NAME BINOMIAL CLADE N SIDE OWNING ORIGIN SEX
NOMENCLATURE INSTITUTION
Grey Catbird Dumetella Antillean 5 L (2);R(3)  AMNH (1); NHM Florida (2); New Jersey  F (4); indet
carolinensis endemics (3); USNM (2) (1); Kansas (1); indet (1)
(1)
White-breasted Ramphocinclus 3 L (2); R(1)  MNHN (2); UMMZ Saint Lucia (2); F (1); indet
Thrasher brachyurus (1) Martinique (1) (2)
Brown Trembler Cinclocerthia 5 L (2);R(3)  MEC (1); PACEA Guadeloupe islands F(1); M (1);
ruficauda (4) (5) indet (3)
Scaly-breasted Allenia fusca 16 L (9);R(7)  MEC (1); PACEA Guadeloupe islands F(1); M (3);
Thrasher (15) (16) indet (12)
Pearly-eyd Margarops 8 L (4); R(4)  PACEA (8) Guadeloupe islands F(1); M (4);
Thrasher fuscatus (8) indet (3)
Bahama Mimus gundlachii Pan- 5 L (2); R(3) ROM (1); USNM The Bahamas (5) F(3);M(2)
Mockingbird continental (4)
Tropical Mimus gilvus 4 L (2);R(2)  MEC (1); PACEA Guadeloupe islands F (1); indet
Mockingbird (4) (3); indet (1) (3)
Northern Mimus polyglottos 6 L (2); R(4) MNHN (2); NHM Florida (1); New Jersey  F (2); M (3);
Mockingbird (1); ROM (1); (1); California (1); indet (1)
USNM (2) Mexico (1); Dominican
Republic (1)
Brown Trembler Toxostoma rufum 3 L (2); R(1)  MNHN (1), USNM Kansas (1), New York M (3)

(1); NHM (1)

(1), Maryland (1)

Table 1 Modern comparative sample used in this study. (AMNH) American Museum of Natural History, New York; (MEC) Edgar Clerc
Museum, Le Moule; (MNHN) French National Museum of Natural History, Paris; (NHMUK) Natural History Museum, London; (PACEA)

Laboratory of the University of Bordeaux; (UMMZ) University of Michigan Museum of Zoology, Ann Arbor; (USNM) National Museum of
Natural History, Smithsonian Institution, Washington; (ROM) Royal Ontario Museum, Toronto. (L) = left, (R) = right, (F) = female, (M) =

male, n = sample size.
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more detail). All selected individuals are fully ossified and
can be considered adult specimens. Sex data is available
for only part of sample (see Supplementary file 1).

Ten members of the Mimidae family currently
occur in the Caribbean, either as breeding or migrating
populations (Raffaele et al. 2010), all of which were
included in the analyzed sample, apart from the Grey
Trembler Cinclocerthia gutturalis. As Caribbean vertebrate
diversity is poorly represented in museum collections
(Lefebvre & Sharpe 2018), the dataset required loans and
the 3D modeling of specimens from various institutions
(Table 1). In addition, the osteology of several rare and
endangered species, such as the White-throated Thrasher
Ramphocinclus brachyurus (Mortensen et al. 2017,
Birdlife 2020), are represented by such a small number of
specimens worldwide that sample construction equally
required microscanning skin specimens.

FOSSIL SPECIMENS

Guadeloupe comprises two main islands, separated by
a narrow stretch of sea. The slopes of the mountainous
island of Basse-Terre, to the west, support a tropical rain
forest (Supplementary file 2), connecting it to the group
of wet islands forming the internal volcanic arc of the
Lesser Antilles. The low and flat island of Grande Terre,
in the east, is covered with dry deciduous or scrub forest,
similar to the other dry limestone islands of the outer arc.
The smaller islands of La Désirade, 15 km to the east, and
Marie-Galante, 25 km to the south, also correspond to
two limestone platforms of the outer arc. These limestone
islands are favourable to the development of caves likely
to preserve fossil deposits (Lenoble et al. 2009). These
deposits produced several medium-sized Passeriformes,

which based on comparisons with the PACEA laboratory
(de la Préhistoire & 'Actuel: Culture, Environnement et
Anthropologie) osteological bird collection (Lenoble, Gala
& Laroulandie 2019) can be assigned to a Caribbean
family of this order (e.g. Turdidae, Thraupidae, Icteridae,
Mimidae). Mimidae bones have been recovered from
excavations of several sites in the Guadeloupe islands:
Grotte Cadet 2, Abri Cadet 3 and Grotte Blanchard on
Marie-Galante, Grotte des Bambous on Grande Terre,
and Pointe Gros Rempart 6 (PGR6) on La Désirade
(Table 2 and Supplementary file 2). Here we refer to these
bones as “fossil” in order to distinguish them from the
modern specimens. The bones were recovered from
natural deposits, some of which either predate (Grotte
Blanchard, Grotte Cadet 2) or are contemporaneous
with the presence of humans on the islands (Abri Cadet
3, Pointe Gros Rempart, Grotte des Bambous). While the
occasional human occupation of the latter sites can
not be excluded, the formation of the deposits and
accumulation of bones is primarily non-anthropogenic
(Boudadi-Maligne et al. 2016; Cochard et al. 2019). These
collections have been built over the past decade as part
of the Bivaag (« Biodiversité insulaire vertébrée ancienne
des iles de Guadeloupe ») and ECSIT (« Ecosystémes
insulaires tropicaux, réponse de la faune indigeéne terrestre
de Guadeloupe a 6 000 ans d’anthropisation du milieu »)
research projects carried out at the PACEA laboratory,
both focusing on the past biodiversity and ecology
of Guadeloupe. We selected twelve CMC from these
collections (Table 2) for 3D modeling and comparison
with the modern specimens. All bones come from adult
individuals and present various states of preservation
(whole, sub-complete).

LOCATION SPECIMEN LABEL  SITE CONTEXT LAYER CHRONOLOGY REFERENCES
Grande-Terre, BAM-2014-0-20 Grotte des surface - 0.7kaBCE-19kaCE Cochardetal. 2019
Guadeloupe Bambous
Marie- AC3-2019-0-1435 Abri Cadet 3 F3c-split 19 layer 3 3 ka BCE - 1 ka CE Stouvenot et al. 2014
Galante
GB-2008-0-349 Grotte Test-pit H33 - layer 5 11.3 ka BCE Gala & Lenoble 2015;
Blanchard split 20 Stoetzel et al. 2016;
- Royer et al. 2017
GB-2008-0-361 Test-pit H33 - layer 5
split 18
GB-2014-0-35 133a - split 29 layer 5
GB-2014-0-92 133d - split 30 layer 5
GB-2014-0-156 H33d - split 21 layer 10 27.9 ka BCE
GC2-2014-0-1 Grotte Cadet 2 026 - split 1 us’ 0.5 CE-11.5 ka BCE Lenoble 2014;
Bochaton et al. 2015
GC2-2014-0-2 026 - split 3 U5a 11.5 -14.4 ka BCE
La Désirade PGR6-2011-0-16 Pointe Gros Test-pit - split4  layer1/2 - Boudadi-Maligne et
Rempart 6 i ; al. 2016
PGR6-2011-0-51 Test-pit - split 5  layer 2 1.7-195CE
PGR6-2016-0-182 Cl1lc-split 18 layer 3 0-1.7 ka CE

Table 2 Fossils sample for the study. The chronology for Grotte Blanchard is the average age model proposed by Royer et al. (2017).
BCE: Before Common Era; CE: Common Era.
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OSTEOLOGICAL CHARACTERS AND METRICS
Osteological terminology follows Baumel and Witmer
(1993) and Tomek and Bochenski (2000). Frequencies
of character state were established on both 3D scans
and the osteological material. The scoring was repeated
two or three times by four of the co-authors (NJ, MG, VL,
AL) in order to ensure the robustness of the consensus
definition of characters and reproducibility of the
coding. A threshold of an 80% frequency of character
states was fixed in order to separate diagnostic and
non-diagnostic characters. This choice allows possible
outliers to be retained while at the same time preserving
a high frequency value considering the limited number of
specimens of most of the taxa in the study.

