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ABSTRACT - Ghost pipefishes of the family Solenostomidae (Teleostei, Syngnathiformes) are shallow tropical syngnathiforms found 
today exclusively in the Indo-Pacific where they live associated with seagrass beds and reefs. Presented herein is a revision of the Eocene 
fishes from Monte Bolca, northern Italy, assigned to the family Solenostomidae. The genus †Prosolenostomus Blot, 1980 is excluded from the 
Solenostomidae and is regarded as aligned to the pipefish family Syngnathidae. The stem-Solenostomidae †Calamostoma Agassiz, 1833 and 
†Solenorhynchus Heckel, 1854 are accommodated in the separate subfamily †Solenorhynchinae n. subfam., representing the sister taxon of 
the extant genus Solenostomus Lacèpede, 1803. It is demonstrated that the correct name of the type and only species of †Calamostoma should 
be †C. lesiniforme (Volta, 1796) rather than †C. breviculum (Blainville, 1818). The diagnosis of the family Solenostomidae is emended to 
accommodate the fossil ghost pipefish genera.

RIASSUNTO - [I pesci pipa fantasma (Teleostei, Solenostomidae) eocenici di Monte Bolca, Italia] - I pesci pipa fantasma della famiglia 
Solenostomidae (Teleostei, Syngnathiformes) sono singnatiformi tipici delle acque costiere tropicali dove vivono associati principalmente a 
praterie a fanerogame e barriere coralline. Viene presentata una revisione dei taxa attribuiti alla famiglia Solenostomidae provenienti dai 
depositi eocenici di Monte Bolca. Il genere †Prosolenostomus Blot, 1980 viene escluso dalla famiglia Solenostomidae e considerato un membro 
della famiglia Syngnathidae. Gli stem-Solenostomidae †Calamostoma Agassiz, 1833 and †Solenorhynchus Heckel, 1854 vengono attribuiti 
alla nuova sottofamiglia †Solenorhynchinae, interpretata come il sister taxon del genere attuale Solenostomus Lacèpede, 1803. Il nome della 
specie tipo del genere monotipico †Calamostoma risulta essere †C. lesiniforme (Volta, 1796) piuttosto che †C. breviculum (Blainville, 1818). 
La diagnosi della famiglia Solenostomidae viene emendata per consentire l’inclusione dei generi estinti di pesci pipa fantasma.

INTRODUCTION

Fishes of the family Solenostomidae (Teleostei, 
Syngnathiformes), commonly known as ghost pipefishes, 
are today restricted to the shallow tropical waters 
of the Indo-Pacific where they live associated with 
rocky substrates, coral reefs and seagrass beds. The 
Solenostomidae is a small family comprising four extant 
species within the genus Solenostomus Lacepède, 1803 
(Orr & Fritzsche, 1993; Orr et al., 2002). As pointed out by 
Orr & Fritzsche (1993, p. 168), “…although characterized 
by the typical elongate snout of syngnathoid fishes, the 
morphology of the solenostomids is striking even for this 
highly specialized suborder…”. The ghost pipefishes are 
characterized by a relatively short and compressed body 
covered with large stellate bony plates; two separate 
dorsal fins, each on a raised base; anal fin opposite to 
soft dorsal; pelvic fins relatively large, approximately 
opposite to spinous dorsal fin; females with brood pouch 
formed by the pelvic fins; relatively large caudal fin; 32-
34 vertebrae (Jurgersen, 1910; Orr & Fritzsche, 1993; 
Nelson et al., 2016).

Three monotypic fossil ghost pipefish genera have 
been reported in the Eocene fish fauna of Monte Bolca 
(northern Italy) (Blot, 1980), †Calamostoma Agassiz, 
1833, Prosolenostomus Blot, 1980 and Solenorhynchus 
Heckel, 1854. Each of these is known based on either 
a single (†Prosolenostomus and †Solenorhynchus) 
specimen or only a few (†Calamostoma) specimens. 
Our revisionary study of the fossil material has revealed 

that only two of above listed genera can be aligned with 
the family Solenostomidae, requiring a considerable 
emendation of the limits and diagnosis of the family. The 
genus †Prosolenostomus is characterized by a strongly 
elongated body completely encased in a series of bony 
rings (rather than stellate bony plates), a small head with 
a short tube-shaped snout and apparent absence of the 
dorsal, anal and pelvic fins, thereby implying that it cannot 
be assigned to the ghost pipefishes as formerly proposed by 
Blot (1980). The overall morphology of †Prosolenostomus 
is clearly consistent with that of pipefishes of the family 
Syngnathidae (see Orr, 1995; Bannikov, 2014; Carnevale 
et al., 2014). Its type species, †P. lessinii Blot, 1980, was 
described based on a single partially complete specimen 
in the collections of the Museo Civico di Storia Naturale, 
Verona (Blot, 1980, p. 365; pl. VI, fig. 3). Subsequently, 
an additional incomplete specimen housed in the Carnegie 
Museum of Natural History, Pittsburgh, was referred to †P. 
lessinii and figured by Frickhinger (1991); however, this 
specimen lacks the characteristic cranial horn emerging 
just above the orbit considered diagnostic by Blot (1980) 
(see Fig. 1).

The genus †Solenorhynchus exhibits a number of 
features regarded as diagnostic of the extant members of 
the family Solenostomidae (body covered with stellate 
bony plates; two separate dorsal fins, each on a raised 
base; anal fin opposite to the soft dorsal fin; pelvic fins 
relatively large; long caudal fin); however, it has a strongly 
elongate body, exceptionally elongate caudal-fin rays, and 
a higher number of vertebrae. The genus †Calamostoma 
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appears in some ways more similar morphologically to 
the extant genus Solenostomus than to †Solenorhynchus. 
However, the two Eocene genera from Monte Bolca share 
a unique set of features not observed in Solenostomus, 
including a relatively short dorsal spinous fin, pelvic-fin 
insertion anterior to the first dorsal-fin insertion, more 
than four complete pretrunk rings of stellate bony plates, 
and a low number of dorsal- and anal-fin rays. Therefore, 
an attribution of †Solenorhynchus and †Calamostoma to 
the Solenostomidae necessarily requires an emendation 
of the diagnosis of the family, as well as the creation of a 
new ghost pipefish subfamily to accommodate these two 
extinct genera. 

The goal of this paper is to redescribe the Eocene 
ghost pipefishes from Monte Bolca and to briefly discuss 
their affinities.

