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Abstract
The lack of fossil tetrapod bearing deposits in the earliest Carboniferous (‘Romer’s Gap’)

has provoked some recent discussions regarding the proximal cause, with three explana-

tions being offered: environmental, taphonomic, and collection failure. One of the few, and

earliest, windows into this time is the locality of Blue Beach exposed in the Tournaisian de-

posits at Horton Bluff lying along the Avon River near Hantsport, Nova Scotia, Canada. This

locality has long been known but, because the fossils were deposited in high energy set-

tings they are almost always disarticulated, so the fauna has not been described in detail.

Recent intensive collection has revealed a diverse assemblage of material, including for the

first time associated elements, which permits an evaluation of the faunal constituents at the

locality. Although not diagnosable to a fine taxonomic level, sufficient apomorphies are

present to identify representatives from numerous clades known from more complete speci-

mens elsewhere. The evidence suggests a diverse fauna was present, including whatch-

eeriids and embolomeres. A single humerus previously had been attributed to a colosteid,

but there is some uncertainty with this identification. Additional elements suggest the pres-

ence of taxa otherwise only known from the late Devonian. Depositional biases at the locali-

ty favor tetrapod fossils from larger individuals, but indirect evidence from trackways and

tantalizing isolated bones evidences the presence of small taxa that remain to be discov-

ered. The fossils from Blue Beach demonstrate that when windows into the fauna of

‘Romer’s Gap’ are found a rich diversity of tetrapods will be shown to be present, contra ar-

guments that suggested this hiatus in the fossil record was due to extrinsic factors such as

atmospheric oxygen levels. They also show that the early tetrapod fauna is not easily divisi-

ble into Devonian and Carboniferous faunas, suggesting that some tetrapods passed

through the end Devonian extinction event unaffected.

Introduction
The fin-to-limb transition has been receiving a great deal of study in recent years, driven by a
number of important fossil discoveries. The detailed descriptions of the Upper Devonian taxa
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Acanthostega and Ichthyostega [1–10] have demonstrated that the earliest tetrapods possessed
numerous surprising features, such as polydactylous zeugopods and indirect evidence for the
retention of internal gills. The latter, the postbranchial lamina of the cleithrum, suggests that
limbs evolved before the eventual transition to land [8, 10]. On the fish side of the transition
the discovery of the elpistostegid Tiktaalik [11–13] and new detailed study of Panderichthys
[14–17] demonstrate the mosaic nature of the acquisition of tetrapod characters such as a neck
(fish plesiomorphically retain a direct osseous connection between the pectoral girdle and rear
of the skull), pelvis, and synovial joints in the bones that may have evolved into the
metapodials.

These fossils, in turn, have inspired intensive exploration into the nature of the transition
using the tools of developmental biology and genetics [18–20]. Work has focused on the mor-
phological diversity of the tetrapod fossils from a functional perspective, revealing a diversity
of locomotive strategies [3, 21]. These transitional stages in land locomotion, in turn, are being
examined biomechanically and biochemically using various extant models such as the early di-
verging actinopterygian Polypterus [22–26], the mudskipper Periopthalmus [27, 28], and vari-
ous species of salamander [3, 27, 29].

Confounding our appreciation for these important questions in the evolution of tetrapods is
a hiatus in the fossil record. This gap spans from the classic Upper Devonian archaic fossils to
the Mississippian faunas found at Greer and East Kirkton, and it is presumably within this gap,
termed ‘Romer’s Gap’ for A. S. Romer who first commented upon it [30, 31], that the fossil evi-
dence to answer these large questions is to be found. Over the years the length of the gap has
been reduced so that we now know more about the late Viséan [32–37]; nevertheless, this gap
has persisted, especially in the Tournaisian and early Viséan.

Recently it was suggested that ‘Romer’s Gap’ is a real biologic phenomenon [38]. This hy-
pothesis states that, because inferred global oxygen levels for this time, shortly after a major
mass extinction [39, 40], the atmosphere was unfavorable for air-breathing, terrestrial animals,
and was thus a constraint preventing the tetrapod emergence onto land. As further support for
the low oxygen hypothesis, the authors observed the global paucity of terrestrial arthropod fos-
sils, which they suggested were similarly constrained by the low atmospheric oxygen levels. Fol-
lowing their model, terrestrialization was achieved in two phases, before and after ‘Romer’s
Gap’.

This hypothesis has been criticized in a number of ways. First, more recent study demon-
strated that, although oxygen levels were slightly lower than present, they had been on a global
increase since the low in the Frasnian [40–42]. Another criticism, by Clack [43], observed that
oceanic oxygen is a function of atmospheric oxygen. Were the atmospheric oxygen to drop,
aquatic levels would drop even further, and instead of creating a constraint on terrestriality
might have served as the impetus for the emergence onto land because of the relatively richer
levels to be found in the air. Furthermore, were all the early Carboniferous tetrapods restricted
to an aquatic environment there should be a greater likelihood of their fossils being preserved
[44].

A second line of criticism derives from the fossil record itself. Since the low oxygen hypothe-
sis was proposed, field work in the Scottish border region of the United Kingdom has revealed
several rich new sources of fossils from early within ‘Romer’s Gap’ [44, 45]. These fossils in-
clude both tetrapods and arthropods, and bespeak a reasonably diverse assemblage. In other
words, ‘Romer’s Gap’ appears to be an artifact of an incomplete fossil record or uneven sam-
pling rather than reflective of an actual biological and physical phenomenon.

These new fossil localities fill in a great deal of ‘Romer’s Gap’ at a particular point in space
and time. Here we report on tetrapod elements from the older Tournaisian vertebrate locality
Blue Beach (also known as Horton Bluff), found along the shores of the Avon River at its
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confluence with the Bay of Fundy between Hantsport and Avonport, Nova Scotia, Canada
(Fig 1). This locality has been known for a very long time [46], but for several reasons the tetra-
pod fossils from it have not been formally described. Fossils at Blue Beach are usually found as
isolated elements, and it has taken the discovery of more complete specimens found elsewhere
to place them into taxonomic context (since individual bones are diagnostic only to higher tax-
onomic levels). Second, the locality is difficult to work for researchers not from the area; be-
cause of the world record high tides of the Bay of Fundy the fossil bearing deposits are only
accessible for a few hours twice a day. Given the cost of supporting a multiweek field trip and
the isolated fragments of bone consequently produced, researchers would return to the locality
infrequently. The most consistent of field parties until recently have been from the Redpath
Museum (RM), building on earlier work by Don Baird [47].

However, with the regular collecting of fossil material that began in the late 1990s, which in
turn led to the establishment of the Blue Beach Fossil Museum (BBFM), this greatest hurdle of
prospecting for new fossils has been overcome. The BBFM is now located adjacent to the

Fig 1. Location of Blue Beach. A, map of the shore line cliff along the Avon River Estuary where Horton Bluff Formation strata are exposed (continuing into
the intertidal zone); B, Oldest beds (Hurd Creek Member) at the base of the section showing the road termination on the beach; C, the cliff and intertidal zone
at Lighthouse Point (Blue Beach Member), where the majority of tetrapod specimens were recovered.

doi:10.1371/journal.pone.0125446.g001
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collecting site enabling the beach to be walked regularly, and the fossils revealed by each tide
cycle collected and catalogued before being destroyed by the sea. This has resulted in a rapidly
expanding collection of important, identifiable, fossils. Additionally, the BBFM has served as a
magnet for local collectors to donate their own finds to be kept for posterity. Some highlights
of the Baird, RM and BBFM collections (officially accessioned into the collections of the Nova
Scotia Museum in Halifax) have been discussed in preliminary or informal reports [46–51],
but none of it has been formally described in detail. We correct this longstanding deficiency
here, and reveal additional specimens not previously known, in order to document the tetrapod
diversity that existed in the early Tournaisian of Nova Scotia.

Materials and Methods
Fossils from Blue Beach (Table 1) have been collected by several field parties and are housed in
a number of museums in North America. The majority of the fossils discussed in the present
work include those from collections in the Redpath Museum, McGill University, Montreal
(RM), and the Blue Beach Fossil Museum, Hantsport, Nova Scotia (BBFM), which are acces-
sioned into the collection of the Nova Scotia Museum in Halifax, Nova Scotia (NSM). The late
Donald Baird first visited Nova Scotia in 1956 [52]. Over the next 30 years or so he made nu-
merous collecting trips to fossil sites across the Province, including Blue Beach. None of this
Blue Beach material was described in his life time. It is now housed in the Yale Peabody Muse-
um (YPM PU), and select specimens are included in the present descriptive work. All necessary
permits were obtained for the described study, which complied with all relevant regulations.
This includes Province of Nova Scotia Heritage Research Permits P2002NS06 and P2004NS03
for field work conducted by JSA in 2002 and 2004, among many other collecting trips con-
ducted over the years.

All photographs and interpretive drawings have been prepared specifically for this study.
The fossils will be described as groups of morphotypes, focusing on the most diagnostic ele-
ments. Comparisons will be made in the Results section, and taxonomic conclusions drawn
subsequent to the Discussion section. This sequencing is somewhat at odds with standard pale-
ontological practice but is necessitated given the disarticulated and difficult to identify nature
of the specimens.