Greatest length (GL) measurements were recorded
following Von Den Driesch (1976) and those of the
breadth of the distal end (Bd) of the CMC following
Kessler (2015). Measurements were taken using the Avizo
software package for 3D scans or with a digital caliper.

MICRO-CT AND 3D IMAGING

All but one of the CMC were scanned with General Electric
Vtome x|s x-ray microtomograph of the PACEA laboratory
(housed at the UMS Placamat, University of Bordeaux,
France) using a source voltage of 100 kV, 120 pA source
current, 500 ms exposure time, 2550 projections, and 0.1
mm copper filter. Voxel sizes of the acquisitions ranged
between 10 and 17 microns, depending on the specimen.
For conservation reasons, one of the White-Breasted
Thrasher CMC (UMMZ-158596) was scanned at the host
institution. Surface models were generated with the
Avizo Isosurface module (version 9.3.0) using all voxels
with a greyscale value above a selected threshold (Wils
2016). This type of surface model provides more detail
than volume rendering techniques (Weber & Bookstein
2011) and generates triangulated surfaces that can
be easily manipulated and measured. When CMC were
still connected to adjacent bones, a “semi-automatic”
segmentation of the CMC was performed in order to
isolate the area of interest and generate a corresponding
3D surface model.

GEOMETRIC MORPHOMETRIC ANALYSIS

Only left CMC were retained for analysis or, if the left bone
was broken, a mirror image of the complete right CMC
was substituted. Centroid size, which corresponds to the
square root of the sum of the squares of the distances
between its center of gravity and each of its points
(Bookstein 1997), was used as a proxy for body size. Shape
variation was analyzed using 256 semi-landmarks and 5
landmarks on the modeled surfaces. These points were
placed along 15 curves of interest using Avizo (version
9.3.0; Supplementary file 3). Semi-landmarks were slid
along a tangent to the curve using the minimum bending
energy criterion to minimize differences in conformation
between structures (Cucchi et al. 2015; Mitteroecker &

Gunz 2009; Weber & Bookstein 201). These points were
then projected onto the analyzed surface. A three-step
procrustes superimposition (translation, normalization,
and rotation of the original landmark data) was
performed to compare the geometric conformations of
the analyzed specimens (Cucchi et al. 2015; Mitteroecker
& Gunz, 2009). All analyses were performed using R3.5.3
(R Core Team, 2019).

Four well-preserved and complete fossil CMC were
compared to those from modern Mimidae. In order to
include more specimens in the analysis, the number of
landmarks was reduced for several poorly-preserved CMC
where the targeted shape curves were compromised.
The 31 landmarks positioned on the distal part of bones
allowed eight specimens to be added, for an overall
sample of 12 fossil specimens. The distal portion of the
12 specimens was then reanalyzed as a whole. A similar
approach was applied to the proximal portion of the CMC,
which produced less reliable discrimination of taxa. We
therefore chose to present only the results for the distal
portion of the CMC.

STATISTICAL ANALYSIS

CMC centroid size differences were explored within and
between groups using analyses of variance (ANOVA). In
order to investigate inter-specific and inter-generic shape
variation, we performed a principal component analysis
(PCA) of the procrustes coordinates. In order to identify
overlap between genera or species, convex hulls were
generated in the different morphospaces. As the number
of specimens is limited in our sample, we performed
MANOVAs on the most significant axes of the PCA in
order to limit the number of input variables. A preliminary
threshold was defined and only axes explaining at least
5% of the total variance were considered when testing for
potential differences between groups. We then created
a dendrogram to visualize shape proximities between
taxa based on multiple axes. Finally, a linear discriminant
analyses using the same PC scores as input variables
were performed to predict genera and species as well
as to calculate the proportion of specimens attributed to
each Mimidae genus and species.

Fossil specimens were inserted as additionalindividuals
in the initial PCA but were excluded from the calculation
of the principal component axes. A hierarchical clustering
was then performed on the first five axes of the PCA.
All statistics and visualizations were produced using R
3.5.3 (R Core Team, 2019) and the R packages Morpho
(Schlager 2017), ade4 (Dray & Dufour 2007), rgl (Adler &
Murdoch 2019), and geomorph (Adams et al. 2019).

Confusion matrices based on a linear discriminant
analysis were performed on the first five axes to reassign
modern specimens to their original genus and then
attempt the same with the fossil specimens. Results
were considered statistically significant when p-values
were less than 0.05.
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RESULTS

OSTEOLOGICAL CHARACTERS AND METRICS

At the family level, Mimidae CMC are slenderer than those
from Turdidae, with the shape of proximal portion of the
trochlea carpalis differentiating them from other middle-
sized passerine birds.

Five distinguishing characters (1 proximal and 4 distal;
Figures 2 and 3), each presenting two morphological
states, were identified on complete CMC.

The first character (A) concerns a ridge in the proximal
part of the os metacarpale minus, in dorsal view. In
state 1 (A1 typical) this ridge joins the facies articularis
ulnocarpalis to the processus intermetacarpalis and
delimits cranially a facet developed on the caudal
edge. In Cinclocerthia, this facet is sometimes very
slight (PACEA-0O-846) while the concavity of the cranial
edge is highly pronounced and characteristic of this
taxon. This ridge can be weakly developed distally
while still clearly connected to the base of the facies
articularis ulnocarpalis (A1 extrem). In state 2, this ridge
is almost imperceptible or rapidly disappears, merging
with the first half the intermetacarpal space above the
intermetacarpal process or just beyond it (A2 typical). In
all cases, the dorsal surface between the intermetacarpal
space and the trochlea is uniformly flat. In Mimus, this
facet can be broad, and the ridge is weakly developed in
the distal portion and does not join the trochlea carpalis
(A2 extrem).

St

) Cr. ridge
Ca. ridge

The second character (B) concerns the inclination of
the facies articularis digitalis minor in ventral view. In
state 1, this facies is clearly inclined with the caudal edge
which projects further distally than the cranial edge;
the angle defined by the line between the two edge
extremities and the proximo-distal axis is greater than 8°
(B1 typical). The distal end of the bone curves dorsally,
which reduces the angle (B1 extrem). However, the angle
is greater than 8° when the distal extremity of the bone is
positioned in front of the observer. In state 2, the caudal
and cranial edges have a broadly comparable distal
extension (B2 typical). B2 is extreme when the caudal
edge extends more distally but the angle between the
edge extremities and the proximo-distal axis remains
lower than 8°.

The third character (C) concerns the morphology
of the facies articularis digitalis minor in ventral view.
In state 1 (C1 typical), a groove is present. This groove
can be weakly developed, hardly distinguishable from
an irregularity of the articular surface (C1 extrem). This
groove is absent in state 2 (C2 typical) or not developed
enough to be appreciable (C2 extrem).

