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ABSTRACT - The world-famous Eocene Konservat-Lagerstätte of Bolca, northern Italy, has been celebrated since the 16th century for its 
exquisitely preserved fishes, which provide the earliest evidence of a modern tropical shallow marine fish assemblage. Due to the presence of 
many of the earliest representatives of several modern families of reef-associated fishes, the remarkable taxonomic and morphological richness 
of this fish assemblage has traditionally been attributed to the presence of a coral reef system. Several studies have suggested that the broad 
morphological diversification of modern fish lineages may be due to the availability of greater ecological opportunity for the survivors of the 
end-Cretaceous mass extinction. This hypothesis was supported by a major expansion of the morphospace occupied by the fish lineages that 
crossed the Cretaceous-Paleogene transition, occupying regions previously inhabited by extinct Cretaceous groups. In this context, we used 
a geometric morphometric approach in order to describe the clade-level structure of the morphospace of the Bolca fish assemblage, and to 
compare the patterns of morphospace occupation and morphological diversification between the Eocene and modern tropical shallow marine 
fish assemblages. Although the similarity in morphospace area and the overlapping of the different convex hulls seem to indicate a relative 
stasis in the overall morphospace occupation from the Eocene to Recent, some differences at the clade level can be detected. In particular, 
the representatives of several lineages, including anguilliforms, “perciforms”, syngnathiforms and tetraodontiforms, seem to have undergone 
significant changes in terms of morphospace occupation, body shape variation and contribution to the overall disparity from the Eocene to today. 

RIASSUNTO - [Analisi del morfospazio dell’ittiofauna eocenica di Bolca a livello di cladi: Modelli e relazioni con le moderne associazioni 
ittiche tropicali] - Il famoso giacimento italiano di Bolca è conosciuto fin dal sedicesimo secolo per i suoi pesci fossili squisitamente conservati 
che forniscono una delle più antiche evidenze di un’associazione marina tropicale di tipo moderno già dall’Eocene. A causa della notevole 
ricchezza tassonomica, somiglianza morfologica e soprattutto per la presenza di molti dei primi rappresentanti delle attuali famiglie di pesci di 
barriera corallina, questa associazione è stata tradizionalmente associata alla presenza di un sistema recifale. Diversi studi hanno suggerito 
invece che l’ampia diversificazione morfologica dei gruppi moderni di pesci teleostei potrebbe essere una conseguenza della disponibilità di 
maggiori opportunità ecologiche, a partire dal Paleogene, a seguito della liberazione delle nicchie ecologiche lasciate vacanti dalle vittime 
dell’estinzione di massa di fine Cretaceo. L’ipotesi di una grande radiazione adattativa avvenuta all’inizio del Cenozoico è sostenuta da una 
notevole espansione del morfospazio da parte di quei gruppi di pesci che hanno attraversato il limite K-Pg, e che hanno quindi occupato 
quelle regioni del morfospazio lasciate vacanti dalle vittime dell’estinzione. In questo contesto, abbiamo analizzato, attraverso la morfometria 
geometrica, la struttura del morfospazio dell’associazione ittica di Bolca a livello di cladi (ordini in particolare). Confrontando i modelli 
di occupazione del morfospazio e la diversificazione morfologica tra i gruppi eocenici e quelli moderni si evince che, nonostante si possa 
notare una relativa stasi in termini di occupazione del morfospazio dall’Eocene ad oggi, alcuni gruppi come gli anguilliformi, “perciformi”, 
syngnathiformi e tetraodontiformi, sembrano aver subito cambiamenti significativi, dall’Eocene ad oggi, in   termini di occupazione del 
morfospazio, variazione nella forma del corpo, e in termini di contributo alla disparità complessiva.

INTRODUCTION

The Eocene locality of Bolca, north of Verona, in 
northern Italy, has provided an exquisitely preserved 
fish fauna that has been studied by paleontologists and 
zoologists since the XVI century (Blot, 1969; Sorbini, 
1972; Carnevale et al., 2014; Roghi et al., 2014). An 
extraordinary number of fossil fish specimens have 
been extracted from the laminated limestone of Bolca 
representing more than 230 species in at least 190 genera 
of elasmobranchs, pycnodonts and teleosts (Blot, 1980; 
Carnevale et al., 2014). In the last four decades, a vast 
number of systematic studies focused on this Eocene 
fish assemblage have contributed to explore most of 
the diversity of the main teleost lineages, including 
anguilliforms, atheriniforms, beryciforms, clupeiforms, 
lophiiforms, pleuronectiforms, tetraodontiforms and 

several other groups of percomorphs (e.g., Blot, 1969; 
Tyler & Santini, 2002; Friedman, 2008; Bannikov & 
Carnevale, 2010; Carnevale & Pietsch, 2010, 2012; 
Marramà & Carnevale, 2015a, b, 2016). The Bolca 
ichthyofauna is characterized by a unique taxonomic 
composition (see Carnevale et al., 2014), that is only 
marginally comparable to that observed on modern coral 
reefs today (Bellwood, 1996). However, this late Ypresian 
(ca. 50 Ma; Papazzoni et al., 2014) assemblage was in 
existence during the early Paleogene crisis of corals (e.g., 
Zamagni et al., 2014) and it has been traditionally regarded 
as the first evidence of a coral reef fish community 
(Choat & Bellwood, 1991; Bellwood, 1996; Bellwood & 
Wainwright, 2002; Bellwood et al., 2015a).

The high taxonomic richness and the excellent 
preservation of the fossils concur to make the Eocene 
ichthyofauna of Bolca the most relevant source of 
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information concerning the structure and composition of 
the Paleogene tropical shallow marine fish communities 
after the end-Cretaceous extinction. Nevertheless, several 
aspects about its evolutionary significance are not well 
understood.

Several studies have hypothesized that the 
morphological diversification of modern fish lineages 
resulted from a highly successful early Paleogene fish 
radiation in the aftermath of the end-Cretaceous that led 
to the reoccupation of ecological niches left vacant due 
to the extinction of many fish lineages (Friedman, 2009, 
2010; Sibert & Norris, 2015). This event resulted in a rapid 
replacement of forms that potentially filled the available 
ecological niches, a scenario that has been referred to as 
one of early Paleogene niche-filling (Friedman, 2009, 
2010; Price et al., 2014). In order to further investigate 
the niche-filling scenarios, we compare the patterns of 
morphospace occupation and morphological diversity 
(i.e., disparity; Foote, 1992) between Eocene and modern 
tropical shallow marine fish communities.

Since the analysis of fish body shape is a useful tool 
to explore the patterns of morphospace occupation in 
complex marine ecosystems (e.g., Walker, 2010; Farré et 
al., 2013), we used a geometric morphometric approach 
(Bookstein, 1991; Rohlf & Marcus, 2003; Zelditch et al., 
2004) to describe the patterns of clade-level morphospace 
occupation and morphological diversity in the Eocene fish 
assemblage of Bolca. In a recent paper, we analyzed the 
overall morphospace of the Bolca fish assemblage and 
compared with that of modern reef-associated communities 
in order to contribute to the interpretation of the historical 
trends of morphospace occupation by comparing the 
overall morphological diversity between Eocene and 
Recent tropical shallow marine ecosystems (see Marramà 
et al., 2016a). The main goal of this study is to define a 
clade-level morphospace occupation of the Bolca fish 
assemblage, and to compare the patterns of body-plan 
organization and morphological disparity exhibited by the 
main Eocene fish clades with those of the tropical shallow 
marine communities of selected modern ecosystems.

MATERIALS AND METHODS

Fish assemblage database
Since genera have more complete fossil records than 

do species, clade-level morphospace analysis between 
Eocene and Recent fish assemblages was conducted at the 
genus level using a single species as the morphological 
representative of the genus (Cavin et al., 2007). The genus 
was also used as the standard unit because the concept of 
fossil species does not correspond to the biological concept 
(Bock, 2004) and because it is a reliable taxonomic rank 
for biodiversity analysis (Forey et al., 2004).

The entire dataset contains 1101 actinopterygian 
genera, 918 extant and 183 fossils (Tabs S1 and S2). 
The images of extant fishes were obtained from the 
online photographic repository of FishBase (http://www.
fishbase.org; Froese & Pauly, 2014), as well as from 
the photographs taken by Dr. John E. Randall at the 
Bishop Museum (http://pbs.bishopmuseum.org/images/
JER/images.asp). Although the majority of the fossil 
specimens were examined and photographed in numerous 

collections, some of these were taken from published 
images (photographs or specimen drawings). The Bolca 
teleost fish assemblage (183 genera; see Carnevale et 
al., 2014) was compared to the shallow-water teleost 
communities of four extant ecosystems of the Indo-
Pacific and Western Atlantic realms (data from http://
fishbase.org): Great Barrier Reef (513 genera), Red Sea 
(475 genera), East Brazil Shelf (292 genera), Caribbean 
Sea (394 genera). Recent ecosystems share with Bolca 
similar environmental characteristics such as a tropical 
and epicontinental habitat that is at least partially under the 
influence of coral reef systems (Bellwood, 1996; Landini 
& Sorbini, 1996; Papazzoni & Trevisani, 2006). Extinct 
taxa are marked with a dagger (†) preceding their name. 
The examined fish clades are listed, discussed and figured 
in alphabetical order.

