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As in other fishes, the gills of elasmobranchs are a critical interface
between the internal and external environments and play vital roles in gas
exchange, ion and pH balance, and the excretion of nitrogenous waste.
Although the functional unit of the fish gill (the gill filament) has remained
structurally and functionally intact throughout the course of fish evolution
and diversification from lampreys to teleosts, the elasmobranch gill has a
number of largely unique features. Perhaps most notably is the connection
of the gill filaments to interbranchial septa, which affects not only the flow
of water through the gills, but may provide a number of specific advantages
and disadvantages to elasmobranch respiration. This chapter discusses both
the structural similarities and differences of the elasmobranch gill in
comparison to other fish groups and describes the breadth of structural
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branchial diversity within elasmobranchs, ranging from deep-water sharks
and rays with six or seven pairs of gill arches to surface-oriented giants that
use specialized gill rakers to sieve micro-sized prey out of the water.

1. INTRODUCTION

Due to its multiple functions in gas exchange, ion and pH balance, and
nitrogenous waste excretion, many comparative physiologists consider the
fish gill as one of the most complex animal organs. This chapter focuses on
the structure of the elasmobranch gill, which in a volume dedicated to the
physiology of sharks, rays, and skates, provides needed insight into various
life-sustaining processes that are discussed in other chapters. While the
origin of the term “elasmobranch” (which is derived from their unique gill
morphology) dates back to at least the 1870s, and the description of shark
gills goes back much further, it was not until the second half of the twentieth
century that many aspects of the elasmobranch gill were understood.
Indeed, arguments persisted into the 1970s as to the basic path of ventilatory
water over the respiratory surfaces, and the elasmobranch gill circulation
was not well studied until the 1980s. Only in recent years have we begun to
understand the functional role of the gill in the exchange of ions between the
blood and the water. In comparison to the gills of teleosts, much less is still
known about elasmobranch gill structure and function. This chapter
synthesizes the available knowledge on elasmobranch gill structure and
morphology, building off of previous reviews (Butler and Metcalfe, 1988;
Butler, 1999) and highlights needs for areas of future research.

2. OVERVIEW OF THE ELASMOBRANCH GILL

A series of detailed schematics of elasmobranch gill morphology, from
an overview of the entire branchial apparatus down to the fine structure of
the respiratory surfaces, is presented in Fig. 3.1. This figure identifies most of
the structural and morphological components of the gills and ventilatory-
stream pathway and is thus meant to serve as a reference or guide
throughout the chapter.

Literally translated from its Greek roots, “elasmobranch” means “strap” or
“plate gill” which refers to the unique attachment of the gill filaments to a plate-
like interbranchial septum that extends from each gill (=branchial) arch in the
posterior-lateral direction (lateral view shown in Fig. 3.1A). In most
elasmobranchs, there are five gill-bearing arches on each side of the
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Figure 3.1. Schematic overview of elasmobranch branchial morphology. (A) Enlarged lateral
view of the anterior hemibranch of a single gill arch. (B) Ventral view (looking toward the roof
of the orobranchial cavity) of a frontal cross-section through the branchial region showing the
relationship of the oro- and parabranchial cavities and gills. (C) Lateral view of the main
skeletal elements of the gill arch. (D) Dorsal view of an elasmobranch showing the relative
position of the spiracles. (E) Magnified cross-section of two gill holobranchs from the dashed
box in (B) showing the positioning of the interbranchial septum, gill filaments, and lamellae.
(F) Enlarged view of box in (E) showing a cross-section through two gill filaments and the
pathway of water past the gill lamellae and into the septal channels. (G) Cross-section through
three gill lamellae from (F) showing the blood channels formed by pillar cells. (H) Magnified
view of dashed box in (G) showing the details of the lamellar blood channels and gill epithelium.
ABA, afferent branchial artery; AFA, afferent filament artery; EBA, efferent branchial
artery; EFA, efferent filament artery; IMC, inner marginal channel; MRC, mitochondrion-rich
cell; RBC, red blood cell. Drawings based largely on or modified from Daniel (1934),
Kempton (1969), Mallatt (1984), Palzenberger and Pohla (1992), and Wegner (2011).
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Figure 3.1. (Continued)

orobranchial cavity (frontal plane cross-section shown in Fig. 3.1B) with an
arch-like row or stack of filaments (termed a hemibranch) on each exposed side
of each septum (Fig. 3.1A shows the anterior hemibranch of a single arch). For
the first gill-bearing arch (hyoid arch) there is only a single posterior facing
hemibranch, while on arches 2-5 there is usually both an anterior and posterior
hemibranch (together termed a holobranch) on each side of the septum
(Fig. 3.1B). The blade-like gill filaments of each hemibranch are attached to the
interbranchial septum for the majority of their lengths with just their tips
extending off the septum in order to approximate the filament tips of the
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opposing gill arch (Fig. 3.1A, B, and E). This approximation of the filament tips
creates a general sieve or curtain through which the ventilatory stream must
pass (Fig. 3.1B and E). Water flows from the orobranchial cavity (medial and
anterior to the gill sieve) through the gill filaments and into parabranchial
cavities, which are formed by the extension of the fleshy interbranchial septa
past the filament tips to the lateral edge of the body (Fig. 3.1B and E). Here the
septa [composed of muscular and connective tissue and supported by a number
of cartilaginous rays emanating from each gill arch (Fig. 3.1C)] form the gill
flaps, between which are the easily recognized gill slits characteristic of all
elasmobranchs (Fig. 3.1A, B, D, and E).