Fossils from the collections of the Redpath and Blue Beach Fossil Museums were prepared
mechanically using a Chicago Pneumatics or Paleotools Microjack #4 air scribe, in many cases
completely three dimensionally. Note that all material recently collected including that from
the BBFM is accessioned in the collections of the Nova Scotia Museum, Halifax.

Geologic Context
All fossils were found along the western shore of the Avon River north of the town of Hant-
sport, Nova Scotia. The geological context was recently reviewed in detail [46], so only high-
lights will be presented here.

The beds of the Blue Beach Member of the Horton Bluff Formation are alternating thin to
moderately bedded grey silty sandstones interbedded with shales, representing transgressive
and regressive cycles of near shore to intertidal facies with some occasional marine incursions.
Trackways, tree stumps, and mudcracks can be found in various beds attesting to the aerial ex-
posure of the deposits at times. The vertebrate community is dominated by fish, including
basal actinopterygians, rhizodontids, acanthodids, and chondrichthyans. Gyracanths are also
present but uncommon and, surprisingly given the fauna, lungfish material is rare. The fossils
were initially found primarily within the sandstone units, often within lag deposits between rip-
ples, and the overall high energy of the depositional environment has led to the disarticulation
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of skeletons and a bias towards larger tetrapod fossils. More recent collection has revealed the
fauna to be present also in green mudstones and black shales. Because the fish are so much
more common some body fossils have been found, but most are disarticulated. Many of the tet-
rapod fossils were collected around Lighthouse Point, the hinge of a syncline (Figs 1C and 2).
Here the youngest rocks of the sequence are present, dated to early Tn3 palynomorph stage,
and beds become progressively older to both the north and south, the latter with the oldest
rocks in the sequence, dated to the late Tn2 stage [53]. Correlation suggests that the PC palyno-
zone to which the Horton Bluff Formation is dated is lower than the CM zone in which most
of the Scottish material has been found. However, this may have to be revised following

Table 1. List of Blue Beach specimens examined in the present study.

Specimen # Morphology Taxonomic referral

NSM003GF008.047 Cranial element indet. Indet. tetrapod

NSM003GF008.054 Tibia or Fibula indet. Indet. tetrapod

NSM003GF008.056-B toothed element; possibly coronoid Indet. tetrapod

NSM003GF008.053 Skull table element indet. Indet. tetrapod

NSM005.GF045.001 Pelvis Type 1 Whatcheeriid

NSM005GF045.005 Scapulocoracoid Type 1 Embolomere

NSM005GF045.006 Scapulocoracoid Type 1 Embolomere

NSM005GF045.007 Scapulocoracoid indet. Indet. tetrapod

NSM005GF045.009 Scapulocoracoid indet. Indet. Tetrapod (thick)

NSM005GF045.025 ?coronoid Indet. tetrapod

NSM005GF045.034 Associated humerus Type 1, femur, distal elements Embolomere

NSM005GF045.035A-C Associated L. and R. Femur Type 2 and Tibia type 1 Embolomere

NSM005GF045.037 Humerus Type 1 Whatcheeriid

NSM005GF045.044 Femur indet. Indet tetrapod

NSM005GF045.047 Femur indet. Indet tetrapod

NSM005GF045.048A Femur Type 4 Acanthostegid

NSM005GF045.318 Ischium?

NSM005GF045.319 Femur indet. “type C tetrapod”

NSM005GF045.500 Cranial elements Indet. tetrapod

NSM005GF045.551 Dentigerous element Indet. tetrapod

NSM005GF045.607 Vertebral centrum Indet. tetrapod

NSM005GF045.634 Humerus Type 1 Whatcheeriid

NSM007GF004.629 Femur Type 3 Indet. tetrapod

NSM014GF036.001 Pelvis Type 2 embolomere/Eoherpetontid

NSM014GF036.005 Interclavicle Whatcheeriid

NSM014GF036.003 Tibia Type 2 Whatcheeriid

NSM014GF036.004 Tibia Type 2 Whatcheeriid

RM 20.6703 Interclavicle Indet. tetrapod

RM 20.6705 Jugal Embolomere?

RM 20.6706 Scapcoracoid Type 2 Ichthyostegid

RM 20.6707 Humerus Type 2 Embolomere

RM 20.6711 Femur indet. Indet tetrapod

RM 20.6770 Humerus Type 3 Colosteid? Rhizodont metacarpal?

YPM PU 20103 Femur Type 1 Tulerpetontid

YPM PU 20754 Humerus Type 2 Embolomere

YPM PU 23545 Humerus Type 1 Whatcheeriid

YPM PU 23550 Femur Type 1 Tulerpetontid

doi:10.1371/journal.pone.0125446.t001
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palynological studies being carried out as part of a wider project examining the Tournaisian se-
quences in Britain. Several kilometers northwest of Blue Beach the Horton Bluff Formation
continues down into the Upper Devonian [53] but no vertebrate macrofossils have been recov-
ered from this area to date.

Fossils are found mainly within the intertidal river bed debris so reconstructing the specific
context is difficult, but some have been located ‘in situ’; especially productive are two horizons
near the lighthouse informally dubbed the ‘Theta Layer’ and ‘Lighthouse Sandstone’ (Fig 2).
Because of the large amount of energy involved with the twice daily 15+ meter tides the beach
changes appearance rapidly, and previously located fossils can disappear forever unless har-
vested immediately. This makes it extremely valuable that local collectors are able to prospect
the beach frequently: many of these reported finds would never have come to light without this
effort. As a result, we are reporting for the first time partially associated specimens; with time
hopefully more completely articulated specimens will be located.

Results

Humerus Type 1
This is a relatively recently recognized form of humerus from Blue Beach; although a specimen was
collected by Don Baird in 1980 (YPM PU 23545; Fig 3A–3F) it remained unrecognized until a sec-
ond was found by the BBFM, a photo of which appeared in Carroll [49] (NSM005GF045.037; Fig
4). This distinctive morphotype of humerus from Blue Beach is represented by three specimens,

Fig 2. Syncline at Lighthouse Point. The resistant beds here include especially productive sandstones
known informally as the ‘Theta Layer’ (Theta) and ‘Lighthouse Sandstone’ (LHSS).

doi:10.1371/journal.pone.0125446.g002
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two right elements (one, YPM PU 23545, is 10% smaller than NSM005GF045.037) and a left that
is one third the size of the others (Fig 3G), comprising a partial ontogenetic series.
NSM005GF045.037 is a relatively complete specimen, but YPM PU 23545 appears to have been
water worn and rolled before deposition. This is particularly evident along the anterior edge of the
bone where the entire surface is unfinished and the proximal head, deltopectoral crest and distal
condyles are not separated by areas of periosteal bone. The posterior edge of the entepicondyle is
also worn and reduced in extent, adding to the compact appearance of the bone.

NSM005GF045.037 is a relatively massive, typically L-shaped bone, with the proximal and
distal articulations offset from one another by approximately 70° (Fig 4). The proximal articu-
lation is elongate and slightly concave posteriorly; in no specimen are the distal articular sur-
faces well preserved, except for a depression that presumably reflects incomplete bone
ossification at the radial articulation on NSM005GF045.037, where it is visible distally on the
flexor, but not extensor, surface. In flexor view, the main shaft is dominated by a large, triangu-
lar, raised scar for the insertion of the deltopectoral musculature. Distal to this the anterior
edge is concave dorsally.

The entepicondyle is a broad blade that comes off the main shaft at an angle of 130°, and the
proximal, thickened edge of the entepicondyle has a slight posteroproximal angulation to it.
The flexor surface (Fig 4C) distal to the deltopectoral crest, including the entepicondyle, is
smooth. The entepicondylar foramen is located just distal to the thickened proximal margin,
just posterior of the main shaft and ectepicondyle, similar to that described in Ossinodus [54]
and Pederpes [55]. On the extensor surface (Fig 4E) the foramen appears to be bifucated, with

Fig 3. Humerus Type 1. A-F, YPM PU 23545, right humerus in A, oblique posterior, B, dorsal, C, ventral, D, oblique ventral, E, proximal, and F, distal views.
G, NSM007GF004.634, small left humerus in ventral view.Abbreviations: dp, deltopectoral crest; ecc, ectepicondyle; ef, entepicondylar foramen; lr,
longitudinal ridge.

doi:10.1371/journal.pone.0125446.g003
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an anterior and posterior opening separated by a ridge, and on the flexor surface it exits onto a
distally directed groove. This is opposite to the condition for Ossinodus where the foramen is
bifurcated on the flexor surface, but the extensor extent of the foramen is consistent if the ridge
for the Blue Beach specimen is disregarded [54]. The ectepicondyle rises dorsally from the
proximal portion of the main shaft posterodistal to the latissimus dorsi spike and forms a
slightly curved buttress (Fig 4E). The distal end is not completely preserved but appears to be
somewhat swollen in comparison with the main shaft.