Geometric morphometric protocols 
The clade-level structure of the Eocene and Recent 

fish assemblages was studied by analyzing their respective 
morphospaces through landmark-based geometric 
morphometrics (Zelditch et al., 2004). A total of 13 
landmarks and 26 semilandmarks were selected on the 
basis of their ecological or functional role (Wainwright 
& Bellwood, 2002) and were digitized using the software 
package TPSdig 2.05 (Rohlf, 2005). The scheme applied 
here follows that of previous studies about shape variation 
in modern or extinct fishes (Fig. S1). Generalized 
Procrustes Analysis (GPA) was applied to the landmark 
coordinates to minimize the variation caused by size, 
orientation, location and rotation (Zelditch et al., 2004) 
and was performed using the TPSrelw software package 
(Rohlf, 2003). A principal component analysis (PCA) was 
subsequently performed on the new shape variables (also 
called Procrustes coordinates) to obtain the Relative Warp 
(RW). RWs are vectors describing the maximum variation 
of specimen shape from the consensus configuration 
(mean shape). The two-dimensional morphospaces of all 
the examined assemblages and clades were defined using 
the area inside the minimum convex polygon (also called 
convex hull; Cornwell et al., 2006) enclosing all taxa and 
built on the RW axes explaining most of the morphological 
variation (Recasens et al., 2006). Changes in shape along 
the axes were visualized through deformation grid plots 
(Fig. S2). Moreover, a PCA was also applied to the average 
values of the Procrustes coordinates of each clade, in order 
to detect the main difference in shape variation among 
Eocene and Recent clades.

Patterns of morphospace occupation and morphological 
disparity

Two non-parametric tests were used to assess 
significant differences in clade-level morphospace 
occupation among fish lineages. The multivariate analysis 
of variance (PERMANOVA; Anderson, 2001) was applied 
to test similarities in group centroid position between 
the different clades of the same ecosystem (Tab. S3) and 
between the same clades in different ecosystems (Tab. 
S4). The analysis of similarities (ANOSIM; Clarke, 1993) 
was employed to test quantitatively the degree of overlap 
between the different clades of the same ecosystem (Tab. 
S5) and between the same clade in different ecosystems 
(Tab. S6). The null hypotheses for both tests are the 
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similarity of the group centroids, and the equal medians 
and ranges for within-group ranked dissimilarities among 
clades, respectively. Euclidean distances were chosen 
as the distance measure for both tests and statistical 
significance was calculated along all RW axes with 9,999 
random permutations.

In order to compare the patterns of clade-level 
morphospace occupation and morphological diversity 
between Bolca and extant fish assemblages, we calculated 
three different parameters; convex hull area, patterning, 
and morphological disparity (Foote, 1993, 1994; Villéger 
et al., 2011; Tuset et al., 2014). 

Although the area of convex hulls is often used as 
a measure for functional richness (Villéger et al., 2008; 
Werdelin & Lewis, 2013), we interpret it as a pure value 
of the wideness of the convex hull because, at least for 
fish assemblages, it is not clear if a space describing 
shape variation really describes functional variation given 
that different geometries can be functionally equivalent 
(Wainwright et al., 2005).

The patterning defines the distribution of the data set 
in a multidimensional space (Tuset et al., 2014) and many 
approaches can be used to calculate it (Ripley, 1979; Tuset 
et al., 2014). In this study, the patterning was visualized 
through Kernel-density plots, which provide a direct visual 
image of taxon distribution showing areas where taxa are 
close together in the morphospace and gaps in which taxa 
are less densely distributed. Ripley’s K function (Ripley, 
1979) was used to describe the clustering of points (taxa) 
at both short and long distances in the morphospace. 
Following some studies on clade-level morphospace 
analysis (e.g., Werdelin & Wesley-Hunt, 2014; Price 
et al., 2015), the area and patterning are based on the 
morphospaces built on the first two RW axes explaining 
the greatest variance. 

Morphological disparity is the measure of 
morphological variability (Foote, 1992, 1993) and it is 
based on the morphometric distances quantifying the 
shape differences between taxa (Roy & Foote, 1997). We 
used the method of sum of variances that is insensitive to 
the sample size (Ciampaglio et al., 2001) to calculate the 
inner-clade morphological disparity in each ecosystem. 
We also calculated the partial disparity that quantifies 
the contribution that a particular group makes to the 
overall disparity of each fish assemblage (Foote, 1993). 
To determine if the clades have a significant effect on 
overall morphological disparity, we measured the overall 
disparity of the entire fish assemblage after the exclusion 

of each of the 11 clades. If the new disparity value, called 
total partial disparity (Tab. S7), falls outside of the 95% 
confidence interval disparity of the entire morphospace, 
then the clade is considered to have a significant effect on 
the total morphological disparity (Foote, 1993; Clabaut 
et al., 2007). All values of morphological disparity are 
calculated along all RW axes.

All the analyses were performed using the software 
packages TPSrelw 1.36 (Rohlf, 2003), PAST 2.17c 
(Hammer et al., 2001), and R 3.0.2 (R Core Team, 
2015). Additional details on dataset list, geometric 
morphometrics and patterns of morphospace occupation 
are explained in the supplementary materials.

RESULTS

The RW analysis ,  performed on landmark 
configurations of 1101 fossil and Recent teleost genera, 
produced 74 RW axes; the first four together accounted 
for over 86% of the total morphological variability. The 
first two RWs (66.7% of variance) describe the correlation 
between elongation (the ratio between standard length and 
body depth) and median-fin length (Fig. S3). A positive 
score of RW1 (39.4% of variance) indicates slender 
and elongate body shapes with long median fins (e.g., 
Anguilliformes and Ophidiiformes); conversely, negative 
values are related to deep-bodied fishes with short median 
fins (e.g., Tetraodontiformes). A positive score of RW2 
axis (27.3% of total variance) indicates deep-bodied 
shapes with long median fins (e.g., Pleuronectiformes); 
conversely, negative values define slender bodies and 
short dorsal and anal fins (e.g., Syngnathiformes). RW3 
and RW4 axes (19.6% of overall variance) explain the 
shape and the size of the caudal region with respect to the 
abdominal region (Fig. S4). In particular, the RW3 axis 
(12.7% of variance) describes the caudal peduncle length 
while the RW4 axis (6.9% of total variance) explains the 
preanal distance. 

The quantitative analysis of the overall morphospace 
of the Bolca fish assemblage (supported by statistical and 
patterning analyses and discussed in detail in Marramà 
et al., 2016a) highlighted no significant difference in 
morphospace occupation between the Eocene and Recent 
ecosystems. All the convex hulls appear well-overlapped 
and no significant differences in area width have been 
detected (Figs S3-S4; Tab. 1), thereby suggesting a 
stasis in terms of morphospace occupation through the 

 Area Morphological disparity

 RWs 1-2 RWs 3-4 Observed 95% Lower CI 95% Upper CI

BOL 0.3837 0.1566 0.0872 0.0779 0.0955

GBR 0.3631 0.1875 0.0600 0.0550 0.0647

RS 0.3575 0.1935 0.0641 0.0593 0.0691

CS 0.3671 0.1970 0.0675 0.0625 0.0727

EBS 0.3580 0.1680 0.0678 0.0617 0.0735

Tab. 1 - Summary of morphospace area and overall morphological disparity for all the analyzed ecosystems. The 95% confidence interval 
(CI) for disparity was calculated after bootstrap procedure with 999 permutations. BOL = Bolca; GBR = Great Barrier Reef; RS = Red Sea; 
CS = Caribbean Sea; EBS = East Brazil Shelf.
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last 50 Myr. Moreover, the significantly higher disparity 
exhibited by the Bolca assemblage with respect to modern 
assemblages (Tab. 1) may represent the product of the 
dramatic rapid early diversification of body plans that 
replaced the victims of the end-Cretaceous mass extinction 
(Marramà et al., 2016a).

The quantitative Eocene clade-level occupation is 
supported by the non-parametric tests. As expected, the 
PERMANOVA rejects the null hypothesis of similarity of 
group centroids between different lineages (p = 0.0001; 
Tab. S3). The ANOSIM rejects the null hypothesis of 
equal median and range values for within-group ranked 
dissimilarities among the Eocene clades (R = 0.69; 
p=0.0001), showing that clades are generally overlapping 
while remaining different (Tab. S5). The periphery of the 
morphospace of Bolca built on the first two RWs (Fig. 1) 
is mainly occupied by taxa with slender bodies and long 
median fins (e.g., anguilliforms), elongate shapes and short 
median fins (e.g., syngnathiforms), deep bodies and short 
median fins (e.g., tetraodontiforms), and deep bodies with 
long median fins (e.g., pleuronectiforms). Conversely, the 
center of the Eocene morphospace is mainly occupied by 
“perciforms”, being close to the consensus shape. Instead, 
the position of the different clades within the convex 
hull built on the third and fourth RWs is more difficult 
to interpret because the different clades appear strongly 
overlapped based on their shape (Fig. 2).

The following detailed comparative clade-level 
morphospace analysis focused on the main 11 clades 
that occur in all fish assemblages (Fig. 3; Tab. 2). 
Clades characterizing only modern ecosystems (e.g., 
batrachoidiforms), extinct groups (e.g., pycnodonts) or 
containing too few taxa to perform the analyses (e.g., 
aulopiforms) are discussed separately.

Anguilliformes
Eocene eels include 15 genera belonging to both extant 

(Anguillidae, Chlopsidae, Congridae, Ophichthyidae) 
and extinct anguilliform families (†Anguilloididae, 
†Milananguillidae, †Paranguillidae, †Patavichthyidae, 
†Proteomyridae) (see Cadrobbi, 1962; Blot, 1978, 1984). 
Because of their extremely elongate body shape and 
long median fins, they lie on extreme positive values of 
RW1 and negative scores of RW2. Consequently, they 
provide one of the higher contributions to the overall 
morphological variability.

The PERMANOVA shows global different group 
centroids between Bolca and Recent anguilliforms (p < 
0.05) due at least in part to the different aggregation and 
evenness of points. ANOSIM indicates that the Eocene 
convex hull is barely distinguishable from the convex 
hull (R < 0.25), suggesting an almost complete overlap 
between the Bolca and Recent anguilliform morphospaces.