MATERIALS AND METHODS

The present study is based on seven specimens 
housed in the collections of the Museo Civico di Storia 
Naturale, Verona (MCSNV), Muséum National d’Histoire 
Naturelle, Paris (MNHN), Natural History Museum, 
London (NHMUK), and Naturhistorisches Museum, Wien 
(NHMW). Extant comparative material derives from the 
collection of the National Museum of Natural History, 
Smithsonian Institution, Washington (USNM). The 
specimens were studied using stereomicroscopes WILD 
Heerbrugg, Leica MZ6, and Leica M80 with attached 
camera lucida drawing arms. During examination, the 
specimens were moistened with alcohol to enhance some 
details of their skeletal anatomy. Measurements were 
taken with a dial caliper to the nearest 0.1 mm. Counts 
and measurements mostly follow Orr & Fritzsche (1993) 
and Orr et al. (2002), except for pretrunk and trunk length. 
Pretrunk length is defined herein as the greatest distance 
between the posterior edge of the opercle and pretrunk ring 
that lies just anterior to the first dorsal fin; trunk length 
is defined herein as the greatest distance between the 
posterior pretrunk ring and the caudal-fin base. Standard 
length (SL) is used throughout. Extinct taxa are marked 
with a dagger (†) preceding their name.

SYSTEMATICS 

Order Syngnathiformes Berg, 1940
Family Solenostomidae Lacepède, 1803

Emended diagnosis - Body short to considerably 
elongated, covered with large stellate bony plates; 
two separate dorsal fins, the first containing five thin 
pseudospines, and the second with 14-22 unbranched 
soft rays; both the second dorsal and anal fins on a raised 
base and opposite to each other; anal fin with 13-22 
unbranched soft rays; pelvic fins relatively large, with a 
single pseudospine plus six soft branched rays, anterior 
or opposite to the first dorsal fin; females with brood 
pouch formed by the pelvic fins; infraorbital bones absent; 
postcleithrum absent; caudal fin relatively large, with 12-
16 rays; 27-40 vertebrae.

Type Genus - Solenostomus Lacepède, 1803, extant.

Composition - Three genera, the extant Solenostomus 
(with four species), and the Eocene †Calamostoma and 
†Solenorhynchus; the Eocene genera are grouped together 
within the subfamily †Solenorhynchinae.

Subfamily †Solenorhynchinae n. subfam.

Diagnosis - Head length comprised between 2.5 
and 3.7 times in SL; first dorsal fin relatively short, its 
length contained about 11 to 14 times in SL; pelvic-fin 
insertion located anterior to the first dorsal-fin insertion; 
pretrunk length contained between 2.7 and 2.9 times in 
SL; complete pretrunk rings more than four; second dorsal 
fin with 14(15) soft rays; anal fin with 13-14(15) soft rays. 

Type Genus - †Solenorhynchus Heckel, 1854.

Composition - Two genera, †Calamostoma and 
†Solenorhynchus, from the Eocene of Monte Bolca.

Remarks -  The genera †Calamostoma  and 
†Solenorhynchus exhibit a number of diagnostic features 

Fig. 1 - †Prosolenostomus lessinii Blot, 1980 from the Eocene of Monte Bolca, Italy; holotype, MCSNV IG37597, head and anterior portion 
of the body. Scale bar corresponds to 2 mm.
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that support their assignment to the ghost pipefish family 
Solenostomidae, including: body covered with stellate 
plates; nasal capsule triangular; pseudospines in the first 
dorsal and pelvic fins; four anterior abdominal vertebrae 
elongated; two widely separated dorsal fins; pelvic 
fins expanded and elongate, forming a brood pouch in 
females; metapterygoid, zygapophyses, and epineurals 
absent (Pietsch, 1978; Johnson & Patterson, 1993; Orr 
& Fritzsche, 1993; Orr, 1995). Moreover, these Eocene 
genera share a unique set of features (head length ranging 
between 26.4 and 36.5% SL; spinous dorsal-fin length 
between 7 and 8.6% SL; pelvic-fin insertion located 
anterior to the first dorsal-fin insertion; more than four 
complete pretrunk rings; pretrunk length between 30.1 and 
36.3% SL; second dorsal and anal fin containing less than 
16 rays) not observed in Solenostomus and that provides a 
clear evidence of their separate status within the expanded 
limits of the family Solenostomidae.

Genus †Calamostoma Agassiz, 1833

1833	 Calamostoma Agassiz, p. 18.
1874b	Calamostoma Agassiz - De Zigno, p. 40.
1901	 Calamostoma Agassiz - Woodward, p. 383.

Diagnosis - Body depth comprised between 5.0 to 
7.7 times in SL; head length comprised 2.5 to 2.7 times 

in SL; seven pretrunk, 11 trunk, and eight tail complete 
rings of four-rooted stellate bony plates; total number of 
body rings 26 or 27, all complete; first dorsal fin situated 
1.3-1.6 times closer to soft dorsal fin than to skull; caudal-
fin rays moderately developed; caudal-fin length much 
shorter than head length; about 27 vertebrae, anterior four 
considerably elongated; strong ossified tendon inserting 
on the occiput; snout tubular; mesethmoid and preopercle 
bearing downward projecting spines; neural and haemal 
spines of the second preural vertebra posteriorly oriented.

Type species - Syngnathus breviculus Blainville, 
1818 (= Pegasus lesiniformis Volta, 1796; syn. nov.), by 
monotypy and designation of Woodward (1901).

Remarks - The type species of †Calamostoma is †C. 
breviculum (Blainville, 1818) (Agassiz, 1833-1844; de 
Zigno, 1874b; Woodward, 1901; Eastman, 1905; Blot, 
1980). This species was created based on a specimen 
erroneously assigned by Volta (1796) to the extant Pegasus 
natans Linnaeus (synonym of P. volitans Linnaeus), and 
subsequently referred by Blainville (1818) to  †Syngnathus 
breviculus. Moreover, Volta (1796) described another 
specimen from Monte Bolca as †Pegasus lesiniformis and 
noted its similarity with the specimen referred to as “P. 
natans”. The holotype of †Pegasus lesiniformis consists 
of a nearly complete skeleton with poorly preserved or 
falsified snout, which was figured in the lithograph (Fig. 2; 

Fig. 2 - †Calamostoma lesiniforme (Volta, 1796), holotype figured on lithograph in Volta (1796: pl. 39, fig. 1) as †Pegasus lesiniformis.
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Volta, 1796: pl. 39, fig. 1) as a long and pointed rostrum. 
This apparent artifact of preservation led Agassiz (1835) 
to assign this specimen to †Rhinellus nasalis, although the 
species name created by Volta (1796) unquestionably has 
priority. Almost 150 years later, Blot (1980) considered 
†Rhinellus nasalis as a synonym of †Calamostoma 
breviculum. Consequently, the correct name of this species 
must be †Calamostoma lesiniforme (Volta, 1796).

Composition - Type species only.