The extensor surface is, in detail, identical to that described for Pederpes [55] (Fig 4E). On
NSM005GF045.037 a prominent, proximally-directed ‘spike’ for the insertion of the latissimus
dorsi is present on the main shaft, anteriorly offset from the ectepicondylar ridge. This spike is
missing from the more heavily worn YPM PM 23545. Extending anterodistally from this spike
is a ridge that forms the distal margin for a concave area for the insertion of the scapulohumer-
alis muscle. There are two shallow depressions distal to this first ridge, defined by another ridge
running from the anterior margin of the bone towards the ectepicondyle and a third running
between the two anteroposteriorly directed ridges. The surface texture in this area is somewhat
striated and pitted, whereas the extensor surface of the entepicondyle is smooth. Bishop [54]
described this surface ornamentation as related to the insertion points for intrinsic musculature
fascicles; following this author and given the location these would be related to the insertion of
the deltoideus at two differentiated heads. A depression distal to the last longitudinal ridge
might be associated with the insertion of the supinator longus. No supinator process is present.

Fig 4. Humerus Type 1. NSM005GF045.037, right humerus in A, proximal, B, anterior, C, ventral, D, anterior, and E, dorsal views. Abbreviations: dp,
deltopectoral crest; ef, entepicondylar foramen; lds, latissimus dorsi spike;md, m. deltoideus scar;mfu, m. flexor ulnaris scar;mer, m. extensor radialis scar;
meu, m. extensor ulnaris scar;msl, m. supinator longus scar; rf, radial facet; sd, scapulhumeral depression; uf, ulnar facet.

doi:10.1371/journal.pone.0125446.g004
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Humerus Type 2
This morphotype has been known from Blue Beach for some time, and several specimens have
been found to date (Fig 5). One specimen in the collection of the Redpath Museum (RM
20.6707) was illustrated in dorsal view plane of entepicondyle and has appeared in many publi-
cations [48, 49, 51]. Compared with Humerus Type 1, Type 2 has a narrower shaft, greatly re-
duced deltopectoral scar, distally expanded entepicondyle, and a process for the latissimus
dorsi in line with the ectepicondyle. The proximal and distal articular surfaces are offset from
one another by approximately 30°. An entepicondylar foramen is located near the proximal
junction between the ent- and ectepicondyles and is bounded ventrally by a fine ridge running
posteriorly from the ectepicondyle on the extensor surface (Fig 5B).

On the flexor surface (Fig 5C) two sulci can be seen running from the foramen. One is a
short, shallow sulcus that extends distally from the entepicondylar foramen. The second is lon-
ger, extending much of the remaining distal length, but is directed slightly medially to run along
the axis of the main humeral shaft. Both flexor and extensor surfaces are textured with a series of
striations and fine pits. The proximal edge of the entepicondyle extends from the main shaft at
nearly 90°. In YPM PU 20754 the ectepicondyle is a broad, rounded ridge that extends slightly
anterodistally to the distal edge of the humerus (Fig 6A). It is slightly pinched-in beyond the
level of the entepicondylar foramen, but for most of its length is parallel-sided. Where the poste-
rior edge of the ectepicondyle meets the body of the entepicondyle, the surface of the bone is

Fig 5. Humerus Type 2. RM 20.6707, right humerus in A, oblique posterior, B, dorsal, C, ventral, and D, oblique posterior views. Abbreviations: dp,
deltopectoral crest; ec, ectepicondyle; ef, entepicondylar foramen; ld, latissimus dorsi scar; rf, radial facet; sul, distal sulcus; uf, ulnar facet.

doi:10.1371/journal.pone.0125446.g005
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excavated into a number of crescentic sulci. Similar scarring is also present on the ventral surface
of the entepicondyle. This has not been seen on the humeri of other taxa with a similar morphol-
ogy, like the embolomeres. A supinator process is not present on any specimen.

Humerus Type 3
The third humeral type, of which there is only a single example, is small, relatively featureless
in its simple construction, compounded by weathering (Fig 6C and 6D). There is no prominent
ectepicondyle, instead it appears as a swelling on the main shaft of the bone (Fig 6C). The short

Fig 6. Humerus Types 2 and 3. YPM PU 20754, left humerus in A, dorsal; and B, ventral views, less areas still obscured by matrix. RM 20.6770 left?
humerus in C, dorsal, and D, ventral, views.Abbreviations: dp, deltopectoral crest; ect, ectepicondyle; ef, entepicondylar foramen.

doi:10.1371/journal.pone.0125446.g006
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entepicondyle, which extends from the main shaft at a slightly oblique angle, bears its foramen
in a more distal location than typical. It has a relatively prominent anterior flange that has a
slightly scalloped texture at its margin. There is no torsional offset between the proximal and
distal surfaces. A possible faint deltopectoral crest is present (Fig 6D), but no insertion scar for
the latissimus dorsi is evident. Clack and Carroll [48] compared this type to colosteids such as
Greererpeton, and whereas the simple construction and lack of humeral torsion is consistent, in
Greererpeton there are multiple entepicondylar foramina located closer to the main humeral
shaft, and a more distinctive ectepicondyle, so this comparison is not ideal (see Discussion)
and this identification remains tentative.

Scapulocoracoid Type 1
The most common scapulocoracoid type found is rarely found complete (Fig 7);
NSM005GF045.005 is the most complete specimen in the collection. It is a roughly comma-
shaped single ossification, with a massive coracoid region and a robust scapular region. The lat-
eral surface is smooth except for the anterior margin which has some short striations. There is
a broad, anterior surface that is confluent with the similarly broad coracoid. The glenoid is a
horizontal, anteroposteriorly elongate, and concave articulation facet, as is typical for early tet-
rapods, and is oriented posterolaterally. The posterior edge of the scapular region dorsal to the
glenoid is thickened, contributing to the supraglenoid buttress seen on the medial surface.
There is a small supraglenoid foramen, located anterodorsal to the glenoid, which appears to
pierce the bone where the scapular blade is thinnest. Towards the anterior margin of the scapu-
locoracoid two additional, smaller, foramina can be found in positions roughly approximating
foramina of Acanthostega identified as ‘B’ and ‘C’ by Coates [2]. Two foramina, one smaller
one slightly dorsoposterior to a relatively large one, pierce the convex coracoid plate at the
anteroventral margin of the glenoid, as is common for early tetrapods. A third, large, coracoid
foramen is located ventral to the mid-point of the glenoid, which is constricted at this point,
and at least the two larger foramina pass through the entire thickness of the scapulocoracoid.

In medial view (Fig 7B) there is a deep subscapular fossa bordered dorsally by the supragle-
noid buttress and posteriorly by the thickened coracoid plate, closely similar to that described
by Lebedev and Coates [56] for Tulerpeton. The dorsalmost part of the buttress flares antero-
posteriorly and in the most complete specimen appears to form a facet for the articulation
with, presumably, the cleithrum.

Scapulocoracoid Type 2
The second type is known from a single specimen, RM 20.6706, first published by Clack and
Carroll (their Fig 3B and 3D) [48]. It is an incomplete specimen, missing most of the coracoid,
but it differs from Type 1 in a few important aspects. First, the posterior glenoid is continued
dorsally by a thin supraglenoid process. This process was thin when first prepared, and some
matrix was left in place medially to keep it in place but unfortunately, inspection of the speci-
men in the spring of 2013 has shown it has broken off and is now missing (JSA, pers. obs.
2013). A similar supraglenoid process has only been described in the Devonian tetrapod
Ichthyostega [1]. Second, the supraglenoid foramen is located in the supraglenoid buttress dor-
sal to the glenoid towards the point above anterior third of its total length. In other respects,
the specimen compares with the Type 1 scapulocoracoid in the location of foramina and
general form.
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Fig 7. Scapulocoracoid Type 1.NSM005GF045.005, left scapulocoracoid in A, lateral, and B, medial views. Reconstruction of full extent of this morphotype
frommultiple specimens in C, lateral, and D, medial views.Abbreviations: cf, coracoid foramina; gl, glenoid; sgb, supraglenoid buttress; sgf, supraglenoid
foramen.

doi:10.1371/journal.pone.0125446.g007
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Femora
Femora are among the more commonly found tetrapod elements at Blue Beach, but they frus-
tratingly lack diagnostic features. Nevertheless, discrete morphotypes can be identified. All of
the following descriptions rely on the nomenclature of Lebedev and Coates [56] and Coates
[2].

Femur Type 1. The first morphotype is by far the most commonly seen, and several exam-
ples have been illustrated in preliminary or informal reports. Don Baird collected several exam-
ples of this morphotype. The first of these, YPM PU 20103, was collected in 1968. A cast was
made of this specimen, and this was figured but not described by Clack and Carroll (their Fig
5F) [48]. A larger and more complete specimen collected by Baird in 1971, YPM PU 23550
(Fig 8), shows that the cast specimen has been significantly crushed. This has flattened the

Fig 8. Femur Type 1. YPM PU 23550, right femur in A, posterior, B, dorsal, C, anterior, and D, ventral, E, proximal, and F, distal views. Scale bar equals
10 mm. Abbreviations: ab, adductor blade; ac, adductor crest; ff, fibular facet; icf, intercondylar fossa; tf, tibial facet.

doi:10.1371/journal.pone.0125446.g008
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proximal and distal ends, displaced the adductor blade anteriorly and reduced the depth of the
intertrochanteric fossa. As a result the femur appears to be much broader than it would have
been in life. In contrast, YPM PU 23550 is a much more cylindrical bone, with a deep adductor
blade and a pronounced tuberosity on the dorsal surface, and has a number of features that
make it distinct. YPM PU 23550 has a sigmoidal shape to its diaphysis, where the long axis
bows towards the adductor blade, opposite to the bow seen in femur Type 2 (Fig 9), and proxi-
mally there is an inflection to bring the proximal head back in that direction (so convex to con-
cave moving proximally from the midshaft). The shaft is relatively robust, and the adductor
crest passes transversely to approximately the fibular facet, whereupon it passes more distally
longitudinally.