The area occupied by Eocene anguilliforms is wide and 
fully comparable to that of the GBR assemblage although 
it does not provide the highest contribution in terms of 
area occupied. In addition, in terms of potential niche 
overlap, Eocene anguilliforms share most of the space 
with the modern assemblage, suggesting an occupation 
and a typology of morphospace similar to that of modern 
ecosystems.

Kernel-density plots show that Recent anguilliforms 
appears more densely aggregated near extreme negative 

values of RW1 than in Bolca, as also shown by Ripley’s 
K plots, in which Eocene taxa seem to have a random 
distribution at short distances and barely aggregate at 
long distances (Fig. S5). Bolca anguilliforms show the 
highest value of both inner and partial disparity, with 
the highest contribution on overall disparity in their 
assemblage (18.0%) relative to Recent anguilliforms in 
their own ecosystem.

Atheriniformes
Four atheriniform genera were described in the Bolca 

fish assemblage (Bannikov, 2008), belonging to one extant 
(Atherinidae) and two extinct families (†Mesogasteridae 
and †Rhamphognathidae). Because of their relatively 
elongate bodies and short median fins, atheriniforms lie 
in the region of morphospace with negative score for both 
RW1 and RW2.

PERMANOVA shows global significant unequal group 
centroids (p < 0.05, but for RS) and the high value of R 
statistics in ANOSIM indicates clear separation between 
Eocene and Recent atheriniform morphospace. 

The area of the Eocene atheriniform convex hull 
is small compared to those of modern assemblage and 
provides the lowest contribution in term of occupied area. 
The Kernel density plots show no aggregation of genera 
and the reduced presence of taxa in all assemblages make 
unclear the Ripley’s K plots (Fig. S6). The patterning of 
atheriniforms is therefore moot.

Eocene atheriniforms do not have a high morphological 
disparity and their contribution, although relatively 
high, does not have a significant effect on the overall 
morphological disparity. 

Beloniformes
Halfbeaks and flying fishes (Beloniformes) are pelagic 

predators that are rather rare in the Bolca assemblage, 
represented by three genera belonging to two extant 
families (Exocoetidae and Hemiramphidae; Bannikov 
et al., 1985). Because of their elongate bodies with short 
median fins, beloniforms generally occupy the lower 
portion of morphospace with extreme negative scores 
of RW2, thereby providing a relevant contribution to the 
overall morphological variability.

The PERMANOVA indicates significant differences 
in terms of group centroid position only between Eocene 
and Great Barrier Reef convex hulls (p < 0.05). The 
Eocene beloniforms tend to occupy a small area of the 
morphospace currently occupied by their extant relatives, 
and have a lower degree of body elongation compared to 
extant belonids. 

Both Kernel density and Ripley’s K plots show a 
substantial random distribution of points (Fig. S7). 

Because of the presence of much more elongate 
morphologies in modern ecosystems, extant beloniforms 
tend to occupy the peripheral area of the overall 
morphospace, resulting in a considerable contribution to 
overall disparity.

Beryciformes
Eocene squirrelfishes are represented by three genera 

(Sorbini, 1975, 1984; Sorbini & Tirapelle, 1975) and, in 
terms of number of specimens, they appear to be the most 
abundant fishes in the Bolca assemblage after sardines 
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of the order Clupeiformes. Because of their generalized 
body shape, beryciforms lie near the center of each 

morphospace, providing a reduced contribution to the 
overall morphological variability.

Fig. 1 - Clade-level convex hulls built on first two RWs showing the morphospace occupation in Eocene and modern fish assemblages of 
tropical shallow marine ecosystems. BOL = Bolca; GBR = Great Barrier Reef; RS = Red Sea; CS = Caribbean Sea; EBS = East Brazil Shelf.
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Both non-parametric tests confirm the null hypotheses 
of equal group centroids (PERMANOVA: p > 0.05) 
and equal median and ranges for within-group ranked 
dissimilarities between Eocene and modern squirrelfishes 

(ANOSIM: p > 0.05), suggesting no differences in terms 
of morphospace occupation. 

No aggregation is recognizable in the Kernel density 
plots and the Ripley’s K shows random or unclear 

Fig. 2 - Clade-level convex hulls built on RW3 and RW4 showing the morphospace occupation in Eocene and modern fish assemblages of 
tropical shallow marine ecosystems. BOL = Bolca; GBR = Great Barrier Reef; RS = Red Sea; CS = Caribbean Sea; EBS = East Brazil Shelf.
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configuration, making the patterning moot (Fig. S8). 
The morphological diversity of Eocene squirrelfishes is 
lower than in modern taxa, as demonstrated by the small 
convex hull area and the lowest value of inner disparity. 
Moreover, although the Eocene beryciforms are among 
the most common fossils in the Bolca assemblage, their 

contribution to overall disparity is low and not statistically 
significant.

Clupeiformes
The diversity of the clupeiforms of Bolca has recently 

been investigated and at least three genera belonging 

Fig. 3 - Overlapping between Eocene and Recent convex hulls of the different clades built on the first two RW axes explaining the greatest 
variance. Taxa are represented by circle. The plots are not at same scale.
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     Morphological disparity

Clade Ecosystem n. taxa Area % on total area Inner-clade Partial disparity % contribution

Anguilliformes   

 BOL 15 0.0154   4.0 0.0158 0.0157 18.0 

 GBR 27 0.0217   6.0 0.0138 0.0081 13.5 

 RS 31 0.0108   3.0 0.0075 0.0090 14.0

 CS 37 0.0121   3.3 0.0104 0.0111 16.4 

 EBS 25 0.0066    1.8 0.0088 0.0113 16.7 

Atheriniformes   

 BOL 4 0.0007     0.2 0.0077 0.0016 1.8

 GBR 4 0.0007     0.2 0.0157 0.0004 0.7

 RS 2 -    - 0.0067 0.0003 0.5

 CS 5 0.0031   0.9 0.0062 0.0007 0.7

 EBS 3 0.0008    0.2 0.0055 0.0005 0.7

Beloniformes   

 BOL 3 0.0010   0.3 0.0130 0.0019 2.2

 GBR 10 0.0068   1.9 0.0100 0.0037 6.2

 RS 12 0.0087   2.4 0.0105 0.0045 7.0

 CS 15 0.0111   3.0 0.0115 0.0061 9.0

 EBS 11 0.0080   2.2 0.0103 0.0064 9.4

Beryciformes   

 BOL 3 0.0017   0.4 0.0091 0.0004 0.5

 GBR 8 0.0102   2.8 0.0171 0.0006 1.0

 RS 6 0.0060   1.7 0.0203 0.0007 1.1

 CS 8 0.0021   0.6 0.0095 0.0009 1.3

 EBS 5 0.0005   0.1 0.0104 0.0007 1.0

Clupeiformes   

 BOL 3 0.0022   0.6 0.0187 0.0021 2.4

 GBR 10 0.0147   4.1 0.0282 0.0022 3.7

 RS 12 0.0169   4.7 0.0271 0.0030 4.7

 CS 17 0.0084   2.3 0.0289 0.0046 6.8

 EBS 15 0.0099   2.8 0.0249 0.0049 7.2

Lophiiformes   

 BOL 6 0.0237   6.2 0.0530 0.0022 2.5

 GBR 5 0.0037   1.0 0.0168 0.0010 1.7

 RS 4 0.0060   1.7 0.0320 0.0007 1.1

 CS 7 0.0161   4.4 0.0832 0.0022 3.3

 EBS 5 0.0093   2.6 0.0880 0.0021 3.1

Ophidiiformes   

 BOL 1  -   - - 0.0008 0.9

 GBR 8 0.0087   2.4 0.0169 0.0017 2.8

 RS 8 0.0077   2.2 0.0136 0.0016 2.5

 CS 16 0.0113   3.1 0.0090 0.0029 4.3

 EBS 9 0.0056   1.6 0.0051 0.0028 4.1

“perciforms”   

 BOL 95 0.1485 38.9 0.0401 0.0258 29.6 *

Tab. 2 - Value of area built on the RW axes explaining the greatest variance and morphological disparity for all the main fish clades in each 
ecosystem considered. The asterisk indicates that the clade provides a significant contribution to the overall disparity in the ecosystem (see 
also Total partial disparity, Tab. S7). BOL = Bolca; GBR = Great Barrier Reef; RS = Red Sea; CS = Caribbean Sea; EBS = East Brazil Shelf.
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to two different families of these coastal epipelagic 
fishes, Clupeidae (†Bolcaichthys and †Trollichthys) and 
Engraulidae (†Eoengraulis), were recognized (Marramà 
& Carnevale, 2015a, b, 2016). The sardine †Bolcaichthys 
is the dominant taxon of the Bolca fish assemblage in 
terms of number of individuals preserved and retrieved 
(Marramà et al., 2016b). Because of their moderately 
elongate bodies and short median fins, these epipelagic 
fishes occupy a region of morphospace comprised between 
the center and negative scores of RW1 and RW2.

The non-parametric tests show equal centroid positions 
(PERMANOVA: p > 0.05) and strong overlap between 
Bolca and Recent morphospaces (ANOSIM: R < 0.20). 
Presently, the presence of chirocentrids or pristigasterids 
has not been reported at Bolca, thereby implying that the 
Eocene taxa occupy only the region of morphospace in 
which lie modern clupeids and engraulids. Therefore, the 
area of the clupeiform convex hull is smaller in Bolca than 
in modern fish assemblages. Kernel density and Ripley’s 
K plots do not show any particular aggregation suggesting 
that the distribution of taxa is randomized (Fig. S9). The 
disparity of the Eocene clupeiforms is lower than that of 
their modern taxa, and their contribution does not have a 
significant effect on the overall disparity.