†Calamostoma lesiniforme (Volta, 1796)
(Figs 2-5, 7a)

1796	 Pegasus natans (non Linnaeus, 1766) - Volta, p. 21, Pl. 5, 
fig. 3. 

1796	 Pegasus lesiniformis Volta, p. 159, Pl. 39, fig. 1. 
1818	 Syngnathus breviculus Blainville, p. 339. 
1833	 Calamostoma breviculum (Blainville) - Agassiz, p. 18, 276, 

Pl. 74, fig. 1. 
1835	 Rhinellus nasalis Agassiz, p. 291.
1874b	Calamostoma breviculum (Blainville) - De Zigno, p. 167. 
1901	 Calamostoma breviculum (Blainville) - Woodward, p. 383. 
1991	 Calamostoma breviculum (Blainville) - Frickhinger, fig. on 

p. 768.

Diagnosis - As for the genus.

Holotype - The specimen figured by Volta (1796: pl. 
39, fig. 1), complete skeleton with either poorly prepared 
or falsified snout; formerly housed in the Gazola Museum, 
present location unknown (Fig. 2).

Referred specimens - MNHN Bol50 (10982), nearly 
complete articulated skeleton, 58 mm SL, figured by 
Volta (1796: pl. 5, fig. 3) and Agassiz (1833-1844: pl. 74, 
fig. 1), holotype of Calamostoma breviculum (Fig. 3a); 
MCSNV IG60/IG61, nearly complete articulated skeleton, 
93 mm SL, in part and counterpart (Fig. 3b-c); MCSNV 
VIIC9/VIIC10, nearly complete articulated skeleton, 40.5 
mm SL, in part and counterpart (Fig. 3d-e); MCSNV 
IG59, partially complete articulated skeleton lacking 
the snout (Fig. 4b); MCSNV IM62, partially complete 
and disarticulated skeleton (Fig. 4a); NHMUK P.9430, 
partially complete articulated skeleton, dorsal (both 
spinous and soft) and anal fins not recognizable, 54.1 
mm SL; all from the upper Ypresian, SBZ 11, Alveolina 
dainelli Zone (Papazzoni & Trevisani, 2006); Monte Bolca 
locality, Pesciara site.

Description - Measurements are summarized in Tab. 1. 
The location of the holotype of †Calamostoma 

lesiniforme is unknown; perhaps it was lost. Based on the 
drawing provided by Volta (1796, pl. 39, fig. 1; Fig. 2), 
the holotype consists of an almost complete articulated 
skeleton with a poorly prepared or falsified snout; the 
latter resembles a long and pointed rostrum rather than 
the typical tube-shaped structure with a terminal mouth, 
clearly recognizable in the other specimens. 

In general, the osteological structure is only partially 
recognizable since most of the postcranial skeleton is not 
exposed, being hidden by the strong stellate bony plates 
(Figs 3-4, 7). For this reason, although the general outline 

of the body is usually properly recognizable, very few of 
the internal osteological characters are clearly exposed. 
The body is elongated, laterally compressed and with 
a short caudal peduncle. The body depth is contained 
between 5.0 to 7.7 times in SL. The caudal peduncle depth 
is up to three times less than the body depth. The head is 
relatively large; the head length is contained between 2.5 
to 2.7 times in SL. The body reaches its maximum depth 
just anterior to the pelvic-fin insertion.

There are seven complete pretrunk rings of large 
four-rooted stellate bony plates; the subsequent plates are 
comparatively smaller. The total number of body rings is 
26 or 27, with eight tail rings of which five are restricted 
to the caudal peduncle; all of them are complete. The 
anterior five rings consist of the dorsal, ventral and three 
transverse lateral plates each. In the succeeding rings 
unpaired (dorsal and ventral) ossifications seem to be 
absent, while each of the paired transverse lateral rows 
consists of four bony plates. Thus, there are four more or 
less regular longitudinal rows of bony plates behind the 
pelvic-fin insertion. Apparently, there are at least loose 
connections between the neighboring stellate bony plates 
in both transverse and longitudinal rows. The stellate 
ossifications bear a short central upright spine. 

The head is elongated; its depth is contained 2.7-2.9 
times in head length (Fig. 5). The regularly tubular snout 
is long, relatively narrow, and laterally compressed. The 
orbit is small; its length represents 9 to 17% of head length. 
The neurocranial bones are superficial in position (Fig. 
5). There are few small spines along the dorsal midline 

Dimension Measurement (%SL)

Standard length 40.5 mm

Maximum body depth 14.3

Head length 36.5

Orbit length 3.3

Snout length 26.0

Greatest snout depth 5.7

Least snout depth 4.2

Mandible length 6.1

Caudal peduncle length 8.1

Caudal peduncle depth 7.0

Predorsal (1st dorsal) length 66.6

Predorsal (2nd dorsal) length 86.4

Preanal length 85.9

Prepelvic length 60.8

Distance between pelvic and anal fins 21.4

Spinous dorsal-fin length 8.6

Pelvic-fin length 14.9

Caudal-fin length 17.4

Tab. 1 - Measurements of †Calamostoma lesiniforme (Volta, 
1796), MCSNV VIIC9/VIIC10. Standard length in mm. All other 
measurements are expressed as a percentage of SL.
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of the neurocranium, emerging anterior to the orbit on 
the frontals and the mesethmoid; these are well exposed 

in the specimen MCSNV IG60/IG61. The braincase is 
compact and only moderately preserved; its osteological 

Fig. 3 - †Calamostoma lesiniforme (Volta, 1796) from the Eocene of Monte Bolca, Italy. a) MNHN Bol50 (10982), holotype of Calamostoma 
breviculum (Blainville, 1818), right lateral view. b) MCSNV IG60, left lateral view. c) MCSNV IG61 (counterpart of specimen in b), right lateral 
view. d) MCSNV VIIC10, left lateral view. e) MCSNV VIIC9 (counterpart of specimen in d), right lateral view. Scale bars correspond to 10 mm.
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architecture is unclear due to the problematic evaluation of 
the limits of most of its bones. The frontals are elongate and 
irregular in outline. The laterosensory canals seem to be 
absent. The supraoccipital appears to be almost triangular. 
The parasphenoid borders the lowermost portion of the 
orbit as a relatively slender shaft with convex ventral 
margin. The relatively small quadrangular lateral ethmoids 
constitute the anterior wall of the orbit and posterior 
border of the large and triangular nasal (=olfactory) 
capsule (Fig. 5). The very long and narrow mesethmoid 
embraces most of the nasal capsule and forms the roof of 
most of the tubular snout. The mesethmoid bears several 
strong and downward projected spines that are visible in 
the specimens MCSNV IG60/IG61 and MCSNV IM62. 
There is no evidence of the nasal and metapterygoid. The 
hyomandibula seems to be small and oblique. The quadrate 
seems to be more extended than the symplectic (unlike in 
Solenostomus; see Jurgersen, 1910). The anterior margin 
of the quadrate is nearly vertical and articulates with 
the narrow ectopterygoid. The edentulous upper jaw is 
clearly visible in the specimen MCSNV IG60/IG61 (Figs 
3b-c, 5, 7); the premaxilla is small and narrow and bears 
a very short ascending process. The maxilla is expanded 
distally and has a prominent articular head. The lower jaw 
is relatively deep, but with a low and oblique symphysis; 
the dentary seems to be larger than the angulo-articular. 
The opercle is moderately large with a nearly rounded 
posterior profile; three radiating crests on the opercle are 
recognizable in the specimen MCSNV IG60/IG61 (Figs 
3b-c, 5, 7). The preopercle has a short and slightly oblique 
ascending arm and a long and tapering horizontal arm that 
terminates approximately at the midlength of the snout. 
The lower border of the preopercle bears several strong 

but short spines. There are vertical striations on the lateral 
surface of the preopercle in the specimen MCSNV IG60/
IG61 (Figs 3b-c, 5, 7). The distal portion of the hyoid bar 
is exposed in the specimen MCSNV IG60/IG61 (Figs 
3b-c, 5, 7); the limits of its individual bones are unclear. 
The urohyal is narrow but relatively strong proximally. 
There are two branchiostegal rays (apparently right and 
left) which seem to divide distally.