The proximal articulating surface is roughly oval in outline and orientated proximally. Its
unfinished surface is excavated into a deep trough that extends across the end of the bone. In
ventral view the rim of the articulating surface is convex, with the posterior edge more distal
than the anterior. The adductor fossa is relatively small and forms a shallow depression marked
by pits and striations on the proximal ventral surface of the femur. These pits are deepest along
the distal margin of the fossa. The adductor blade forms the anterior wall of the adductor fossa.
The blade is clearly separated from the proximal articulating surface by finished bone. The in-
ternal and fourth trochanters are indistinct but presumably they formed the proximal end of
the adductor blade as in Acanthostega [2] and Tulerpeton [56]. The rectangular blade is a thick-
ened tongue of finished bone that projects ventrally along the long axis of the femur, for about
one third of its length. In anterior view, the blade is angled down slightly so that the distal end
lies below the proximal end. It terminates abruptly with the ventral and distal edges almost at

Fig 9. Femur Type 2 and tibia Type 1.NSM004GF045.034A-C, right and left femora (Type 2) and left tibia (Type 1) found in association. A-D, I, J, left femur
in A, posterior, B, ventral, C, anterior, D, dorsal I, proximal, and J, distal views. E-H right femur in E, dorsal, F, anterior, G, ventral, and H, posterior views. Left
tibia in K, flexor (ventral), and L, extensor (dorsal) views.Abbreviations: ab, adductor blade; ac, adductor crest; cr, thin anterior crest; ff, fibular facet; fo,
fibular fossa; ft, fourth trochanter; icf, intercondylar fossa; it, internal trochanter; itf, intertrochanteric fossa; tf, tibial facet.

doi:10.1371/journal.pone.0125446.g009
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right angles to each other forming a distinct step, rather than taper, between the adductor
blade and the adductor crest. The crest is a sharp low ridge that extends diagonally across the
distal half of the ventral surface of the femur to the edge of the distal articulating surface. Here
it forms the intercondylar ridge between the fibular and tibial condyles.

The distal articulating surface is roughly v-shaped in outline. It is angled proximoventrally
so that much of it is visible in ventral view. The dorsal surface is marked by a deep intercondy-
lar fossa that lies directly above the intercondylar ridge. The ridge and fossa divide the articulat-
ing surface into two unequal halves: the anterior, tibial condyle is approximately twice the size
of the posterior, fibular condyle. The fibular condyle is the more distal of the two and it forms a
distinct extension of the posterodistal end of the femur that is clearly seen in dorsal view. The
fibular fossa is shallow. On the proximal end of the dorsal surface there is a large bulbous swell-
ing behind the proximal articulation and lying above the proximal end of the adductor blade.
A much smaller swelling on the Tulerpeton femur, termed the central prominence [56], is
thought to mark the insertion of the puboischiofemoralis internus muscle.

Femur Type 2. An associated left-right pair with associated tibia (NSM005GF045.035a-c)
found in and prepared out of the same block, presumably belonging to the same individual
(Fig 9), is a very close match with Tulerpeton in a number of aspects. The proximal articulating
surface is anteroposteriorly long and curved around the extensive intertrochanteric fossa. The
internal trochanter is present on the adductor blade as a proximally directed process, with a
distinct rounded notch setting it off from the femoral shaft. The fourth trochanter is located at
the same point on the adductor blade on the flexor surface. The robust, relatively triangular ad-
ductor blade extends approximately one third of the length of the femur, and tapers into a thin
adductor crest for most of the remaining extent of the femur, onto the buttress in the popliteal
area that forms the posterior margin of the tibial facet. Unlike Tulerpeton, the transition be-
tween adductor blade and crest in the Blue Beach specimen is more gradual, lacking the distinct
stepped appearance in Tulerpeton, although this could be due to weathering seen in the Devo-
nian form. NSM005GF045.035 has a relatively gracile shaft, which is convex towards the ad-
ductor blade, making the shaft more bowed than sigmoidal.

Distally the tibial condyle is located slightly more proximally than the fibular condyle. Both
condyles are offset from one another by a deep intercondylar fossa. Both condyles are crescen-
tic in shape, and the tibial is slightly saddle-shaped from its continuation onto the popliteal
buttress. A deep fibular fossa can be found on the flexor surface, and a similar fossa, bounded
medially by the adductor crest, can be found proximal to the tibial condyle.

Femur Type 3. NSM007.GF004.629 is an oddity in the collection (Fig 10), and comes from
the older deposits near the entrance to Blue Beach (Blue Beach Member) approximately 33m up
section Fig 1B), rather than the cove below the lighthouse (Hurd Creek Member; Fig 1A). It
looks squat, but this could be the result of rolling wear. The adductor blade is worn but appears
to occupy most of the length of the bone. The adductor crest passes transversely, even after it
reaches the fibular facet, rather than passing distally at the fibular facet as in the other mor-
photpes. The diaphysis is straight to slightly sigmoidal distally. The intertrochanteric fossa is
relatively shallow.

Femur Type 4. A final femur type, represented by a single specimen
(NSM005GF045.048A; Fig 11), is much smaller than the others (Table 2). The proximal and
distal condyles are somewhat eroded or not fully ossified. It is extremely similar in morphology
to Acanthostega [2]. The relatively enormous adductor blade is more elongate than seen in the
others, spanning nearly half the total length of the element, and passes nearly straight distally
rather than having a transverse component. Distally it ends abruptly, stepping down onto a
lower adductor crest that continues down onto the popliteal buttress. There is a deep popliteal
fossa on the flexor surface, and a prominent intertrochanteric fossa proximally. Proximally on
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the adductor blade is the internal trochanter, creating a slight notch on the proximal margin of
the blade. This femur differs from Acanthostega in the shape of the curve of the adductor blade.
In Acanthostega, the blade curves such that its greatest height away from the femoral shaft is lo-
cated distal to the midpoint of the blade; in NSM005GF045.048A the adductor blade is more
even along is length, descending towards the femoral shaft at either extremity.

Tibia Type 1
A left tibia, found associated with two Type 2 femora (NSM005GF045.035c; Fig 9K and 9L), is
less than half the length of the femur and is somewhat dorsoventrally flattened. This is taken to
be its natural condition considering the undistorted nature of the femur, and lack of obvious
signs of compression on the surface of the bone. The proximal and distal surfaces are expand-
ed, with the proximal the wider. There are two pronounced fossae on the flexor surface defined
by several ridges. A thincrest is present on the anterior surface. The proximal articulating facet
is curved to match the tibial condyle of the femur. The distal facet matches the description for
the tibia of Tulerpeton [56], in being somewhat bent in the shape of an ‘L’ by the confluence of
a buttress with the articulating surface.

Fig 10. Femur Type 3. NSM007GF004.629, left femur (reversed for comparison) in A, posterior, B, dorsal, C, anterior, and D, ventral views.Abbreviations:
ab, adductor blade; ac, adductor crest.

doi:10.1371/journal.pone.0125446.g010
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Tibia Type 2
Two additional tibiae in our study collection (NSM014GF036.003 and NSM014GF036.004) are
consistent with a Pederpes-like whatcheeriid, being very similar in shape and detail to both Ped-
erpes and Ossinodus (Fig 12). These tibiae differ strongly from the one described with femur
Type 2. They are more flattened, and have a deeper notching along the posterior margin,
which rotates the distal condyle into a more proximal location. The anterior margin lacks the
thin crest; instead, each tibia is thickened along this margin, defined in part by a thickened
ridge along the extensor surface, and is concave. Within the concavity can be found a series of
striations and one knob like projection just proximal to the midpoint of the shaft. The extensor
surface is lightly striated in ornament and bears a robust cnemial crest but the flexor surface
has deep ridges running proximodistally, interrupted by a prominent ridge that passes from
proximoposterior to distoanterior along the proximal half of the surface. The two Type 2 tibiae
appear to differ from each other somewhat, but these differences appear to be attributable to
the greater degree of weathering seen in Fig 12A, expressed both in terms of rounding of edges

Fig 11. Femur Type 4. NSM005GF045.048-A, right femur in A, anterior, B, ventral, C, posterior, and D, dorsal views.Abbreviations: ab, adductor blade; ac,
adductor crest; it, internal trochanter; itf, intertrochanteric fossa; popb, popliteal butress.

doi:10.1371/journal.pone.0125446.g011

Table 2. Principle measurements (in mm) of select femora from Blue Beach.

Specimen # Morphology Length Width (proximal) Width (midshaft) Width (distal)

YPM PU 23550 Femur Type 1 76 28 15 32

NSM005GF045.035A Femur Type 2 68 24.4 11.5 30.25

NSM005GF045.035B Femur Type 2 62.45 18.7 12.8 25.9

NSM005GF045.048A Femur Type 4 37.65 12 6 11.35

doi:10.1371/journal.pone.0125446.t002
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and wearing off of the surface ornament details, and allometry. However, future morphometric
study may reveal they differ in degrees of robustness; for now we take a conservative approach
and group them. An associated fibula found with one of these tibiae is similar to that of Ped-
erpes in being equal in length to the tibia.

