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Growth, age and size of the Jurassic pachycormid
Leedsichthys problematicus
(Osteichthyes: Actinopterygii)

Jeff LISTON, Michael G. NEWBREY, Thomas James CHALLANDS
and Colin E. ADAMS

Abstract

The Jurassic pachycormid osteichthyan Leedsichthys problematicus is renowned for having been able to achieve
prodigious size for a bony fish. Building on work of MARTILL (1986a), a thorough examination of all known
material was conducted in order to constrain estimates of the size of this animal and examine its rate of growth.
Important specimens of Leedsichthys are described for the first time. The histology of Leedsichthys is reviewed, and
the presence of growth annuli is used to establish ages for five specimens. Age and growth data were obtained
from gill rakers (n=4) and lepidotrichia (n=2). Lepidotrichia show upward curvilinear growth profiles and
ages ranging from 21 to 40 annuli, which are assumed to represent years. Both growth profiles start at a small
size (0.26 and 0.33 mm radial distance), which is assumed to represent age 1. However, annuli can be lost near
the margins of the elements. Gill rakers exhibit a sigmoidal growth profile. Age of gill rakers was estimated by
adjusting the alignment of the inflection points of the growth profiles thereby giving adjusted ages. Gill rakers
ranged in age from 19-38 annuli, but all show evidence of reabsorption of annuli near the focal points and at the
margins of most elements. Sizes for the five individuals range from 8.0-16.5 m for ages of 19-40 years. Growth
rate (0.01-0.05 K) was relatively slow as expected for a large, long-lived fish. At age 1, individuals were 1.6 m in
length. Estimates for the length of L. problematicus compare well with published lengths of other large suspension
feeders such as those for basking and whale sharks.

Introduction

Dutch naturalist Thonis PHILIPSZOON (Antonie VAN LEEUWENHOEK) was the first to notice in 1684
that there was a connection between the age of fish and the number of rings on their scales (specifically,
on an eel - VAN LEEUWENHOEK 1685). The Swedish clergyman Hans HEDERSTROM (1759) first rec-
ognised growth marks in the bones of bony fishes (osteichthyans). Since then, with increasing levels of
support from the fisheries industry, researchers have recorded their occurrence in, for example, cleithra
(CASSELMAN 1974, BEAMISH & MCFARLANE 1987, CASSELMAN 1996), opercula (FROST & KIPLING
1959, NIKOLSKY 1963), vertebral centra (WELDEN et al. 1987, NEWBREY & WILSON 2005), fin rays
(BEAMISH 1981, BURTON et al. 1999), and fin spines (MCFARLANE & BEAMISH 1987), all of which
(with the exception of vertebral centra) are certainly present in the pachycormid Leedsichthys problematicus
(Osteichthyes: Actinopterygii). The fisheries industry has focussed on analysis of otoliths (MESSIEH et al.
1987) and scales. However, otoliths and scales have many drawbacks and problems (CARLANDER 1987,
BEAMISH & MCFARLANE 1987, RICE 1987, LENTSCH & GRIFFITH 1987, O’ GORMAN et al. 1987), par-
ticularly in comparison with other bones (CASTANET et al. 1993). Workers on fossil fishes still use scales,
branchiostegal rays (MICKLICH 2002), and otoliths (e.g. REICHENBACHER & SIENKNECHT 2001), but
this is precluded in Leedsichthys as none of these components has been identified. In Leedsichthys, the marks
of skeletal growth occur in the splanchnocranium and the appendicular skeleton.
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Leedsichthys has been recognised as an unusually large bony fish since it was first described (WOOD-
WARD 1889) and has recently been recognized as the acme of a dynasty of Mesozoic osteichthyan
suspension feeders (FRIEDMAN et al. 2010). It is known from the Callovian of England (Peterborough,
Christian Malford), France (Normandie), northern Germany (Wiehengebirge), the Oxfordian of Chile (east
of Antofagasta) and the Kimmeridgian of France (Cap de la Heve) (LISTON 2008b, 2010). Its osteology
has remained poorly known, owing to fragmentary remains and a sparsely ossified skeleton giving it low
preservational potential. Nevertheless, Leedsichthys problematicus has been claimed to be the largest bony
fish to ever exist (MARTILL 1986a). However, it is important to be cautious of inadvertently creating giants
of mythical proportions (FORTELIUS & KAPPELMAN 1993), where the slightest misidentification of scant
fossil remains can result in significant differences of estimated size in extinct animals (e. g., LISTON 2004a).
As alarge suspension-feeding fish (LISTON 2004b, ALEXANDER 1998), Leedsichthys represents a significant
ecological indicator for the levels of productivity in the Oxford Clay sea. In an attempt to quantify this
productivity, a series of scaling exercises were carried out (building on the efforts of MARTILL 1986a),
using a variety of remains of Leedsichthys and other members of the family Pachycormidae to estimate
likely lengths of this fish. In the absence of a complete specimen which can be measured from the tip of
its snout to the base of its caudal fin, it is still possible to estimate the size of Leedsichthys problematicus by
scaling individual elements from other fishes preferably of a similar length and from a closely related or
at least an intrafamilial taxon, to constrain any allometric distortions.

Skeletal growth marks are produced by internal rhythms, which may become synchronized with and/
or reinforced by seasonal environmental cycles, but they are not in themselves indicators of seasonality
(CASTANET etal. 1993). Such marks have been well known for some time in the Callovian (Middle Jurassic)
Oxford Clay, with crocodilians (Steneosaurus and Metriorhynchus) recording such marks clearly in their
teeth (LISTON 2007). The presence of apparent growth increments on some of the bones of Leedsichthys
was noted, and subsequent work (LISTON et al. 2005) distinguished between different types of growth
bands in different bones of this taxon, revealing the presence of annuli in cross-sections of gill rakers and
lepidotrichia. A histological analysis of bony remains of Leedsichthys was used to estimate the age and
growth of the specimens.

Material and methods

Institutional abbreviations

Ba, Staatliches Museum fiir Mineralogie und Geologie zu Dresden, Dresden, Germany; GLAHM, Hunterian
Museum, University of Glasgow, Glasgow, Scotland; JM, Jura-Museum, Eichstitt, Germany; NHM, Natural
History Museum, London, England; PETMG, Peterborough Museum, Peterborough, Cambridgeshire, England;
SMNS, Staatliches Museum fiir Naturkunde, Stuttgart, Germany; WMI{N, Westfalisches Museum fiir Naturkunde,
Miinster, Germany.

Material examined

The following taxa were studied:

Asthenocormus titanius: Ba ] 2344; JM SoS 542 (neotype); JM SoS 3556.

Martillichthys renwickae: NHM P.61563 (holotype).

Leedsichthys problematicus: NHM P.6921 (holotype); NHM P.10000 (' Tail' specimen); NHM P.10156 (‘ Gill Basket’
specimen); GLAHM P.11823, GLAHM 109519 (‘Walliicke’ specimen); GLAHM V3363 (‘Big Meg’'); PETMG
F174 (* Ariston’); WMIN P20238 (‘Walliicke’ specimen).

Saurostomus: specimen SMNS S5t56982.

Pachycormid, unidentified: SMNS St12576.

Such skeletal elements were selected, which could be used for size ranking, scaling, or sampled for growth ring
analysis. The majority of the remains of Leedsichthys consists of fragments of dermal bones, gill rakers and cera-
tobranchials. However, some remains contain more useful comparative elements for estimating size; of these,
three specimens preserve discrete sections of the body in an apparently in vivo fashion: NHM P.10000 (the ‘Tail’
specimen collected by Alfred Nicholson LEEDS in 1898, LISTON & NOE 2004; NHM P.10156 (the ‘Gill Basket’
specimen, collected by A. N. LEEDS in 1905); PETMG F174 (* Ariston’, the specimen collected by LISTON, DAWN,
MARTILL and others in 2002-2003, LISTON 2006). ‘ Ariston’ (PETMG F174) contains a complete and intact pec-
toral fin. Although not yet fully prepared, field data for this specimen provide valuable insights into size that
aid understanding of the pectoral fragment associated with the ‘Tail' specimen (NHM P.10000).
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Measurements
Estimating the standard length of Leedsichthys

Taxa used to estimate relative size: Trying to estimate the standard length (SL, sensu HOLCIK et al. 1989) from
such isolated components is difficult, and it is hoped that the task will be rendered easier when PETMG F174
(‘Ariston’) is fully collected and prepared out of its matrix. In the interim, it is appropriate to make comparisons
with the above described partial remains, and relate them to other large pachycormids for indications of how
these remains might scale to the SL of a specimen of Leedsichthys problematicus. In this regard, MARTILL (1986a)
used a 2 m long pachycormid (subsequently described as Martillichthys renwickae LISTON 2008a) that had recently
been retrieved from the Oxford Clay. This was in spite of the cautionary comments by PATTERSON (letter to
MARTILL, 11/10/1983) on the unusual braincase length relative to its body length; however, MARTILL (1991)
himself later acknowledged its “disproportionately small” tail for the length of its body. The largest pachycormid
fishes belong to the genera Martillichthys (2.3 m SL, NHM P.61563) and Asthenocormus (a juvenile 1.18 m SL [Ba J
2344] and adult specimens of 1.9-2.1 m SL [JM SoS 542 and JM SoS 3556 respectively]) known from the Solnhofen
Limestone (Tithonian) of Germany (LISTON 2008a). Specimens of these two genera will not, however, be used
for scaling as few bone morphologies of L. problematicus can be recognized in specimens of these taxa. In con-
trast, Saurostomus esocinus, a taxon from the older Toarcian Holzmaden shale of Germany, for which specimens
of as much as 1.7 m SL are known (e.g. SMNS 5t.56982), does have elements with similar morphologies when
compared to those of L. problematicus (LISTON 2004b, WOODWARD 1916). As such, this taxon will primarily
be the one used for comparison and scaling purposes.

Allometry and estimation of size

Leedsichthys problematicus has been concluded to be a suspension feeder based on the large size of many of the
remains, the complete absence of any teeth, and the presence of highly developed gill rakers (WOODWARD
1890, DIAMOND 1985, MACNEILL & BRANDT 1990, WEBB & BUFFRENIL 1990, ALEXANDER 1998, BATTY &
DOMENICI 2000, WEBB & GERSTNER 2000). It is likely that specialist adaptations took place within the skull to
facilitate this lifestyle. SANDERSON & WASSERSUG (1990) noted a tendency in large, ram suspension feeders
such as baleen whales and the three large suspension-feeding sharks (Megachasma, Rhincodon, Cetorhinus) to have
skull lengths that were 25-28 % of their SL. In addition, EMERSON & BRAMBLE (1993) have noted the marked
negative allometry of skull elements with respect to body size even among very closely related taxa.

With regard to Leedsichthys, it is necessary to eschew such components in any exercise of size estimation as
unreliable data sources for scaling. For example, MARTILL (1986a) estimated two disparate lengths of L. prob-
lematicus from the same specimen (NHM P.10156: 13.5-27.6 m SL), depending on whether one scaled from the
length of the hyomandibula or the width of the gill basket, respectively. It should, however, be noted that it is
unclear which specific element MARTILL was scaling from because no hyomandibula is apparent in the speci-
men used (NHM P.61563) and MARTILL later (1988) figured the hyomandibula of Leedsichthys as a ceratohyal.
Therefore, it is assumed that postcranial elements will produce a more realistic estimated length. However, it is
difficult to find elements that are identifiable both in partial disarticulated remains of Leedsichthys and in intact
well-preserved pachycormids.

This is a particular problem for the ‘Gill Basket’ specimen (NHM P.10156), which features little postcranial
material (only fragments of pectoral and other fin rays). However, it does feature one of the more ubiquitous and
robust elements within the skeleton of L. problematicus, the hyomandibula. The length of this bone, although perhaps
not reliable as a direct reference for scaling, should give an indication of relative size between different specimens.

Hypobranchials and ceratobranchials were also considered for use in this exercise, due to their reasonably
common occurrence in specimens of Leedsichthys, but there were two problems that excluded them. Firstly, they
had been subjected to variable degrees of crushing; therefore, horizontal distances were difficult to measure in
a uniform way for all specimens. This introduced a significant amount of error. The second problem is that no
specimen exists for which all the hypobranchials are known; therefore, the expected range within the series of an
individual is difficult to determine. Similarly, the ceratobranchial series is only known in full for one individual
(NHM P.10156), but the supporting clay would need to be more fully excavated before widths of these tapering
elements could be confidently measured. This last element of error meant that neither of these branchial series
could be used to rank size in specimens, despite their common occurrence.

The preopercle and ceratohyal were both selected for use. Depth of the ceratohyal was used instead of its
length, because the superior and inferior surfaces are more robust and well defined than the fragile and frequently
incomplete proximal and distal ends. However, only partial remains of the left ceratohyal of the ‘Gill Basket’
specimen are preserved, covering the first and second left hypobranchial, so that only a minimum (rather than
an absolute) value of 84 mm could be ascertained for its depth, with a minimum estimate of about 160 mm depth
based on comparison of the orientation of surface striae with those of other specimens. If the striae extended
farther over the surface of the bones, this ceratohyal could have been up to 230 mm deep.
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Comparison of skull elements across the sample group indicates that specimens are, in decreasing order of
relative size (see Table 1): ‘Gill Basket’, holotype, ‘Big Meg’, ‘Tail’, * Ariston’ and subadult (NHM P.11823).