Lophiiformes
Anglerfishes are represented at Bolca by the families 

Antennariidae, Brachionichthyidae, Lophiidae and 
Ogcocephalidae (Carnevale & Pietsch, 2009, 2010, 2011, 

2012; Pietsch & Carnevale, 2011). The presence of taxa 
with different fin lengths results in a broad morphospace 
occupation for both the Eocene and modern ecosystems in 
the upper and lower quadrant on negative score of RW1, 
with two well-distinct aggregation centers. In detail, the 
RW analysis separates members of Antennariidae and 
Brachionichthyidae characterized by long median fins, 
from ogcocephalids and lophiids that have shorter fins.

The non-parametric tests do not show significant 
differences in group centroids position between Eocene 
and modern lophiiforms (PERMANOVA: p > 0.05, but 
for GBR), and a substantial overlapping between Eocene 
and Western Atlantic taxa (ANOSIM: R < 0.25).

The Eocene lophiiforms occupy the greatest area and, 
consequently, they provide the highest contribution in 
terms of morphospace occupation. Kernel density and 
Ripley’s K plots show two well-distinct aggregation 
centers in all Recent ecosystem (but for GBR), and 
a random distribution with no particular aggregation 
for Eocene lophiiforms (Fig. S10). Even though 
morphological disparity is higher in Eocene anglerfishes, 
it does not provide a significant effect on overall disparity.

Ophidiiformes
Ophidiiforms are very rare in the Bolca fish 

assemblage and the few specimens referred to the genus 
“Ophidium” are greatly in need of revision. Because of 
its elongate body and its long median fins, this taxon 
lies in the extreme positive values of RW1 close to the 

     Morphological disparity

Clade Ecosystem n. taxa Area % on total area Inner-clade Partial disparity % contribution

 RS 326 0.2056 57.5 0.0352 0.0252 39.3 *

 CS 235 0.1852 50.3 0.0357 0.0228 33.8 *

 EBS 172 0.1660 46.2 0.0324 0.0208 30.7 *

Pleuronectiformes   

 BOL 3 0.0003 0.1 0.0124 0.0017 2.0

 GBR 5 0.0017 0.5 0.0069 0.0012 2.0

 RS 17 0.0159 4.4 0.0107 0.0041 6.4

 CS 11 0.0087 2.4 0.0087 0.0032 4.7

 EBS 14 0.0087 2.4 0.0081 0.0056 8.3

Syngnathiformes   

 BOL 20 0.0646 16.9 0.0679 0.0177 20.3 

 GBR 23 0.0618 17.0 0.0668 0.0087 14.5 

 RS 23 0.0618 17.3 0.0682 0.0093 14.5 

 CS 13 0.0388 10.5 0.0844 0.0063 9.3

 EBS 8 0.0334 9.3 0.0917 0.0049 7.2

Tetraodontiformes   

 BOL 12 0.0459 12.0 0.0596 0.0071 8.1

 GBR 33 0.0999 27.5 0.0489 0.0050 8.3

 RS 27 0.0982 27.5 0.0476 0.0043 6.7

 CS 17 0.0885 24.0 0.0545 0.0045 6.7

 EBS 16 0.0844 23.5 0.0557 0.0050 7.4

Tab. 2 - Continuation. 
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anguilliform morphospace. The Eocene “Ophidium” 
falls within the modern ophidiiform convex hull as also 
shown by the confirmed null hypothesis for both non 
parametric tests (p > 0.05). Because of the presence of 
a single Eocene taxon it is not possible to obtain any 
area value or patterning plot from the analyses (Fig. 
S11). Moreover, the partial disparity of the group has 
no significant effect on morphological disparity of the 
Eocene fish assemblage.

“Perciforms”
With more than 100 described genera, the non-

monophyletic group of “perciforms” (see e.g., Near 
et al., 2013) represents the largest group in the Bolca 
assemblage; this group contains the greatest variety of 
morphologies and body plans, being represented by at 
least 37 extinct and modern families plus a number of 
incertae sedis genera (see Carnevale et al., 2014). Most of 
the taxa lie around the center of each morphospace because 
of the generalized morphology around the consensus 
shape. Although ANOSIM indicates that the Eocene and 
Recent “perciform” convex hull are strongly overlapped 
(R < 0.25, p < 0.0001), the PERMANOVA shows global 
highly significant unequal group centroids (p < 0.0001).

Among the assemblages examined here, the Bolca 
“perciforms” occupy the smallest area and also provide 
the lowest contribution in terms of morphospace 
occupation (38.7% of total area). The Bolca taxa share 
about 50% of the morphospace with modern genera, 
thereby indicating the occupation of a very different 
typology of morphospace. The Eocene convex hull 
appears shifted toward extreme negative values of RW1 
and positive values of RW2 in the region of morphospace 
characterized by deep-bodied shapes. It is interesting 
that this extreme region of the Eocene morphospace, 
which is occupied by deep-bodied “perciforms” such as 
†Eoplatax, †Ceratoichthys, †Eoantigonia, †Sorbiniperca, 
†Sorbinicapros, is no longer occupied by modern shallow 
water taxa.

Kernel density shows aggregation near the center 
of each convex hull, although the center of density 
appears more distant from the consensus shape in the 
Eocene assemblage. Ripley’s K plots confirm that there 
is significant attraction at all distances with a peak near 
the mean distances (Fig. S12). 

Since the “perciforms” represent the largest group 
containing the greatest variety of morphologies, they 
substantially contribute to the overall disparity in all 
ecosystems. Inner-group morphological disparity is 
higher in Bolca than in modern assemblages, revealing a 
vast morphological diversity of this group of spiny-rayed 
fishes during the lower part of the Paleogene. However, 
despite their broad morphological richness, the Bolca 
“perciforms” provide the lowest statistically significant 
contribution to the overall disparity among the examined 
assemblages (29.6%).

Pleuronectiformes
Eocene flatfishes are represented by three genera, 

the ‘bothoid’ †Eobothus, and the stem-pleuronectiforms 
†Amphistium and †Heteronectes (Chanet, 1999; Friedman, 
2012). Because of their relatively deep-bodied shape and 
greatly elongate median fins (in modern taxa and in the 

Eocene †Eobothus the dorsal fin extends anteriorly over 
the skull roof) they are placed in the peripheral area of 
the morphospace, lying on positive values of both RW1 
and RW2.

The non-parametric tests show significantly unequal 
centroids (PERMANOVA: p < 0.05) and notably low 
overlap between Eocene and Recent convex hulls 
(ANOSIM: R > 0.50, p < 0.05).

Eocene flatfishes show the smallest area and 
consequently the lowest contribution to morphospace 
occupation (0.1% of total area). The degree of overlap 
between Bolca and modern ecosystems is extremely 
reduced. †Eobothus is the only taxon enclosed within the 
convex hull defined by extant taxa, whereas †Amphistium 
and †Heteronectes lie externally, reaching the value 0 on 
RW1. This is due to their relatively short dorsal-fin base, 
which does not extend anteriorly over the skull roof, being 
different in this respect to †Eobothus and modern taxa. 

Kernel density and Ripley’s K plots do not show any 
remarkable aggregation suggesting that the distribution 
of taxa is random in all ecosystems (Fig. S13). The high 
disparity of Eocene flatfishes is likely due to the high 
morphological diversity between the bothoid †Eobothus 
and the more basal †Amphistium and †Heteronectes. 
However, their reduced contribution in terms of partial 
disparity does not have a significant effect on the overall 
disparity of the Eocene fish assemblage. 

Syngnathiformes
Syngnathiforms are one of the most diverse groups 

in the Bolca assemblage. The Bolca assemblage contains 
representatives of at least ten modern (Aulostomidae, 
Centriscidae, Solenostomidae, Syngnathidae) and extinct 
(†Aulorhamphidae, †Fistularioididae, †Paraeoliscidae, 
†Parasynarcualidae, †Rhamphosidae, †Urosphenidae) 
families, most of which are greatly in need of revision. 
Syngnathiforms usually exhibit an elongate body with 
very short median fins, lying on extreme negative scores 
of RW2. An exception to this pattern is represented by 
the Eocene †Veronarhamphus that shows a deep-bodied 
shape placing it near the center of the morphospace. The 
PERMANOVA shows significant difference between 
Eocene and Recent taxa centroids (p < 0.05) and ANOSIM 
indicates a moderate degree of overlap between the convex 
hulls (R < 0.30).

The area occupied by Eocene syngnathiforms is the 
largest among the assemblages considered herein, thereby 
suggesting a wide niche-occupancy and, consequently, one 
of the highest contributions in terms of percentage (16.8% 
of total area). The large occupied area is due at least in 
part to the presence of the deep-bodied †Veronarhamphus, 
which lies near the center of the overall morphospace.

The Kernel density plot of the Eocene assemblage (Fig. 
S14) shows an aggregation near extreme negative values 
of RW2, comparable to those of the modern Indo-Pacific 
ecosystems, thereby suggesting the presence of a high 
number of taxa with elongate bodies and short fins (e.g., 
Syngnathidae). Moreover, the Ripley’s K plots show the 
same trend, indicating aggregation at all distances for both 
Eocene and Indo-Pacific taxa.

Although the Eocene syngnathiforms do not exhibit 
the highest value of morphological disparity, they shows 
the highest value of partial disparity suggesting that 
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Eocene taxa provide the major contribution to overall 
morphological disparity (20.3%) with respect to the 
extant taxa. 