Pelvis Type 1
The first of two diagnostic pelvic morphotypes is represented by a complete right girdle half
(NSM005GF045.001; Fig 13). The ilium has the double processes common in early tetrapods,
but with a morphology distinctive of whatcheeriids. The dorsal process, for articulation with
the sacral rib, is fan shaped with a narrower neck, as described for Pederpes [55]. The posterior
iliac process is also narrower at its base and broadens distally. Like Pederpes but unlikeWhatch-
eeria [57], these two processes are separated by a notch rather than overlapping. The posterior
process is also somewhat concave medially but this could be due to compression.

The pubis and ischium are both ossified and tightly sutured together, unlike Pederpes which
apparently lacks an ossified pubis. The broadly crescentic ischium has a thickened dorsal mar-
gin, which bears a thin ridge on the medial surface, and it is dorsally curved, whereas in Ped-
erpes this margin is straight. The smaller pubis is roughly rectangular, but all margins are
somewhat worn except for the tight suture with the ischium. The acetabulum is not well pre-
served except on the ventral surface of the ilium, which has a robust dorsal buttress. No obvious
obturator foramen is present. A potential small candidate lies on the pubis along its suture with
the ischium but it does not seem to perforate fully through the bone. The surface of the ilium is
smooth, whereas the ischium and pubis bear light radiating striations.

Pelvis Type 2
The second diagnostic pelvic element is an ilium (NSM014GF036.001) preserved in medial
view found during fieldwork in 2004 (Fig 14). This ilium also bears two processes, one dorsal
towards the sacrum and one posteriorly directed. However, the posterior process is parallel

Fig 12. Tibia Type 2.NSM014GF036.003 (A) and NSM.014.GF.036.004 (B). Right tibiae each in anterior, flexor, posterior, and extensor views.
Abbreviations: ap, anterior process; cc, cnemial crest.

doi:10.1371/journal.pone.0125446.g012
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sided and lacks the distinctive distal flaring seen in the first type. Furthermore, a robust ridge
extends from the posterior acetabular region dorsally, then curves posteriorly to continue
down the length of the posterior process. This is similar to what is seen in Eoherpeton from the
Carboniferous of Scotland [58].

Discussion
Despite the fragmentary nature of the fossils from Blue Beach, sufficient material is present to
make an estimation of taxonomic diversity present at the locality. These elements are currently
diagnostic to relatively high taxonomic levels and because of a paucity of articulated or even as-
sociated material (see below), it cannot be said whether two given elements belong to the same
or different species. We will therefore take the conservative approach and assume all elements

Fig 13. Pelvis Type 1. NSM005GF045.001, right pelvis in A, medial, and B, lateral views.Abbreviations: ap, anterior process; il, ilium; ish, ischium; ob,
obturator foramen; pp, posterior process; pub, pubis; sac, sacral rib facet.

doi:10.1371/journal.pone.0125446.g013

Fig 14. Pelvis Type 2.NSM014GF036.001, left ilium in medial view.Abbreviations: ap, anterior process;
pp, posterior process; rr, robust ridge; sac, sacral rib facet.

doi:10.1371/journal.pone.0125446.g014
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related to the same higher taxon belong to the same species, pending the discovery of addition-
al fossil material.

Whatcheeriid
A whatcheeriid is clearly present in the Horton Bluff Formation fauna. Humerus Type 1 is
nearly identical to that described for Pederpes. It also preserves muscle scars similar to those re-
cently described in Ossinodus [54], but differs from the latter in having an apparent bifurcation
in the insertion of the deltoideus. The overall form of the humerus, in terms of placement of
the entepicondylar foramen, morphology of the deltopectoral crest, and shape of the entepi-
condyle is common among Carboniferous stem tetrapods including Baphetes, Pederpes, and
Crassigyrinus. However, in Baphetes and Crassigyrinus the entepicondyle projects from the
main humeral shaft at an oblique angle (more so in Crassigyrinus than Baphetes). There is also
a spike for the latissimus dorsi in Baphetes but as previously observed [55] it is placed different-
ly in that taxon from that in Pederpes. Type 1 also shares with Crassigyrinus and Pederpes a
unique condition in which the entire anterior edge is unfinished. In the humeri of other taxa,
including Acanthostega [2], the anterior edge is covered with periosteal bone between the prox-
imal articulation and the deltopectoral crest and the deltopectoral crest and the distal articula-
tion for the radius. In Crassigyrinus, Pederpes, and humerus Type 1, this periosteal covering is
absent. This absence is not size related as the very much smaller humeri probably attributable
to Doragnathus [45] have a periosteal covering along most of the anterior edge. It is notable
that the humeri of Pederpes [55] andWhatcheeria [57] are very different from one another, de-
spite the similarities of their skulls and aspects of their postcranial skeletons. The differences
suggest rather different modes of locomotion in the two genera.

Pelvis Type 1 is clearly consistent with a Pederpes-like whatcheeriid.Whatcheeria and Ped-
erpes both possess a posterior process that is waisted proximally and flares distally [55, 57]. In
Ossinodus [59, 60] the waisting is much less apparent, however. UnlikeWhatcheeria, but like
Pederpes, the specimen lacks marginal fimbriation. The Blue Beach whatcheeriid may differ
from Pederpes in retaining an ossified pubis.

Tibia Type 2 is also supportive of the presence of a Pederpes-like whatcheriid. They differ
strongly from tibia Type 1, as outlined above.

Similarly suggestive of a Pederpes-like whatcheeriid but not diagnostic is an interclavicle
found in situ within a resistant sandstone layer (Theta Layer) a few centimeters thick directly
below the lighthouse in 2002 (Fig 15). The dermal ornamentation is indistinguishable from
that of Pederpes, and similar to a recently described interclavicle from Dora [45]. A detailed
consideration of the range of variation of interclavicle morphology present at Blue Beach is the
subject of additional study now underway.

Embolomere/ ‘Reptiliomorph’
Evidence is equally strong for the presence of a second tetrapod in the Blue Beach fauna based
on comparison of the limb bone morphology. Humerus Type 2 has previously been compared
with Tulerpeton and Eoherpeton [48]. Information presented here permits broader compari-
son. Tulerpeton shares the downturned posterodisal margin of the entepicontyle with the Blue
Beach form, as does the later occurring Proterogyrinus [61]. In contrast, the proximal margin
leaves the main shaft at an oblique, rather than a nearly 45°, angle. The entepicondylar foramen
is also placed more laterodistally in Tulerpeton, whereas the foramen is in the same location in
Eoherpeton. As depicted previously Eoherpeton also has an oblique angle between the entepi-
condyle and humeral shaft. This is apparent however, due to the orientation of the element in
the photograph from which the outline drawing was made (Fig 16). Additionally, the humerus
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of Eoherpeton is much larger than any found so far at Blue Beach so, whereas Blue Beach Type
2 appears closely affiliated, it is not the same species.

Femur Type 1 shares with that of Tulerpeton a shallow adductor fossa, a straight adductor
blade orientated along the long axis, a deep intercondylar fossa and, most notably, a ‘central
prominence’ [56] on the dorsal surface immediately behind the proximal condyle. It differs
from the Tulerpeton femur in being more robust, with broader proximal and distal condyles
and a broader shaft.

Femur Type 2 and the tibia Type 1 found associated with the paired right and left examples
of this type (NSM005GF045.035A-C) are also consistent with an animal similar to Tulerpeton
and Eoherpeton. Further support for this identification comes from another of the few speci-
mens from the locality with tetrapod elements in close association, which places a humerus
Type 2 (identified as embolomere above) next to a femur Type 2 (Fig 17; NSM005GF045.034).
Of course, the elements are disarticulated, and the depositional environment fairly high energy

Fig 15. Interclavicle. NSM.014.GF.036.005, undescribed interclavicle found in situ in the Theta Layer
sandstone below the lighthouse in 2002. The morphology is consistent with a whatcheeriid and with similar
elements from Dora, Scotland.

doi:10.1371/journal.pone.0125446.g015

Fig 16. Eoherpeton humerus.New outline drawings of humerus NMS 1993.56.21 (formerly NUZ 78.1.58) in
the plane of the entepicondyle. A, ventral, and B, dorsal views.

doi:10.1371/journal.pone.0125446.g016
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so these associations might be happenstance; however, neither element shows signs of having
been transported far. It is hypothesized here that the elements became disarticulated in place
[46]. The Type 2 femur shares with Tulerpeton a distinct notch between the adductor fossa and
adductor blade. This is most clearly seen in anterior and posterior views. However, it differs
from Tulerpeton in having an obliquely orientated adductor blade and it lacks the ‘central
prominence’.