Specimen preparation

Gill rakers were sampled from the ‘Ariston’, ‘Tail’, holotype, and ‘Gill Basket’ specimens. Lepidotrichial and
other unidentifiable meristic fragments were also sampled, to compare results with the counts obtained from
the gill rakers, and as a substitute element for ‘Big Meg’, which lacks gill rakers. Meristic is used in the sense of
LINDSEY (1988) to refer to serially repeated skeletal structures. It is used here as a sampling category distinct
from gill rakers and lepidotrichia, to refer to internal, elongate (i.e., not scales, scutes or vertebrae) elements,
possibly fragments of ribs or fin supports. It was difficult to establish a rigorously consistent location along a
gill raker for making a transverse section, as gill rakers are rarely found complete. Preference was given to the
section presenting annuli with greatest clarity, rather than from a consistent position along the length of the
raker. Sections from both types of bones were mounted as polished sections for microscopic examination, pho-
tography and analysis using Image J 1.33u (2004) software. Elements for growth-ring analysis were mounted in
petropoxy resin in aluminium rings, and left to cure in an oven at 80°C for twelve hours. The mount was then
ground down to reveal a flat surface, using incrementally finer grinding papers of P120, P800, P1200 and P2500.
The samples were then cleaned in iso-propynol in an ultrasonic bath for five minutes (CHALLANDS 2003), prior
to photography using a halogen point-source light. Polished mounts were viewed under a binocular microscope
in reflected light. The difference in hardness of void-filling calcite (hardness 3) and fossil bone (hydroxyapatite,
hardness 5) produces relief between these two phases when a specimen is highly polished. When viewed in
reflected light, gradations between regions of dense bone and less-dense bone also produce relief when polished.
This emphasises bone structure, in particular growth rings and differences between cortical bone and cancellous
bone. Maximum reflectivity and greatest contrast between areas of different relief were achieved by positioning
the reflected light source above the specimen (at a high angle of incidence). Alternatively, a brighter light source
may be positioned at a lower angle of incidence closer to the specimen. Images were taken with a 3.2 megapixel
Olympus CAMEDIA C-310ZOOM camera using the macrozoom function.

Description of specimens

NHM P.10000 - the ‘Tail’ specimen

This specimen consists of the tail, a fragment of a pectoral fin, and a variety of gill rakers and skull ele-
ments. The tail itself consists solely of fin-rays, with no preural haemal or neural arch elements. Figure 1
shows the tail mounted on the painted background that was made for its public display at the NHM
(LISTON & NOE 2004), adding some of the missing elements, including the smaller distal extremities of
the branching rays (LEEDS 1956). Similarly, the inter-lobe space was included in the background, with
the hypural plate depicted. The area to the rear would presumably have been covered by the longitudi-
nal hypochordal muscle (WINTERBOTTOM 1974). The fin consists of two discrete lobes, but the proper
orientation is not apparent. In the following description, the terms ‘upper lobe’ and ‘lower lobe’ will
be used to distinguish between the lobes as historically displayed, rather than indicating an anatomical
interpretation of the components as dorsal or ventral elements.

The maximum width (perpendicular to the caudal rays [sensu HUBBS & LAGLER 1964]) of the upper
and lower lobes is 550 mm and 500 mm respectively, and their lengths are 1500 mm and 1460 mm. The
lobes are mounted juxtaposed to
each other in a fashion that ap-
proximates the position in which
they were found (this interpreta-
tion is based upon a sketch made
by LEEDS during the period of
excavation; see LISTON & NOE
2004). As such, it is important to

Table 1.
Ranking of dimensions of three skull bones across six specimens of Leeds-
ichthys problematicus.

Ceratohyal Length of Preopercle Rank
dimensions hyomandibula dimensions (1 = largest)

NHM P.11823 530 6 note the distances that these lobes
Ariston’ 100 663 575 5 would occupy as part of a func-
:T.aﬂ’ , 125 [>650 ~ broken] 4 tioning caudal fin; the horizontal
Big Meg 141 771 3 extents of the upper and lower
‘ho.lotype , 152 812 2 lobes are 1020 mm and 1090 mm
Gill Basket'  [>84, 160-230] 687 820 1

respectively. The vertical extent
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of the fin lobes is 1230 mm and 1140 mm. Each lobe is made up of a left and
a right half, each consisting of a series of bifurcating non-segmented rays or
lepidotrichia. The lack of segmentation is a distinctive feature in the caudal
fins of some pachycormids (e.g., the Tithonian Asthenocormus, a Toarcian
pachycormid specimen [SMNS ST12576], and Martillichthys renwickae [NHM
P.61563], the Callovian pachycormid from the Oxford Clay). These lepido-
trichia lie in clusters or units that may be the result of a preservational
or excavational artefact rather than a direct reflection of the structure
as it was in life, but they are a convenient way of describing
the structure of the tail in five separate components: anterior

section, mid-section I, mid-section II, mid-section III and
posterior section (Fig. 1). The two lobes are extremely
similar (LAMBERS 1992, ARRATIA & LAMBERS 1996)
and only the lower lobe is described in detail.
The adjacent rays are clearly fused together
antero-ventrally and postero-dorsally, when
viewed from the subcircular (<5 mm di-

ameter) proximal ends of the lepidot-
richia. In life, these would have been
covered anteriorly by the ventral and
dorsal flexors, and posteriorly by the
longitudinal hypochordal muscles
(WINTERBOTTOM 1974). These fused
rays give the appearance that they
lay six deep as a stack of flattened
structures, but there are only two sides
(left and right), with rays forming a
‘pseudostratified’ effect when they
overlie each other. Initially the rays,
38 in number, are 15 mm wide with a
fasciculated appearance of striations,
as though many smaller rays have
become fused proximally. Distally,
they thicken and separate from each
other to become discrete rays. In the
anterior component (rays 1-6, Fig. 1),
after the first 230 mm, visible units are
10 mm wide, with fewer striations and
asubcircular cross-sectional silhouette.
This anterior component is just over
a meter in length, with no apparent
bifurcations preserved. Mid-section I
(rays 7-11) is about a meter in length.
Rays 7-11 lose their fasciculated ap-
pearance at around 320 mm and bifur-
cate at 840-940 mm. There is a callus
growth present on one of the rays. In
mid-section II (about 1560 mm long),
therays are often laterally paired, with
a ‘knitting needle’ thickness (LEEDS
1956) at their proximal origin. They
lose their fasciculated character at
about 215 mm distally, just proximal
to a large horizontal mark across the
lobe, which is presumably damage
caused during excavation. At this

Fig. 1.
Reconstructed
caudal fin of NHM
P.10000; original ma-
terial consists of fin rays
only. Arrows indicate extent
of original bone; a dorsoventral
distance of 2.74 m. Attachment ar-
eas of muscle groups are indicated on
the upper lobe by white lines. On the
lower lobe, the extent of the original
bone is outlined by white lines. Scale
bar = 50 cm. Abbreviations: ant, ante-
rior-section; fv/d, ventral and dorsal flexors;

hl, hypural (possible site of longitudinal hypochordal muscle);
ms, mid-section; post, posterior-section.
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Fig. 2.

Fragment of a pectoral fin of NHM P.10000; 75 cm in length, prior to conservation by M. GUNTER. A, proximal
end of fin to left of image, leading edge of fin to bottom of image; 10 fin rays i-x are labeled, h indicates hyb-
odont tooth. B, detail of area between rays vi and v, near base of overlying ray, showing hybodont tooth. Scale
bars: A=10cm, B=3 mm.

point, the rays change to a rounded rectangular cross-section proximal to their first bifurcations at around
1100-1260 mm. Distally, each ray bifurcates a total of two or three times. Again, there is a callus growth
present on one of the rays. Mid-section III (985 mm long) has a proximal origin with a 20 mm thickness
of well-defined fasciculi, which taper over the subsequent 450 mm to only 10 mm in width. These rays
then continue for a further 340-370 mm until they bifurcate, and do so only once. There are four callus
growths present in this component. In the posterior component (960 mm total length), the overall structure
more resembles that of striated sheets of ‘unworked plasticine’ in appearance. These rays are more like
triangular planar sheets that taper, over 485 mm, from 30 mm wide to 15 mm wide. The rays lose their
striated characteristics distally, at 310 mm. Each of the seven rays has a bone-repair callus at its distal
end, and only the first two rays have a single bifurcation distally, at 550-560 mm. The rest of the rays are
devoid of such divisions.

The total height of the fin (or the span of its trailing edge) is 2740 mm, and its surface area is 1.745 m2.
Therefore, the tail has an aspect ratio of 4.32, which is moderately high (VOGEL 1994). Taken in conjunc-
tion with its shape and rigidity (absence of segmentation), this has specific implications for the animal’s
lifestyle (see Chapter 9 of LISTON 2007).

NHM P.10000 — pectoral fin fragment

Only recognized as part of the ‘Tail' specimen in recent years, this fragment is 750 mm in length, and
235 mm in maximum width (Fig. 2A). Antero-distally, there is much degradation of the specimen due to
clay shrinkage, making observations difficult, but it is clear that this slab does not hold either ray origins
or ray terminations. Overall, rays seem parallel until about 400 mm distally, when the rays appear to
bend slightly at an angle of about 10 degrees, then continue more posteriorly, presumably indicating a
bend in the fin.

At its proximal end, the fin fragment has ten rays, labelled i through x, which extend distally across
the slab without segmentation. Bifurcating rays that lack segmentation in both the pectoral and the caudal
fins are a key feature of Leedsichthys. Again, these rays appear to occur as a double (superior and inferior)
layer, although it is conceivable that each simply represents one ray that has bifurcated, around a hori-
zontal plane through the pectoral fin, at a more proximal point to the body than represented on this slab.
All rays display rugose striations, with particularly pronounced ornamentation for the first 440 mm of the
length of the slab. This ornamentation becomes more evident moving from the leading towards the trailing
edge of the pectoral fin fragment, the striations growing in relief until they resemble etched, incised, or
elevated laminae by ray nine. This reflects a change from circular rays (in cross-section) to more flattened
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Fig. 3.

Composited image from field excavation of * Ariston’ specimen (PETMG F174), with both pectoral fins outlined,
prior to retrieval. The fins are separated from each other by 100.5 cm and outlined in black. Photographs courtesy
of D. M. MARTILL on 27 July 2002 in the Star Pit, Whittlesey, but compiled by the author. Scale bar =20 cm. Ab-
breviations: lp, left pectoral fin; rp, right pectoral fin.

rays (initially supero-inferior flattening, then antero-posterior flattening). From the proximal leading edge
to the trailing distal point there is a trend towards rays with circular cross-sections. The presumed leading
edge of the fin fragment is more robust than the more posterior rays. The first four rays are no longer than
190 mm, and exhibit no trace of bifurcation. After the first 60 mm, ray v bifurcates once before extending
for the rest of its 340 mm; at this point, the specimen becomes hard to interpret, due to degradation of
the block. There may be a second bifurcation 140 mm farther distally, but a 350 mm long ray straddles
the V®-VII'** rays (and their subsidiary bifurcations), and obscures what might be the point of origin of
the ray that emerges on the other side. This ray might also be derived from the underside ray, lying in a
slightly twisted position.

Ray vi bifurcates distally at 70, 300, and 500 mm. Ray vii bifurcates at 120 and 350 mm. Ray viii bifur-
cates at 100 and 410 mm. Ray ix bifurcates at 230 mm. Between rays iv and v, at the base of the overlying
ray, is a hybodont tooth (Fig. 2B).

PETMG F174 - ‘ Ariston’ specimen

The pectoral fragment of the ‘Tail' specimen (NHM P.10000) can usefully be compared with field data
from the recently collected pectoral fins of * Ariston’ (PETMG F174). Both fins were found lying as though
disposed in vivo, and separated laterally by 1005 mm (Fig. 3). The width of this individual is likely to
have been significantly greater than this (given lengths of individual ribs of more than 700 mm), as it is
likely that the pectorals were slung below the mid-height level of the body, as would be expected for a
pachycormid. The fins are yet to be prepared out from the clay for full examination, and although the
leading and trailing edges are apparent, it currently cannot be ascertained whether they are lying upside
down or the right way up. They will, however, be regarded as though they are lying the right way up
(following the interpretive scheme of MARTILL 1986b). The putative left pectoral fin unfortunately had
a structural slip running through it prior to excavation, causing significant damage, and making precise
size estimations exceedingly difficult. The putative right pectoral fin does not have this flaw, and has a
length of 1363 mm. Through careful examination (prior to encasing in jackets for removal from the field),
the equivalent portion to the fragment represented within NHM P.10000 can be identified, and a common
traverse line (one that crosses eighteen rays) used. Comparison of the traverse lines of each specimen in-
dicates a fin-width of 278 mm in PETMG F174 and 299 mm in NHM P.10000. If these dimensions reflect
overall size differences between the two specimens, then * Ariston’ was the shorter of the two, and suggests
that it was possibly a younger individual than NHM P.10000.

NHM P.10156 - ‘' Gill Basket’ specimen

This specimen has been previously described (LISTON 2008a), but a brief description is particularly
important here for the purposes of scale, as this specimen has historically been the source of some of the
larger estimates of size for this animal (MARTILL 1986a).

The *Gill Basket' specimen (Fig.4) consists of several isolated units of clay from a concretionary
nodule, containing lengths of fin rays (probably pectoral), a hyomandibula of 870 mm length, and the
bulk of a gill basket with some opercular elements (LISTON 2008a: fig. 8). Owing to its preservation
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Fig. 4.

Ventral aspect of the 155 cm long and 114 cm wide gill basket and 87 cm tall hyomandibula (NHM P.10156).
Photograph after one taken on 11 September 1924 by Errol Ivor White. Scalebar = 30 cm. Abbreviations: cb, cerato-
branchial; ch, ceratohyal; grs, gill rakers; hb, hypobranchial; hh, hypohyal;, hm, hyomandibula; v, fused arch.

within a concretionary nodule, all the elements except the hyomandibula and the fin rays can be placed
in their original unexcavated position (LISTON 2008a: fig. 8). The gill basket consists of both hypohyals,
a left hypobranchial I, both hypobranchial II's, both 810 mm long ceratobranchial I's, both 950 mm long
ceratobranchial II's, both 990 mm long ceratobranchial III's, both 940 mm long ceratobranchial IV’s, and
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the 340 mm long basibranchial IV. Combined with the fused arch V, they produce a gill basket 1140 mm
wide and 1545 mm long.