A pair of large, robust and flattened ossified tendons 
articulates with the dorsal portion of the occipital region 
(on the epioccipitals or exoccipitals) of the neurocranium, 
extending posteriorly at least up to the third or fourth 
pretrunk ring of stellate bony plates.

The vertebrae are usually scarcely recognizable 
both because of poor preservation and because these 
are hidden by the strong stellate bony plates (Fig. 7). 
Twenty-seven vertebrae are recognizable. The vertebral 
centra are usually elongated and without zygapophyses, 
with the anterior four being much longer than the 
subsequent centra. The vertebral spines are obscured and 
not recognizable (perhaps they are weakly ossified). Ribs 
and epineurals are absent.

The caudal fin has a relatively deep base and is only 
moderately long; its longest medial rays do not exceed 
one half of the head length. There are 16 caudal-fin rays; 
the rays are segmented distally but unbranched. The 
structure of the caudal skeleton is partially recognizable 
in the specimen MCSNV IM62. The terminal vertebra 
is evidently formed by the fusion of the first preural 
centrum with the ural centra and the fan-shaped plate 
formed by the parhypural and hypurals. The second 
preural centrum appears to be fused with its expanded 
neural and haemal spines. Both the neural and haemal 

Fig. 4 - †Calamostoma lesiniforme (Volta, 1796) from the Eocene of Monte Bolca, Italy. a) MCSNV IM62, left lateral view. b) MCSNV 
IG59, right lateral view. Scale bars correspond to 10 mm.
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spines are inclined posteriorly, unlike in certain species of 
the extant Solenostomus, in which the spines are inclined 
anteriorly (see Jurgensen, 1910; Fujita, 1990); according 
to Orr (1995), the second preural centrum of Solenostomus 
paradoxus Bleeker, 1854 lacks a haemal spine and bears 
a reduced neural arch, whereas that of Solenostomus 
cyanopterus (Pallas, 1770) has broadly expanded neural 
and haemal spines.

The first (spinous) dorsal fin is short-based and located 
behind the seventh pretrunk ring; it originates in the 
posterior portion of the anterior half of the axial body. It 
consists of five slender and relatively short pseudospines. 

The second (soft) dorsal fin is relatively short-based; 
it is placed much closer to the caudal than to the spinous 
dorsal fin. There are about 11 trunk rings between the two 
dorsal fins. The somewhat raised base of the soft dorsal fin 
corresponds to three trunk rings. The soft dorsal fin is not 
completely preserved in any of the available specimens; 
about 14 soft rays appear to be present. The second dorsal-
fin pterygiophores are difficult to recognize.

The anal fin is opposite to the soft dorsal fin and greatly 
resembles it in shape and size. The anal-fin base is also 
somewhat raised and extends for the length of three trunk 
rings. The anal fin is not completely preserved in any of 
the available specimens and appears to contain about 13 
rays. The anal-fin pterygiophores are difficult to recognize.

The pectoral fin is poorly preserved. Of the pectoral 
girdle, the posttemporal, supracleithrum and cleithrum 
are partially recognizable. The posttemporal is bifurcated 
anteriorly and appears to be tightly sutured to the 
neurocranium. The cleithrum bears at least two spiny 
processes emerging along its posterior margin. There is 
no evidence of a postcleithrum. 

The pelvic fins are located somewhat anterior to the 
spinous dorsal fin; there are two trunk rings between 
these fins. The pelvic fin seems to consist of a slender 
pseudospine plus six bifurcated rays. The pelvic-fin 
base is almost vertical in position. In all the examined 
specimens, except for MCSNV IM62, the pelvic fins are 
only moderately developed. The pelvic fins of MCSNV 
IM62 are especially long, being at least 2.7 times longer 
than the spinous dorsal fin (Fig. 4a). It is likely that this 
is a female specimen, and that its pelvic fins form the 
specialized brood pouch typical of ghost pipefishes. The 
basipterygium is not completely recognizable in any of 
the available specimens.

Traces of the original pigmentation pattern are 
preserved in the specimen MCSNV IM62 and document 
the presence of two transverse dark bands on the pelvic 
fins and of a medial longitudinal band on the caudal fin 
(Fig. 4a).

Genus †Solenorhynchus Heckel, 1854
 

1854	 Solenorhynchus Heckel, p. 126. 
1863	 Solenorhynchus Heckel - Kner & Steindachner, p. 30. 
1874a	Solenorhynchus Heckel - De Zigno, p. 296. 
1874b	Solenorhynchus Heckel - De Zigno, p. 40. 
1901	 Solenorhynchus Heckel - Woodward, p. 380. 

Diagnosis - Body considerably elongated and slender; 
body depth comprised more than 17 times in SL; about 
20 rings of stellate bony plates present between the head 
and the first dorsal fin; head relatively small, its length 
comprised about 3.7 times in SL; first dorsal fin more than 
twice closer to the soft dorsal fin than to the skull; second 

Fig. 5 - †Calamostoma lesiniforme (Volta, 1796) from the Eocene of Monte Bolca, Italy. Reconstruction of the head based on the specimens 
MCSNV IG59, MCSNV VIIC9/VIIC10 and MCSNV IG60/IG61, left lateral view. Abbreviations: aa: angulo-articular; d: dentary; ect: 
ectopterygoid; f: frontal; h: hyomandibula; hb: hyoid bar; le: lateral ethmoid; me: mesethmoid; mx: maxilla; nc: nasal capsule; ol: ossified 
ligament; op: opercle; pal: palatine; pas: parasphenoid; pmx: premaxilla; pop: preopercle; ptt: posttemporal; q: quadrate; scl: supracleithrum; 
soc: supraoccipital; sy: symplectic; uh: urohyal; vo: vomer.
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dorsal fin with 14-15 rays; anal fin with 14-15 rays; caudal 
fin with 12 rays, narrow and about twice longer than skull; 
about 41 vertebrae.

Type Species - †Solenorhynchus elegans Heckel, 1854, 
by monotypy and designation of Woodward (1901).