Scapulocoracoid type 1 is consistent with a tetrapod similar to Tulerpeton and Eoherpeton,
but the closest match is with the later occurring Carboniferous embolomere Proterogyrinus
[61]. This similarity is seen in the overall extent of ossification of the element, the distribution
and number of foramina, and shape of the glenoid. Additionally, the glenoid has the same pos-
terolateral placement, but in Proterogyrinus there appears to be a slight posteroventral orienta-
tion to the long axis of the glenoid, which is more horizontal in the Blue Beach specimen (as far
as can be determined from the incomplete material). In this feature the Blue Beach specimen is
more consistent with Greererpeton; however, Greererpeton lacks the massively ossified coracoid
plate seen in both Proterogyrinus and the Blue Beach morphotype [62]. Along with the details
of humeral morphology the details of the scapulocoracoid may suggest that the Blue Beach
embolomere/‛reptilimorph’ shares closer affinity with the later occurring embolomeres than
more contemporary specimens.

Devonian forms
Tulerpeton is a Devonian tetrapod that retains a polydactylous autopod [56]. Nevertheless, it
shares a number of features consistent with embolomeres that occur later in the Carboniferous.
Evidence is also present at Blue Beach for a form with closer relationship to an Acanthostega-
Ichthyostega-grade tetrapod. Scapulocoracoid Type 2 is most closely matched with Ichthyostega
in possessing the supraglenoid process and with Acanthostega in much of the patterning of the
foramina. Femur Type 4 is an extremely close match with Acanthostega, but does differ in the
curvature of the adductor blade.

Fig 17. Associatedmaterial from Blue Beach.NSM005GF045.034, the ‘Sherm Block’ (for collector ShermanWilliams) of associated front and hind
limb material.

doi:10.1371/journal.pone.0125446.g017
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Colosteid?
Humerus Type 3 was compared with Greererpeton [48], although this identification is not per-
fect, as discussed above. An even closer match for this humerus is with a specimen recently dis-
covered from the Tournaisian-aged deposits in the Scottish borderlands region at a locality
known as ‘Willie’s Hole’ [44] by the late Stan Wood. This as yet undescribed specimen, nick-
named ‘Ribbo,’ in the collection of the National Museum of Scotland in Edinburgh forms part
of a nearly complete, articulated skeleton, which will potentially provide a very accurate taxo-
nomic identification. Unfortunately, it is at present unknown whether it is a colosteid, another
known taxon, or a new taxon.

The humerus pertaining to ‘Ribbo’ still maintains distinctive morphological landmarks
lacking in humerus Type 3, including a humeral ridge, scar for the insertion of the latissimus
dorsi, and a distinct deltopectoral crest (although a rugosity is present in the expected area).
This absence in the Type 3 humerus could be due to the obvious high degree of weathering.
The distal displacement of the relatively small ‘entepicondylar foramen’ is particularly concern-
ing. An alternative identification for this element may be a pectoral fin element of a rhizodont,
other elements of which are plentiful at Blue Beach [63]. A match may be seen in the ulna of
Strepsodus [64]. Consistent with this identification is the presence of a concave proximal head
and generally cynlindrical shape of the element. Contrary to this is the presence of a postaxial
process (identified as the entepicondyle above); rhizodonts lack such an element [64]. Instead,
the distal surface of this element in rhizodonts is flared into two unequal articular surfaces for
the radials (lacking in humerus Type 3) which can also be seen in the species described from
Ducabrook [65]. The ulna of the Devonian Sauripterus is an approximate match for overall
shape, with a rounded shaft lacking distinct processes seen in tetrapod humeri, scalloping
along the anterior margin, and a posterior projection that superficially resembles an entepicon-
dyle such as that seen in Fig 6C and 6D [66]. However, there is more of a proximal expansion
in this latter feature in Sauripterus than is seen in the distal flange in humerus Type 3 as well as
the twin distal columnar articulations with the radials. The morphology of the ulna in Letog-
nathus is currently undescribed in the literature, but what is known from the collection is un-
like that of Sauripterus or humerus Type 3 (CFM pers. ob.), so assignment to a distal rhizodont
fin element is not fully satisfactory. It is hoped that with the description of ‘Ribbo’ and further
study of the Blue Beach rhizodonts clarity can be brought to this element’s identification. Until
then, the presence of a colosteid is not definitively established. The absence of a colosteid at
Blue Beach would eliminate an approximately 20 million year gap in the fossil record until the
appearance of the ‘colosteid-like’ tetrapod from the St. Louis Formation [67], and the slightly
younger definitive colosteids Greererpeton at Goreville [68] and Deltaherpeton at Delta [69] in
the Viséan.

Implications for ‘Romer’s Gap’
Like the localities of the Scottish-English borderlands, Blue Beach provides strong evidence
against ‘Romer’s Gap’ being the result of a physical phenomenon causing a hiatus in the fossil
record. Instead, the rich tetrapod fauna present at Blue Beach supports the evidence from the
UK suggesting that the paucity of specimens from this time period reflects either depositional
processes or collecting failure [44]. It now seems that, whenever we discover rare windows into
this time period, we find numerous fossil tetrapods reflecting a rich diversity of forms.

Ultimately, this dispute might hinge on a semantic argument over the definition of ‘terres-
trial’. We know however that, notwithstanding the primitive construction of most of the fossil
tetrapods present at Blue Beach, some of these animals was at least occasionally terrestrial from
the footprint data from various beds at the locality [46]. These data additionally point to fossil
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tetrapods not currently known from body fossils, including potentially small, clawed forms and
other trackways similar to ichnotaxa attributed to temnospondyls elsewhere [70]. At present,
the Blue Beach fauna is clearly composed of forms firmly on the tetrapod stem, consistent with
other localities of similar age.

Excitingly, the Blue Beach fauna appears to demonstrate that, as far as can be determined,
some tetrapod taxa may have been largely unaffected by the Late Devonian extinction event.
This window into the earliest Carboniferous belies a dichotomy between ‘Devonian tetrapods’
and ‘Carboniferous tetrapods’; both ‘faunas’ are present at Blue Beach. Specimens consistent
with ichthyostegids, acanthostegids, and Tulerpeton represent the Devonian forms, whereas all
remaining specimens are present at other early Carboniferous localities in Scotland, at Greer
(West Virginia), and Delta (Iowa). Whatcheeriids in particular appear to be common in early
Carboniferous deposits globally. It was recently reported [71] that elements similar to whatch-
eeriids were present in the Late Devonian deposits of Red Hill, PA; if correctly attributed this
not only suggests that the tetrapod fauna was less affected than previously supposed by the
Late Devonian extinction event, but strongly refutes the suggestion that ‘Romer’s Gap’ was a bi-
otic event caused by low oxygen levels or other causes. It also implies that there are no clear
boundaries between Devonian and Carboniferous faunas. It remains to be seen whether this is
due to the still coarse level of sampling; it may be that the extinction impact and recovery was
sufficiently rapid not to have been sampled as yet.

A final, equally tantalizing, implication of these fossils is the question of the timing of the or-
igin of amniotes. If Tulerpeton represents the earliest occurrence of embolomeres (as appears
to be suggested by the close similarity between humeral and femoral morphology), and if
embolomeres represent stem-group amniotes as suggested by some studies [56, 72], then the
amniote-amphibian divergence may predate the Carboniferous, as suggested by some molecu-
lar clock estimates [73–75], although some of those could be overestimates [76]. More work on
these fossils is clearly required to examine this possibility in more detail.

Acknowledgments
We would like to thank, for access to specimens: Nick Fraser and Stig Walsh (National Muse-
um of Scotland, Edinburgh); Sonja Wood (Blue Beach Fossil Museum, Hantsport), the late
Stan Wood; David Evans (Royal Ontario Museum, Toronto); Deborah Skilliter, Katherine
Ogden and Robert Ogilvy (Nova Scotia Museum, Halifax); and Anthony Howell and Hans
Larsson (Redpath Museum, Montreal). Anthony Howell also provided the images of the Red-
path ‘colosteid’ humerus. Robert Carroll (Redpath Museum, Montreal) is thanked for his
many years of dedicated work in the field at Blue Beach, and for using those fossils to train gen-
erations of undergraduate and graduate students; this work is built upon the foundation set by
him. Wendy Sloboda provided additional specimen preparation. We are especially grateful to
all who donated parts or all of their personal collections to the BBFM, especially long-time sup-
porters of the locality ShermanWilliams (Hantsport) and Robert Godfrey (Lower Sackville).

Author Contributions
Conceived and designed the experiments: JSA TS JC. Performed the experiments: JSA TS CM
TM JC. Analyzed the data: JSA TS CM TM JC. Contributed reagents/materials/analysis tools:
JSA TS CM JC. Wrote the paper: JSA TS CM TM JC.

References
1. Jarvik E. The Devonian tetrapod Ichthyostega. Fossils Strata 1996; 40: 1–213.

'Romer's Gap' Tetrapods

PLOS ONE | DOI:10.1371/journal.pone.0125446 April 27, 2015 24 / 27



2. Coates MI. The Devonian tetrapod Acanthostega gunnari Jarvik: postcranial anatomy, basal tetrapod
interrelationships and patterns of skeletal evolution. Trans R Soc Edinb Earth Sci. 1996; 87: 363–421.

3. Pierce SE, Clack JA, Hutchinson JR. Three-dimensional limb joint mobility in the early tetrapod
Ichthyostega. Nature 2012; 486: 523–526. doi: 10.1038/nature11124 PMID: 22722854

4. Clack JA. The neurocranium of Acanthostega gunnari Jarvik and the evolution of the otic region in tetra-
pods. Zool JLinn Soc. 1998; 122: 61–97.