Other material

In order to supplement the above three specimens, which are unusual and important in preserving distinct
sections of the animal’s body, a series of other specimens is included in the subsequent series of analyses
to broaden understanding of age and growth in this taxon.

GLAHM V3363 - ‘'Big Meg’ specimen. This represents the most extensive set of remains of Leedsichthys
to be fully excavated; it was sold to the Hunterian Museum, University of Glasgow in January 1915 (LIS-
TON 2004b, 2006) by A. N. LEEDS (the discoverer of the fish). This specimen features a great diversity
of bones among its 904 parts, and is particularly useful in having a series of large skull bones that can be
used to establish size-comparative data for a wide range of cranial elements from other specimens, thus
permitting determination of a rank order for comparative (as distinct from absolute) size.

NHM P.6921 - the holotype specimen. The holotype also has a wide array of skeletal elements (1133
parts) from diverse areas of the body (see WOODWARD 1889 for original description, as well as LISTON
2010), including lepidotrichia and gill rakers of particular use for thin-sectioning.

NHM P.11823 - a juvenile/sub-adult specimen. An important specimen for its reduced size of skeletal
elements indicating a likely sub-adult or juvenile. This specimen does not include gill rakers, but has
some possible lepidotrichial elements as well as some skull elements useful in establishing the rank order
matrix referred to above.

The ‘Walliicke' specimen. This specimen consists of a wide range of unidentifiable meristic and lepi-
dotrichial material, under a range of collection numbers, held mainly by the Westfdlisches Museum fiir
Naturkunde in Miinster (see LISTON 2010 for a full list of collection numbers and MICHELIS et al. 1996
for a full list of collections). It has been sampled and sectioned a number of times (e.g., WM{N P.20238).

Vaches Noire material. This Callovian material of Leedsichthys consists of a series of ceratobranchials
and gill rakers in private collections. Sectioned by BARDET et al. (1993), the thin sections were made by
the Laboratoire de Paléontologie, Muséum National d'Histoire Naturelle, Paris, France. Only the digital
images from the sections were available for study (LISTON 2010).

History of work on histology of Leedsichthys

The ‘Walliicke’ specimen

Thin-section analysis of Leedsichthys bone was first conducted in 1983 by Martin BUCHNER, Bielefeld
Natural History Museum, to resolve a dispute over whether the fossil fragments, which had been excavated
from the Walliicke quarry in the Wiehen Mountains of northern Germany, were animal or plant (LISTON
2010). BUCHNER observed the presence of both compact (Fig. 5A) and cancellous (Fig. 5B) bone in the frag-
ments. Significant remodelling has taken place, producing a high density of Haversian systems (ENLOW
& BROWN 1958). Many of the canals are infilled with sediment (Fig. 5A) and crystalline growth (Fig. 5B).
Asymmetrical secondary centripetal deposition of bone (= secondary osteons) can be seen, occasionally
blocking former reticular channels (Fig. 5A) and indicating more than one cycle of secondary deposition.
Near the poorly ossified or damaged external surface of the bone, there is more evidence of some of the
primary bone still remaining between the osteons (Fig. 5A). In contrast, the image of the area of more
porous cortical bone shows reticular channels unblocked by further bone growth (Fig. 5B). Although it has
not been recorded, which element this section was taken from, the initial bones found were described as
‘reed-like’ in external appearance, leading to their initial misidentification as fossil plant remains (LISTON
2010). Lepidotrichial elements are the only skeletal components of Leedsichthys that present this type of
appearance. Regardless of its identification, it is clear that the bone underwent a high level of secondary
remodelling (THOMASON 1995), and the section does not show any trace of original zones or annuli that
may have been present. It is therefore unsuitable for analysis to determine the age of the specimen. This
problem has similarly been noted during attempts to count growth rings in other extensively remodelled
fossil material (e.g., turtles, SCHEYER & SANCHEZ-VILLAGRA 2007).
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Asr  prb rcr B rc

Fig. 5.

Thin-sections cut from lepidotrichia of WMfN PM 17006/8 and photographed by M. BUCHNER from fragments
of the ‘Walliicke’ Leedsichthys in 1983, showing compact bone (A) and cancellous bone (B). Abbreviations: ca, ca-
nal infilled with sediment; prb, relics of primary bone; rc, unblocked reticular channel; rcr, reticular channel
blocked by remodeling; sr, surface of bone showing signs of damage or poor ossification. Scale bars equal ap-
proximately 0.1 mm.

Vaches Noire Material

The second time that bones of Leedsichthys were sectioned was to resolve a different question of identity.
Initially, it was recognized that the fragments represented fossilized vertebrate remains, but the fragments
were unfamiliar to those collecting marine reptile remains from the Vaches Noire, Normandie, France.
BARDET et al. (1993) sectioned what proved to be part of a Leedsichthys ceratobranchial, again finding
compact and cancellous bone (Fig. 6A). As LISTON (2007) noted, the sectioned element did not retain any
traces of the external fibrous bone that would have contained the hypertrophic and growth zones of carti-
lage (Fig. 6A) (TAKASHIMA & YOKOTE 1995). Under low-power magnification, a highly dense network
of Haversian systems was revealed (Fig. 6B) with far less mineral infilling than in the ‘Walliicke’ section.
Even less interstitial primary bone is evident than in the ‘Walliicke’ material, and no annuli or zones are
visible, nor any indication whether the primary osteons were laid down in bundles, or radial or circular
rows (FRANCILLON-VIEILLOT et al. 1990). The vascular canals are not strictly longitudinal, as they
mostly show signs of travelling at angles varying slightly from perpendicular to the plane of sectioning
(Fig. 6C), which creates the effect of drift in centripetal deposition within the osteon. In crossed polars,
the fibrolamellar constitution of the secondary osteons becomes clear (Fig. 6D). In the section showing
the spongy centre (Fig. 6E), the bony framework appears more delicate than in the Walliicke section, with
fewer lamellae going to make up supporting ‘struts’ of the trabeculae around the intertrabecular spaces
(Fig. 6F). BARDET et al. (1993) reported that the region around the medullary cavity had been subjected to
intense remodelling with signs of repeated erosion and reconstruction. They interpreted all of these signs as
indicating an animal with a “high metabolic level ... subject to a certain seasonal fluctuation” (BARDET et
al. 1993: p. 10). Again, this bone shows signs of annual growth, but the level of bone remodelling prohibits
its use in estimation of the age of the specimen. As noted by CASTANET et al. (1993: 261), not all bony
elements will record marks of skeletal growth to the same quality (ENLOW & BROWN 1958, BUFFRENIL
& MAZIN 1990), and in such situations an exploratory survey of the variety of bony elements available
is necessary, to assess their relative value for skeletochronological examination.

A further section (GLAHM 109519) was cut from the ‘Walliicke’ specimen of Leedsichthys as part of a
faunal review by MICHELIS et al. (1996), from what appears to be a cerato/epibranchial junction of the
specimen (WMfN P.20238, Fig. 7A,B). MICHELIS et al. (1996) argued that there was no compact bone present
on the specimen, and that this absence could be a means for distinguishing between tetrapod bones and
Leedsichthys in the future (the two have frequently been confused in previous identifications; e.g. HULKE
1887, HUENE 1901). This argument is, however, erroneous for two reasons. First, RICQLES et al. (1991)
specifically noted that ‘peculiarities’ of bone histology cannot be regarded as being taxon-specific, and
FRANCILLON-VIEILLOT et al. (1990) explicitly stated that the presence or absence of compacta is not
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Branchial specimen of Leedsichthys from the Callovian Vaches Noire of Normandie (sectioned by Laboratoire de
Paléontologie, Muséum National d'Histoire Naturelle, Paris, France). A, ceratobranchial cut to generate thin-
section. B, general view of compactbone of sectioned ceratobranchial. C, detail of Fig. 6B in PPL, showing vascular
canals. D, detail of Fig. 6B in XPL, showing fibrolamellar bone forming osteons. E, general view of cancellous
bone, showing spongy centre. F, detail of cancellous bone, showing trabeculae with spaces of osteocytes. Scale
bars: A-C,E=1mm; D,F=0.1 mm.

diagnostic of precise anatomical or ontogenetic origins. Further, FRANCILLON-VIEILLOT et al. (1990)
noted that marine animals can have particular specializations; for example, cetaceans lack true compact
bone tissue in their flippers. Second, there is compact bone, approx. 0.2 mm thick, detectable at the top left
of this section (Figs. 7B,C), bounding an extensive spongy cortex extending to the medullary cavity. It is,
however, unfortunate that MICHELIS et al. (1996) selected a branchial element for sectioning. We know
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Fig. 7.

Branchial specimen (WmfN P20238) of Leedsichthys from the Callovian Ornatenton of Wiehengebirge. A, specimen
is 525 mm long and appears to be an ?epibranchial / ceratobranchial junction. B, branchial specimen of Leedsichthys
from the Callovian Ornatenton of Wiehengebirge; ‘Walliicke' thin-section GLAHM 109519 from WmfN P20238.
C, thin section of branchial specimen (GLAHM 109519) of Leedsichthys from the Callovian Ornatenton of Wiehenge-
birge showing compact bone at surface. D, thin section of branchial specimen (GLAHM 109519) of Leedsichthys
from the Callovian Ornatenton of Wiehengebirge showing intertrabecular space with marks of skeletal growth
indicated by arrows. Scale bars: A equals 100 mm; B is approximately 2 mm; C-D are approximately 0.2 mm.

from the histology of living teleosts (e.g., carp) that the ceratobranchial has a thin periosteum bounded
internally by a layer of fibrous bone, which in turn covers a thick layer of cartilage (TAKASHIMA &
YOKOTE 1995). This means that their selection of this element for sectioning was always unlikely to give
them anything more than, at best, an exceptionally thin layer of compact bone.

Close analysis of trabeculae surrounding an intertrabecular space reveals marks of skeletal growth
(Fig. 7D), but as part of secondary remodelling they will not be of any value in determining the age of the
specimen.

Although structures as fine as reticular channels have been observed, no trace of WILLIAMSON's
canals (ENLOW & BROWN 1956) are visible, despite this being a typical feature of holostean bone (RIC-
QLES et al. 1991). Other than this, the characteristics noted in the images of the sections described above
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are not surprising. As noted by FRANCILLON-VIEILLOT et al. (1990), in long-lived animals most parts
of the cortex consists of dense Haversian systems, with smaller animals having simpler patterns with only
moderate Haversian substitution restricted to a bone’s cancellous region.

Ideal specimens for sectioning

The sectioned examples from Germany and France reviewed above are unusual, in that most specimens
of Leedsichthys (including the type material) have not come from these localities, but rather from the brick
clay excavated from Peterborough, England. One of the common characteristics of specimens of Leedsichthys
(from this general locality) is that they are severely crushed (WOODWARD 1889). Crushing is a ubiquitous
problem with bones of the dermatocranium of Leedsichthys, as they are often found with the compact layers
fragmented away from each other. Slender elements appear to retain histological anatomy useful for age
quantification; however, large elements lack internal anatomy due to replacement.

During a geochemical study by CHALLANDS & LISTON (2003) it was observed that gill rakers and
lepidotrichia clearly record annuli, and that gill rakers record annuli with greater clarity. Gill rakers and/
or lepidotrichia occur in about 50 % of the 70 known specimens of Leedsichthys (see Annexe in LISTON
2010) suggesting that these relatively common elements are the optimal candidates for age and growth
analysis. All other elements are comparatively rare; for example, only one maxilla and one dentary (NHM
P.66340, GLAHM V3363) are known out of 50 individuals.

Estimation of age and growth

Criteria for recognizing annuli and measurements

The sections of gill rakers and lepidotrichia present a series of concentric growth marks with broad light
zones and narrow darker annular zones in reflected light (Figs. 8-10). These marks are identified as annuli
rather than LACs/LAGs (lignes d’arrét de croissance = lines of arrested growth), as they do not present
discontinuities, and are more than double the upper thickness limit of 5 microns for LACs (RICQLES et
al. 1991: 38). The sharp lamellar layers also distinguish them from tidal dentinal layers of smaller animals
(SOLER-GIJON 1999). To accept these lines as tidal markers would result in an excessively accelerated
growth rate for such a large fish.

Transects were taken across the polished sections. Transects were selected on the basis of passing through
the greatest number of distinct growth marks, avoiding any areas of remodelling wherever possible. For
the purposes of measurement in this study, the interface point between the light zones and dark areas
was taken as the beginning of a new annulus. The distance from this point on the transect to an arbitrary
‘centroid’ was measured for each annulus, and the results plotted for each skeletal element. Determination
of a central measuring point was problematic, as the external surfaces of the sections are irregular. In all
cases, what visually appeared to be the centre of growth within a given section was used.

The annular distances were measured using the Java-based image processing scaling and measuring
software Image] 1.33u (2004), applied to the photographs taken from the binocular microscope. Where it
was not possible to measure all consecutive annuli in a direct line, and a gap was encountered, the last
discernible annulus on the line was followed around until a sequence of consecutive annuli could be found
to continue the count. Once these annuli could be traced to the next discernible annulus on the original
line, the measurements were resumed on the original line. This method provides size data collected in a
consistent manner by leaving gaps (i.e., missing data) in the incremental measurement dataset.

Modelling growth profiles

Growth profiles were modelled using regression analysis. Initial examination of the graphed incremental
data provided insight into the proper models used for description. Growth curves were then fitted to the
data, in order to determine the overall shape of the profiles. Two types of curves were employed for de-
scription of the growth profiles: a logistic equation and a BERTALANFFY (1938) growth curve. A logistic
growth equation was used in SYSTAT (2007) to describe the growth of gill rakers with S-shaped curves:

GRRD; = RD,,/1+e K(t-t)
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Fig. 8.