The fourth character (D) is observable on the distal
part of the sulcus tendineus in dorsal view. In state 1, the
cranial and caudal ridges of the sulcus tendineus extend
distally (D1 typical). The cranial ridge can extend less
distally than the caudal ridge, with the angle between the
ridge extremities and the cranio-caudal axis measuring

Fadm — ¥~ Ca.edge

Figure 2 Terminology used for the osteological characters of the CMC. 3D model of a left CMC from Mimus gundlachii (ROM 111017)

in dorsal (A) and ventral (B) views. Ca. edge: Caudal edge of the distal part; Ca. ridge: Caudal ridge; Cr. edge: Cranial edge of the distal
part; Cr. ridge: Cranial ridge; Fadm: Facies articularis digitalis minor; Fau: Facies articularis ulnocarpalis; Omma: Os metacarpale major;
Ommi: Os metacarpale minus; Pa: Processus alularis; Pe: Processus extensorius; Pi: Processus intermetacarpalis; Pp: Processus pisiformis;
Si: Spatium intermetacarpalis; Smd: Symphysis metacarpalis distalis; St: Sulcus tendineus; Tc: Trochlea carpalis.
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A-1 typical

B-1 typical

C-1 typical

D-1 typical

E-1 typical

A-1 extrem

B-1 extrem

C-1 extrem

D-1 extrem

E-1 extrem

A-2 extrem

B-2 extrem

C-2 extrem

D-2 extrem

E-2 extrem

A-2 typical

B-2 typical

C-2 typical

D-2 typical

E-2 typical

Figure 3 Identified character states. Blue arrows indicate zones of interest. Specimens used for the characters: A-1 typical: Allenia
fusca, PACEA-O-1043; A-1 extrem: Dumetella carolinensis, NHMUK ZOO $/2010.2.15; A2 typical: Mimus gilvus, PACEA-O-733; A2 extrem:
Mimus gundlachii, ROM 111017; B-1 typical: Mimus gundlachii USNM 553337; B-1 extrem: Ramphocinclus brachyurus, MNHN ZO
2012-550; B-2 typical: Allenia fusca, PACEA-O-1042; B-2 extrem: Margarops fuscatus, PACEA-O-1039; C-1 typical: Margarops fuscatus,
PACEA-0-1041; C-1 extrem: Allenia fusca, PACEA-O-1042; C-2 typical: Margarops fuscatus, PACEA-O-731; C-2 extrem: Mimus gundlachii,
ROM 111017, D-1 typical: Allenia fusca, PACEA-O-1042; D-1 extrem: Allenia fusca, PACEA-O-1048; D-2 typical: Mimus polyglottos, MNHN
Z0 M0-1933-306; D-2 extrem: Toxostoma rufum, USNM 611207 E-1 typical: Mimus gundlachii, USNM 553450; E-1 extrem: Mimus
polyglottos, MNHN ZO MO-1956-1050; E-2 typical: Mimus gilvus, PACEA-O-732; E-2 extrem: Cinclocerthia ruficauda, PACEA-O-966.
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less than 10° (D1 extrem). In state 2, the extremity of the
cranial ridge is occupied by the sulcus tendineus, which is
clearly less extended distally than the caudal ridge, with
the angle being either slightly (D2 extrem) or significantly
greater (D2 typical) than 10°.

The last character (E) concerns a protuberance
on the distal portion of the os metacarpale majus in
dorsal view. In state 1, a clear protuberance is present
in the extension of the caudal ridge limiting the sulcus
tendineus (E1 typical) or only extends partially on the
dorsal surface beyond the relief formed by the crest
of the distal articulation (E1 extrem). In state 2, this
protuberance is either absent (E2 typical) or cannot be
differentiated from surface irregularities but is still clearly
distinguishable from state 1 (E2 extrem).

Several characters identified in the modern sample
(Table 3) reliably distinguish the different Mimidae
species, particularly characters A and E, which separate
Mimus from the other genera. Among specimens of the
Antillean endemic clade, character B distinguishes R.
brachyurus (B1 = 100%) from D. carolinensis (B2 = 80%).
In the genus Mimus, state C2 is only absent in M. gilvus.
Allenia is the only endemic species with a high frequency
for C1 (88%), setting it apart from D. carolinensis and
C. ruficauda. This latter species equally differs from R.
brachyurus in character D (D1 = 80% for C. ruficauda, and
D2 =100% for R. brachyurus). Overall, several osteological
characters are insignificant (<80%), and several species
are represented by small sample sizes (e.g. R. brachyurus
or T. rufum), suggesting caution in distinguishing
Mimidae species based on osteology alone. With that
said, several osteological characters nevertheless reliably
discriminate members of the endemic genus Mimus as
well as several endemic species of other genera. None
of the specimens from our modern sample exhibits a co-
occurrence of states A2 and E2.

Combining morphological characters with size data
(Table 3) also produced more reliable results. Margarops
and Allenia are distinguished by their large size and
Dumetella is characterized by its small size, the other
species have intermediate size.

GEOMETRIC MORPHOMETRIC ANALYSIS
Asymmetry in the right and left CMC was tested for
Allenia fusca, the only Mimidae species for which enough
specimens were available. A MANOVA performed on the
first five PCA axes (representing respectively PClasym =
29.2%, PC2asym = 11.2%, PC3asym = 10.3%, PC4asym
= 8.1%, PC5asym = 7% of the total variance) showed
no differences between left and right CMC (P = 0.201,
Wilks’ Lambda = 0.870). As such, both sides were
combined in subsequent analyses. The lack of sex
information makes it impossible to explore sexual
dimorphism in the sample. Limited sexual dimorphism
has, however, been previously reported for Mimidae
species, especially for the endemic Caribbean mimids
(Cody 2005).

Complete dataset

Centroid size analysis

Centroid size differences are significant between most
species (Figure 4; Table 4; Supplementary file 4). For taxa
represented by a small number of individuals, these
values potentially reflect only part of the variability and
should be considered with caution. As mentioned above
from traditional metric data, centroid size demonstrates
Margarops to be the largest Mimidae species, followed
by Allenia; Dumetella is the smallest. The centroid
sizes of the other species overlap to different degrees,
and a clear size gradient can be observed within the
genus Mimus, with M. gilvus being the smallest, M.
polyglottos intermediate in size, and M. gundlachii the

A B C D E METRIC

SPECIES (N) Al A2 B1 B2 (1 C2 D1 D2 El E2 GL (MM) Bd (MM)

C. ruficauda (5) 100 - 40 60 20 80 80 20 - 100 16,0[15,3-16,9] 3,2[3,1-3,3]
M. fuscatus (8) 88 12 25 75 50 50 62 38 - 100 22,7 [21,6-23,3] 4,5 [4,4-4,6]
A. fusca (16) 100 - 67" 33* 88 12 44 56 - 100 19,7 [19,1-20,4] 3,8 [3.6-4,0]
R. brachyurus (3) 100** - 100 - 33 67 - 100 - 100 15,7 [15,3-16,1] 3,1[3,0-3,2]
D. carolinensis (5) 100 - 20 80 - 100 60 40 - 100  13,8[13,4-14,2] 3,0[2,9-3,1]
M. gilvus (4) - 100 75 25 100 - - 100 75 25 16,4 [15,9- 16,9] 3,3[3,1-3,3]
M. polyglottos (6) - 100 67 33 67 33 - 100 100 - 17,5[16,2-18,0] 3,5 [3,4-3,7]
M. gundlachii (5) - 100 60 40 60 40 - 100 100 - 18,6 [17,9-19,1] 3,6 [3,4-3,6]
T. rufum (3) 100 - 33 67 33 67 - 100 - 100 16,8 [16,4-17,4] 3,6 [3,6-3,7]

Table 3 State frequency of the osteological character and metric data and in the modern specimens. (n) = number of specimens.
Dominant characters (frequency > 80%, in bold) reliably distinguish the Mimidae species. GL (Greatest Length of the CMC) and Bd
(breadth of the distal end) are means calculated over n species. In brackets, the minimal and maximal values. * n observed = 15,

**n observed = 2.
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largest. Pairwise differences between these species are
significant. Toxostoma rufum appears similar in size to
Mimus species, with no significant difference evident
between M. polyglottos or M. gilvus.