5. Clack JA. The dermal skull roof of Acanthostega gunnari, an early tetrapod from the Late Devonian.
Trans R Soc Edinb Earth Sci.2002; 93: 17–33.

6. Clack JA, Ahlberg PE, Finney SM, Alonso PD, Robinson J, et al. A uniquely specialized ear in a very
early tetrapod. Nature 2003; 425: 65–69. PMID: 12955140

7. Clack JA, Coates MI. Acanthostega gunnari: our present connection. In: Hoch E, Brantsen A K, editors.
Deciphering the natural world and the role of collections and museums. Copenhagen: Geologisk Mu-
seum, Københaven; 1993. pp. 39–42.

8. Clack JA, Coates MI. Acanthostega gunnari, a primitive, acquatic tetrapod? Bull Mus Nat Hist Naturelle
1995; 17: 359–372.

9. Coates MI, Clack JA. Polydactyly in the earliest known tetrapod limbs. Nature 1990; 347: 66–69. PMID:
2309012

10. Coates MI, Clack JA. Fish-like gills and breathing in the earliest known tetrapod. Nature 1991; 352:
234–236.

11. Shubin NH, Daeschler EB, Jenkins FA. The pectoral fin of Tiktaalik roseae and the origin of the tetrapod
limb. Nature 2006; 440: 764–771. PMID: 16598250

12. Shubin NH, Daeschler EB, Jenkins FA. Pelvic girdle and fin of Tiktaalik roseae. Proc Nat Acad Sci.
2014; 111: 893–899. doi: 10.1073/pnas.1322559111 PMID: 24449831

13. Daeschler EB, Shubin NH, Jenkins FA. A Devonian tetrapod-like fish and the evolution of the tetrapod
body plan. Nature 2006; 440: 757–763. PMID: 16598249

14. Boisvert CA. The pelvic fin and girdle of Panderichthys and the origin of tetrapod locomotion. Nature
2005; 438: 1145–1147. PMID: 16372007

15. Boisvert CA. The humerus of Panderichthys in three dimensions and its significance in the context of
the fish–tetrapod transition. Acta Zoologica 2009; 90: 297–305.

16. Boisvert CA, Mark-Kurik E, Ahlberg PE. The pectoral fin of Panderichthys and the origin of digits. Nature
2008; 456: 636. doi: 10.1038/nature07339 PMID: 18806778

17. Brazeau MD, Ahlberg PE. Tetrapod-like middle ear architecture in a Devonian fish. Nature 2006; 439:
318–321. PMID: 16421569

18. Hall B. Fins into limbs: evolution, development, and transformation. Chicago: The University of Chi-
cago Press; 2007.

19. Larsson HCE. MODEs of developmental evolution: an example with the origin and definition of the
autopodium. In: Anderson J.S, Sues H D, editors. Major transitions in vertebrate evolution. Blooming-
ton: Indiana University Press; 2007. pp. 150–181.

20. Wagner GP, Larsson HCE. Fins and limbs in the study of evolutionary novelties. In: Hall B K, editor.
Fins into limbs: evolution, development, and transformation. Chicago: The University of Chicago
Press; 2007. pp. 49–61.

21. Ahlberg PE, Clack JA, Blom H. The axial skeleton of the Devonian tetrapod Ichthyostega. Nature 2005;
437: 137–140. PMID: 16136143

22. Cohn MJ, Lovejoy CO,Wolpert L, Coates MI. Branching, segmentation and the metapterygial axis: pat-
tern versus process in the vertebrate limb. BioEssays 2002; 24: 460–465. PMID: 12001269

23. Standen EM, Du TY, Larsson HCE. Developmental plasticity and the origin of tetrapods. Nature 2014;
513: 54–58. doi: 10.1038/nature13708 PMID: 25162530

24. Graham JB, Wegner NC, Miller LA, Jew CJ, Lai NC, et al. Spiracular air breathing in polypterid fishes
and its implications for aerial respiration in stem tetrapods. Nat Commun. 2014; 5:1–6. doi: 10.1038/
Ncomms4022

25. Mabee PM, Crotwell PL, Bird NC, Burke AC. Evolution of median fin modules in the axial skeleton of
fishes. JExp Zool B Mol Dev Evol. 2002; 294: 77–90.

26. Shubin N. The evolution of paired fins and the origin of tetrapod limbs. In: Hecht M, Macintyre R, Clegg
M, editors. Evolutionary Biology. New York: Springer US; 1995. pp. 39–86.

27. Kawano SM, Blob RW. Propulsive forces of mudskipper fins and salamander limbs during terrestrial lo-
comotion: implications for the invasion of land. Integr Comp Biol. 2013; 53: 283–294. doi: 10.1093/icb/
ict051 PMID: 23667046

'Romer's Gap' Tetrapods

PLOS ONE | DOI:10.1371/journal.pone.0125446 April 27, 2015 25 / 27

http://dx.doi.org/10.1038/nature11124
http://www.ncbi.nlm.nih.gov/pubmed/22722854
http://www.ncbi.nlm.nih.gov/pubmed/12955140
http://www.ncbi.nlm.nih.gov/pubmed/2309012
http://www.ncbi.nlm.nih.gov/pubmed/16598250
http://dx.doi.org/10.1073/pnas.1322559111
http://www.ncbi.nlm.nih.gov/pubmed/24449831
http://www.ncbi.nlm.nih.gov/pubmed/16598249
http://www.ncbi.nlm.nih.gov/pubmed/16372007
http://dx.doi.org/10.1038/nature07339
http://www.ncbi.nlm.nih.gov/pubmed/18806778
http://www.ncbi.nlm.nih.gov/pubmed/16421569
http://www.ncbi.nlm.nih.gov/pubmed/16136143
http://www.ncbi.nlm.nih.gov/pubmed/12001269
http://dx.doi.org/10.1038/nature13708
http://www.ncbi.nlm.nih.gov/pubmed/25162530
http://dx.doi.org/10.1038/Ncomms4022
http://dx.doi.org/10.1038/Ncomms4022
http://dx.doi.org/10.1093/icb/ict051
http://dx.doi.org/10.1093/icb/ict051
http://www.ncbi.nlm.nih.gov/pubmed/23667046


28. Kutschera U, Elliott JM. Do mudskippers and lungfishes elucidate the early evolution of four-limbed ver-
tebrates? Evol Edu Outr. 2013; 6: 8.

29. Pierce SE, Hutchinson JR, Clack JA. Historical perspectives on the evolution of tetrapodomorph move-
ment. Integr Comp Biol. 2013; 53: 209–223. doi: 10.1093/icb/ict022 PMID: 23624864

30. Romer AS. The early evolution of land vertebrates. Proc Am Philos Soc. 1956; 100: 157–167.

31. Coates MI, Clack JA.Romer's gap: tetrapod origins and terrestriality. Bull Mus Nat Hist Naturelle. 1995;
17: 373–388.

32. Milner AR, Sequeira SEK. The temnospondyl amphibians from the Viséan of East Kirkton, West Lo-
thian, Scotland. Trans R Soc Edinb Earth Sci. 1994; 84: 331–361.

33. Clack JA. Silvanerpeton miripedes, a new anthracosaurid from the Viséan of East Kirkton, West Lo-
thian, Scotland. Trans R Soc Edinb Earth Sci. 1994; 84: 369–376.

34. Milner AC. The aïstopod amphibian from the Viséan of East Kirkton, West Lothian, Scotland. Trans R
Soc Edinb Earth Sci. 1994; 84: 363–368.

35. Smithson TR, Carroll RL, Panchen AL, Andrews SM.Westlothiana lizziae from the Viséan of East Kirk-
ton, West Lothian, Scotland, and the amniote stem. Trans R Soc Edinb Earth Sci. 1994; 84: 383–412.

36. Smithson TR. Eldeceeon rolfei, a new reptiliomorph from the Viséan of East Kirkton, West Lothian,
Scotland. Trans R Soc Edinb Earth Sci. 1994; 84: 377–382.

37. Clack JA. Eucritta melanolimnetes from the Early Carboniferous of Scotland, a stem tetrapod showing
a mosaic of characteristics. Trans R Soc Edinb Earth Sci. 2001; 92: 75–95.

38. Ward P, Labandeira C, Laurin M, Berner RA. Confirmation of Romer's Gap as a low oxygen interval
constraining the timing of initial arthropod and vertebrate terrestrialization. Proc Nat Acad Sci. 2006;
103: 16818–16822. PMID: 17065318

39. Sallan LC, Coates MI. End-Devonian extinction and a bottleneck in the early evolution of modern jawed
vertebrates. Proc Nat Acad Sci. 2010; 107: 10131–10135. doi: 10.1073/pnas.0914000107 PMID:
20479258

40. McGhee GR Jr. When the invasion of land failed: the legacy of the Devonian extinctions. New York:
Columbia University Press; 2013. 317 p.

41. Scott AC, Glasspool IJ. The diversification of Paleozoic fire sysems and fluctuations in atmospheric ox-
ygen concentration. Proc Nat Acad Sci. 2006; 103: 10861–10865. PMID: 16832054

42. Algeo TJ, Ingall E. Sedimentary Corg: P ratios, paleocean ventilation, and Phanerozoic atmospheric
pO2. Palaeogeogr Palaeoclimatol Palaeoecol. 2007; 256: 130–155.