Polished sections of gill rakers of Leedsichthys problematicus. A, gill raker from ‘Ariston’ (PETMG F174) with 17
annuli and calcified cartilage. B, gill raker from ‘Tail' specimen (NHM P.10000) with 19 annuli and discontinui-
ties of inner annuli indicating some bone remodelling around a cartilage core. Scale bars = 1 mm.

where the parameters: GRRD; = gill raker radial distance (mm) at t (age in years); RD,, = theoretical
maximum RD; K = the BRODY growth coefficient; t = time (i.e., age in years); and t; = time at inflection
point. The inflection point represents a period of accelerated growth creating a sigmoidal shape in the
growth profile.

A BERTALANFFY (1938) growth curve (nonlinear regression in SYSTAT 2007) is used to estimate lepi-
dotrichial radial distance:
Lpdt RD; = RD_[1-e K10

where the parameters: Lpdt RD; = lepidotrichial radial distance (mm) at t (age in years); RD,, = theoretical
maximum RD; K =the BRODY growth coefficient; t = time (i.e., age in years); and t, = time at age zero
(time at theoretical zero length). Parameters in all tests were examined with 95 % confidence limits.
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Estimation of SL

Previous workers have used the growth of a single skeletal element as being proportional to the rate of
growth of the entire fish. LEA (1910) used the length of annuli from the centre of herring scales for that
purpose (e.g., FROST & KIPLING 1959, PARKER & SCOTT 1965). LEA’s work has been taken forward by
several workers, with BERTALANFFY (1938) being arguably the most significant innovator followed by
PAULY (1994; and see MOREAU 1987 and WOOTTON 1989 for reviews comparing other growth models,
such as GOMPERTZ, JOHNSON, logistic, and RICHARDS).

Following on from the work of BURNHAM-CURTIS & BRONTE (1996) and NEWBREY & BOZEK (2003)
onscales and otoliths, using LEA’s (1910) principle that the annual growth of bony structures is proportional
to the annual growth in body length, a BERTALANFFY (1938) growth curve was constructed from the
polished sections used above to estimate growth rate in the different examined specimens of Leedsichthys.

Results

Estimation of length

To produce estimates of absolute standard lengths, greater emphasis must be placed on specimens other
than the ‘Gill Basket' specimen, i.e., those with postcranial elements useful for scaling. The Glasgow
specimen GLAHM V3363 (‘Big Meg’) has an extensive series of meristic elements, including ribs, anal fin
supports and proximal radial supports for the dorsal fin. Taking the longest element of each type, and
comparing it with the Stuttgart Museum's 1.8 m SL Saurostomus specimen (SMNS 5t.56982), produces SL
estimates of 11.4 m, 13.3 m, and 14.9 m (taking the base rib width to the centrum as an estimate of vertebra
to vertebra length).

This last estimate was discounted, as pleomerism (the tendency for fish species with larger adult size
to have more vertebrae than related equivalents, LINDSEY 1988) has often been cited as a mechanism by
which bony fishes grow to particularly large size in a given family. The concept of pleomerism is based
on the idea that within any one body plan there is an optimal segment number, but that this number
changes with body length. WILLISTON's law and DOGIEL's principle of oligomerization both note the
general phyletic tendency for number of segments to decrease in fishes in general, and to increase by
JORDAN's rule in polar fishes, but to increase in larger forms by pleomerism. LINDSEY (1975) noted this
phenomenon in 90 out of 118 fish families studied. In fact, in stating the pleomeristic rule that the number
of segments is correlated with characteristic body size among related taxa, LINDSEY (1975) further noted
that the relationship is particularly extreme in those fish groups having less complete ossification of the
vertebral column, a trait seen in Leedsichthys. Although, owing to this lack of ossification, it is not pos-
sible to determine whether or not pleomerism occurred in the development of Leedsichthys, the preceding
comment clearly indicates that it is likely to have been a factor, and so introduces uncertainty that could
increase the error for any estimate. Two of the three estimates come from very different postcranial elements
and suggest sizes less than 2 m apart; therefore, an average of 12.3 m is used for the SL of this specimen
(GLAHM V3363).

For the ‘Tail’ specimen (NHM P.10000), the lengths of individual caudal lobes (as used by MARTILL
1986a) and the tail span can be used in conjunction with the Stuttgart Saurostomus specimen, and estimated
lengths of 8.8 and 9.0 m result. Given that the ‘Tail’ specimen had a significantly shallower ceratohyal depth
than ‘Big Meg' (GLAHM V3363), it is not surprising that these results are lower than those for ‘Big Meg’.
Although both these estimates arise from the same skeletal component (and it is therefore unsurprising
that they are so similar), an average (8.9 m) will again be used for the estimated length of this specimen.

For *Ariston’ (PETMG F174), comparison of the length of the pectoral fin with the Stuttgart Sauros-
tomus specimen results in an estimated SL of 8.0 m. This is consistent with the size ranking established
from comparison of hyomandibulae, preopercles, and ceratohyals (see Table 1), and with the comparison
between the right pectoral fin of ‘Ariston’ and the fin fragment of NHM P.10000.

LISTON & NOE (2004) reviewed historical documentation relating to the ‘Tail' specimen (NHM
P.10000), including an account written by LEEDS (in a letter to A. S. WOODWARD) of the unexcavated
specimen, reported as though at least some of the postcranial parts of the animal had been found ap-
proximating a life position. LEEDS refers to two fins lying just behind the head and that “back some 12
or 18 feet was found the tail”. This has particular relevance to the current study. Although LEEDS did not
give an interpretation of the two fins, a part of one of them was purchased as a pectoral, and he declares
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Fig. 9.

Polished sections of gill rakers of Leedsichthys problematicus. A, gill raker from holotype specimen ( NHM P.6921)
with 33 annuli and inner bone remodeling. B, gill raker from ‘Gill Basket' specimen (NHM P.10156) with 38
annuli and pyrite infill of a resorbed core. Scale bars = 1 mm.

Fig. 10.

Polished sections of bones from Leedsichthys problematicus. A, lepidotrichial fragment from ‘Ariston’ (PETMG
F174) with 21 annuli. B, fragment of an unidentifiable meristic element from ‘Big Meg’ (GLAHM V3363) show-
ing 15 annuli and inner bone remodeling. C, lepidotrichial fragment from holotype specimen (NHM P.6921)
with 40 annuli. Scale bars =1 mm.
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in the letter that he did not believe that he had found the dorsal fin of the specimen. Pelvic fins are rare
in large pachycormids; the 1 m long Orthocormus is the only exception (LAMBERS 1988). If the pelvic fin
is omitted from consideration (no bones related to the pelvic fin have ever been reported or collected for
Leedsichthys), this leaves two possible interpretations of his words: 1) the two fins are both pectorals (he
stated only that they are ‘a good distance apart’ without specifying if the separation is related to the width
of the animal or its length); or 2) one is a pectoral fin and the other is the anal fin. LEEDS’ letter indicates
a distance between the ‘last’ of these fins and the tail as “12 or 18 feet” (3.5 or 5.5 m). It seems reasonable
to use an average figure for this distance of 4.5 m. In large pachycormids, the post-pectoral distance ranges
from 73 % (from the largest specimens) to 80 % of the SL, and the post-anal fin length ranges from 32 %
(from the largest) to 42 % of the SL. If the distance quoted in the letter refers to the distance between the
pectoral fins and the caudal fin, this suggests a range of roughly 5.6-6.2 m. If the distance referred to is
the distance between the anal fin and the caudal fin, then the range of sizes suggested is 10.7-14.1 m. The
two indices for estimating SL of the ‘Tail’ specimen suggest a minimum to maximum range of 5.6-14.0 m,
which encompasses the size of the first estimate of 8.9 m.

Counts of annuli and shapes of growth profiles

As the number of growth marks appears to increase from section to section, so the degree of internal
remodelling and resorption appears to increase within the gill rakers. A high level of vascularisation also
poses a problem (in terms of visibility of annuli) within unidentifiable meristic elements of two speci-
mens sampled from ‘Big Meg’ and ‘Ariston’. However, resorption did not appear to present a significant
problem with sampled lepidotrichia.

Full listings of measurements of annuli are given in Table 2.

‘Ariston’ specimen (PETMG F174). Three elements were sampled from this specimen; the lepidotrichium
presents 21 annuli, compared to 17 in the gill raker (Table 2). Both plots display a linear pattern after an
initial steep period of growth (Fig. 11). The gill raker shows signs of a calcified cartilage centre, with partial
erosion of the innermost remaining annuli (Fig. 8A), whereas the lepidotrichium does not (Fig. 10A). When
sectioned, the unidentifiable meristic element (PETMG F174/element 264) was found to be extensively
remodelled, and unsuitable for use.

‘Tail' specimen (NHM P.10000). The gill raker sectioned reveals 19 annuli, again with signs of resorp-
tion at the edge of the innermost annuli around a cartilage core, but to the least degree of any gill raker
sampled (Fig. 8B, Table 2). The growth profile shows a clear sigmoidal pattern, with an inflection at 10
annuli representing the smallest sizes of any of the sampled specimens (Fig. 11A). The small size of the
youngest ages suggests little to no remodelling compared to the other specimens.

‘Big Meg' specimen (GLAHM V3363). An unidentifiable meristic element shows only 15 annuli (Table 2),
but about 60 % of the core of the element is resorbed (Fig. 10B). On this basis, comparing it with the other
meristic lepidotrichial elements sampled from the other specimens, it was estimated that around 12-16
annuli had been resorbed.

Holotype (NHM P.6921). The gill raker shows 36 annuli, 33 in a single transect (Fig. 9A, Table 2) with signs
of internal resorption of annuli, as with other sectioned gill raker specimens (Figs. 8, 9). The lepidotrichial
fragment shows 40 annuli (Fig. 10C). The gill raker again displays a sigmoidal pattern of growth (Fig. 11A),
and the lepidotrichium is characterized by an initial period of fast growth followed by a tapered, relatively
linear growth profile (Fig. 11B).

‘Gill Basket’ specimen (NHM P.10156). The gill raker shows 38 annuli in a single transect with 2 earlier
annuli also visible, significant internal resorption and remodelling (Fig. 9B, Table 2). This gill raker has a
sigmoidal growth profile, albeit less pronounced over a much larger number of annuli than that for any
other gill raker (Fig. 11A).

Comparison of resorption, age, and growth among elements

As can be seen in Figure 11B, both of the sampled lepidotrichia (PETMG F174, NHM P.6921) display signs
of rapid growth (between 25 % and 40 %) early in life. The corresponding gill rakers (Fig. 11A) show a
slower growth with shallow profiles. Gill raker specimens also show consistently fewer annuli than do
lepidotrichia because of internal remodelling and resorption of earlier annuli.
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Because the ‘Tail' specimen has the most data for growth at young ages, it was modelled with the
logistic growth equation to demonstrate the inflection in the growth profile (Fig. 11A). The inflection point
represents a period of accelerated growth, creating a sigmoidal shape in the growth profile, with the lo-
gistic regression crossing at the point of inflection (1?=0.982, GRRD,,=2.925 [95 % C.I1.=2.831-3.018], GR
BRODY growth coefficient [K]=0.201 [95 % C.I.=0.180-0.221], set t;=9). Assuming a common inflection
point of growth among gill rakers of all individuals, it was possible to adjust the ages of other profiles

Table 2.
Measurements of annuli and unadjusted ages of Leedsichthys problematicus (all in mm) with adjusted ages from
inflection calibration associated with gill rakers. Corrections are noted by “~". Abbreviations: GR, gillraker; LPDT,

lepidotrichium; ME, meristic element.

Annulus PETMG PETMG BMNH GLAHM BMNH BMNH BMNH BMNH
Number  F174 F174 P.10000 V3363 P.6921 (SW) (NE) P.10156
LPDT GR GR ME GR P.6921  P.6921 GR
adjusted adjusted LPDT  LPDT adjusted

1 0.33 1.37 - 0.51 1.88 - 0.98 0.26 -
2 0.59 1.57 - 0.68 1.95 - 0.44 -
3 0.94 1.62 - 0.74 2.00 - 1.80 0.50 123 1.23
4 1.09 1.71 - 0.81 2.05 2.71 - 1.90 0.53 132 1.32
5 1.24 1.78 - 0.87 2.11 278 271 1.98 0.56 1.39 139
6 1.28 1.84 - 0.98 2.15 286 278 2.04 0.60 143 143
7 1.35 1.98 - 1.06 222 295 286 0.62 146 146
8 1.50 2.07 - 1.22 2.27 321 295 224 1.56 1.56
9 1.65 2.16 - 1.34 2.34 329 321 2.40 0.69 1.63  1.63
10 1.72 224 137 1.63 241 3.62 329 2.49 0.72 1.78 1.78
11 1.82 229 157 1.90 2.45 372 3.62 2.62 0.77 1.88 1.88
12 1.89 241 162 2.03 2.56 384 372 272 0.81 202 202
13 2.01 249 171 2.12 2.63 3.89 3.84 0.85 209 209
14 2.06 253 178 2.15 2.68 398 3.89 0.90 218 218
15 2.10 259 184 223 2.73 404 398 2.87 0.92 224 224
16 2.18 267 198 2.31 414 4.04 0.96 232 232
17 226 272 207 2.33 420 4.14 3.01 1.05 238 238
18 2.37 2.16 245 424 420 1.14 242 242
19 2.44 2.24 2.52 429 424 1.18 260 260
20 2.65 229 436 429 3.14 1.25 2.66  2.66
21 2.77 241 441 436 3.19 1.28 271 271
22 2.49 445 441 3.24 1.31 275 275
23 253 448 445 3.30 1.35 277 277
24 2.59 451 448 3.35 1.39 280 280
25 2.67 454 451 1.43 287 287
26 2.72 459 454 1.54 291 291
27 4.63 459 1.62 3.02 3.02
28 469 4.63 1.68 3.07 3.07
29 473  4.69 1.76 311 311
30 478 473 1.82 316 3.16
31 483 478 1.89 326 3.26
32 489 483 1.93 330 330
33 495 489 1.96 336 336
34 4.95 3.53 1.99 337 337
35 3.61 2.04 341 341
36 3.70 2.09 346 346
37 3.83 2.16 351 351
38 3.90 2.21 355 3.55
39 3.99 227

40 4.03 2.32
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Growth profiles of Leedsichthys problematicus; each symbol represents a growth series from a single specimen.
A, growth profiles from four gill rakers (GR) as measured in radial distance (RD) with regard to the number
of annuli; solid black line represents a significant logistic regression describing the shape of the NHM P.10000
growth profile as sigmoidal. B, growth profiles from lepidotrichia (LPDT).

by aligning their inflection points with that of the 'Tail' specimen. This suggests as many as 2-10 annuli
are missing due to resorption near the centres of the other specimens (Table 2, Fig. 12A). For example,
aligning the inflection points of the 'Gill Basket’ specimen with the ‘Tail’ specimen suggests that two
annuli are resorbed. This correlation gives a figure of a minimum age in years for each individual based
solely on the lowest possible number of annuli lost due to resorption or non-ossification in the gill raker.
Visual estimates of numbers of gill raker annuli lost through resorption or non-ossification were also made
through comparison of sections.