Tetraodontiformes
The Tetraodontiformes comprise 12 genera belonging 

to nine extinct (†Bolcabalistidae, †Eoplectidae, 
†Protobalistidae, †Zignoichthyidae) and modern 
(Aracanidae, Diodontidae, Ostraciidae, Tetraodontidae, 
Triacanthidae) families, representing one of most diverse 
groups of the Bolca assemblage (see Tyler & Santini, 
2002). The convex hull of tetraodontiforms is characterized 
by the presence of two main distinct aggregation centers. 
In modern assemblages, monacanthids and balistids 
(because of their long median fins) lie near the center of 
the morphospace, whereas the short-finned tetraodontids, 
ostraciids and diodontids lie in the peripheral area on 
extreme negative scores of RW1. In the Bolca convex hull, 
the area close to the center of the convex hull is filled by 
protobalistids, triacanthids, bolcabalistids and eoplectids, 
whereas the peripheral area is occupied by diodontids, 
tetraodontids, ostraciids, aracanids and zignoichthyids.

Both non parametric tests demonstrate that the Eocene 
tetraodontiforms occupy a significantly different and only 
partially overlapping region of the morphospace with 
respect to the modern taxa (PERMANOVA: p < 0.05; 
ANOSIM: R < 0.30, p < 0.05). As for the “perciforms”, the 
tetraodontiform convex hull appears to be shifted toward 
extreme positive values of RW2, in the region of the 
morphospace characterized by deep-bodied morphologies. 
It is interesting to note that this region of the morphospace 
originally occupied by the deep-bodied †Eoplectus and 
†Proaracana has not been filled by modern taxa.

The Eocene tetraodontiforms show a relatively small 
area and a smaller contribution to morphospace occupation 
with respect to the modern taxa. As discussed above, the 
Kernel density plots show a high degree of separation of 
taxa in two distinct areas of morphospace, and the Ripley’s 
K exhibits a similar pattern with taxa more aggregated 
at mean distances (Fig. S15). Because of their broad 
morphological richness, the Eocene tetraodontiforms 
exhibit the highest value of inner-group morphological 
disparity. They also provide a high contribution to overall 
disparity. 

 
Other lineages

There are 11 clades that are not shared by Bolca and 
modern ecosystems (Fig. 4). Of these lineages, two are 
extinct (†Pycnodontiformes and †Crossognathiformes), 
and two are not represented in Recent shallow water marine 
environments (Osteoglossiformes and Lampridiformes). 
The Bolca fish assemblage contains the last representatives 
of the extinct Mesozoic clade †Pycnodontiformes, 
with four taxa (Poyato-Ariza & Wenz, 2002) that are 
relatively common in Eocene assemblages. †Platinx is 
the only representative of †Crossognathiformes, another 
extinct clade well-represented in Jurassic and Cretaceous 
sediments (Arratia, 2008). Rare osteoglossiforms are 
represented by three Eocene taxa (†Foreyichthys, 
†Monopterus and †Thrissopterus) whereas today these 
fishes are restricted to freshwater habitats (Bonde, 
2008). Lampridiforms are represented by four taxa 
in the Bolca assemblage. These fishes are uncommon 

in modern shallow marine settings but are relatively 
abundant in deeper habitats. †Holosteus esocinus is the 
only aulopiform of the Eocene fish assemblage. Although 
aulopiforms are also present in modern shallow-water 
assemblages, the presence of one or two taxa in each 
morphospace makes uninterpretable and moot the 
morphospace analyses for the clade. In any case, contrary 
to the modern shallow water aulopiforms (synodontids), 
the position of the paralepidid †Holosteus is located on 
the periphery of the morphospace due to its extremely 
elongate body plan with short median fins. Albuliformes, 
Batrachoidiformes, Elopiformes and Gonorhynchiformes 
are well represented in modern shallow-water ecosystems, 
whereas the Bolca assemblage does not contain any 
representative of these groups.

Although these minor lineages provide a reduced 
contribution to the overall disparity of each ecosystem with 
respect to the major clades discussed above, their fossils 
document the remarkably high degree of taxonomical 
and morphological diversity that characterized the Bolca 
ecosystem.

DISCUSSION

Our comparative clade-level morphospace analyses 
of Eocene and modern tropical shallow marine fish 
assemblages has identified three major features: 1) the 
morphospace replacement between Eocene and extant 
taxa, 2) a trend in body elongation from Eocene to Recent, 
and 3) the potential for higher inner morphological 
disparity of some groups in the Eocene with respect to 
their modern counterparts, and the different contributions 
of the major clades to the overall disparity in the Eocene 
and today.

Morphospace replacement
The comparative morphospace analysis clearly 

indicates that all the major extant lineages were already 
well-represented in the Eocene. However, despite the 
evident similarity in the overall morphospace occupation 
between the Bolca and extant tropical ecosystems (Tab. 
1; Figs S3-S4; see Marramà et al., 2016a), there are some 
differences in terms of morphospace replacements in 
some of the examined clades, possibly reflecting different 
ecological specializations in the Eocene and today.

Eocene anguilliforms do not show significant 
anatomical differences with respect to their extant relatives 
(Blot, 1978, 1984). However, in Recent ecosystems some 
“perciforms” (e.g., the blenniid Xiphasia, the trichonotid 
Trichonotus, the pseudochromid Congrogadus, and 
the notograptid Notograptus), tend to occupy the 
morphospace that in Bolca was exclusively occupied by 
anguilliforms. Eocene atheriniforms, with the exception of 
†“Atherina” macrocephala, occupy a different area with 
respect to the modern atheriniforms due to the presence 
of extremely elongate shapes (e.g., †Rhamphognathus) 
that do not have modern counterparts. The Bolca 
beloniforms occupy the same area as modern exocoetids 
and hemiramphids. In modern ecosystems, elongate 
belonids occupy an extreme area of the morphospace 
that during the Eocene was occupied by †Holosteus 
(Aulopiformes), †Xiphopterus (incertae sedis within the 
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Acanthomorpha), and †Solenorhynchus, †Aeoliscoides, 
and †Calamostoma (Syngnathiformes). The morphospace 

occupied by the beryciforms of Bolca is occupied today by 
some sparids (Sparus and Archosargus) and pomacentrids 

Fig. 4 - Other clades in Eocene and Recent fish assemblage. The dashed line represents the overall convex hull of each ecosystem enclosing 
all taxa. BOL = Bolca; GBR = Great Barrier Reef; RS = Red Sea; CS = Caribbean Sea; EBS = East Brazil Shelf.
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(Neoglyphiodon and Acanthochromis), as well as by 
some modern holocentrids. The clupeiforms of the Bolca 
assemblage occupy the same area as modern clupeids and 
engraulids. Although the Eocene lophiiform morphospace 
appears to overlap with that of many modern “perciforms” 
and tetraodontiforms, it must be considered that Eocene 
lophiiform taxa (as well as the Recent taxa) are clustered 
in two distinct small regions, which do not substantially 
enclose members of other groups. The area of the Eocene 
ophidiiform “Ophidium” is occupied by not only modern 
ophidiiforms but also by some elongate modern gobies 
(microdesmids Gunnellichthys and Paragunnellichthys). 
Although the convex hull of Eocene “perciforms” is 
notably overlapped by those taxa characteristic of modern 
ecosystems, the morphospace of extant “perciforms” 
is more expanded toward areas that during the Eocene 
were occupied by anguilliforms and syngnathiforms. 
For example, the extremely elongate blenniid Xiphasia 
occupies a position that falls within the convex hull of 
Eocene anguilliforms. On the other hand, some Eocene 
“perciforms” such as †Ceratoichthys, †Eoantigonia, 
†Eoplatax, †Sorbinicapros and †Sorbiniperca, occupy 
an area of the morphospace that is no longer replaced 
by modern taxa. The two Eocene stem-pleuronectiforms 
†Amphistium and †Heteronectes occupied an area of the 
morphospace around the consensus shape in which lie 
some modern “perciforms”, whereas only the bothoid 
†Eobothus lies within the convex hull of modern 
pleuronectiforms. Most of the Eocene and modern 
syngnathiforms occupy the same areas and do not show 
significant replacement except for the Eocene deep-bodied 
aulorhamphid †Veronaramphus that lies near the center of 
the morphospace. As for that of percifoms, the convex hull 
of the Bolca tetraodontiforms shows a certain degree of 
overlap with those of the modern members of this clade, 
even if the area of morphospace occupied by †Eoplectidae 
(†Eoplectus) and Aracanidae (†Proaracana) is no longer 
replaced by modern taxa. 

Different fish geometries can be functionally 
equivalent and, therefore, it is not clear if a space 
describing shape variation actually describes the 
functional and ecological role variation (Wainwright 
et al., 2005). Therefore, patterns of replacement in 
morphospace occupation in the majority of cases should 
not be considered as actual evidence of ecological 
replacement between Eocene and modern taxa exhibiting 
similar overall morphologies.

Body elongation trends 
One of most interesting results of the clade-level 

morphospace analysis is the presence of a conspicuous 
number of deep-bodied taxa in the Bolca assemblage. 
This is evident not only in the clade level study presented 
herein, but also in the comparative analysis of the overall 
morphospace (Figs S3-S4), which shows the existence 
of a trend in elongation of the average body shape from 
Eocene to Recent.

The analysis of the group centroid positions (Fig. 5a-
b) and their statistical significance performed through the 
PERMANOVA (Tab. S4) suggests that the centroids of 
some clades (anguilliforms, atheriniforms, beloniforms, 
“perciforms”, pleuronectiforms, syngnathiforms and 
tetraodontiforms) undergo a significant shift from the 

Eocene to Recent. The significant shifts of anguilliform 
and pleuronectiform centroids are probably related to 
the different position of the median-fin origins (the first 
two RWs explain both body elongation and median 
fin length). The trend of the significant shift of the 
atheriniform centroid is opposite to that of the majority 
of the examined clades because the centroid position 
shifts from the Eocene elongate to the modern more 
generalized morphologies. This unusual trend is likely 
due to the presence of some extremely elongate and short-
finned Eocene body morphologies (†Rhamphognathus) 
that are not present in modern settings. The significant 
shift observed between the Eocene beloniforms and 
those of the Great Barrier Reef appears to be related to 
the presence of extremely elongate belonids in modern 
settings, which were not present during the Eocene. The 
co-occurrence of elongation and posterior placement of 
the anal-fin origin in modern belonids is related to an 
increase in the number of vertebrae, possibly representing 
an adaptation for fast pelagic swimming (see e.g., Dill, 
1974; Maxwell & Wilson, 2013). The presence of the 
Eocene deep-bodied syngnathiform †Veronaramphus and 
the absence of its morphological counterparts in modern 
settings is probably responsible for the significant shift 
of centroids characteristic of this clade. For “perciforms” 
and tetraodontiforms the shift can be actually attributable 
to the high number of elongate body morphologies 
characteristic of modern ecosystems.