Inter-group and inter-generic shape variation

The pan-continental and Antillean endemics clades
are clearly set apart within the PC1-2 and PC2-3
morphospaces along PC2 (Figure 5Aand B; Supplementary
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Cinclocerthia ruficauda
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Dumetella carolinensis
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Toxostoma rufum

Figure & Variation in centroid size (CS) within the complete
dataset. Species are organized by phylogenetic proximity (from
left to right). Each dot represents a specimen. Symbol color
reflects species, symbol shape refers to genus.

file 4). The first group clusters in the negative extreme of
PC2, while the second group occupies the more positive
extreme. This result is confirmed by a multivariate
analysis of variance (MANOVA) performed on the first five
axes (P < 0.001; Wilks" Lambda = 0.407). In particular,
shape differences between the two clades reflect a
more developed facies articularis ulnocarpalis, the dorsal
portion of the os metacarpale minus, the processus
extensorius, processus intermetacarpalis, processus
alularis, and the cranial edge of the sulcus tendineus in
species of the pan-continental clade, as can be seen
along PC2 (Figure 5F). Shape changes associated with
PC1 correspond to a more developed trochlea carpalis,
processus extensorius, and processus intermetacarpalis
(Figure 5E).

All genera included in the sample are also well
differentiated (Table 5). Closely related taxa within
each clade (Figure 1), such as Mimus and Toxostoma,
or Allenia and Cinclocerthia, differ significantly along
PC2 (Figure 5). Allenia and Margarops are also separated
along PC1, although with some overlap. On the other
hand, no separation between genera is evident in
the PC3-4 morphospace, except for Ramphocinclus,
which is distinct from the other specimens. Several
specimens occupy extreme positions, a pattern which
can be explained by their state of conservation. These
specimens were nevertheless retained in the analysis
due to the small sample sizes for certain species (i.e.
Cinclocerthia: PACEA-O-846, Margarops: PACEA-O-826,
Dumetella: NHMUK ZOO S/2010.2.15, Ramphocinclus:
MNHN Z0O 2012-550).

A classification matrix correctly predicted more than
60% of each Mimidae genus and more than 63% when
species were represented by more than five individuals.
Overall, the classification model attributed 84% of
all specimens to the correct genus(Table 6).

C M. A.FUSCA R D. M. M. M.
RUFICAUDA  FUSCATUS BRACHYURUS  CAROLINENSIS GILVUS POLYGLOTTOS GUNDLACHII

M. fuscatus ~ <0.001 ***

A. fusca <0.001 *** <0.001 ***

R. 0.68 <0.001 ***  <0.001 ***

brachyurus

D. <0.001 *** <0.001 ***  <0.001 *** 0.001

carolinensis

M. gilvus 0.467 <0.001 ***  <0.001*** 0.319 <0.001 ***

M. 0.002 ** <0.001 ***  <0.001 *** 0.004 ** <0.001 *** 0.016 *

polyglottos

M. <0.001 *** <0.001 ***  0.001 ** <0.001 *** <0.001 *** 0.001** 0.012*

gundlachii

T. rufum 0.042 * <0.001 ***  <0.001 *** 0.035* <0.001 *** 0.173 0.253 0.008 **

Table 4 Pairwise t-tests for Mimidae centroid size. Statistically significant values are in bold. (* = p-value comprise between 0.05 and
0.01; ** = p-value comprise between 0.05 and 0.01 and 0.001; *** = p-value inferior to 0.001).
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CINCLOCERTHIA MARGAROPS ALLENIA RAMPHOCINCLUS DUMETELLA MIMUS
Margarops 0.012 (0,168)
Allenia <0.001 (0,146) 0.043 (0,544)
Ramphocinclus 0.340 (0,153) 0.003 (0,051) <0.001 (0,066)
Dumetella 0.374 (0,358) 0.098 (0,325) 0.001 (0,283) 0.589 (0,299)
Mimus 0.007 (0,354) <0.001 (0,204) <0.001 (0,156) 0.001 (0,207) 0.001 (0,248)
Toxostoma 0.477 (0,228) 0.007 (0,074) <0.001 (0,090) 0.704 (0,265) 0.496 (0,240) 0.002 (0,247)

Table 5 MANOVAs performed on the first five axes. The grouping variable is the genus. Significant p-values are in bold and Wilks’

Lambda in brackets.

CINCLO- MAR- ALLENIA RAMPHO- DUMETELLA MIMUS TOXOSTOMA CORRECT
CERTHIA  GAROPS CINCLUS ATTRIBUTION (%)

Cinclocerthia 4 - - - - - 1 80

Margarops 1 5 2 - - - - 63

Allenia - 2 13 - 1 - - 81

Ramphocinclus - - - 3 - - - 100

Dumetella - 1 - 1 3 - - 60

Mimus - - - - - 15 - 100

Toxostoma - - - - - - 3 100

Total 5 8 15 4 4 15 4 84

Table 6 Confusion matrix based on a linear discriminant analysis performed on the first five axes in the complete dataset.

Interspecific shape differences

Clear differences are evident in the PC4-
5 morphospace of the three different Mimus species
considered (Figure 5D). M. gundlachii differs from M.
polyglottos along PC4 and is primarily due to a broader
processus extensorius and facies articularis digitalis
minor in M. gundlachii and a larger curvature of the os
metacarpale minus (Figure 5H). The two sister-species,
M. polyglottos and M. gilvus, segregate along PC5,
reflecting a more developed processus pisiformis, the
distal part of the symphysis metacarpalis distalis, a
ligamentinsertion, and the processus intermetacarpalis
(Figure 5I).

Distal dataset

Several specimens that plot at the extreme ends of the
morphospace were excluded from the dataset when
exploring size differences (Cinclocerthia: PACEA-O-846,
Margarops: PACEA-O-826, Dumetella: NHMUK ZOO
$/2010.2.15, Ramphocinclus: MNHN ZO 2012-550).

Centroid size analysis

Inter-species centroid size differences are still significant
when the distal portion of the bone is considered alone
(Figure 6; Supplementary file 5). For taxa with less than
flve specimens, tests are given as an indication and
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should be interpreted with caution. The same tendency
can be observed as for the complete dataset: Margarops
fuscatus is the largest species, followed by Allenia fusca,
and Dumetella is the smallest. The same size ordering is
observed in the whole dataset, apart from M. gundlachii
(which is no longer distinct from T. rufum and M.
polyglottos), and from C. ruficauda (which overlaps with
the intermediate Mimus species M. polyglottos). Although
the size gradient observed in the complete Mimus dataset
is less clear, M. gilvus is still the smallest species while M.
polyglottos and M. gundlachii overlap considerably.

Inter-genus shape variation

The separation between the pan-continental and
Antillean endemics clades observed in the complete
dataset is less evident within the PC1-2 and PC2-3
morphospaces (Figure 7A and 7B; Supplementary file 5).
Several genera are, however, set apart along the second
axis, including Dumetella and Mimus. Cinclocerthia
and Ramphocinclus stand out from the other Antillean

12

endemic genus along axis 2. Allenia and Margarops cluster
together in the center of the morphospace. Cinclocerthia
and Dumetella, which were not clearly differentiated by
the complete dataset, now appear separated along PC2.

A classification matrix correctly predicted more than
50% for each gender of Mimidae, with a total correct
attribution of 71% across all genera (Table 7), slightly less
than when the complete dataset is considered.