In contrast to the results for gill rakers, no such sigmoidal pattern is visible for the lepidotrichia, which
have more of a convex growth curve and are better modelled by a BERTALANFFY (1938) growth equation
(Fig. 12B). This technique produced a slightly convex BERTALANFFY growth curve for the holotype (NHM
P.6921) with two significant parameters (Fig. 12B, 12=0.978); it predicts a RD,, of 5 mm (95 % confidence
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Growth profiles of Leedsichthys problematicus; each symbol represents a growth series from a single specimen.
A, growth profiles from four gill rakers (GR) as measured in radial distance (RD) with regard to the number of
annuli; solid grey line represents an inflection in the sigmoidal curve of NHM P.10000 and is used to calibrate
the ages of the other sigmoidal growth profiles by lining up their inflections. B, growth profiles derived from
lepidotrichia (LPDT).

interval [C.I.]=2.383-7.617 mm), a BRODY growth coefficient (K) of 0.014 (95 % C.I.=0.004-0.023 K),
and an age of —2.6 years for a radial diameter of zero mm (95 % C.I.=—4.063 --0.389 years). The second
growth profile is also a high, convex BERTALANFFY growth curve (‘Ariston’, PETMG F174) with three
significant parameters (Fig. 12B, r*=0.978); it predicts a RD,, of 3.718 mm (95 % C.I.=2.795-4.641 mm), a
BRODY growth coefficient (K) of 0.053 (95 % C.I.=0.028-0.078 K), and an age of —1.691 years for a radial
diameter of zero mm (95 % C.I.=-2.899 - —0.484 years).

The sample taken from GLAHM V3363 (Fig. 10B) indicates a highly vascularised bone with roughly
60 % of its core having been resorbed, and only 15 annuli detectable at its periphery. Internal remodelling
is even more noticeable in NHM P.10156, where post-depositional pyrite had developed secondarily, re-
placing much of the secondary bone, and occasionally appearing down primary vascular canals (Fig. 9B).
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Some 38 annuli are still clearly visible in this specimen, indicating that the actual number of annuli laid
down during life is likely to be much higher. Although these last two specimens lack a definitive annular
count that could give a constrained age estimate, the levels of internal resorption suggest greater age than
other specimens, and are consistent with the initial large estimates of their SL within the sample group.

Table 3 summarizes estimates of annuli, ‘missing’ annuli, the estimated sizes from scaling and the
estimated ages after visual comparison for resorption or non-ossification.

Discussion

Estimation of size by scaling of skeletal elements

As noted by LISTON & NOE (2004), the selection of skeletal elements for scaling is not a simple task, as
radically different estimates of SL can result from among the remains of an individual. This is particularly
evident when skull elements, especially components of the gill basket in fishes, are used. One particular
explanation for such a striking difference in estimates is that the gill basket of a fish bears the respiratory
surface of the gill filaments. This is effectively a two dimensional surface, whose square will vary with the
cube of the mass of the body (or the volume of the blood to be oxygenated) that it has to supply with oxygen
(MATTHEWS & PARKER 1950). With increasing size, this leads to an animal with a disproportionately
large gill basket for the length of its body, because a higher number of lamellae are required to meet the
increased oxygen needs of the larger animal (HUGHES 1984), and because extending the length of the gill
filaments themselves does not make a significant difference to oxygen absorption from the water beyond
the first 2-2.5 mm (FREEDMAN & NOAKES 2002). As PAULY (1984: p. 282) puts it: “gills cannot grow
as fast as the body they have to supply ... because a surface, even when growing with a strong positive
allometry, cannot keep up with a growing volume ...".

Pachycormids and unossified skeletal elements

The phyletic trend across the family Pachycormidae is towards reduced skeletal ossification with taxa
of increasing adult size (LISTON 2007, 2008a; FRIEDMAN et al. 2010). This is particularly evident in the
meristic vertebral elements, as vertebral components are reduced from being fully present in small adults
of Haasichthys (274 mm SL, DELSATE 1999: fig. 2), to only vertebral arches being present in Hypsocormus
(750 mm SL, GOODRICH 1930: fig. 46), two sections of the vertebral column only being partially present
in Pachycormus macropterus (64 cm TL, HAUFF & HAUFF 1981: fig. 94), only posteriorly present in other
members of the family, and finally absent in Saurostomus (1.3 m TL, HAUFF & HAUFF 1981: fig. 93) and
Martillichthys (2.1 m SL, LISTON 2008a: fig. 1). The possibility of further reduction, including the absence
of ossified pleural ribs, is hinted at by other large specimens (e. g., Ohmdenia multidentata, 2.3 m TL, HAUFF
1953: plate 4) and an unidentified specimen of Pachycormus of about 85 cm length, which may yet prove
to be an undescribed species (HAUFF & HAUFF 1981: fig. 96). The loss of some dermal skull elements in
Saurostomus esocinus has also been documented (WOODWARD 1916: pl. II). Leedsichthys problematicus exhibits
the preservation of discrete areas of its body, suggesting a further loss of ossified elements. The Cretaceous
pachycormid Protosphyraena is preserved in a similar manner, where only select clumps of its body are
found, despite its apparently prodigious size, as evidenced by its tail span of 685 mm (MCCLUNG 1908).

The non-ossification of skeletal elements is not as problematic for fishes as for terrestrial animals.
Support of body weight is not generally a primary function of the skeleton in fishes (BERRIOS-LOPEZ

Table 3. Comparison of size and age estimations for five specimens of Leedsichthys.

Ariston Tail Big Meg Holotype Gill Basket
PETMG NHMUK GLAHM NHMUK PV NHMUK
F174 PV P10000 V3363 P6921 PV P10156
Estimated length 8.0 m 89 m 12.3m 16.5m
Maximum ring no. gill raker 17 19 33 38
Maximum ring no. LpdT 21 15 40
Line of inflection modifier +9 0 +4 +2
Estimated age (yrs) 26 19 40 38
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et al. 1996): reduced mass in fishes is more likely to reflect the need to lower moments of inertia, thus
minimising the energy required for acceleration and deceleration in water (BIEWENER 1983), as witnessed
in dolphins (BUFFRENIL & MAZIN 1990). WEBB & BUFFRENIL (1990) have suggested that there would
be less need for this reduction in overall skeletal mass in larger aquatic vertebrates, as their need for
higher manoeuverability is constrained by their prey choices (“culminating in filter feeding”, WEBB &
BUFFRENIL 1990). This hypothesis ignores the physical limitations on non-teleostean actinopterygians
(WOODWARD 1916, ARRATIA 1999) such as pachycormids, where the lack of a gas-bladder (an organ
often cited as a specifically teleost character, FREEDMAN & NOAKES 2002) would necessitate significant
work against gravity for extremely large fishes that had to feed near the surface. Therefore, any means
of reducing buoyancy problems associated with the development of large size, including the reduction
of overall skeletal mass by having a higher proportion of the skeleton as cartilage, is likely to have been
favoured.

Potential for preservation of bones with annuli

The selection of skeletal elements is further complicated for this taxon by the extremely reduced ossification
of the skeleton, compromising the preservation potential for much of its remains. This is demonstrated
by specimens such as the ‘Tail’, where the caudal rays are extremely well preserved on a very fine scale,
with the lobes discovered lying in life orientation relative to each other (LISTON & NOE 2004), indicating
minimal transportation and disruption to the specimen after death. Yet none of the presumably larger
supporting elements at the core (e.g. hypural plate, epurals) are present. Although post-mortem scaveng-
ing activity on the carcass is indicated by the presence of a hybodont tooth in the pectoral fin fragment of
this individual (Fig. 2B), it is unlikely that these elements were separated from the carcass post mortem, as
most of the delicate structures of the proximal extremities of the caudal fin have remained intact. Instead,
it seems more likely that the elements simply were not ossified and thus were not preserved. Support for
this is provided by the absence of any similar supporting elements from all other remains of Leedsichthys
(LISTON 2010).

The lack of ossification of elements of the skeleton has been a problem for workers on Leedsichthys
since it was first fully described (WOODWARD 1889). JORGENSEN (1966) noted reductions in the skeletal
mass of pelagic suspension feeders and interpreted this as a reflection of the very limited food supply
reaching that depth (1000-4000 m) of the water column. TAYLOR et al. (1983) made similar observations
with regard to reduced skeletal development of various mesopelagic teleosts and the extremely poor
calcification (relative to other lamniform sharks) of the skeleton of Megachasma pelagios in its deep-water
oceanic habitat. In contrast, the Oxford Clay epeiric sea was suggested to have been 50-200 m in depth
(MARTILL et al. 1994), with high productivity (HUDSON & MARTILL 1991). Thus, reduced skeletal
development seems to be a strategy that is not dictated by limitations of nutrient supply, even though it
has restricted the number of elements that are preserved with annuli.

Amongst preserved elements, many are remineralised, eradicating annuli that may have been present.
Resorption of bone is a natural part of bone growth for many organisms (first noted by John HUNTER
in 1772, and published posthumously by his assistant Everard HOME in 1798). Although the gill rakers
contain clear and distinct annuli, they are variably affected by resorption. The measured dimensions of
raker sections ranged widely, reflecting the variable size of the rakers within an individual. Although the
lepidotrichial fragments shed more light on the early period of growth, they do not appear to provide
enough information to illustrate in detail the first 1-2 years of growth.

It has previously been demonstrated that there are problems with the first year of growth not being
recorded in scales of osteichthyans (CASSELMAN 1996). As noted earlier, ossification is selective and
skeletal ossification is negatively correlated with increasing adult SL in the family Pachycormidae. Hetero-
chronic ossification has been reported in both cranial (BLOCK & MABEE 2012) and post-cranial (TONG
et al. 2012) components of the skeleton of osteichthyans, and it is possible that the partial ossification of
pachycormid skeletons is a result of paedomorphosis within such a heterochronic system. Delayed initial
ossification would be another means of potentially ‘losing’ annuli from the total count within a preserved
skeletal component.
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Gill rakers and lepidotrichia as analogs for growth of the whole animal

Despite the similarity of the size estimates to growth curves derived from lepidotrichia (3.5-4.8 % difference
range), it could be that neither the gill raker nor the lepidotrichium is a good analogue for the growth of the
whole animal. As CASTANET et al. (1993) noted, a single section from one bone may not be representative
of the skeleton as a whole. BURNHAM-CURTIS & BRONTE (1996) made a distinction between otoliths
and scales for lake trout, determining that the sagittae provided a more accurate model for the growth
of the whole animal. LEA (1910) referred to variability of results from measurements on different scales
depending on the suitability of a given scale for estimation of body length. Given differences in rates of
growth produced simply by varying the angle of transects through a raker or lepidotrichium, it is clear
that absolute estimates of rate of growth must be approached with caution when employing this method.
On the other hand, the raker or lepidotrichial elements might be effective analogs for the growth profiles
of Leedichthys problematicus, yet lack sufficient resolution to show the youngest annuli.

Interpretation of the growth profiles

Growth profiles may be linear, curvilinear or sigmoidal (DAS 1994). The gill raker profiles gave a con-
sistently sigmoidal pattern, which could be used to align and overlay the growth profiles of different
specimens. When this was done, an inflection at the minimum age of 10 annuli appeared to be key. Such
inflections in growth are often related to the onset of sexual maturity in an animal, with an increase in
girth and/or body mass, although sexual maturity might be unlikely, as it does not appear that Leedsichthys
had reached two thirds of its ‘final body length’ by this stage in its growth (CASE 1978). Alternatively, as
noted earlier, the increasing respiratory load of a growing fish means an increase in the numbers of gill
lamellae proportionate to the volume of the fish's body (PAULY 1984). The primary function of gill rakers
in osteichthyans is a defensive one, to protect the delicate gill lamellae (LOY et al. 1999). Increase in size
of lamellae could be correlated with a need for increased gill raker cover possibly including enlargement
of gill rakers. A secondary function in suspension feeders such as Leedsichthys is that gill rakers have an
important role in feeding. Some osteichthyans go through non-suspension feeding stages before growing to
their suspension feeding length (LOY et al. 1999). Therefore, the inflection (Fig. 12A) might well represent
that time in the growth of these fishes.