Composition - Type species only.

†Solenorhynchus elegans Heckel, 1854
(Figs 6, 7b)

1854	 Solenorhynchus elegans Heckel, p. 126. 
1863	 Solenorhynchus elegans Heckel - Kner & Steindachner, p. 

31, Pl. 5, fig. 1. 
1874a	Solenorhynchus elegans Heckel - De Zigno, p. 297, Pl. 10, 

fig. 5. 
1874b	Solenorhynchus elegans Heckel - De Zigno, p. 168. 
1901	 Solenorhynchus elegans Heckel - Woodward, p. 380.

Diagnosis - As for the genus.

Holotype - NHMW 1853.XXVII.3, nearly complete 
articulated skeleton in a single plate, 57 mm SL (Fig. 6); 
upper part of the early Eocene, late Ypresian, about 50 
Ma (Papazzoni et al., 2014); Monte Bolca locality, Monte 
Postale site.

Referred Specimens - None.

Description - Measurements are summarized in Tab. 2. 
The holotype and only known specimen consists 

of a nearly complete but poorly preserved articulated 
skeleton. Although the general outline of the body is clearly 
recognizable, its osteological structure is largely unclear (Figs 
6, 7b). The body is remarkably elongate, extremely slender 
and probably laterally compressed. The maximum body 
depth is contained 15.5 times in SL. The caudal peduncle 
is moderately elongate and slender, its depth is contained 
more than two times in the maximum body depth. The head 
is relatively small; its depth is equal to the maximum body 
depth, and its length is contained 3.7 times in SL. 

Heckel (1854) calculated 36 rings of stellate bony 
plates on the trunk plus nine rings on the tail. Moreover, 
he restored the anteriormost plates as having the shape of 
“six-sided prisms” whereas the posterior plates resemble 
“four-sided prisms”. Because of inadequate preservation, 
it is not possible to definitively confirm if the number of 
bony rings hypothesized by Heckel (1854; see also Kner 
& Steindachner, 1863) is correct, although it is certainly 
close to the actual. In addition, we are unable to recognize 

the outer morphology of the presumed six- and four-rooted 
plates. In any case, more than four pretrunk rings of stellate 
body plates are present. The stellate ossifications bear a 
short upright spine arising in their center. 

The head is elongated, with its depth 3.9 times in head 
length. The middle portion of the snout is missing in the 
holotype. The orbit is small; its length is about 13% of 
head length. There seem to be two small spines along the 
dorsal surface of the neurocranium, one just above the 
orbit and another in the occipital region. The parasphenoid 
is exposed in the lowermost portion of the orbit as a 
slender and almost straight shaft. The posterior portion 
of the preopercle is relatively narrow and slightly curved. 
The anterior tip of the tubular snout mostly consists of the 
quadrate, with the dorsal portion probably formed by the 
vomer. Both the ectopterygoid and upper jaw are very tiny 
narrow bones, whereas the mandible is more robust, with 
an oblique symphysis. The mouth is edentulous.

Fig. 6 - †Solenorhynchus elegans Heckel, 1854 from the Eocene of Monte Bolca, Italy; holotype, NHMW 1853.XXVII.3. Scale bar corresponds 
to 10 mm.

Dimension Measurement (%SL)

Standard length 57 mm

Maximum body depth 5.7

Head length 26.4

Orbit length 3.2

Snout length 18.0

Greatest snout depth 4.2

Least snout depth 2.6

Mandible length 4.1

Caudal peduncle length 17.6

Caudal peduncle depth 3.2

Predorsal (1st dorsal) length 62.5

Predorsal (2nd dorsal) length 78.2

Preanal length 77.7

Prepelvic length 54.2

Distance between pelvic and anal fins 20.4

Spinous dorsal-fin length 7

Pelvic-fin length 8.5

Caudal-fin length 66

Tab. 2 - Measurements of †Solenorhynchus elegans Heckel, 1854, 
holotype, NHMW 1853.XXVII.3. Standard length in mm. All other 
measurements are expressed as a percentage of SL.
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The vertebrae are scarcely recognizable because of 
the rather poor preservation of the holotype. Moreover, 
they are largely obscured by the stellate bony plates. 
Fourty-one vertebrae can be tentatively recognized. The 
vertebral centra are elongated, with the anterior three being 
somewhat longer than the succeeding centra. The posterior 
abdominal vertebrae seem to be the shortest in the series. 
The vertebral spines are not recognizable.

The first (spinous) dorsal fin has a short base; it is 
situated in the middle of the postcranial body length. The 
spinous dorsal fin contains five slender and relatively 
short, apparently feeble pseudospines. According to 
Heckel (1854), the first dorsal fin is located behind the 
21st body ring.

The second (soft) dorsal fin is relatively short-based; 
it is placed slightly closer to the first dorsal than to the 
caudal fin. There are twelve trunk rings between the 
dorsal fins. The length of the somewhat raised base of the 
soft dorsal fin corresponds to three trunk rings. Heckel 
(1854) reported the presence of 17 rays in the soft dorsal 
fin; however, our examination of the specimen revealed 
not more than 14 or 15 rays. The rays are simple and 
short; their distal ends are incomplete. The dorsal-fin 
pterygiophores are not recognizable.

The anal fin is located opposite to the second dorsal 
and resembles it in shape and size. The anal fin also has a 
somewhat raised base corresponding to three trunk rings. 

About 14 or 15 simple rays are recognizable in the anal 
fin, and no anal-fin pterygiophores are visible.

The pectoral fins and their supports are not 
recognizable. Heckel (1854) supposed that the pectoral 
fins were characterized by numerous short rays, which are 
incompletely preserved.

The pelvic fins are located well anterior to the first 
dorsal fin (Figs 6, 7b); these two fins are separated by 
five trunk rings. The pelvic fin was formerly regarded as 
characterized by three rays bifurcated from their bases 
(Heckel, 1854) or multifurcated (Kner & Steindachner, 
1863). We regard this fin as consisting of a slender 
spine plus six bifurcated rays, representing the typical 
condition of solenostomids. The pelvic fins are slightly 
longer than the first dorsal fin. As noted by Heckel 
(1854), the pelvic fins seem to be too small to form 
a brood pouch; however, it is likely that the single 
known specimen represents a male individual. The 
basipterygium is not recognizable.

The caudal fin is narrow and exceptionally long; its 
longest medial rays are two times longer than the head 
length and are as long as three quarters of the postcranial 
body length. There are not less than ten simple caudal-fin 
rays, most likely 12, as indicated by Heckel (1854). The 
structure of the caudal skeleton is not recognizable.

There is no evidence of the original pigmentation 
pattern of the fish. 