APPLICATION TO THE FOSSIL RECORD
Osteological characters and metric

Our data indicate that identifying fossil Mimidae specimens
to species based uniquely on osteological characters is
unreliable (Table 8). Three fossils exhibit combined A2-E2
states, a character absent in the modern sample, and at
least three species attributions are possible for several
other specimens. More certain species attributions are,
however, possible for some fossils when osteological
characters are combined with a consideration of size
differences. The AC3-2019-0-1438 and PGR6-2016-0-182
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CINCLO-  MAR- ALLENIA RAMPHO-  DUMETELLA  MIMUS TOX- CORRECT
CERTHIA  GAROPS CINCLUS OSTOMA ATTRIBUTION (%)

Cinclocerthia 4 - - - - - - 100

Margarops - 5 - - - 2 - 71

Allenia 1 2 10 - 2 - 1 63

Ramphocinclus 1 - - 1 - - - 50

Dumetella - - - - 4 - - 100

Mimus - 3 1 - 1 10 - 67

Toxostoma 1 - - - - - 2 67

Total 7 10 11 1 7 12 3 71

Table 7 Confusion matrix for genera and species based on a linear discriminant analysis performed on the first five axes in the distal

dataset.
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SPECIMENS CHARACTERS METRIC IDENTIFICATION
A B C D E GL (MM) Bd (MM) CHARACTERS > 80% METRIC
BAM-2014-0-20 A2 B2 c2 D1 E2 14.7* 3,1 Cr, Rb, Dc, [Mgi]
AC3-2019-0-1435 Al B2 c2 D2 E2  nm 3 Cr, Mf, Dc, Tr [Rb, Dc, Mgi]
GB-2008-0-349 Al B1 2 D2 E2 18,7 4,1 Cr, Mf, Dc, Rb, Tr Af, [Mgul]
GB-2008-0-361 Al nc nc D2 E2 15,3 3,1 Cr, Mf, Af, Dc, Rb, Tr Cr, Rb, [Dc, Mgi]
GB-2014-0-35 Al B1 C1 D1 E2 16 3,3 Cr, Mf, Af Cr, Rb, Mgi, Mp,
[Dc, Mgu, Tr]
GB-2014-0-92 nc B1 nc D2 E2 18,6 41 Cr, Mf, Af, Dc, Rb, Af, [Mgul]
Mgi, Tr
GB-2014-0-156 Al Bl C1 DI E2 165 3,4 Cr, Mf, Af Cr, Rb, Mgi, Mp, Tr, [Mgu,
Af]
GC2-2014-0-1 A2 B2 c2 D1 E2 15,9 3,3 Cr, Rb, Mgi, Mp, [Dc, Mgu,
Tr]
GC2-2014-0-2 Al B2 C1 D2 E2 19,8 4,1 Cr, Mf, Af, Tr Af
PGR6-2011-0-16 A2 B1 c2 D1 E2 14,9 3,2 Cr, Rb, [Dc, Mgi, Mp, Mgul]
PGR6-2011-051 Al B1 C1 nc E2 15 34 Cr, Mf, Af, Rb, Tr Cr, Rb, [Af, Mgi, Mp, Mgu,
extrem il
PGR6-2016-0-182 Al B1 c2 D1 E2 14,2 3 Cr, Mf, Dc Dc, [Cr, Rb, Mgi]

Table 8 Osteological characters and metric data for the identification of fossil specimens. nc: non-observable. nm: non-measurable.
*: broken but still measurable. In brackets, values that fit only with GL or Bd. Af = Allenia fusca; Cr = Cinclocerthia ruficauda; Dc =
Dumetella carolinensis; Mf = Margarops fuscatus; Mgi = Mimus gilvus; Mgu = Mimus gundlachii; Mp = Mimus polyglottos; Rb =

Ramphocinclus brachyurus; Tr = Toxostoma rufum.

specimens were both attributed to D. carolinensis.
Osteological characters and size data suggest A. fusca
for GB-2014-0-92 and GC2-2014-0-2 and C. ruficauda
for GB-2014-0-35 and GB-2014-0-156. Specimens GB-
2008-0-361 and PGR6-2011-051 may represent either
C. ruficauda or R. brachyurus. GB-2008-0-349 is the only
specimen with substantially different species attributions
based on osteological characters compared to metric data.

Species attributions based on the complete dataset
The centroid size (Figure 8) for GC2-2014-0-2 s
similar to Allenia and approaches the highest values
for M. gundlachii. GC2-2014-0-1 is comparable with
Cinclocerthia, Ramphocinclus and M. gilvus while GB-
2014-0-156 is similar with Cinclocerthia and M. gilvus.
The specimen from PGR6 has a centroid size compatible
with both Dumetella and Cinclocerthia.

The four complete archaeological specimens were
plotted against the PCA of the reference dataset
(Figure 9). PGR6-2011-0-51 falls outside the range of
variation of the different species sampled in our study
except along PC1-2, where it fits within the morphospace
of Allenia (Figure 9A). GC2-2014-0-1 plots with the pan-
continental group, close to the convex hulls of Mimus
in the PC1-2 and PC2-3 morphospaces. The situation
is less clear for GC2-2014-0-2, as it falls between the
pan-continental and Antillean clades (Figure 9A and 9B).
GB-2014-0-156 is associated with the Antillean clade,
plotting close to Cinclocerthia, Margarops, Dumetella, and
Allenia (Figure 9B).
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A phenogram performed on the first five PC scores
places specimen PGR6-2011-0-51 at the base of the tree,
separating it from the branches of modern specimens
(Figure 10). Conversely, GC2-2014-O-1 clusters near
Cinclocerthia while GC2-2014-0-2 and GB-2014-0-156
are grouped with Dumetella.
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Species attribution based on the distal dataset

The centroid size for all PGR6 specimens falls between
the genus Cinclocerthia and Ramphocinclus and the
smaller M. gilvus (Figure 11). The smallest of the PGR6
specimens is also close to Dumetella. Two size groups
can be distinguished amongst the Grotte Blanchard
specimens: one with small centroid size consistent with
Mimus species and larger individuals of Cinclocerthia
and Ramphocinclus, the other with larger centroid
size compatible with Allenia. The centroid size of GC2-
2014-0-2 falls between those of Allenia and Margarops,
and GC2-2014-0-1 presents a centroid size similar in
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Figure 11 Centroid size for Mimidae species in the distal
dataset. The modern species (in grey) are classified by
phylogenetic proximity (from left to right). Symbols refer to
the genus. The fossils (in brown) are classified by geographic
origin (from left to right): Grande-Terre (Grotte des Bambous
specimen), Marie-Galante (GC and GB specimens) and La
Désirade (PGR6 specimens). Fossils specimens are indicated by
their reference number.
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size to that of Ramphocinclus, Cinclocerthia, and M.
gilvus.

The fossils were projected on the PCA run for the distal
dataset (Figure 12). Whenthefirst five PCscoresareplotted,
the distinction between several genera is not evident,
while others, such as Cinclocerthia and Ramphocinclus,
are clearly distinct from other modern specimens within
the PC1-2, PC2-3, PC3-4, and PC2-4 morphospaces. A
MANOVA reveals fewer significant differences than for
the complete dataset, with the exception of Allenia and
Mimus (Table 9). Fossils from PGR6 tend to group together
near the ranges of Cinclocerthia and Ramphocinclus in
all morphospaces. Specimens from Grotte Blanchard
also group together close to the ranges of Margarops,
Mimus and Allenia. The Grotte des Bambous fossil does
not plot within a particular morphospace of the modern
specimens but falls within or relatively close to the range
of Margarops, depending on the PC axis considered. AC3-
2019-0-1435 fits within the morphospace of Allenia in
all PC morphospaces except PC3-4. GC2-2014-0-1 plots
close to within the range of Cinclocerthia (cf. PC2-3 and
PC3-4), while GC2-2014-0-2 falls within the range of
Allenia for all PC.

A phenogram performed on the first five axes
of the distal dataset (Figure 13) confirms the PGR6
specimens to cluster with the genus Ramphocinclus
and Cinclocerthia. GC2-2014-0-1 occupies the basal
branch of Cinclocerthia and Ramphocinclus. GC2-
2014-0-2 and AC3-2019-0-1435 fit with Allenia and
GB-2008-0-361 occupies the basal branch of Allenia.
The specimen from Grotte des Bambous fits with
Margarops, and, apart from GB-2008-0-361, the Grotte
Blanchard fossils are positioned close to Margarops and
Mimus.