The growth profiles recorded in the lepidotrichia reflect the total curvilinear growth of the animal.
The lack of an “asymptote” (or even the indication of the approach of one) in the growth of any of the
lepidotrichia, combined with the pattern of consistent but extremely slow growth for all but the first two
years of annuli recorded in the sections, makes a sigmoidal pattern of growth for these elements very
unlikely. Slow growth is characteristic of longer-lived fishes (CARLANDER 1969, BURNHAM-CURTIS
& BRONTE 1996, NEWBREY et al. 2008). Rather than reflecting an entirely linear lifetime growth pattern,
growth may have been fast for the first 1-2 years of life. Rapid postnatal growth has also been noted for
contemporary marine vertebrates (such as lamnids, scombroids, and cetaceans) that have a thunniform
morphology (BUFFRENIL & MAZIN 1990).

Fast early growth gives protection from predators, but as NIKOLSKY (1963) notes, it is only possible
in the presence of an abundant food supply, and its attendant risk of increased exposure to predators
(HELFMAN et al. 1997). HUDSON & MARTILL (1991) and MacQUAKER (1994) have both written on
the high levels of primary production in the Oxford Clay sea. The mean organic carbon content for the
Lower Oxford Clay (= Peterborough Member, COX et al. 1992) is 5.1 %, and there is a large amount of
accumulated organic matter mainly from marine phytoplankton. CASSELMAN (1996: 83) noted that the
availability of prey “directly affects the size relations between calcified structures and the body”.

Evaluation of growth parameters

There is agreement between the rank order of sizes of individual bones and the estimated sizes of the
total animals, arrived at independently of those individual bones. Although individual body size is not
always a sound indicator of relative age (CASTANET et al. 1993: 269), there is some agreement between
the rank order of sizes and that of ages of the specimens derived from annuli (Liston 2007). All of these
lines of evidence support the initial hypothesis that the ‘' Ariston’ specimen is a younger individual than
the ‘Tail' specimen, and indeed younger than any of the other specimens in the sample group with the
exception of GLAHM P.11823 (Table 1).
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Fig. 13.
Comparison of SL at age of Leedichthys problematicus and two large filter feeding chondrichthyans; the basking
shark, Cetorhinus maximus and the whale shark, Rhincodon typus.

The natural modern analogs for Leedsichthys are the whale shark, Rhincodon typus, and the basking shark,
Cetorhinus maximus, as both are large, pelagic suspension feeders. There is scant information on the size
and growth of the whale shark: most sighted individuals are between 3 and 10 m in length (UCHIDA 1983,
CLARK & NELSON 1997), with the longest individual reliably reported as 12 m (COLMAN 1997), although
other sources anecdotally report higher figures (COMPAGNO 2001). The only estimates for size-at-age
relate to the minimum for maturity, being a SL of over 9 m and an age of over 30 years (COLMAN 1997).

SIMS et al. (2003) noted that the habitat of the basking shark was primarily in water depths less than
200 m, which is reminiscent of interpretations of the depth of the Oxford Clay sea (MARTILL et al. 1994).
Although there is slightly more length-at-age data in the literature for the basking shark than for the whale
shark, there are potential problems with the data. Recent work by NATANSON et al. (2008) explored
the problems originally highlighted by PARKER & STOTT (1965) with the use of putative ‘annuli’ from
basking shark centra. The vertebral bands present seem to be more related to girth than age and thus
vary according to position in the body. The differences along the vertebral column are minimal for small
or large underweight sharks, but increase with total length. However, the length-at-age estimates in the
work of SIMS et al. (1997) appear to be more based on year-on-year observations of individuals and use
of BERTALANEFFY growth curves, and therefore are useful for comparative purposes. SIMS et al. (1997)
estimated ages of 3-4 years for a 5 m long individual, and 8-15 years for 10 m long individuals, with
sexual maturity at 6-9 m. Individuals of 11 m have also been reported (ALEXANDER 1998). Plotting these
estimates next to those calculated from the foregoing work demonstrates a surprising agreement (Fig. 13).
The sizes-at-age for each shark bracket those of Leedsichthys, suggesting that growth rate estimates for the
Middle Jurassic osteichthyan do not appear to be unrealistically fast or slow when compared with those
for modern-day large suspension feeding chondrichthyans.

Growth biology and ecology

The BERTALANFFY growth coefficient ‘K’ (PAULY 1994) produced for the plotted skeletal elements from
Leedsichthys was no higher than 0.012 for any specimen. Although these figures may relate to growth of
the element and not the whole animal, sharks and rays also grow at a slow rate, with k=0.04-0.16, tend
to live long and attain large sizes, with dogfishes (Squalus), for example, having a lifespan up to 70 years
(DAS 1994). Some actinopterygians can live longer than this (some species of sturgeon live up to 152 years;
DAS 1994: 85). Most teleosts have a lifespan of 2-15 years, but some species of rockfish can live over 120
years (DAS 1994), with one estimate for Sebastes aleutianus being 205 years (BERKELEY et al. 2004).

The value of the K coefficient has a further ecological significance. In times of local ecological stress,
large animals in oceans are less vulnerable to localised ecological changes, as they are more able to move
elsewhere (e. g., BAKKER 1993) in contrast to their smaller (or freshwater, or terrestrial) counterparts. How-
ever, MUSICK (1999), in his work on ecology of long-lived marine animals, found that the BERTALANFFY
growth coefficient K is a useful indicator of potential recoverability from excessive mortality events. In
particular, where K was <0.1, the animals are particularly vulnerable (e.g., most chondrichthyans, some
teleosts, and the cheloniid sea turtles, MUSICK 1999). Such animals usually have low fecundity, slow
growth, and late maturity, and recovery from high mortality in a population might take decades (see also
BENTON 1986).
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Conclusions

Available specimens of Leedsichthys were selected and placed in a likely rank order of relative size based
on the size of cranial elements common to more than one specimen (Table 1). Careful selection of postcra-
nial elements for scaling resulted in reasonable size estimates (Table 3). Gill rakers and lepidotrichia were
sectioned and counts of annuli were used to derive ages for the individuals (Table 2). All three methods
produced congruent results, with the rank order of specimens agreeing with the order of the postcranially
based size estimates, which in turn agreed with estimated ages derived from annular counts. Although
examination of further material is needed, in particular material documenting growth in the first years of
life, these methods demonstrate a consistent pattern of size and age among different specimens of Leed-
sichthys and from three different parts of their skeleton. The size and age estimates are compatible with
what is known of the growth of large, modern-day, oceanic, suspension feeding chondrichthyans.
Although Leedsichthys appears to have grown to a remarkable size for a bony fish, its growth, both in
terms of rate and extent, is broadly comparable with that of basking sharks and whale sharks today.

Acknowledgements

This paper is dedicated to the memory of Alan DAWN (1923-2010): in addition to excavating the holotype speci-
men of Martillichthys (along with D. M. MARTILL), he selflessly excavated then prepared hundreds of bones of
‘Ariston’ for Peterborough Museum & Art Gallery. In addition to his work on their collections and retrieving
specimens from the Oxford Clay along with many other members of the Stamford Geological Society, his par-
aloid B72 will be greatly missed. Thanks go to A. BROWN and C. ADAMS who selflessly supported this project
from the start; P. MEADOWS and M. BENTON for helpfully commenting on initial versions of this manuscript;
G. ARRATIA, H.-P. SCHULTZE, and reviewers for help in the preparation of this manuscript; M. RICHTER,
Z.JOHANSON and A. LONGBOTTOM for lending specimens from the NHM collections; G. WASS, P. and
M. OSBORNE, and A. and P. DAWN for help in the loan of Peterborough City Museum'’s specimens; and to
A. DOYLE, C. COLLINS, L. CORNISH, and E. VERVENIOTOU for conservation work on (respectively) NHM
P.10156, NHM P.10000, and NHM P.61563 (Martillichthys), without whom none of this comparative analysis
would have been possible. The pectoral fin fragment of the ‘Tail' specimen recently benefited greatly from the
conservation work of M. GUNTER, working with the Palaeontological Conservation Unit of NHM (GUNTER
2005). We thank J. JEFFERY, D. SAXBY and the Glasgow Natural History Society for supporting the transport of
the NHM, Cambridge and Peterborough specimens of Leedsichthys to Glasgow; B. and ]. HARVEY for transport of
the consolidated remains of NHM P.10156; the Palaeontological Association (DAWN 2004), NERC's emergency
funding route, the Aggregate Levy’s Sustainability Fund, English Nature, the Stamford Geological Society, the
East Midlands Geological Society, and the Friends of Peterborough Museum, all for financially supporting over
3000 hours of the excavation of the ‘Ariston’ specimen, resulting in a source of material useful for sectioning;
K. HAWKINS for discovering and expertly excavating the skull roof of ‘ Ariston’; D. M. MARTILL for transport
of the skull roof of ‘ Ariston’ to Glasgow and permission to use photographs from his private collection; R. BOT-
TCHER, R. WINKLER, M. KOELBL-EBERT and G. VIOHL for photography of specimens in their care; P. LAM-
BERS and D. DELSATE for access to their specimen photograph archives; G. HUMPOHL for German translation;
A.DULAU for French translation; and A. HATTON and E. SMITH for financially supporting the development
of this research. Funding for MGN was provided by the Royal Tyrrell Museum Cooperating Society.

References

ALEXANDER, R. M. (1998): All-Time Giants: the largest animals and their problems. — Palaeontology 41: 1231~
1245.

ARRATIA, G. (1999): The monophyly of Teleostei and stem-group teleosts. Consensus and disagreements. —
In: ARRATIA, G. & SCHULTZE, H.-P. (eds.): Mesozoic Fishes 2 — Systematics and Fossil Record: 265-334;
Miinchen (Pfeil).

ARRATIA, G. & LAMBERS, P. H. (1996): The caudal skeleton of pachycormiformes: Parallel evolution? - In: ARRA-
TIA, G. & VIOHL, G. (eds.): Mesozoic Fishes — Systematics and Paleoecology: 191-218; Miinchen (Pfeil).

BAKKER, R. T. (1993): Jurassic sea monsters. — Discover 9: 78-85.

BARDET, N., PENNETTIER, E., PENNETTIER, G., CHARLES, A. & CHARLES, J. (1993): Des os énigmatiques a
section triangulaire dans le Jurassique Moyen (Callovien) de Normandjie. — Bull. trim. Soc. Géol. Normandie
et Amis Mus. du Havre 80: 7-10.

170



BATTY, R. S. & DOMENICI, P. (2000): Predator-prey relationships in fish and other aquatic vertebrates: kinemat-
ics and behaviour. — In: DOMENICI, P. & BLAKE, R. W. (eds.) Biomechanics in Animal Behaviour: 237-257;
Oxford (BIOS Scientific Publishers Ltd.).

BEAMISH, R. J. (1981): Use of fin-ray sections to age Walleye Pollock, Pacific Cod, and Albacore, and the im-
portance of this method. — Trans. Amer. Fish. Soc. 110: 287-299.

BEAMISH, R. J. & MCFARLANE, G. A. (1987): Current trends in age determination methodology. — In: SUM-
MERFELT, R. C. & HALL, G. E. (eds.): Age and Growth of Fish; Internatl. Symp. Age and Growth of Fish,
Des Moines, lowa June 9-12, 1985: 15-42; Ames, lowa (Iowa State University Press).

BENTON, M. J. (1986): Evolution of large size. — In: BRIGGS, D. E. G. & CROWTHER, P. R. (eds.) Palaeobiology,
a Synthesis: 147-152; Oxford (Blackwells).

BERKELEY, S. A., HIXON, M. A., LARSON, R. J. & LOVE, M. S. (2004): Fisheries sustainability via protection
of age structure and spatial distribution of fish populations. — Fisheries 29: 23-32.

BERRIOS-LOPEZ, M., LEWIS A. R. & HENSLEY, D. A. (1996): Scaling of skeletal mass to body mass in fishes.
—J. Morphol. 227: 87-92.

BERTALANFFY, L. v. (1938): A quantitative theory of organic growth. (Inquiries on growth laws. II). - Human
Biol. 10: 181-213.

BIEWENER, A. A. (1983): Locomotory stresses in the limb bones of two small mammals: the ground squirrel
and chipmunk. - J. Exper. Biol. 103: 131-154.

BLOCK, A.]. & MABEE, P. M. (2012): Development of the mandibular, hyoid arch and gill arch skeleton in the
Chinese barb Puntius semifasciolatus: comparisons of ossification sequences among Cypriniformes. - J. Fish
Biol. 51: 1219-1234.

BUFFRENIL, V. DE & MAZIN, J. M. (1990): Bone histology of the ichthyosaurs: comparative data and functional
interpretation. — Paleobiology 16: 435-447.

BURNHAM-CURTIS, M. K. & BRONTE, C. R. (1996): Otoliths reveal a diverse age structure for humper lake
trout in Lake Superior. — Trans. Amer. Fish. Soc. 125: 844-851.

BURTON, E. J.,, ANDREWS, A. H., COALE, K. H. & CAILLIET, G. M. (1999): Application of radiometric age
determination to three long-lived fishes using 210 Pb:226Ra disequilibria in calcified structures: A review.
— Amer. Fish. Soc. Symp. 23: 77-87.

CARLANDER, K. D. (1987): A history of scale age and growth studies of North American freshwater fish. — In:
SUMMEREFELT, R. C. & HALL, G. E. (eds.): Age and Growth of Fish; Internatl. Symp. Age and Growth of
Fish, Des Moines, lowa June 9-12, 1985: 3-14; Ames, lowa (Iowa State University Press).

- (1969): Handbook of freshwater fishery biology. Vol. I. — 752 pp.; Ames (Iowa State University Press).

CASE, T.]. (1978): Speculations on the growth rate and reproduction of some dinosaurs. — Paleobiology 4: 320-328.

CASSELMAN, J. M. (1974): Analysis of hard tissue of pike Esox lucius L. with special reference to age and growth.
—In: BAGENAL, T. B. (ed.): Ageing of Fish: 13-27; Old Woking, Surrey, England (The Grensham Press).