Fig. 7 - Representatives of fossil and extant ghost pipefish genera. a) †Calamostoma lesiniforme (Volta, 1796) from the Eocene of Monte 
Bolca, Italy; reconstruction of the skeleton based on specimens MCSNV IG59, MCSNV VIIC9/VIIC10 and MCSNV IG60/IG61, left lateral 
view. b) †Solenorhynchus elegans Heckel, 1854 from the Eocene of Monte Bolca, Italy; reconstruction of the skeleton based on the holotype 
NHMW 1853.XXVII.3; left lateral view. c) Solenostomus cyanopterus Bleeker, 1854, USNM 320114, radiograph, left lateral view; image 
courtesy of Sandra J. Raredon.
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DISCUSSION

Morphological and molecular evidences concur to 
suggest that the Solenostomidae forms the sister group 
to the Syngnathidae, the clade that comprises pipefishes, 
pipehorses, seahorses, seadragons, etc. (e.g., Pietsch, 
1978; Orr, 1995; Keivany & Nelson, 2006; Kawahara et 
al., 2008; Song et al., 2014; Bannikov et al., 2017). These 
two families share several features (Orr, 1995), including 
prootics widely separated over the parasphenoid; 
branchiostegals one or two; three epibranchials; fourth 
pharyngobranchial toothplate absent; pectoral-fin radials 
remarkably hourglass-shaped; laterosensory canal absent; 
parental brooding reproductive mode. As far as concerns 
this latter synapomorphic feature, while ghost pipefishes 
are characterized by a typical female brooding of the 
eggs (Playfair & Günther, 1866; Orr & Fritzsche, 1993) 

using a brood pouch formed by expanded pelvic fins that 
are united to each other and to the abdomen along their 
dorsal margin, syngnathids exhibit a highly specialized 
male brooding with a variety of reproductive strategies 
(e.g., Herald, 1959; Wilson et al., 2003). Therefore, as also 
suggested by Wilson & Rouse (2010), a solenostomids 
plus syngnathids sister group arrangement necessarily 
implies a plesiomorphic acquisition of the specialized 
parental brooding that was established in the common 
ancestor of these lineages. 

Orr (1995) suggested that †Calamostoma and 
†Solenorhynchus may represent intermediate forms 
between solenostomids and syngnathids (see also Wilson 
& Orr, 2011). Our study, however, indicates that both these 
Eocene genera must be regarded as genuine members of 
the family Solenostomidae due to the presence of a number 
of features exclusive of this family (e.g., body covered 

  †Calamostoma 
lesiniforme

†Solenorhynchus 
elegans

Solenostomus 
halimeda

Solenostomus 
cyanopterus

Solenostomus 
armatus

Solenostomus 
paradoxus

Morphometrics (%SL)            

Head length (HL) 36.5 26.4 45.3-52.5 39.8-50.5 40.3-49.0 37.2-53.5

Snout length 26.0 18.0 30.1-36.7 21.4-34.3 26.1-35.1 25.8-38.6

Body depth 14.3 5.7 17.0-29.9 13.8-48.4 15.7-22.8 13.1-25.1

Pretrunk length 30.1 36.3 11.7-15.3 6.3-16.1 7.7-12.1 4.5-19.0

Trunk length 34.1 38.4 35.9-41.9 36.7-52.0 42.3-49.9 37.5-50.5

Caudal peduncle length 8.1 17.6 5.4-10.9 1.4-17.3 10.4-17.6 4.4-20.2

Caudal peduncle depth 7.0 3.2 3.5-4.4 3.2-10.4 2.9-3.7 2.3-8.0

Spinous dorsal-fin length 8.6 7 13.4-19.0 18.5-31.2 23.7-30.7 14.8-33.5

Pelvic-fin length 14.9 8.5 14.2-24.3 16.9-38.9 22.8-36.5 18.5-30.9

Caudal-fin length 17.4 66.0 16.0-22.6 30.3-44.9 33.3-45.6 15.9-35.1

Morphometrics (%HL)            

Mandible length 16.9 15.8 15.1-15.7 13.3-19.3 13.1-15.7 10.3-18.7

Greatest snout depth 15.7 16.0 9.9-12.6 9.0-23.2 9.1-10.9 7.4-16.0

Least snout depth 11.5 9.9 9.3-11.1 7.4-22.7 7.8-9.6 7.1-13.6

Orbit length 9.2 12.3 9.8-12.6 7.1-14.9 8.6-10.5 8.3-14.4

Meristics            

Vertebrae 27 41 32 32-33 34 32-33

Dorsal-fin rays 14? 14(15) 16-18 18-22 20-22 17-21

Anal-fin rays 13? 14(15) 17-19 17-21 20-22 18-22

Total rings 26-27 43? 27-29 27-35 27-35 31-35

Pretrunk rings 7 complete ? (more than 4) 4 complete 4 complete 4 complete 4 complete

Trunk rings 11 complete ? 11-13
(4-5 complete)

10-14
(4-8 complete)

12-15
(4-10 complete)

11-14
(4-8 complete)

Caudal peduncle rings 5 ? 8-11 5-10 6-11 7-12

Tail rings 8 complete ? 16-18
(8-11 complete)

12-17
(5-9 complete)

15-18
(6-11 complete)

14-18
(5-11 complete)

Tab. 3 - Summary of selected morphometric and meristic features of fossil and extant species of the family Solenostomidae. Includes new 
data and data from Heckel (1854), Orr & Fritzsche (1993), and Orr et al. (2002).
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with stellate plates; nasal capsule triangular; pseudospines 
in the first dorsal and pelvic fins; four anterior abdominal 
vertebrae elongated; two widely separated dorsal fins; 
metapterygoid, zygapophyses, and epineurals absent). 
These two Eocene genera exhibit a series of morphometric 
and meristic features (Tab. 3) that clearly support their 
recognition as separate taxa within the Solenostomidae. 
Moreover, morphometric and meristic features seem to 
provide evidence of their sister-group relationships, even if 
some of these might represent the plesiomorphic condition 
for the family. For example, the overall elongation of the 
body, relative length of the head, and reduced development 
of pelvic-fin rays in male individuals are very similar 
to those of pipefishes and allies (e.g., Jurgensen, 1910; 
Dawson, 1985). A remarkable feature shared by the two 
Eocene stem-solenostomid genera is related to the relative 
position of the first (spinous) dorsal and pelvic fins with 
the insertion of the pelvic fin situated well anterior to 
the dorsal-fin origin. This condition is notably different 
from that typical of Solenostomus (see Fig. 7), in which 
the insertions of these fins are located approximately at 
the same level of the body (e.g., Jurgensen, 1910; Orr 
& Fritzsche, 1993; Orr et al., 2002). The interpretation 
of the polarity of this character is rather problematic 
because there is no evidence of the spinous dorsal and 
pelvic fins in syngnathids (as well as in many other 
syngnathiform families) and the condition within the 
highly specialized syngnathiforms is in many ways 
ambiguous. The insertion of the first dorsal fin is located 
well behind that of the pelvic fin in the shrimpfishes 
(Centriscidae), snipefishes (Macrorhamphosidae) and 