SYNTHESIS

Species attributions based on traditional osteological
characters (Table 8) and geometric morphometrics
(Table 10) for complete CMC (Figure 14) and the distal
portion of this bone (Figure 15) are combined in a single
table.

CINCLOCERTHIA MARGAROPS ALLENIA RAMPHOCINCLUS DUMETELLA MIMUS
Margarops 0.123 (0.247)
Allenia <0.001 (0.216) <0.001 (0.293)
Ramphocinclus 0.346 (0.055) 0.333 (0.250) 0.001 (0.228)
Dumetella 0.085 (0.035) 0.031 (0.135) 0.110 (0.557) 0.122 (0.007)
Mimus 0.003 (0.292) 0.377 (0.736) <0.001 (0.304)  0.004 (0.245) 0.001 (0.247)
Toxostoma 0.595 (0.142) 0.117 (0.180) 0.133 (0.555) 0.398 (0.101) 0.479 (0.087) 0.003 (0.264)

Table 9 MANOVAs performed on the first five axes of the different genera. Significant p-values are in bold and Wilks’ Lambda is in

brackets.
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PCA run for the distal dataset.

COMPLETE DATASET

DISTAL DATASET

SPECIMENS  MATRIX PHENOGRAM  CENTROID MATRIX PHENOGRAM  CENTROID SIZE
CLASSIFICA- SIZE CLASSIFICATION (%)
TION (%)
BAM- - - - Cr (24%), Mf (32%), Af ~ Mf [Cr], [Rb], [Dc], Mg,
2014-0-20 (10%), Mimus sp. (26%) [Mp]
AC3- - - - Af (56%), Dc (12%) Af Rb, Mgi, [Cr], [Mp],
2019-0-1435 [Mgul
GB- - - - Mf (71%), Mimus sp. - Af
2008-0-349 (28%)
GB- - - - Cr (16%), Af (52%), Af Cr, Mgi, Mp, [Rb], [Mgul]
2008-0-361
GB- _ _ - MF (52%), Mimus sp. - Mgi, Mp, [Cr], [Rb],
2014-0-35 (37%) [Mgul, [Tr]
GB- - - - Mf (75%), Mimus sp. - Af
2014-0-92 (20%)
GB- Cr (29%), Mf Dc Cr, Mgi, Mp, Tr,  Mf (11%), Mimus sp. Mf, Mimus sp. Mgi, Mp, [Cr], [Rb],
2014-0-156 (36%), Dc [Rb] (24%) [Mgul], [Tr]
(32%)
GC2- Cr (50%), Cr Cr, Rb, Mg, Cr (79%) Cr,Rb Rb, Mgi, [Cr], [Mp],
2014-0-1 Mimus sp. Mp], [Tr] (Mgu]
(39%)
GC2- Cr(25%), Mf ~ Dc Af, [Mgu] Af (58%) Dc (15%) Af [Mf], [Af]
2014-0-2 (20%), Dc
(50%)
PGR6- - - - Cr (18%) Rb Rb, Mgqi, [Cr], [Mp],
2011-0-16 [Mgu]
PGR6- - - [Cr], [Rb], [Dc], Cr(37%) Cr Rb, [Cr], [Dc], [Mgi],
2011-051 [Mgi] [Mp]
PGR6- - - - Cr (12%) Rb [Cr], [Rb], [Dcl, Mgl
2016-0-182 [(Mp]

Table 10 Synthesis of fossil attributions based on morphology. CS + 0.5 or - 0.5 of the minimum and maximum value of current
species are in brackets. The matrix classification column presents the probability of a fossil being attributed to a current species.
Af = Allenia fusca; Cr = Cinclocerthia ruficauda; Dc = Dumetella carolinensis; Mf = Margarops fuscatus; Mgi = Mimus gilvus; Mgu = Mimus

gundlachii; Mp = Mimus polyglottos; Rb = Ramphocinclus brachyurus; Tr = Toxostoma rufum.
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Figure 14 Synthesis of fossil attribution based on osteological and morphometric geometric data using the complete dataset. An
attribution is proposed (boxed in black) when at least 3 colors are present. Criteria are: Size (conventional: dark green circles or CS:
light green circles). For conventional, filled circles represent values between the minimum and maximum for each species (GL + Bd)
and half sticker when value is only on GL or Bd. For CS, full circles indicate values between the minimum and maximum for each
species and half circles when the value is + or - 0.5 of the minimum and maximum value of one species. Osteological characters:
red circles. Half circles when 3 or 4 characters out of 5 are present. Matrix reclassification (or probability): dark blue circles. Half

circles when probability <50%. Phenogram: light blue circles.

Two different size groups are evident in the Grotte
Blanchard and Grotte Cadet 2 fossils. While the large
specimen GC2-2014-0-2 cannot be attributed to a
particular species based on the complete dataset, its
size (conventional and CS) and osteology are compatible
with A. fusca, an attribution equally supported by both
approaches to the distal dataset.

The large fossils GB-2008-0-349 and GB-2014-0-92
are also impossible to unambiguously attribute to
a particular species due to diverging results for the
different methods. For the first specimen, its osteology
and position close to the convex hull of M. fuscatus
in morphospaces 3-4 and 4-2 are consistent with M.
fuscatus and, while the second presents the same traits,
its morphometry is less certain due to slight damage
affecting parts of the bones. However, the two fossils are
smaller than M. fuscatus but similar in size to A. fusca,
making it compatible with both species.

In terms of the smaller fossils, both datasets attribute
GC2-2014-0-1 to C. ruficauda based on both its size and
geometric morphometric criteria. Although this specimen
displays the combination of states A2-E2 which is absent
in the modern sample, the highly pronounced proximal
concavity of the cranial edge is typical of modern
specimens of C. ruficauda, which argues in favor of
referring the fossil specimen to this species.

The position of BAM-2014-0-20 falls within several
convex hulls, however its size and morphometry are

compatible with C. ruficauda or M. gilvus. Like the previous
individual, this specimen presents both the combination
of states A2 and E2 and a highly pronounced proximal
concavity, suggesting C. ruficauda for attribution.

Both GB-2008-0-361 and GB-2014-0-156 are referred
to C. ruficauda based on the distal and complete dataset,
respectively. The distal dataset does not allow GB-
2014-0-156 to be attributed to a species, although the
specimen’sosteologicalcharactersandsize are compatible
with C. ruficauda. GB-2014-0-35, while morphologically
similar to M. fuscatus (based on the GMM), its small size
is incompatible with this species. Moreover, the specimen
plots close to C. ruficauda in morphospaces 1-2 and 2-3,
a potential attribution equally supported by its size and
osteology. Finally, this fossil specimen is similar to the
previous two, suggesting it belongs to the same taxon.

The three fossils from PGR6 cluster together in the PCAs
(Figure 12). Of these three specimens, PGR6-2011-051
and PGR6-2016-0-182 can be reliably attributed to C.
ruficauda based on a good fit between size, morphological
characters and morphometric geometric criteria of the
distal CMC (Figure 15). PGR6-2011-0-16 associates only
size and geometric morphometric criteria, both of which
are compatible with C. ruficauda and R. brachyurus.
However, its proximity in the PCA to the two previous
fossils may suggest it belongs to C. ruficauda.