- (1996): Age, growth and environmental requirements of pike. — In: CRAIG, J. F. (ed.): Pike — Biology and
Exploitation: 69-101; London (Chapman & Hall).

CASTANET, J., FRANCILLON-VIEILLOT, H., MEUNIER, F. J. & RICQLES, A. D. (1993): Bone and Individual
Aging. — In: HALL, B. K. (ed.): Bone. Volume 7: Bone Growth — B.: 37-112; London (CRC Press).

CHALLANDS, T. J. (2003): Geochemical and physical taphonomy of microvertebrate remains from two Lower
Jurassic fissure fills, Vale of Glamorgan, South Wales. — 146 pp.; unpubl. MSc thesis, University of Bristol,
England.

CHALLANDS, T.]J. & LISTON, J.]. (2003): Growth increments and REE geochemistry of Leedsichthys fin-ray spines
and gill rakers: taphonomic and environmental implications. — Palaeontol. Assoc. Newsl. 54: 165-166.

CLARK, E. & NELSON, D. R. (1997): Young whale sharks, Rhincodon typus, feeding on a copepod bloom near
La Paz, Mexico. — Environm. Biol. Fishes 50: 63-73.

COLMAN, J. G. (1997): A review of the biology and ecology of the whale shark. — J. Fish Biol. 51: 1219-1234.

COMPAGNO, L. J. V. (2001): FAO Species Catalogue for Fishery Purposes. Sharks of the World. An annotated
and illustrated catalogue of shark species known to date. Volume 2. Bullhead, mackerel and carpet sharks
(Heterodontiformes, Lamniformes and Orectolobiformes). — 269 pp.; Rome (Food and Agriculture Organiza-
tion of the United Nations).

COX, B. M., HUDSON, J. D. & MARTILL, D. M. (1992): Lithostratigraphic nomenclature of the Oxford Clay
(Jurassic). — Proc. Geol. Assoc. 103: 343-345.

DAS, M. (1994): Age determination and longevity in fishes. — Gerontology 40: 70-96.

DAWN, A. (2004): Leedsichthys problematicus. — Geology Today 20: 53-55.

DIAMOND, J. M. (1985): Filter-feeding on a grand scale. — Nature 316: 679-680.

DELSATE, D. (1999): Haasichthys michelsi, nov. gen., nov. sp., un nouveau Pachycormiforme (Osteichthyes,
Actinopterygii) du Toarcien inférieur (Jurassique) luxembourgeois. — Trav. sci. Mus. natl. hist. natur. Lux-
embourg 32: 87-140.

171



EMERSON, S. B. & BRAMBLE, D. M. (1993): Scaling, allometry, and skull design. — In: HANKEN, J. & HALL,
B. K. (eds.): The Skull. Volume 3: Functional and Evolutionary Mechanisms: 384-421; Chicago and London
(The University of Chicago Press).

ENLOW, D. H. & BROWN, S. O. (1956): A comparative histological study of fossil and recent bone tissues.
Part I. — Texas J. Sci. VIII: 405-443.

—  (1958): A comparative histological study of fossil and recent bone tissues. Part III. — Texas J. Sci. X: 187-230.

FORTELIUS, M. & KAPPELMAN, J. (1993): The largest land mammal ever imagined. — Zool. J. Linn. Soc. 108:
85-101.

FRANCILLON-VIEILLOT, H., BUFFRENIL, V. DE, CASTANET, J., GERAUDIE J, MEUNIER, F. J, SIRE, J. Y.,
ZYLBERBERG, L. & RICQLES, A. D. (1990): Microstructure and Mineralization of Vertebrate Skeletal Tissues.
— In: CARTER, J. G. (ed.) Skeletal Biomineralization: Patterns, Processes and Evolutionary Trends. Volume
1: 471-530; New York (Van Nostrand Reinhold).

FREEDMAN, J. A. & NOAKES, L. G. (2002): Why are there no really big bony fishes? A point-of-view on maxi-
mum body size in teleosts and elasmobranchs. — Rev. Fish Biol. Fish. 12: 403-416.

FRIEDMAN, M., SHIMADA, K., MARTIN, L. D., EVERHART, M. J., LISTON, J. ], MALTESE, A. & TRIEBOLD,
M. (2010): 100-million-year dynasty of giant planktivorous bony fishes in the Mesozoic seas. — Science
(Washington D.C.) 327: 990-993.

FROST, W. E. & KIPLING, C. (1959): The determination of the age and growth of pike (Esox lucius L.) from scales
and opercular bones. — J. Conseil Internatl. Explor. Mer 24: 314-341.

GOODRICH, E. S. (1930): Studies on the Structure and Development of Vertebrates. — XX+837 pp.; London
(Macmillan and Co. Ltd.).

GUNTER, M. (2005): Conservation of P.10000: Leedsichthys problematicus. — 35 pp.; London (RCA/V&A Conser-
vation).

HAUFF, B. (1953): Ohmdenia multidentata nov. gen. et nov. sp. Ein neuer grofier Fischfund aus den Posidonien-
schiefern des Lias & von Ohmden/Holzmaden in Wiirttemberg. — N. Jb. Geol. Paldontol. Abh. 97: 39-50.

HAUFF, B. & HAUFF, R. B. (1981): Das Holzmadenbuch. — 138 pp.; Fellbach (REPRO-DRUCK GmbH).

HEDERSTROM, H. (1759): Ron am Fiskars Alder. — Kgl. Sv. VetAkad. Handl. 20: 222-229.

HELFMAN, G. S., COLLETTE, B. B. & FACEY, D. E. (1997): The Diversity of Fishes. — 528 pp.; Edinburgh
(Blackwell Science).

HOLCIK, J., BANARESCU, P. & EVANS, D. (1989): A. General Introduction to Fishes. — In: HOLCIK, J. (ed.):
Freshwater Fishes of Europe. Vol. 1, Part II General Introduction to Fishes, Acipenseriformes. 18-65; Wies-
baden (AULA Verlag).

HOME, E. (1798): Experiments and observations on the growth of bones, from the papers of the late Mr. Hunter.
— Trans. Soc. Improv. Med. Chirurg. Knowl. 2: 277-286.

HUBBS, C. L. & LAGLER, K. F. (1964): Fishes of the Great Lakes Region. — 213 pp.; Ann Arbor, Michigan (Uni-
versity of Michigan Press).

HUDSON, J. D. & MARTILL, D. M. (1991): The Lower Oxford Clay: production and preservation of organic
matter in the Callovian (Jurassic) of central England. — In: TYSON, R. V. & PEARSON, T. H. (eds.): Modern
and Ancient Continental Shelf Anoxia: 363-379; London (Geological Society).

HUENE, F. v. (1901): Notizen aus dem Woodwardian-Museum in Cambridge. — Centralbl. Mineral. Geol. Pala-
ontol. 1901: 715-719.

HUGHES, G. M. (1984): General anatomy of the gills. — In: HOAR, W. S. & RANDALL, D.]. (eds.): Fish Physiol-
ogy. Volume X: Gills Part A Anatomy, Gas Transfer, and Acid-Base Regulation: 1-72; New York and London
(Academic Press).

HULKE, J. W. (1887): Note on some Dinosaurian remains in the collection of A. Leeds Esq., of Eyebury, North-
amptonshire. — Quart. Jour. Geol. Soc. London 43: 695-702.

JORGENSEN, C. B. (1966): Biology of Suspension Feeding. — 357 pp.; Edinburgh (Pergamon Press (Scotland)
Ltd.).

LAMBERS, P. H. (1988): Orthocomus teyleri nov. spec., the first pachycormid (Pisces, Actinopterygii) from the
Kimmeridge lithographic limestone at Cerin (Ain), France; with remarks on the genus Orthocormus Weitzel.
— Proc. koninkl. Nederland. Akad. Wetensch., Ser. B, 91: 369-391.

- (1992): On the Ichthyofauna of the Solnhofen Lithographic Limestone (Upper Jurassic, Germany). — 336 pp.;
Proefschrift Rijksuniversiteit Groningen, Netherlands.

LEA, E. (1910): On the methods used in the herring-investigations. — Publ. Circ. Cons. Explor. Mer 33: 7-15.

LEEDS, E. T. (1956): The Leeds Collection of Fossil Reptiles. — 104 pp.; Oxford (Blackwell).

LENTSCH, L. D. & GRIFFITH, J. S. (1987): Lack of first-year annuli on scales: Frequency of occurrence and
predictability in trout of the western United States. — In: SUMMEREFELT, R. C. & HALL, G. E. (eds.): Age
and Growth of Fish; Internatl. Symp. Age and Growth of Fish, Des Moines, Iowa June 9-12, 1985: 177-188;
Ames, Jowa (Iowa State University Press).

172



LINDSEY, C. C. (1975): Pleomerism, the widespread tendency among related fish species for vertebral number
to be correlated with maximum body length. — J. Fish. Res. Board Canada 32: 2453-2469.

—  (1988): Factors controlling meristic variation. — In: HOAR, W. S. & RANDALL, D. J. (eds.): Fish Physiology.
Volume XI: The Physiology of Developing Fish. Part B, Viviparity and Posthatching Juveniles: 197-274; New
York and London (Academic Press).

LISTON, J. J. (2004a): ‘Clear as the difference between an arm and a leg?’: A reexamination of the Skye sauropod
discoveries. — Quart. J. Dinosaur Soc. 4: 18-21.

— (2004b): An overview of the pachycormiform Leedsichthys. — In: ARRATIA, G. & TINTORI, A. (eds.): Mesozoic
Fishes 3 — Systematics, Paleoenvironments and Biodiversity: 379-390; Miinchen (Pfeil).

— (2006): From Glasgow to the Star Pit and Stuttgart: A short journey around the world's longest fish. - Glasgow
Naturalist 24 (4): 59-71.

— (2007): A Fish Fit for Ozymandias?: the Ecology, Growth and Osteology of Leedsichthys (Pachycormidae,
Actinopterygii). — 464 pp.; unpubl. Ph.D. thesis, Institute of Biomedical and Life Sciences (IBLS), University
of Glasgow, Scotland.

— (2008a): A review of the characters of the edentulous pachycormiforms Leedsichthys, Asthenocormus and
Martillichthys nov. gen. — In: ARRATIA, G., SCHULTZE, H-P. & WILSON, M. V. H. (eds.): Mesozoic Fishes 4
— Homology and Phylogeny: 181-198; Miinchen (Pfeil).

—  (2008b): Leedsichthys des Vaches Noires au peigne fin. (translated into French by M-C Buchy). — L'Echo des
Falaises 12: 41-49.

(2010): The occurrence of the Middle Jurassic pachycormid fish Leedsichthys. — Oryctos 9: 1-36.

LISTON J.J. & NOE, L. F. (2004): The tail of the Jurassic fish Leedsichthys problematicus (Osteichthyes: Actino-
pterygii) collected by Alfred Nicholson Leeds — an example of the importance of historical records in palae-
ontology. — Arch. Natur. Hist. 31: 236-252.

LISTON, J.J., STEEL, L. & CHALLANDS, T. J. (2005): Lured by the Rings: Growth structures in Leedsichthys. — In:
POYATO-ARIZA, F.J. (ed.): Fourth International Meeting on Mesozoic Fishes — Systematics, Homology and
Nomenclature, Ext. Abstr.: 147-149; Madrid (Serv. Publ. Univ. Auténoma Madrid/UAM Ediciones).

LOY, A., CORTI, M. & CATAUDELLA, S. (1999): Variation in gillraker number during growth of the sea bass,
Dicentrarchus labrax (Perciformes: Moronidae), reared at different salinities. — Environm. Biol. Fish. 55: 391-
398.

MABEE, P., OLMSTEAD, K. L., & CUBBAGE, C. C. (2000): An experimental study of intraspecific variation,
developmental timing, and heterochrony in fishes. — Evolution 54: 2091-2106.

MACNEILL, D. B. & BRANDT, S. B. (1990): Ontogenetic shifts in gill-raker morphology and predicted prey
capture efficiency of the Alewife, Alosa pseudoharengus. — Copeia 1990: 164-171.

MQUAKER, J. H. S. (1994): A lithofacies study of the Peterborough Member, Oxford Clay Formation (Jurassic),
UK: an example of sediment bypass in a mudstone succession. — J. Geol. Soc. 151: 161-172.

MARTILL, D. M. (1986a): The world's largest fish. — Geology Today 1986 (March-April): 61-63.

— (1986b): The stratigraphic distribution and preservation of fossil vertebrates in the Oxford Clay of England.
— Mercian Geol. 10: 161-186.

—  (1988): Leedsichthys problematicus, a giant filter-feeding teleost from the Jurassic of England and France. - N.
Jb. Geol. Paldontol. Mh. 1988 (11): 670-680.

- (1991): Fish. — In: MARTILL, D. M. & HUDSON, J. D. (eds.): Fossils of the Oxford Clay: 197-225; Dorchester
(Henry Ling Ltd.).

MARTILL, D. M., TAYLOR, M. A. & DUFF, K. L. (1994): The trophic structure of the biota of the Peterborough
Member, Oxford Clay Formation (Jurassic), UK. - J. Geol. Soc. 151: 173-194.

MATTHEWS, L. H. & PARKER, H. W. (1950): Notes on the anatomy and biology of the basking shark (Ceforhinus
maximus (Gunner)). — Proc. Zool. Soc. Lond. 120: 535-576.

MCCLUNG, C. E. (1908): Ichthyological notes of the Kansas Cretaceous, I. — Univ. Kansas Sci. Bull XIV (IV):
235-246.

MCFARLANE, G. A. & BEAMISH, R.]. (1987): Validation of the dorsal spine method of age determination for spiny
dogfish. — In: SUMMERFELT, R. C. & HALL, G. E. (eds.): Age and Growth of Fish; Internatl. Symp. Age and
Growth of Fish, Des Moines, Iowa June 9-12, 1985: 287-300; Ames, Iowa (Iowa State University Press).