43. Clack JA. Devonian climate change, breathing, and the origin of the tetrapod stem group. Integr Comp
Biol. 2007; 47: 510–523. doi: 10.1093/icb/icm055 PMID: 21672860

44. Smithson TR, Wood SP, Marshall JEA, Clack JA. Earliest Carboniferous tetrapod and arthropod faunas
from Scotland populate Romer's Gap. Proc Nat Acad Sci. 2012; 109: 4532–4537. doi: 10.1073/pnas.
1117332109 PMID: 22393016

45. Smithson TR, Clack JA. Tetrapod appendicular skeletal elements from the Early Carboniferous of Scot-
land. C R Palevol. 2013; 12: 405–417.

46. Mansky CF, Lucas SG. Romer's Gap revisited: continental assemblages and ichno-assemblages from
the basal Carboniferous of Blue Beach, Nova Scotia, Canada. In: Lucas SG, DiMichele WA, Barrick JE,
Schneider JW, Speilmann JA, editors. The Carboniferous-Permian Transition. Albuquerque: Bulletin
60, NewMexico Museum of Natural History and Science; 2013. pp. 244–273

47. Carroll RL, Belt ES, Dinley DL, Baird D, McGregor DC. Field Excursion A59: Vertebrate paleontology of
eastern Canada. In: Glass DJ, editor. 24th International Geological Congress. Montreal: John D. McAra
Limited; 1972. pp. 113.

48. Clack J, Carroll RL. Early Carboniferous vertebrates. In: Heatwole H, Carroll RL, editors. Amphibian Bi-
ology. Volume 4. Paleontology: the evolutionary history of amphibians. Chipping Norton: Surrey
Beatty and Sons; 2000. pp. 1030–1043.

49. Carroll RL. The Rise of Amphibians: 365 Million Years of Evolution. Baltimore: The Johns Hopkins Uni-
versity Press; 2009.

50. Clack JA. Gaining Ground: The Origin and Evolution of Tetrapods. Second edition. Bloomington: Indi-
ana University Press; 2012.

51. Coates MI, Ruta M. Skeletal changes in the transition from fins to limbs. In: Hall BK, editor. Fins into
Limbs: evolution, development, and transformation. Chicago: University of Chicago Press; 2007. pp.
15–38.

52. Sues HD, Hook RW, Olsen PE. Donald Baird and his discoveries of Carboniferous and early Mesozoic
vertebrates in Nova Scotia. Atlan Geol. 2013; 49: 91–104.

'Romer's Gap' Tetrapods

PLOS ONE | DOI:10.1371/journal.pone.0125446 April 27, 2015 26 / 27

http://dx.doi.org/10.1093/icb/ict022
http://www.ncbi.nlm.nih.gov/pubmed/23624864
http://www.ncbi.nlm.nih.gov/pubmed/17065318
http://dx.doi.org/10.1073/pnas.0914000107
http://www.ncbi.nlm.nih.gov/pubmed/20479258
http://www.ncbi.nlm.nih.gov/pubmed/16832054
http://dx.doi.org/10.1093/icb/icm055
http://www.ncbi.nlm.nih.gov/pubmed/21672860
http://dx.doi.org/10.1073/pnas.1117332109
http://dx.doi.org/10.1073/pnas.1117332109
http://www.ncbi.nlm.nih.gov/pubmed/22393016


53. Martel AT, McGregor DC, Utting J. Stratigraphic significance of Upper Devonian and Lower Carbonifer-
ous miospores from the type area of the Horton Group, Nova Scotia. Can J Earth Sci. 1993; 30: 1091–
1098.

54. Bishop PJ. The humerus ofOssinodus pueri, a stem tetrapod from the Carboniferous of Gondwana,
and the early evolution of the tetrapod forelimb. Alcheringa. 2014; 38: 209–238.

55. Clack JA, Finney SM. Pederpes finneyae, an articulated tetrapod from the Tournaisian of Western Scot-
land. J Syst Palaeontol 2005; 2: 311–346.

56. Lebedev OA, Coates MI. The postcranial skeleton of the Devonian tetrapod Tulerpeton curtum Lebe-
dev. Zool J Linn Soc 1995; 114: 307–348.

57. Lombard RE, Bolt JR. A new primitive tetrapod,Whatcheeria deltae, from the Lower Carboniferous of
Iowa. Palaeontology 1995; 38: 471–494.

58. Smithson TR. The morphology and relationships of the Carboniferous amphibian Eoherpeton watsoni
Panchen. Zool J Linn Soc 1985; 85: 317–410.

59. Warren A. New data onOssinodus pueri, a stem tetrapod from the Early Carboniferous of Australia. J
Vert Paleontol 2007; 27: 850–862.

60. Warren A, Turner S. The First Stem Tetrapod from the Lower Carboniferous of Gondwana. Palaeontol-
ogy 2004; 47: 151–184.

61. Holmes R. Proterogyrinus scheelei and the early evolution of the labyrinthodont pectoral limb. In: Pan-
chen AL, editor. The terrestrial environment and the origin of land vertebrates. London and New York:
Academic Press; 1980. pp. 351–376.

62. Godfrey SJ. The postcranial skeletal anatomy of the Carboniferous tetrapodGreererpeton burkemorani
Romer, 1969. Phil Trans R Soc London B. 1989; 323: 75–133.

63. Brazeau MD. A new genus of rhizodontid (Sarcopterygii, Tetrapodomorpha) from the Lower Carbonifer-
ous Horton Bluff Formation of Nova Scotia, and the evolution of the lower jaws in this group. Can J
Earth Sci. 2005; 42: 1481–1499.

64. Andrews SM, Westoll TS. XII.—The Postcranial Skeleton of Rhipidistian Fishes Excluding Eusthenop-
teron. Earth Environ Sci Trans R Soc Edinb. 1970; 68: 391–489.

65. Parker K, Warren A, Johanson Z. Strepsodus (Rhizodontida, Sarcopterygii) pectoral elements from the
Lower Carboniferous Ducabrook Formation, Queensland, Australia. J Vert Paleontol 2005; 25: 46–62.

66. Davis MC, Shubin N, Daeschler EB. A new specimen of Sauripterus taylori (Sarcopterygii,
Osteichthyes) from the Famennian Catskill Formation of North America. J Vert Paleontol. 2004; 24: 26–
40.

67. Clack JA, Witzmann F, Müller J, Snyder D. A colosteid-like early tetrapod from the St. Louis Limestone
(Early Carboniferous, Meramecian), St. Louis, Missouri, USA. Fieldiana. 2012; 5:17–39.

68. Bolt JR, Lombard RE. The mandible of the primitive tetrapodGreererpeton, and the early evolution of
the tetrapod lower jaw. J Paleontol 2001; 75: 1016–1042.

69. Bolt JR. Lombard RE. Deltaherpeton hiemstrae, a new colosteid tetrapod from the Mississippian of
Iowa. J Paleontol. 2010; 84: 1135–1151.

70. Lucas SG, Mansky CF, Calder JH. Mississippian tetrapod footprint assemblages from Pennsylvania
and Nova Scotia and the oldest record of amniotes. Geol Soc Am Abstr Progr. 2010; 42: 641.

71. Daeschler EB, Clack JA, Shubin NH Late Devonian tetrapod remains from Red Hill, Pennsylvania,
USA: howmuch diversity? Acta Zool. 2009; 90: 306–317.

72. Panchen AL, Smithson TR. The relationships of the earliest tetrapods. In: Benton MJ, editor. The phy-
logeny and classification of the tetrapods Volume 1: amphibians, reptiles, birds. Oxford: Clarendon
Press; 1988. pp. 1–32.

73. Zhang P, Zhou H, Chen YQ, Liu YF, Qu LH. Mitogenomic perspectives on the origin and phylogeny of
living amphibians. Syst Biol. 2005; 54: 391–400. PMID: 16012106

74. Roelants K, Gower DJ, Wilkinson M, Loader SP, Biju SD, et al. Global patterns of diversification in the
history of modern amphibians. Proc Nat Acad Sci. 2007; 104: 887–892. PMID: 17213318

75. San Mauro D. A multilocus timescale for the origin of extant amphibians. Mol Phylogenet Evol. 2010;
56: 554–561. doi: 10.1016/j.ympev.2010.04.019 PMID: 20399871

76. Zheng Y, Peng R, Kuro-o M and Zeng X (2011) Exploring Patterns and Extent of Bias in Estimating Di-
vergence Time fromMitochondrial DNA Sequence Data in a Particular Lineage: A Case Study of Sala-
manders (Order Caudata). Mol Biol Evol. 2011; 28: 2521–2535. doi: 10.1093/molbev/msr072 PMID:
21422243

'Romer's Gap' Tetrapods

PLOS ONE | DOI:10.1371/journal.pone.0125446 April 27, 2015 27 / 27

http://www.ncbi.nlm.nih.gov/pubmed/16012106
http://www.ncbi.nlm.nih.gov/pubmed/17213318
http://dx.doi.org/10.1016/j.ympev.2010.04.019
http://www.ncbi.nlm.nih.gov/pubmed/20399871
http://dx.doi.org/10.1093/molbev/msr072
http://www.ncbi.nlm.nih.gov/pubmed/21422243


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