Multiple characters and its position in the PCA identify
specimen AC3-2019-0-1435 as D. carolinensis.
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Figure 15 Synthesis of fossil attribution based on osteological and morphometric geometric data using the distal dataset. An

attribution is proposed (boxed in black) when at least 3 colors are present. Criteria are: Size (conventional: dark green circles or CS:
light green circles). For conventional, filled circles represent values between the minimum and maximum for each species (GL + Bd)
and half sticker when value is only on GL or Bd. For CS, full circles indicate values between the minimum and maximum for each
species and half circles when the value is + or - 0.5 of the minimum and maximum value of one species. Osteological characters:
red circles. Half circles when 3 or 4 characters out of 5 are present. Matrix reclassification (or probability): dark blue circles. Half

circles when probability <50%. Phenogram: light blue circles.
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DISCUSSION

A DEDICATED METHODOLOGY

Here we propose a dedicated methodology that
combines geometric morphometrics and conventional
osteology mobilizing both character-state coding and
metric data, on the one hand, and a focus on both the
complete carpometacarpus as well as the distal portion
of this bone, on the other hand. This multi-evidence
methodology is particularly suited to characterizing
passerine osteology, as this order of birds comprises
families with numerous members that display limited
osteological differences between them (Moreno 1985;
Mourer-Chauviré 1975).

Damaged bones outnumber complete examples
in our fossil sample, which is likely a common
preservation pattern for bird remains, past and present.
Integrating damaged specimens with preserved
distal portions in analyses not only increases the
number of fossil specimens but also enhances our
capacity to document past biodiversity in avian
communities.

The results obtained from the GMM analyses between
distal part and whole bone may differ. The anatomical
features present on the distal portion of the CMC depict
only part of the total variance of the complete bone.
When only the distal portion is considered, this variance
is determinant and may produce different results in the
GMM analysis. This effect is exemplified by specimen
GC2-2014-0-2, which is attributed by the confusion
matrix to D. carolinensis based on the complete bone
or A. fusca based on the distal portion. When additional
data is combined in the analysis, in this case character
coding, metrics, and GMM, the specimen in question can
be reliably attributed to A. fusca. Combining different
approaches can therefore help resolve conflicting results
based on a single analytical approach. In several cases,
however, species attributions vary between methods, as
is the case for GB-2014-0-156. Fossil specimens could
be reliably determined to species by combining results
from the whole bone and its distal portion while working
with the assumption that specimens from the same site
that share a very similar morphology and size represent
the same population. Classical osteology successfully
isolated new species-specific features. In addition, it can
easily be applied to damaged bones. With that said its
utility for determining Mimidae is limited, as each species
from this family does not exhibit an exclusive combination
of characters. Geometric morphometrics, on the other
hand, provides an analytical framework supported by
multivariate statistics that allows differences between
taxa to be tested and visualized, either as averaged
conformations for different populations or along
principal component axes. Consequently, similarities
and differences between taxa and fossil specimens can
be appreciated at a finer scale than is possible with
other more traditional approaches. Finally, forest birds
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show a well-expressed size differentiation in response
to competitive exclusion, especially in the Caribbean
area (Case, Faaborg & Sidell 1983), making size an
important factor for determining specimen to species.
Paradoxically, this situation makes size a time sensitive
character connected to the species-level composition
of the avian community. As such, this data should be
treated with caution when considering fossil material
(e.g., Stewart 2007).

Finally, despite concerted efforts to assemble a
large set of modern specimens, many species are
represented by a very limited number of individuals,
a difficulty well known for Caribbean flying vertebrate
species, with most of them being rare, endangered and
under-represented in museum collections (e.g. Lefevbre
& Sharpe 2018; Lenoble, Gala & Laroulandie 2019;
Steadman & Franklin 2017). A larger sample would
potentially increase the reliability of these results by
more accurately evaluating the frequency of character
states.

PHYLOGENETIC HISTORY AS A KEY FACTOR
INFLUENCING CARPOMETACARPUS SHAPE
VARIATION
The North American origin of the Mimidae family is now
well established (Arbogast et al. 2006; Bond 1948, 1963,
Lovette et al. 2012), with the wide geographic distribution
of the genus Mimus seeming to have a higher colonizing
potential compared to endemic Mimidae species of
the Lesser Antilles. M. polyglottos colonized the Lesser
Antilles 0.3 Ma ago (Aldridge 1984; Hunt, Bermingham
& Ricklefs 2001), M. gilvus between 0.4 and 0.6 Ma via
South-America (Bond 1963; Hunt, Bermingham & Ricklefs
2001), and M. gundlachii currently occurs in the Bahamas
but has been reported in Jamaica (Cody 2005; Hunt,
Bermingham & Ricklefs 2001; Raffaele 2003). Lovette and
colleagues (2012) propose that Mimidae of the Lesser
Antilles have a complex pattern of island occupation,
including the sympatric occupation of Martinique by all
Antillean Mimidae species (Cinclocerthia, Ramphocinclus,
Allenia and Margarops). Natural barriers (e.g. middle
mountains, distance between islands) and the multiple
habitats of the Caribbean islands would favor the isolation
of species, leading to the appearance of morphological
or behavioral differences, as previously discussed for
Amazonian passerines (Hayes & Sewlal 2004).
Phylogeny nevertheless appears to play a primary
role in explaining CMC shape. Our results reveal high
evolvability of this anatomical element between
Mimidae species. Similarities between the morphological
and phylogenetic signature equally raises questions
concerning the impact of population history. The two
previously identified Antillean and pan-continental
Mimidae clades based on genetic analyses (Lovette and
Rubenstein 2007; Lovette et al. 2012; DaCosta et al.
2019) are equally evident in the morphometric analysis
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of the complete dataset. The morphological similarity
between species of Antillean clade is not surprising given
their geographical proximity. The same trend is also
exhibited at the interspecific level between two members
of the genus Mimus: M. gilvus and M. polyglottos. While
these taxa have been observed to hybridize along their
contact zone in central Mexico (Wetmore 1943), the
precise relationships between these two species remains
complex and not fully understood. The results of the
PCA analysis (Figure 5D) are in good agreement with the
mtDNA analysis (Hunt, Bermingham & Ricklefs 2001)
that suggested these taxa to be clearly distinct and to
differ from M. gundlachii (Arbogast et al. 2006).

CHANGES IN FOREST BIRD COMMUNITIES
Our analysis of a dozen CMC from archaeological and
paleontological deposits in the Guadeloupe Islands
identified three fossil taxa, Cinclocerthia ruficauda,
Dumetella carolinensis, Allenia fusca, which likely
represent only a portion of this region’s past avifauna.
The eventual integration of additional material from
these types of contexts may broaden our vision of the
islands’ past biodiversity. For example, 11 bird taxa were
reported from the mid-Holocene Burma Quarry site
on the neighbouring island of Antigua. Four taxa were
identified based on descriptions of the CMC, the rest
using the tarsometatarsus and the tibiotarsus (Pregill
et al. 1988). Despite the fact that limb bones are often
heavily fragmented, complete and slightly damaged
CMC nevertheless proved to have high taxonomic value.
Notwithstanding the limited number of taxa
determined, our results document significant long-term
diachronic changes in avian biogeography. The Scaly-
breasted Thrasher identified from the late Pleistocene
deposits of Grotte Cadet 2 on Marie-Galante is perhaps the
least interesting, as this bird is common on the different
islands of Guadeloupe (Terborgh, Faaborg & Brockmann
1978; Bénito-Espinal & Hautcastel 2003). On the other
hand, the Gray Catbird does not nest in the Caribbean but
winters in the Bahamas and Greater Antilles (Cody 2005).
This bird is rarely sighted in the islands of Guadeloupe
(Levesque & Delcroix 2019) and has been observed only
twice on La Désirade in the last fifteen years (Levesque,
in litt.). The determination of a Grey Catbird bone from
the Abri Cadet 3 on Marie-Galante suggests this species
had a larger wintering range that included the islands of
Guadeloupe. This specimen was recovered from a level
dating to between 3000 and 1000 years before present,
a period that experienced climatic conditions similar
to those at present (Curtis, Brenner & Hodell 2001).
Consequently, the past presence of this species in the
Lesser Antilles does not seem to reflect climatically-
induced environmental change. The depletion of
landbirds since the Holocene is well documented in the
Greater Antilles (Orihuela et al. 2020) and the Bahamas
(Steadman & Franklin 2020) and has been attributed to
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the impact of human activity in the archipelago. The past
presence of the Grey Catbird on Marie-Galante and its
current absence from the island could therefore be part
of a regional extirpation phenomenon.