MESSIEH, S. N., MOORE, D. S., & RUBEC, P. (1987): Estimation of age and growth of larval Atlantic herring as
inferred from examination of daily growth increments of otoliths. — In: SUMMERFELT, R. C. & HALL, G. E.
(eds.): Age and Growth of Fish; Internatl. Symp. Age and Growth of Fish, Des Moines, Iowa June 9-12, 1985:
433-442; Ames, Iowa (Iowa State University Press).

MICHELIS, 1., MARTIN SANDER, P., METZDOREF, R. & BREITKREUZ, H. (1996): Die Vertebratenfauna des
Calloviums (Mittlerer Jura) aus dem Steinbruch Stormer (Walliicke, Wiehengebirge). [The Callovian (Middle
Jurassic) vertebrate fauna of the Stormer Quarry (Walliicke, Wiehengebirge).]. — Geol. Paldontol. Westfalen
44: 5-66.

173



MICKLICH, N. (2002): The fish fauna of Messel pit: A nursery school? — Courier Forsch.-Inst. Senckenberg 237:
97-127.

MOREAU, ]J. (1987): Mathematical and biological expression of growth in fishes: Recent trends and further de-
velopments. — In: SUMMERFELT, R. C. & HALL, G. E. (eds.): Age and Growth of Fish; Internatl. Symp. Age
and Growth of Fish, Des Moines, Iowa June 9-12, 1985: 81-113; Ames, Iowa (Iowa State University Press).

MUSICK, J. A. (1999): Ecology and conservation of long-lived marine animals. — Amer. Fish. Soc. Symp. 23:
1-10.

NEWBREY, M. G. & BOZEK, M. A. (2003): Age, growth, and mortality of Joffrichthys triangulpterus (Teleostei:
Osteoglossidae) from the Paleocene Sentinel Butte Formation, North Dakota, U.S.A. —J. Vert. Paleontol. 23:
494-500.

NEWBREY, M. G. & WILSON, M. V. H. (2005): Recognition of annular growth on centra of Teleostei with ap-
plication to Hiodontidae of the Cretaceous Dinosaur Park Formation. — In: BRAMAN, D. R, THERRIEN, F.,
KOPPELHUS, E. B. & TAYLOR, W. (eds.): Dinosaur Park Symposium. Special Publication of the Royal Tyrrell
Museum, Drumbheller, Alberta: 61-68; Drumbheller, Alberta, Canada (Royal Tyrrell Museum).

NEWBREY, M. G., WILSON, M. V. H. & ASHWORTH, A. C. (2008): Climate change and evolution of growth in
Late Cretaceous to Recent North American Esociformes. — In: ARRATIA, G., SCHULTZE, H.-P. & WILSON,
M. V. H. (eds.). Mesozoic Fishes 4 — Homology and Phylogeny: 311-350; Miinchen (Pfeil).

NIKOLSKY, G. V. (1963): The Ecology of Fishes. — 352 pp.; London New York (Academic Press).

O'GORMAN, R, BARWICK, D. H. & BOWEN, C. A. (1987): Discrepancies between ages determined from scales
and otoliths for alewives from the Great Lakes. — In: SUMMEREFELT, R. C. & HALL, G. E. (eds.): Age and
Growth of Fish; Internatl. Symp. Age and Growth of Fish, Des Moines, lowa June 9-12, 1985: 203-210; Ames,
Iowa (Iowa State University Press).

PARKER, H. W. & STOTT, F. C. (1965): Age, size and vertebral calcification in the basking shark, Cetorhinus
maximus (Gunnerus). — Zool. Meded. Leiden 40: 315-319.

PAULY, D. (1984): A mechanism for the juvenile-to-adult transition in fishes. — J. Conseil Internatl. Explor. Mer
41: 280-284.

PAULY, D. (1994): Growth performance in fishes: descriptions and comparisons. — In: PAULY, D.: On the Sex
of Fish and the Gender of Scientists: 61-66; London (Chapman & Hall).

RASBAND, W. (2004): Image] 1.33u: Image Processing and Analysis in Java [computer program]. — National
Institutes of Health, Bethesda, Maryland, USA.

REICHENBACHER, B. & SIENKNECHT, U. (2001): Allopatric divergence and genetic diversity of recent Apha-
nius iberus and fossil Prolebias meyeri (Teleostei, Cyprinodontidae) from southwest and western Europe, as
indicated by otoliths. — Geobios 34 (1): 69-83.

RICE, J. A. (1987): Reliability of age and growth-rate estimates derived from otolith analysis. — In: SUMMERFELT,
R. C. & HALL, G. E. (eds.): Age and Growth of Fish; Internatl. Symp. Age and Growth of Fish, Des Moines,
Iowa June 9-12, 1985: 167-176; Ames, lowa (Iowa State University Press).

RICQLES, A. D., MEUNIER, F. J., CASTANET, J. & FRANCILLON-VIEILLOT, H. (1991): Comparative micro-
structure of bone. — In: HALL, B. K. (ed.) Volume 3: Bone Matrix and Bone Specific Products: 1-78; London
(CRC Press).

SANDERSON, S. L. & WASSERSUG, R. (1990): Suspension-feeding vertebrates. — Scient. Amer. 262: 68-73.

SCHEYER, T. M. & SANCHEZ-VILLAGRA, M. R. (2007): Carapace bone histology in the giant pleurodiran turtle
Stupendemys geographicus: Phylogeny and function. — Acta Palaeontol. Polonica 52(1): 137-154.

SIMS, D. W., FOX, A. M. & MERRETT, D. A. (1997): Basking shark occurrence of south-west England in relation
to zooplankton abundance. - J. Fish Biol. 51: 436-440.

SIMS, D. W., SOUTHALL, E. J., RICHARDSON, A. J., REID, P. C. & METCALFE, J. D. (2003): Seasonal move-
ments and behaviour of basking sharks from archival tagging: no evidence of winter hibernation. — Mar.
Ecol. Progr. Ser. 248: 187-196.

SOLER-GIJON, R. (1999): Occipital spine of Orthacanthus (Xenacanthidae, Elasmobranchii): structure and growth.
—J. Morphol. 242: 1-45.

SYSTAT Software Inc. (2007): SYSTAT®statistics. Version 12.02.00 [computer program]. Systat 450 Software Inc.,
Richmond, California.

TAKASHIMA, F. & YOKOTE, M. (1995): Motile organs. — In: TAKASHIMA, F. & HIBIYA, T. (eds.): An atlas of
fish histology: normal and pathological features: 18-23; Tokyo (Kodansha Ltd.).

TAYLOR, L. R, COMPAGNGO, L. J. V. & STRUHSAKER, P. J. (1983): Megamouth — a new species, genus and
family of lamnoid shark (Megachasma pelagios, Family Megachasmidae) from the Hawaiian Islands. — Proc.
Calif. Acad. Sci., ser. 4 43: 87-110.

TONG, X. H,, LIU, Q. H,, XU, S. H., MA, D. Y., XIAQ, Z. Z., XIAO, Y. S. & LI, J. (2012): Skeletal development
and abnormalities of the vertebral column and of the fins in hatchery-reared turbot Scophthalmus maximus.
—J. Fish Biol. 80(3): 486-502.

174



THOMASON, J. J. (1995): To what extent can the mechanical environment of a bone be inferred from its inter-
nal architecture? — In: THOMASON, J. (ed): Functional Morphology in Vertebrate Paleontology: 249-263;
Cambridge (Cambridge University Press).

UCHIDA, S. (1983): On the morphology of the whale shark, Rhincodon typus Smith. — Aquabiology 5: 93-101.

VAN LEEUWENHOEK, A. (1685): An abstract of a letter of Mr. Anthony Leewenhoek, Fellow of the R. Society;
concerning the parts of the Brain of Several Animals; the Chalk Stones of the Gout; the Leprosy; and the
Scales of Eeles. — Philos. Trans. Roy. Soc. London 16: 883-895.

VOGEL (1994): Life in Moving Fluids: The Physical Biology of Flow. — 404 pp.; Princeton (Princeton University
Press).

WEBB, P. W. & BUFFRENIL, V. DE (1990): Locomotion in the biology of large aquatic vertebrates. — Trans. Amer.
Fish. Soc. 119: 629-641.

WEBB, P. W. & GERSTNER, C. L. (2000): Fish swimming behaviour: predictions from physical principles. — In:
DOMENICI, P. & BLAKE, R. W. (eds.) Biomechanics in Animal Behaviour: 59-77; Oxford (BIOS Scientific
Publishers Ltd.).

WELDEN, B. A., CAILLIET, G. M. & RUSSELL FLEGAL, A. (1987): Comparison of radiometric with vertebral
band age estimates in four California elasmobranchs. — In: SUMMERFELT, R. C. & HALL, G. E. (eds.): Age
and Growth of Fish; Internatl. Symp. Age and Growth of Fish, Des Moines, Iowa June 9-12, 1985: 301-315;
Ames, Iowa (Iowa State University Press).

WINTERBOTTOM, R. (1974): A descriptive syonymy of the striated muscles of the Teleostei. — P. Acad. Natur.
Sci. Phila. 125: 225-317.

WOODWARD, A. S. (1889): Notes on some new and little-known British Jurassic Fishes. — Ann. Mag. natur.
Hist,, ser. 6, 4: 405-407.

— (1890): Note on the gill-rakers of Leedsia problematica — a gigantic fish from the Oxford Clay. — Geol. Mag.,
Dec. III 7: 292-293.

— (1916): On a new specimen of the Liassic pachycormid fish Saurostomus esocinus, Agassiz. — Geol. Mag., Dec.
VI 3: 49-51.

WOOTTON, R. J. (1989): Ecology of Teleost Fishes. — 404 pp.; London New York (Chapman and Hall).

Authors’ addresses:

Jeff LISTON, Department of Natural Sciences, National Museum of Scotland, Chambers Street, Old Town, Edin-
burgh, EH1 1JF, Scotland; School of Earth Sciences, Wills Memorial Building, University of Bristol, Bristol, BS8 1R],
England; and Division of Environmental & Evolutionary Biology, School of Life Sciences, College of Medical
Veterinary & Life Sciences, University of Glasgow, Glasgow, G12 8QQ, Scotland; e-mail: jliston@nms.ac.uk
Michael G. NEWBREY, Royal Tyrrell Museum of Palaeontology, Box 7500, Drumheller, Alberta T0J 0Y0, Canada;
e-mail: mike.newbrey@gov.ab.ca

Thomas James CHALLANDS, School of Geosciences, Grant Institute of Earth Sciences, University of Edinburgh,
West Mains Road, Edinburgh, EH93]JW, Scotland; e-mail: info@geovertical.co.uk

Colin E. ADAMS, Scottish Centre for Ecology & the Natural Environment, University of Glasgow, Rowardennan,
Glasgow G63 0AW, Scotland; e-mail: colin.adams@glasgow.ac.uk

175



176






The Mesozoic was an important time in the evolution of chondrichthyan and
actinopterygian fishes because it was then that most of the modern groups first
entered the fossil record and began to radiate. By the end of the era, many archaic
forms had disappeared and the foundation had been laid for the modern diversity
of fishes. Despite this significant change, before 1990 there had been little concerted
research on Mesozoic fishes and no synopsis or compilation of the systematics
and paleoecology of Mesozoic fishes. To remedy this deficiency, Gloria ARRATIA
organized the first symposium, “Mesozoic Fishes — Systematics and Paleoecology”
in Eichstatt, Germany in 1993, and, with G. VIOHL, edited the first volume in
the Mesozoic Fishes series. Published in 1996 included 36 papers about elasmo-
branchs, actinopterygians, sarcopterygians, and the paleoecology of certain impor-
tant fossil localities. Gloria ARRATIA and Hans-Peter SCHULTZE organized the
second symposium in Buckow, Germany in 1997, and edited the resulting volume
“Mesozoic Fishes 2 — Systematics and Fossil Record”, which included 31 papers.
Andrea TINTORI, Markus FELBER, and Heinz FURRER organized the third sym-
posium in Serpiano, near Monte San Giorgio, Switzerland in 2001. The results of
that symposium included 33 papers edited by G. ARRATIA and A. TINTORI and
published in “Mesozoic Fishes 3 — Systematics, Paleoenvironments and Biodiver-
sity”. Francisco POYATO-ARIZA organized the fourth symposium on “Mesozoic
Fishes — Systematics, Homology and Nomenclature” in Miraflores de la Sierra, near
Madrid, Spain, in 2005. The results of that symposium included 24 papers edited by
G. ARRATIA, H.-P. SCHULZE, and M. V.H. WILSON and published in “Mesozoic
Fishes 4 — Homology and Phylogeny”.

Rosario GOMEZ, Katia GONZALEZ-RODRIGUEZ, and Jesus ALVARADO-ORTE-
GA organized the fifth and recent Symposium in the Museum del Desierto, Saltillo,
Coahuila, Mexico from August 2 to 7, 2010. The results presented in 22 research
papers, reflect the current state of knowledge about Mesozoic Fishes, but represent
only a fraction of all contributions delivered during the meeting. Many of the oral
papers were about important preliminary research, yet to be revealed in the pub-
lished literature. The volume includes two main groups of fishes, actinopterygians
(almost exclusively about teleosts) and sarcopterygians as well as papers dealing
with important assemblages of fossil fishes of certain Mesozoic localities. Most of
the papers are solely dedicated to Mesozoic fossil fishes, but some studies include
related fishes up to the present, as well as papers dealing with specific morphological
aspects of actinopterygians, and homology problems. New discoveries are presented
about fishes from Europe, North America, South America, Africa, and Australia.
The new discoveries and interpretations along with critical evaluation of previous
research collectively represent an exciting invitation and challenge to further research
on Mesozoic Fishes.
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