The significant shift of centroid positions, coupled with 
the results of the PCA conducted on the average Procrustes 
coordinates of each clade (Fig. 6), reveal that beloniforms, 
“perciforms”, syngnathiforms and tetraodontiforms 
experienced a general trend of body elongation from the 
Eocene to present day, with a pattern fully consistent 
with that revealed by the overall morphospace analysis 
(Fig. S3). 

The remarkable historical trend in elongation exhibited 
by beloniforms, as well as by the groups that today 
inhabit tropical shallow water habitats including most of 
the “perciforms”, syngnathiforms and tetraodontiforms 
(Wainwright & Bellwood, 2002), is consistent with the 
hypothesis that elongation is the dominant axis of body 
shape evolution of the modern tropical shallow water 
groups usually living associated with coral reefs (Claverie 
& Wainwright, 2014). Claverie & Wainwright (2014) 
suggested that changes in body elongation are primarily 
related to adaptive solutions to environmental changes. 
The results of the study discussed herein seem to indicate 
that such a trend should be regarded from an historical 
perspective, at least since the Eocene. Intriguingly, such 
an historical trend in body elongation appears to be 
concomitant with a remarkable increase in jaw protrusion, 
another key innovation that has profoundly changed the 
predatory ability of spiny-rayed fishes (Bellwood et al., 
2015b). A number of ecomorphological studies suggest 
that deep-bodied fishes have high performance in precise 
maneuvering, representing a morphological adaptation to 
structurally complex habitats (Drucker & Lauder, 2002; 
Standen & Lauder, 2005; Ruehl et al., 2011). Deep-bodied 
morphologies are related to a greater cross-sectional 
area of epaxial musculature inserting posteriorly on the 
neurocranium, with an increased capacity to generate 
suction pressure in feeding performance (Holzman et 
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al., 2012). This may be in some way related to a more 
efficient use of the trophic resources in the very complex 
and energy-depleted food chains that characterized part of 
the Paleogene (Norris et al., 2013). Moreover, deep-bodied 
taxa are usually more generalist in terms of habitat use 
and therefore can easily colonize new habitats, becoming 
precursors of evolutionary radiations of new morphologies 
(Salzburger et al., 2005; Clabaut et al., 2007).

 Disparity and contribution to the overall morphological 
richness 

As evidenced above, in some cases there are significant 
differences in terms of the range of morphologies 
represented in the Eocene and Recent ichthyofaunas. The 
highest overall disparity of the Bolca fish assemblage (see 
Tab. 1) coincides with the highest inner disparity of three 
of the major groups (anguilliforms, “perciforms”, and 

Fig. 5 - Group centroids of the clades plotted on the first two RWs (A) and on the third and fourth RWs (B). The arrows indicate the shift of 
the centroid of each clade from Eocene to Recent. Asterisks next to the name (*) mark clades having a significant shift of the group centroid 
from Eocene to Recent (statistical significance was computed from PERMANOVA; see text). The plots are not to the same scale.
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tetraodontiforms). The morphological exuberance that 
characterized this Eocene fish assemblage may largely 
reflect the rapid appearance of ecologically diverse 
modern groups within the Percomorpha after the end-
Cretaceous mass extinction (Friedman, 2010). Fossil and 
molecular evidence concurs to suggest that the earliest 
representatives of the tropical shallow marine fish groups, 
including those today associated with reefs, appeared after 
the end-Cretaceous mass extinction (Choat & Bellwood, 
1991; Bellwood, 1996; Bellwood & Wainwright, 2002). 
Therefore, it is reasonable to hypothesize that the 
remarkably high Eocene disparity of some of the clades is 
due in large part to an early evolutionary experimentation 
with forms and body plans that replaced those of the taxa 
that became extinct. 

One of the most interesting results of the analysis herein 
is that despite the amazing diversity of “perciforms” in the 
Bolca assemblage, their partial disparity and, consequently, 
their contribution to the overall morphological disparity, 
is significantly lower in the Eocene fish assemblage than 
in all of the examined Recent ecosystems. Conversely, 
the groups that are today common in reef habitats, such 
as anguilliforms, syngnathiforms and tetraodontiforms 
(see Wainwright & Bellwood, 2002) provide a greater 
contribution to the overall disparity in the Bolca fish 

assemblage than in modern assemblages. The high 
contribution of these latter groups might be related, at 
least in part, to three main factors: their peripheral position 
in the morphospace, the non-overlapping areas with 
other Eocene clades, and the reduced contribution of the 
Bolca “perciforms” to the overall disparity. For example, 
most of the Eocene syngnathiform convex hull is not so 
consistently overlapped by other taxa, unlike the convex 
hull of modern syngnathiform that is strongly overlapped 
by atheriniforms, beloniforms and “perciforms” polygons. 
Another case concerns the morphospace of modern 
anguilliforms that is overlapped by those of ophidiiforms 
and “perciforms” (e.g., the elongate blenniid Xiphasia), 
unlike the convex hull of Eocene anguilliforms that 
is not overlapped by other taxa. Modern “perciforms” 
show a wider area and their morphologically extreme 
representatives occupy a space that in the Eocene was 
filled exclusively by non-“perciform” taxa. They also 
appear to be more aggregated toward the center of the 
morphospace, whereas the “perciform” taxa of the Bolca 
assemblage tend to concentrate more peripherally on 
the convex hull, in the portion characteristic of deep-
bodied shapes. Thus, the highest partial disparity and 
the highest contribution of modern “perciforms” to the 
overall disparity are probably related to the broad area 

Fig. 6 - First PC axis of the principal component analysis computed on the mean Procrustes coordinates of each lineage. For some groups 
(beloniforms, “perciforms”, pleuronectiforms, syngnathiforms and tetraodontiforms) the first PC axis explains almost all the variance and 
reveals a general trend in body elongation from Eocene to present day.
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that they occupy. The morphological and taxonomic 
diversity that characterized the Bolca fish assemblage 
may largely reflect the vast diversification within the 
“perciforms”. The very high values of area and partial 
disparity characteristic of modern “perciforms” seem 
to indicate that the relative stability of the overall 
morphospace occupation since the Eocene might have 
favored the proliferation of “perciform” morphotypes. 
These morphotypes occupy the portion of morphospace 
that during the Eocene was exclusive to representatives 
of other lineages.

CONCLUSION

The clade-level morphospace analysis herein of the 
Eocene fish assemblage of Bolca represents a quantitative 
definition of the high morphological richness characteristic 
of a Tethyan early Eocene tropical setting. It provides new 
insights about the early Paleogene ray-finned fish radiation 
in the context of the so-called “Second Age of Fishes” 
(Near et al., 2012). There was substantial Cenozoic stasis 
in the overall morphospace occupation apparently related 
to a rapid niche-filling after the end-Cretaceous mass 
extinction. However, some significant differences can be 
recorded at the clade-level in terms of temporal patterns of 
morphospace occupation and replacement, trends in body 
elongation, and contribution to the overall disparity. These 
differences might suggest that the alignment of multiple 
factors contributed to the differential diversification of 
tropical shallow marine fish lineages in the last 50 Myr.

ACKNOWLEDGEMENTS

For access to fossil material in their care we wish to thank 
Roberto Zorzin and Anna Vaccari (Museo Civico di Storia Naturale 
di Verona), Mariagabriella Fornasiero and Letizia Del Favero 
(Museo di Geologia e Paleontologia, Università di Padova), Gaël 
Clement and Monette Veran (Muséum National d’Histoire Naturelle, 
Paris), Giorgio Teruzzi (Museo Civico di Storia Naturale, Milano), 
Zerina Johanson, Martha Richter and Emma Bernard (The Natural 
History Museum, London), Mathias Harzhauser and Ursula Göhlich 
(Naturhistorisches Museum, Vienna), and Daniele Ormezzano 
(Museo Regionale di Scienze Naturali, Torino). The work has 
benefited from the valuable suggestions of David R. Bellwood 
(School of Marine and Tropical Biology, James Cook University, 
Townsville) and James C. Tyler (National Museum of Natural 
History, Smithsonian Institution, Washington, D.C.) during the 
review process. This work was supported by grants (ex-60% 2014 
and 2015) to GC from the Università degli Studi di Torino.

REFERENCES

Anderson M.J. (2001). A new method for non-parametric 
multivariate analysis of variance. Austral Ecology, 26: 32-46.

Arratia G. (2008). The varasichthyid and other crossognathiform 
fishes, and the Break-up of Pangaea. In Cavin L., Longbottom 
A. & Richter M. (eds). Fishes and the Break-up of Pangaea. 
Geological Society of London Special Publication, 295: 
71-92.

Bannikov A.F. (2008). Revision of the atheriniform fish genera 
Rhamphognathus Agassiz and Mesogaster Agassiz (Teleostei) 
from the Eocene of Bolca, northern Italy. Studi e Ricerche sui 
Giacimenti Terziari di Bolca, 12: 77-97.

Bannikov A.F. & Carnevale G. (2010). Bellwoodilabrus landinii, 
a new genus and species of labrid fish (Teleostei: Perciformes) 
from the Eocene of Monte Bolca. Geodiversitas, 32: 201-220.