The most striking result of our study is the widespread
presence of the Brown Trembler in the fossil record of
the Guadeloupe islands, occurring in the Pleistocene on
Marie-Galante, and in the Holocene on Désirade and,
presumably, on the eastern coast of Grande Terre. This
bird is currently absent from La Désirade and Marie-
Galante (Terborgh, Faaborg & Brockmann 1978; Bénito-
Espinal & Hautcastel, 2003; Levesque & Delcroix, 2021).
While the Brown Trembler currently occurs on Grande
Terre, its distribution is limited to the western part of
the island, where it is essentially present in the littoral
swamp forest (eBird, 2021). Its past presence at the
Grotte des Bambous, on the eastern coast of this island,
would therefore suggest a contraction in its range, even
on the two main islands of Guadeloupe.

Today, the Brown Trembler is mainly found in the
rain forest of the steep volcanic island of Basse Terre
(Terborgh, Faaborg & Brockmann 1978). This situation is
not peculiar to Guadeloupe, but is typical of the Lesser
Antilles as a whole. This bird is mainly observed in the
tropical rain forests on the slopes of the mountainous
volcanic islands forming the inner arc and is absent
from the dry, low-lying carbonate platforms on the
islands of the outer volcanic arc which are covered
by deciduous or dry scrub forest (Terborgh, Faaborg &
Brockmann 1978). This species is also absent from the
coastal areas of the wet islands, which are covered by
dry or seasonal evergreen forest, at least during the dry
season (Steadman et al. 1997; Zusi 1969). As such, the
Brown Trembler is the only Mimidae species to show
a preference for tropical rain forest (Cody 2005). The
fossil specimens identified in this study, in contrast,
depict a much wider range of past habitats occupied by
this bird, including dry islands. Its presence in natural
Pleistocene fossil-bearing deposits on Marie-Galante
(Grotte Blanchard) excludes these specimens having
been imported by humans. In addition, this is consistent
with the report of Brown Trembler remains from Burma
Quarry on the neighbouring island of Antigua (Pregill et
al. 1988). Moreover, our comparative dataset includes
all others dry forest-dwelling Caribbean Mimidae,
ruling out the determination of the Brown Trembler as
a misidentification of a distant species (Stewart 2005),
above all the White-breasted Thrasher, which occurs in
the dry coastal forests of St. Lucia and Martinique.

The Brown Trembler exhibits adaptations for arboreal
feeding (Zusi 1969), namely a long, curved beak that
enables it to probe Bromeliads for food (Storer 1989).
These features led Pregill et al. (1988) to deduce that
the presence of this species in Antigua reflected a
well-structured, canopied forest coincident with the
formation of the fossil deposit. This interpretation can
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be extended to the dry islands of Guadeloupe, where
the primary forest was decimated during the colonial
erq, first for wood and then for the cultivation of sugar
cane. On La Désirade, a sharp reduction in environmental
productivity is attributed to the impact of deforestation,
subsequent agricultural activity and goat herding, which
resulted in significant erosion of the soil. These human-
induced environmental changes led to the collapse of
the food web and the disappearance of the vertebrate
species it supported (Boudadi-Maligne et al. 2016), this
would include the extirpation of the Brown Trembler from
the dry islands of the Lesser Antilles.

It should be noted that fossil remains of tremblers
have been recovered from the Grotte Blanchard on Marie-
Galante, in levels corresponding to the region’s most arid
period (Royer et al. 2017), as well as from the wetter
pre-Columbian Holocene levels at La Désirade, thus
both extremes of climatically-induced environmental
variability. The perennial presence of tremblers on
dry islands in the past suggests this bird to be highly
resistant to climatically-induced environmental changes,
whereas its recent disappearance indicates its sensitivity
to human-induced changes to its habitats. This would
be consistent with research supporting the primary
role played by human activity in the loss of terrestrial
vertebrates in the Caribbean (Cooke et al. 2017; Orihuela
et al. 2020; Steadman & Franklin 2020).

Our analysis also revealed the currently available
collection of modern osteological specimens to
document only part of the past morphological variability
of West Indian mimids. This can be observed in two
ways. The first is the co-occurrence of two characters
(A2-E2) on the proximal and distal portion of the CMC
in three of the eight fossil specimens attributed to the
brown trembler. This association is absent in the five
modern specimens of the comparative sample and may
reflect either the limited number of specimens, which
only partially reflects the intra-specific osteological
variability of the species, or greater variability of this
species in the past. Second, it proved impossible to
attribute the large Pleistocene Mimidae recovered from
the Grotte Blanchard to any of the current members
of this family. The similar morphological and size of
the two fossil specimens strongly suggest that they
belong to the same population. These two specimens
are similar to the Scaly-breasted Thrasher both in size
and conventional osteological characters, while the
geometric morphometric analysis positions them closer
to the Pearly-eyed Thrasher. It is difficult to attribute this
non-congruence to a small number of Scaly-breasted
thrashers in the comparison collection, as this taxon
is represented by more than fifteen individuals from
the two main islands of Guadeloupe, Grande Terre and
Basse Terre. Taken together, these observations suggest
that the morphological variability of past mimids was
greater than at present, with traits or combinations of
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traits absent from current members of this family. In
other words, the reduction or disappearance of island
populations may have led to a reduction in intra-
specific phenotypic variation, as has been argued, for
example, for the morphological evolution of lizards
in a similar Lesser Antillean context (Bochaton et al.
2017). Mimidae are currently represented in the West
Indies in general and in the Lesser Antilles in particular,
by several subspecies with marked differences in
terms of population and range. Intra-specific genetic
differences have also been demonstrated in studies of
West Indian forest birds. The Scaly-breasted Thrasher
appears to be structured in different genetically-
related clusters between the different islands of the
Lesser Antilles (Khimoun et al. 2016a) and within the
islands of Guadeloupe between Basse Terre and Grande
Terre. This has been interpreted to result from habitat
fragmentation and the isolation of populations on each
island over the past centuries (Khimoun et al. 2016b).
It should therefore not be surprising that populations
separated by several dozen kilometer wide inlets
would have been sufficiently isolated to differentiate
themselves to such a point that they display subtle
osteological variations detectable by a geometric
morphometric characterisation of their bones.

CONCLUSION

The different morphometric approaches revealed a
robust correlation between phenotypic and phylogenic
signals. Clear morphological differences separate the
Antilleans endemics clade from the pan-continental
clade, and inter-generic and inter-specific differences,
respectively, were documented for the two clades,
especially within the Mimus genus. These results
complement previous molecular analyses. The
GMM analysis equally isolates subtle morphological
differences between these genera and species while
conventional osteology helps describe diagnostic
characters exhibited in modern specimens. A larger
sample of Mimidae remains will likely increase the
reliability of these characters. Combining GMM with
conventional osteology equally provides a mean
for reliably determining fossil specimens to species.
The three taxa identified in the fossil sample were all
recovered from the same island, Marie-Galante, and
date from the Pleistocene to late Holocene. This includes
the first mention of Dumetella carolinensis in the fossil
record of the Lesser Antilles (Abri Cadet 3), the presence
of Allenia fusca at Grotte Cadet 2 and Cinclocerthia
ruficauda at Grotte Blanchard. The Brown Trembler was
also found to have occurred over the last two millennia
on La Désirade and the Eastern coast of Grande Terre,
suggesting human activity to have directly or indirectly
driven a contraction in their range.
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