the Cretaceous Gasterorhamphosus (e.g., Sorbini, 1981; 
Bannikov & Carnevale, 2012), whereas it is located in 
front of that of the pelvic fin or approximately at the same 
level of the body in the trumpetfishes (Aulostomidae) 
and in the Eocene Aulorhamphidae (e.g., Jurgensen, 
1910; Tyler, 2004). Considering the instability of the 
current understanding of syngnathiform evolution 
primarily due to the lack of a comprehensive phylogenetic 
analysis comprising both fossil and extant taxa and the 
variety of interpretations resulting from morphological 
and molecular studies (see Wilson & Orr, 2011), it is 
not possible to resolve conclusively the evolutionary 
significance of the mutual position of dorsal- and 
pelvic-fin insertions. For this reason, we tentatively 
interpret the condition shared by †Calamostoma and 
†Solenorhynchus as a feature supporting their sister-group 
relationship, thereby representing a synapomorphy of the 
†Solenorhynchinae (Fig. 8). 

The monophyletic status of the subfamily 
†Solenorhynchinae hypothesized herein necessarily 
implies that the clade formed by the two Eocene stem-
Solenostomidae †Calamostoma and †Solenorhynchus 
represents the sister group to the genus Solenostomus. 
Therefore, the Eocene occurrence of solenorhynchines 
implies that the Solenostomus lineage was already in 
existence at that time, thereby suggesting that ghost 
pipefishes experimented a considerable morphological 
disparity during the first part of the Paleogene. Such a 
hypothesis appears to be consistent with the very high 
values of morphological disparity exhibited by Eocene 
syngnathiforms, as revealed by a recent analysis of the 

Fig. 8 - Cladogram showing hypothetical relationships of †Calamostoma and †Solenorhynchus within the Solenostomidae. Characters are: 1) 
branchiostegals one or two; 2) three epibranchials; 3) fourth pharyngobranchial toothplate absent; 4) laterosensory canals absent; 5) prootics 
widely separated over the parasphenoid; 6) parental brooding reproductive mode; 7) presence of pseudospines in the dorsal and pelvic fins; 8) 
pelvic fins with a single pseudospine plus six soft rays; 9) body covered with large stellate plates; 10) postcleithrum absent; 11) brood pouch 
formed by the pelvic fins; 12) pelvic-fin insertion located well anterior to the spinous dorsal-fin origin. Characters 1-6 from Orr (1995), 7 
from Johnson & Patterson (1993), 9-11 from Pietsch (1978), Orr & Fritzsche (1993), and Orr (1995).
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general patterns of morphospace occupation and evolution 
of body shape variation of teleost fishes from the Eocene 
to the present (Marramà et al., 2016).

ACKNOWLEDGEMENTS

We are particularly obliged to Roberto Zorzin and Anna 
Vaccari (MCSNV), Gäel Clemént, Alan Pradel and Monette 
Véran (MNHN), Ursula Göhlich (NHMW) and Emma Bernard 
(NHMUK) for access to fossil material in their care and logistic 
support. We also thank Bruna Burato (MCSNV) for her valuable 
aid with the older literature on Monte Bolca fishes. We are grateful 
to Francesco Sorbini (Verona), Leonardo Latella (MCSNV), 
Alice Schumacher (NHMW), and Philippe Loubry (MNHN) for 
the excellent photographs. We are much grateful to Dr. Giuseppe 
Minciotti, Director of the Museo Civico di Storia Naturale, Verona, 
for providing funding for the travel of AFB in 2016 to Verona to 
engage this and other studies. For reviewing the manuscript and 
providing many constructive suggestions for its improvement, we 
are particularly grateful to Tomáš Příkryl (Institute of Geology, 
Czech Academy of Sciences, Prague), James C. Tyler (National 
Museum of Natural History, Smithsonian Institution, Washington), 
and the editor Johannes Pignatti (Dipartimento di Scienze della 
Terra, Università degli Studi di Roma “La Sapienza”, Roma). The 
research of AFB was supported by a PalSIRP Sepkoski grant. The 
research of GC was supported by grants (ex-60% 2016 and 2017) 
from the Università degli Studi di Torino.

REFERENCES

Agassiz L. (1833-1844). Recherches sur les Poissons Fossiles. Tome 
IV. 296 pp. Petitpierre, Neuchâtel.

Agassiz L. (1835). Kritische Revision der in der Ittiolitologia 
Veronese abgebildeten fossilen Fische. Neues Jahrbuch für 
Mineralogie, Geognosie, Geologie und Petrefakten-Kunde, 
1835: 290-316.

Bannikov A.F. (2014). The systematic composition of the Eocene 
actinopterygian fish fauna from Monte Bolca, northern Italy, 
as known to date. Studi e Ricerche sui Giacimenti Terziari di 
Bolca, 15: 23-33.

Bannikov A.F. & Carnevale G. (2012). A long-bodied centriscoid 
fish from the basal Eocene of Kabardino-Balkaria, northern 
Caucasus, Russia. Naturwissenschaften, 99: 379-389.

Bannikov A.F., Carnevale G. & Popov Y.A. (2017). An extraordinary 
pipefish (Teleostei, Syngnathidae) with fully developed anal 
fin from the Oligocene of the North Caucasus (SW Russia). 
Bollettino della Società Paleontologica Italiana, 56: 79-88.

Berg L.S. (1940). Classification of fishes, both recent and fossils. 
Trudy Zoologicheskogo Instituta Akademii Nauk SSSR, 5: 85-
517. [in Russian]

Blainville H.M. de (1818). Des ichthyolites du Monte Bolca, 
ou Vestena Nuova dans le Veronais. Nouveau Dictionnaire 
d`Histoire Naturelle appliquée aux Arts, à l’Agriculture, à 
l’Economie rurale et domestique, à la Médecine etc., 27: 334-361.

Bleeker P. (1854). Derde bijdrage tot de kennis der ichthyologische 
fauna van de Banda-eilanden. Natuurkundig Tijdschrift voor 
Nederlandsch-Indië, 6: 89-114.

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, 4e 
sèrie, 2, section C, 4: 339-396.

Carnevale G., Bannikov A.F., Marramà G., Tyler J.C. & Zorzin 
R. (2014). 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-Lagerstätten: A window into the Eocene World. 
Rendiconti della Società Paleontologica Italiana, 4: 37-63.

Dawson C.E. (1985). Indo-Pacific Pipefishes (Red Sea to the 
Americas). 230 pp. Allen Press, Lawrence.

Eastman C.R. (1905). Les types de poissons fossiles du Monte-
Bolca au Museum d’Histoire Naturelle de Paris. Mémoires 
de la Société géologique de France, Paléontologie, 34: 3-32.

Frickhinger K.A. (1991). Fossilien Atlas Fische. 1088 pp. Mergus, 
Melle.