Bannikov A.F., Parin N.V. & Pinna G. (1985). Rhamphexocoetus 
volans, gen. et sp. nov., a new fossil fish (Beloniformes, 
Exocoetoidei) from Lower Eocene of Italy. Journal of 
Ichthyology, 25: 150-155.

Bellwood D.R. (1996). The Eocene fishes of Monte Bolca: the 
earliest coral reef fish assemblage. Coral Reefs, 15: 11-19.

Bellwood D.R., Goatley C.H.R., Bellwood O., Delbarre D.J. & 
Friedman M. (2015b). The rise of jaw protrusion in spiny-
rayed fishes closes the gap on elusive prey. Current Biology, 
25: 2696-2700.

Bellwood D.R., Goatley C.H.R., Cowman P.F. & Bellwood 
O. (2015a). The evolution of fishes on coral reefs: fossils, 
phylogenies and functions. In Mora C. (eds), Ecology of Fishes 
on Coral Reefs. Cambridge University Press, Cambridge: 55-63.

Bellwood D.R. & Wainwright P.C. (2002). The history and 
biogeography of fishes on coral reefs. In Sale P.F. (ed.), Coral 
reef fishes: dynamics and diversity in a complex ecosystem. 
Academic Press, San Diego: 5-32.

Blot J. (1969). Les poissons fossiles du Monte Bolca classés 
jusqu’ici dans les familles des Carangidae, Menidae, 
Ephippidae, Scatophagidae. Studi e Ricerche sui Giacimenti 
Terziari di Bolca, 1: 1-525.

Blot J. (1978). Les Apodes fossiles du Monte Bolca. I. Studi e 
Ricerche sui Giacimenti Terziari di Bolca, 3: 1-260.

Blot J. (1980). La faune ichthyologique des gisements du Monte 
Bolca (Province de Vérone, Italie). Catalogue systématique 
présentant l’état actuel des recherches concernant cette faune. 
Bulletin du Muséum National d’Histoire Naturelle Paris, 2: 
339-396.

Blot J. (1984). Les Apodes fossiles du Monte Bolca. II. Studi e 
Ricerche sui Giacimenti Terziari di Bolca, 4 : 61-264.

Bock W.J. (2004). Species: the concept, category and taxon. Journal 
of Zoological Systematics and Evolutionary Research, 42: 
172-190.

Bonde N. (2008). Osteoglossomorphs of the marine Lower Eocene 
of Denmark - with remarks on other Eocene taxa and their 
importance for palaeobiogeography. In Cavin L., Longbottom 
A. & Richter M. (eds), Fishes and the Break-up of Pangaea. 
Geological Society of London Special Publication, 295: 253-
310.

Bookstein F.L. (1991). Morphometric tools for landmark data: 
geometry and biology. 456 pp. Cambridge University Press, 
New York. 

Cadrobbi M. (1962). Gli Anguilliformi fossili di Monte Bolca 
conservati nel Museo dell’Istituto di Geologia dell’Università 
di Padova. Memorie dell’Istituto di Geologia dell’Università 
di Padova, 22: 1-91.

Carnevale G., Bannikov A.F., Marramà G., Tyler J.C. & Zorzin R. 
(2014). 5. The Pesciara-Monte Postale Fossil-Lagerstätte: 2. 
Fishes and other vertebrates. In Papazzoni C.A., Giusberti L., 
Carnevale G., Roghi G., Bassi D. & Zorzin R. (eds), The Bolca 
Fossil-Lagerstätte: A window into the Eocene World. Rendiconti 
della Società Paleontologica Italiana, 4: 37-63.

Carnevale G. & Pietsch T.W. (2009). An Eocene frogfish from 
Monte Bolca, Italy: the earliest skeletal record for the family. 
Palaeontology, 52: 745-752.

Carnevale G. & Pietsch T.W. (2010). Eocene handfishes from 
Monte Bolca, with description of a new genus and species, 
and a phylogeny of the family Brachionichthyidae (Teleostei: 
Lophiiformes). Zoological Journal of the Linnean Society, 
160: 621-647.

Carnevale G. & Pietsch T.W. (2011). Batfishes from the Eocene of 
Monte Bolca. Geological Magazine, 148: 461-472.

Carnevale G. & Pietsch T.W. (2012). †Caruso, a new genus of 
anglerfishes from the Eocene of Monte Bolca, Italy, with a 
comparative osteology and phylogeny of the teleost family 
Lophiidae. Journal of Systematic Palaeontology, 10: 47-72.



155G. Marramà et alii - Clade-level morphospace analysis for Bolca fishes

Cavin L., Forey P.L. & Lécuyer C. (2007). Correlation between 
environment and Late Mesozoic ray-finned fish evolution. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 245: 
353-367.

Chanet B. (1999). Supposed and true flatfishes [Teleostei: 
Pleuronectiformes] from the Eocene of Monte Bolca, Italy. 
Studi e Ricerche sui Giacimenti Terziari di Bolca, 8: 219-243.

Choat J.H. & Bellwood D.R. (1991). Reef fishes; their history and 
evolution. In Sale P.F. (ed.), The Ecology of Fishes on Coral 
Reefs. Academic Press, San Diego: 39-66.

Ciampaglio C.N., Kemp M. & McShea D.W. (2001). Detecting 
changes in morphospace occupation patterns in the fossil 
record: characterization and analysis of measures of disparity. 
Paleobiology, 27: 695-715.

Clabaut C., Bunje P.M.E., Salzburger W. & Meyer A. (2007). 
Geometric morphometric analyses provide evidence for the 
adaptive character of the Tanganyikan cichlid fish radiations. 
Evolution, 61: 560-578.

Clarke K.R. (1993). Non-parametric multivariate analysis of 
changes in community structure. Australian Journal of Ecology, 
18: 117-143.

Claverie T. & Wainwright P.C. (2014). A morphospace for reef 
fishes: elongation is the dominant axis of body shape evolution. 
PLoS ONE, 9: e112732.

Cornwell W.K., Schwilk D.W. & Ackerly D.D. (2006). A trait-
based test for habitat filtering: Convex hull volume. Ecology, 
87: 1465-1471.

Dill L.M. (1974). The escape response of the zebra danio 
(Brachydanio rerio) I. The stimulus for escape. Animal 
Behaviour, 22: 711-722.

Drucker E.G. & Lauder G.V. (2002). Wake dynamics and locomotor 
function in fishes: interpreting evolutionary patterns in pectoral 
fin design. Integrative and Comparative Biology, 42: 997-1008.

Farré M., Tuset V.M., Maynou F., Recasens L. & Lombarte A. 
(2013). Geometric morphology as an alternative for measuring 
the diversity of fish assemblages. Ecological Indicators, 29: 
159-166.

Foote M. (1992). Rarefaction analysis of morphological and 
taxonomic diversity. Paleobiology, 18: 1-16.

Foote M. (1993). Contributions of individual taxa to overall 
morphological disparity. Paleobiology, 19: 403-419.

Foote M. (1994). Morphological disparity in Ordovician-Devonian 
crinoids and the early saturation of morphological space. 
Paleobiology, 20: 320-344.

Forey P.L., Fortey R.A., Kenrick P. & Smith A.B. (2004). Taxonomy 
and fossils: a critical appraisal. Philosophical Transactions of 
the Royal Society of London B, 359: 639-653. 

Friedman M. (2008). The evolutionary origin of flatfish asymmetry. 
Nature, 454: 209-212.

Friedman M. (2009). Ecomorphological selectivity among marine 
teleost fishes during the end-Cretaceous extinction. Proceedings 
of the National Academy of Science of the United States of 
America, 106: 5218-5223.

Friedman M. (2010). Explosive morphological diversification 
of spiny-finned teleost fishes in the aftermath of the end-
Cretaceous extinction. Proceedings of the Royal Society B, 
277: 1675-1683. 

Friedman M. (2012). Osteology of †Heteronectes chaneti 
(Acanthomorpha, Pleuronectiformes), an Eocene stem flatfish, 
with a discussion of flatfish sister-group relationships. Journal 
of Vertebrate Paleontology, 32: 735-756.

Froese R. & Pauly D. (2014). FishBase. World Wide Web electronic 
publication. www.fishbase.org, version (08/2014). 

Goatley C.H.R., Bellwood D.R. & Bellwood O. (2010). Fishes 
on coral reefs: changing roles over the past 240 million years. 
Paleobiology, 36: 415-427.

Hammer Ø., Harper D.A.T. & Ryan P.D. (2001). PAST: 
Paleontological Statistics software package for education and 
data analysis. Palaeontologia Electronica, 4: 1-9. Available at: 
http://folk.uio.no/ohammer/past.

Holzman R., Collar D.C., Mehta R.S. & Wainwright P.C. (2012). 
An integrative modeling approach to elucidate suction-feeding 
performance. Journal of Experimental Biology, 215: 1-13.

Landini W. & Sorbini L. (1996). Ecological and trophic relationships 
of Eocene Monte Bolca (Pesciara) fish fauna. In Cherchi A. 
(ed.). Autecology of selected fossil organisms: Achievements 
and problems. Bollettino della Società Paleontologica Italiana, 
3: 105-112.

Marramà G. & Carnevale G. (2015a). Eocene round herring from 
Monte Bolca, Italy. Acta Palaeontologica Polonica, 60: 701-710.

Marramà G. & Carnevale G. (2015b). The Eocene sardine 
†Bolcaichthys catopygopterus (Woodward, 1901) from Monte 
Bolca, Italy: osteology, taxonomy and paleobiology. Journal of 
Vertebrate Paleontology, 35: e1014490.

Marramà G. & Carnevale G. (2016). An Eocene anchovy from 
Monte Bolca, Italy: The earliest known record for the family 
Engraulidae. Geological Magazine, 153: 84-94. 

Marramà G., Garbelli C. & Carnevale G. (2016a). A morphospace 
for the Eocene fish assemblage of Bolca, Italy: A window into 
the diversification and ecological rise to dominance of modern 
tropical marine fishes. Bollettino della Società Paleontologica 
Italiana, 55: 11-21.

Marramà G., Bannikov A.F., Tyler J.C., Zorzin R. & Carnevale 
G. (2016b). Controlled excavations in the Pesciara and Monte 
Postale sites provide new insights about the paleoecology 
and taphonomy of the fish assemblages of the Eocene 
Bolca Konservat-Lagerstatte, Italy. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 454: 228-245.

Maxwell E.E. & Wilson L.A.B. (2013). Regionalization of the 
axial skeleton in the ‘ambush predator’ guild – are there 
developmental rules underlying body shape evolution in ray-
finned fishes? Evolutionary Biology, 13: 265. 

Near T.J., Dornburg A., Eytan R.I., Keck B.P., Smith W.L., Kuhn 
K.L. Moore J.A., Price S.A., Burbrink F.T., Friedman M. & 
Wainwright P.C. (2013). Phylogeny and tempo of diversification 
in the superradiation of spiny-rayed fishes. Proceedings of the 
National Academy of Sciences of the United States of America, 
110: 12738-12743.

Near T.J., Eytan R.I., Dornburg A., Kuhn K.L., Moore J.A., 
Davis M.P., Wainwright P.C., Friedman M. & Smith W.L. 
(2012). Resolution of ray-finned fish phylogeny and timing 
of diversification. Proceedings of the National Academy of 
Sciences of the United States of America, 109: 13698-13703.

Norris R.D., Turner S.K., Hull P.M. & Ridgwell A. (2013). Marine 
ecosystem responses to Cenozoic global change. Science, 341: 
492-498.

Papazzoni C.A., Carnevale G., Fornaciari E., Giusberti L. & 
Trevisani E. (2014). The Pesciara-Monte Postale Fossil-
Lagerstätte: 1. Biostratigraphy, sedimentology and depositional 
model. In Papazzoni C.A., Giusberti L., Carnevale G., Roghi 
G., Bassi D. & Zorzin R. (eds), The Bolca Fossil-Lagerstätte: 
A window into the Eocene World. Rendiconti della Società 
Paleontologica Italiana, 4: 29-36.

Papazzoni C.A. & Trevisani E. (2006). Facies analysis, 
palaeoenvironmental reconstruction, and biostratigraphy of the 
“Pesciara di Bolca” (Verona, northern Italy): An early Eocene 
Fossil-Lagerstätte. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 242: 21-35.

Pierce S.E., Angielczyk K.D. & Rayfield E.J. (2009). Morphospace 
occupation in thalattosuchian crocodylomorphs: skull 
shape variation, species delineation and temporal patterns. 
Palaeontology, 52: 1057-1097.

Pietsch T.W. & Carnevale G. (2011). A new genus and species of 
anglerfish (Teleostei: Lophiiformes: Lophiidae) from the Eocene 
of Monte Bolca, Italy. Copeia, 2011: 64-71.

Poyato-Ariza F.J. & Wenz S. (2002). A new insight into 
pycnodontiform fishes. Geodiversitas, 24: 139-248.

Price S.A., Claverie T., Near T.J. & Wainwright P.C. (2015). 
Phylogenetic insights into the history and diversification of 
fishes on reefs. Coral Reefs, 34: 997-1009.



Bollettino della Società Paleontologica Italiana, 55 (2), 2016156

Price S.A., Schmitz L., Oufiero C.E., Eytan R.I., Dornburg A., Smith 
W.L., Friedman M., Near T.J. & Wainwright P.C. (2014). Two 
waves of colonization straddling the K–Pg boundary formed 
the modern reef fish fauna. Proceedings of the Royal Society 
B, 281: 20140321. 

R Core Team. (2015). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. URL http://www.R-project.org/.

Recasens L., Lombarte A. & Sánchez P. (2006). Teleostean fish 
assemblages in an artificial reef and a natural rocky area in 
Catalonia (northwestern Mediterranean): an ecomorphological 
approach. Bulletin of Marine Sciences, 78: 71-82.

Ripley B.D. (1979). Tests of ‘randomness’ for spatial point patterns. 
Journal of the Royal Statistical Society, Series B, 41: 368-374.

Roghi G., Dominici S., Giusberti L., Cerato M. & Zorzin R. (2014). 
Historical outline. In Papazzoni C.A., Giusberti L., Carnevale 
G., Roghi G., Bassi D. & Zorzin R. (eds), The Bolca Fossil-
Lagerstätte: A window into the Eocene World. Rendiconti della 
Società Paleontologica Italiana, 4: 5-17.

Rohlf F.J. (2003). TpsRelw, relative warps analysis, version 1.36. 
Department of Ecology and Evolution, State University of New 
York at Stony Brook.

Rohlf F.J. (2005). TpsDig, digitize landmarks and outlines, version 
2.05. Department of Ecology and Evolution, State University 
of New York at Stony Brook.

Rohlf F.J. & Marcus L.F. (2003). A revolution in morphometrics. 
Trends in Ecology and Evolution, 8: 129-132.

Roy K. & Foote M. (1997). Morphological approaches to measuring 
biodiversity. Trends in Ecology and Evolution, 12: 277-281.

Ruehl C.B., Shervette V. & Dewitt T.J. (2011). Replicated shape 
variation between simple and complex habitats in two estuarine 
fishes. Biological Journal of the Linnean Society, 103: 147-158.

Salzburger W., Mack T., Verheyen E. & Meyer A. (2005). Out of 
Tanganyika: genesis, explosive speciation, key-innovations 
and phylogeography of the haplochromine cichlid fishes. 
Evolutionary Biology, 5: 17. 

Sibert E.C. & Norris R.D. (2015). New Age of Fishes initiated by 
the Cretaceous-Paleogene mass extinction. Proceedings of the 
National Academy of Sciences of the United States of America, 
112: 8537-8542.

Sorbini L. (1972). I Fossili di Bolca. 132 pp. Edizioni Corev, Verona. 
Sorbini L. (1975). Gli Holocentridae di M. Bolca, II: Tenuicentrum 

pattersoni (nov. gen., nov. sp.). Nuovi dati a favore dell’origine 
monofiletica dei Beryciformi (Pisces). Studi e Ricerche sui 
Giacimenti Terziari di Bolca, 2: 455-472.

Sorbini L. (1984). Les Holocentridae du Monte Bolca. III: 
Berybolcensis leptacanthus (Agassiz). Studi e Ricerche sui 
Giacimenti Terziari di Bolca, 4: 19-35.

Sorbini L. & Tirapelle R. (1975). Gli Holocentridae di M. Bolca, 
I: Eoholocentrum (nov. gen.), Eoholocentrum macrocephalum 
(de Blainville) (Pisces, Actinopterygii). Studi e Ricerche sui 
Giacimenti Terziari di Bolca, 2: 206-228.

Standen E.M. & Lauder G.V. (2005). Dorsal and anal fin function 
in bluegill sunfish Lepomis macrochirus: Three-dimensional 
kinematics during propulsion and maneuvering. Journal of 
Experimental Biology, 208: 2753-2763.

Tuset V.M., Farré M., Lombarte A., Bordes F., Wienerroither R. 
& Olivar P. (2014). A comparative study of morphospace 
occupation of mesopelagic fish assemblages from the Canary 
Islands (North-eastern Atlantic). Ichthyological Research, 61: 
152-158.

Tyler J.C. & Santini F. (2002). Review and reconstructions of the 
tetraodontiform fishes from the Eocene of Monte Bolca, Italy, 
with comments on related Tertiary taxa. Studi e Ricerche sui 
Giacimenti Terziari di Bolca, 9: 47-119.

Villéger S., Mason N.H.W. & Mouillot D. (2008). New 
multidimensional functional diversity indices for a multifaceted 
framework in functional ecology. Ecology, 89: 2290-2301.

Villéger S., Novack-Gottshall P.M. & Mouillot D. (2011). The 
multidimensionality of the niche reveals functional diversity 
changes in benthic marine biotas across geological time. 
Ecology Letters, 14: 561-568. 

Wainwright P.C., Alfaro M.E., Bolnick D.I. & Hulsey C.D. (2005). 
Many-to-one mapping of form to function: a general principle 
in organismal design? Integrative and Comparative Biology, 
45: 256-262.

Wainwright P.C. & Bellwood D.R. (2002). Ecomorphology of 
feeding in coral reef fishes. In Sale P.F. (ed.), Coral reef fishes: 
dynamics and diversity in a complex ecosystem. Academic 
Press, San Diego: 33-55.

Walker J.A. (2010). An integrative model of evolutionary 
covariance: a symposium on body shape in fishes. Integrative 
and Comparative Biology, 50: 1051-1056.

Werdelin L. & Lewis M.E. (2013). Temporal change in functional 
richness and evenness in the Eastern African Plio-Pleistocene 
carnivoran guild. PLoS ONE, 8: e57944.

Werdelin L. & Wesley-Hunt G.D. (2014). Carnivoran ecomorphology: 
patterns below the family level. Annales Zoologici Fennici, 51: 
259-268.

Zamagni J., Mutti M. & Košir A. (2012). The evolution of 
mid Paleocene-early Eocene coral communities: How to 
survive during rapid global warming. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 317-318: 48-65.

Zelditch M.L., Swiderski D.L., Sheets H.D. & Fink W.L. (2004). 
Geometric Morphometrics for Biologist: A primer. 478 pp. 
Elsevier Academic Press, Amsterdam. 

Manuscript received 05 May 2016
Revised manuscript accepted 20 July 2016 
Published online 30 September 2016
Editor Annalisa Ferretti