Fujita K. (1990). The Caudal Skeleton of Teleostean Fishes. 897 
pp. Tokai University Press, Tokyo.

Heckel J.J. (1854). Bericht über die vom Herrn Cavaliere 
Achille de Zigno hier angelangte Sammlung fossiler Fische. 
Sitzungsberichte der Kaiserlichen Akademie der Wissenschaften, 
Mathematisch-Naturwissenschaftliche Classe, 11: 122-138.

Herald E.S. (1959). From pipefish to seahorse – A study of 
phylogenetic relationships. Proceedings of the California 
Academy of Sciences, 29: 465-473.

Johnson G.D. & Patterson C. (1993). Percomorph phylogeny: a 
survey of acanthomorphs and a new proposal. Bulletin of Marine 
Science, 52: 554-626.

Jurgersen H.F.E. (1910). Ichthyotomical contributions. II. 
The structure of the Aulostomidae, Syngnathidae and 
Solenostomidae. Kongelige Danske Videnskabernes Selskabs 
Naturvidenskabelige og Mathematiske Afhandliger Biologiske 
Skrifter, Series 7, 8: 269-363.

Kawahara R., Miya M., Mabuchi K., Lavoué S., Inoue J.G., Satoh 
T.P., Kawaguchi A. & Nishida M. (2008). Interrelationships of 
the 11 gasterosteiform families (sticklebacks, pipefishes, and 
their relatives): a new perspective based on whole mitogenome 
sequences from 75 higher teleosts. Molecular Phylogenetics 
and Evolution, 46: 224-236.

Keivany Y. & Nelson J.S. (2006). Interrelationships of 
Gasterosteiformes (Actinopterygii, Percomorpha). Journal of 
Ichthyology, 46: S84-S96.

Kner R. & Steindachner F. (1863). Neue Beiträge zur Kenntniss 
der fossilen Fische Österreichs. Denkschriften der 
Kaiserlichen Akademie der Wissenschaften, Mathematisch-
Naturwissenschaftliche Classe, 21: 17-36.

Lacepède B.G.E. (1803). Histoire naturelle des poissons. Vol. 5. 
803 pp. Plassan, Paris.

Linnaeus C. (1758). Systema naturae per regna tria naturae, 
secundum classes, ordines, genera, species, cum characteribus, 
differentiis, synonymis, locis. Tomus I. Editio decima, 
reformata. 824 pp. Holmiae.

Marramà G., Garbelli C. & Carnevale G. (2016). A clade-level 
morphospace for the Eocene fishes of Bolca: Patterns and 
relationships with modern tropical shallow marine assemblages. 
Bollettino della Società Paleontologica Italiana, 55: 139-156.

Nelson J.S., Grande T.C. & Wilson M.H.V. (2016). Fishes of the 
World. 5th ed. 707 pp. Wiley, Hoboken. 

Orr J.W. (1995). Phylogenetic Relationships of Gasterosteiform 
Families (Teleostei: Acanthomorpha). 811 pp. Ph.D Thesis, 
University of Washington, Seattle.

Orr J.W. & Fritzsche R.A. (1993). Revision of the ghost pipefishes, 
family Solenostomidae (Teleostei: Syngnathoidei). Copeia, 
1993: 168-182.

Orr J.W., Fritzsche R.A. & Randall J.E. (2002). Solenostomus 
halimeda, a new species of ghost pipefish (Teleostei: 
Gasterosteiformes) from the Indo-Pacific, with a revised key 
to the known species of the family Solenostomidae. Aqua. 
International Journal of Ichthyology, 5: 99-108.

Pallas P.S. (1770). Spicilegia Zoologica quibus novae imprimir set 
obscurae animalium species iconibus, descriptionibus atque 
commentariis illustrantur. 56 pp. Berolini, Berlin.

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-Lagerstätten: 
A window into the Eocene World. Rendiconti della Società 
Paleontologica Italiana, 4: 29-36.



331A.F. Bannikov & G. Carnevale - Eocene ghost pipefishes from Monte Bolca

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.

Pietsch T.W. (1978). Evolutionary relationships of the sea moths 
(Teleostei: Pegasidae) with a classification of gasterosteiform 
families. Copeia, 1978: 517-529.

Playfair R.L. & Günther A. (1866). The fishes of Zanzibar, with a 
list of the fishes of the whole east coast of Africa. 153 pp. John 
van Voorst, London.

Song H.Y., Mabuchi K., Satoh T.P., Moore J.A., Yamanoue Y., 
Miya M. & Nishida M. (2014). Mitogenomic circumscription 
of a novel percomorph fish clade mainly comprising 
“Syngnathoidei” (Teleostei). Gene, 542: 146-155.

Sorbini L. (1981). The Cretaceous fishes of Nardò I. Order 
Gasterosteiformes (Pisces). Bollettino del Museo Civico di 
Storia Naturale di Verona, 8: 1-27.

Tyler J.C. (2004). Review of the species of the Eocene of Monte 
Bolca, Italy, fish family Aulorhamphidae, new, related to 
Gasterosteiformes. Studi e Ricerche sui Giacimenti Terziari di 
Bolca, 10: 37-54. 

Volta G.S. (1796). Ittiolitologia Veronese del Museo Bozziano ora 
annesso a quello del Conte Giovambattista Gazola e di altri 
gabinetti di fossili veronesi. 323 pp. Stamperia Giuliari, Verona.

Wilson A.B., Ahnesjö I., Vincent A.C.J. & Meyer A. (2003). The 
dynamics of male brooding, mating patterns, and sex roles in 
pipefishes and seahorses (family Syngnathidae). Evolution, 
57: 1374-1386.

Wilson A.B. & Orr J.W. (2011). The evolutionary origins of 
Syngnathidae: pipefishes and seahorses. Journal of Fish 
Biology, 78: 1603-1623.

Wilson N.G. & Rouse G.W. (2010). Convergent camouflage and 
the non-monophyly of ‘seadragons’ (Syngnathidae: Teleostei): 
suggestions for a precise taxonomy of syngnathids. Zoologica 
Scripta, 39: 551-558.

Woodward A. S. (1901). Catalogue of the fossil fishes in the British 
Museum (Natural History). Vol. IV. 638 pp. British Museum 
(Natural History), London.

Zigno A. de (1874a). Annotazioni paleontologiche. Pesci fossili 
nuovi del calcare eoceno dei Monti Bolca e Postale. Memorie 
del Reale Istituto Veneto di Scienze, Lettere ed Arti, 18: 287-301.

Zigno A. de (1874b). Catalogo ragionato dei pesci fossili del calcare 
eoceno di M. Bolca e M. Postale. Atti del Reale Istituto Veneto 
di Scienze, Lettere ed Arti, ser. IV, 3: 1-215.

Manuscript received 26 May 2017
Revised manuscript accepted 24 August 2017
Published online 31 October 2017
Editor Johannes Pignatti