As in most other fishes, each side of each elasmobranch filament supports
a row of lamellae, which have a flat, plate-like morphology (Fig. 3.1F) that
provides a large surface area and short diffusion distance for effective gas
exchange between the blood and water. Blood flow through the lamellae is
generally in the opposite direction of the ventilatory water stream (Fig. 3.1F),
thereby creating a counter-current loading mechanism that is effective at
allowing a high proportion of dissolved environmental oxygen to diffuse into
the blood stream. Pillar cells, which extend across the blood lumen and
connect the respiratory epithelium on either side, direct the flow of blood
through the lamellae (Fig. 3.1G and H). The lamellar water—blood barrier is
typically composed of one to three layers of epithelial cells, a basement
membrane, and the flanges of pillar cells that form the inner lining of the
blood lumen wall (Fig. 3.1H). In many species, the lamellar epithelium may
contain specialized epithelial cells such as mitochondrion-rich cells (MRCs)
(involved in ion and pH balance) or goblet cells (involved in mucus
production); however, these specialized cells are necessarily large and thus, in
most elasmobranchs (and other fishes), are usually found in greatest density
within the nonrespiratory filament epithelium (Fig. 3.1G and H).

3. EVOLUTION OF THE GILL: ELASMOBRANCH GILL
STRUCTURE IN RELATION TO OTHER FISHES

In order to best understand how the elasmobranch gill is both specialized
and potentially limited, a basic overview of the evolutionary history of the
gill and its basic structure in other fish groups is useful. There are numerous
reviews on comparative aspects of gill morphology and respiration
from hagfishes to teleosts (see Hughes, 1984; Wilson and Laurent, 2002;
Evans et al., 2005; Graham, 2006).

Fish gills are generally thought to be derived from a series of paired
pouches on the lateral walls of the pharynx that open externally to slits. Based
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Figure 3.2. Stylized renderings of the branchial region for a(n) (A) lamprey, (B) elasmobranch,
(C) holocephalan, and (D) teleost. (A, C, and D) are frontal cross-sections for comparison with
that of an elasmobranch in Fig. 3.1B. (B) is a lateral view of the gill arch and jaw skeletal
elements for an elasmobranch. Arches are labeled as mandibular (M), hyoid (H, 1) or by
number. BC, branchial cavity; E, esophagus; GA, gill arch; H, hemibranch; IS, interbranchial
septum; LGA, lateral gill arch; O, operculum. Drawings based on or modified from Hildebrand
and Goslow (2001) and Randall et al. (2002).
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on the morphology of protovertebrates (e.g., amphioxus), gill slits likely
originally evolved for filter feeding with cilia moving water through the
pharynx to collect particulates to be ingested. Presumably, as these basal
chordates increased in size and the pharyngeal pouches became more
pronounced and involved in respiration, epithelial folds developed to increase
the surface area available for gas exchange. The most basal fishes, hagfishes
(Order Myxiniformes), have a series of well-developed branchial pouches on
either side of the pharynx (5-14 depending on the species) that are lined with
extensive epithelial folds for gas transfer: the most primitive fish gill.

The lampreys (Petromyzontiformes), which have seven paired branchial
pouches, have a gill morphology generally similar to that of elasmobranchs
and higher fishes with distinct hemibranchs on the anterior and posterior
face of each gill pouch bearing filaments with lamellae that are similar in
shape, structure, and orientation to other fishes (Fig. 3.2A). The fleshy tissue
(=interbranchial septum) between successive gill pouches is hourglass shape
in frontal cross-section (rather than “plate-like” as in elasmobranchs), and
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thus lampreys retain pouch-like chambers similar to hagfishes (Fig. 3.2A).
However, unlike hagfishes, lampreys have a pronounced skeletal support
system with a cartilaginous branchial arch located lateral to each
hemibranch (Fig. 3.2A); this laterally-located arch is likely homologous to
the extrabranchial cartilages in elasmobranchs that run along the lateral
borders of the interbranchial septa (Hughes and Morgan, 1973; Mallatt,
1984) and provide rigidity to the parabranchial cavities (Fig. 3.1C and E).
This rigidity is important for the expansion of the parabranchial cavities
during elasmobranch ventilation (Hughes and Ballintijn, 1965).

In elasmobranchs (and other jawed fishes), the septa and gills are
supported by branchial arches located medial to the gills (Figs 3.1A-C, E
and 3.2B-D). Each arch is typically composed of four cartilaginous
segments, termed from dorsal to ventral: pharyngobranchial, epibranchial,
ceratobranchial, and hypobranchial (Figs 3.1C and 3.2B) with the epi-
and ceratobranchial typically forming the arch that bears gill filaments
and with the pharyngo- and hypobranchial anchoring the arch to the
roof and floor of the orobranchial cavity. The jaws of elasmobranchs and
higher fishes (the agnathans, hagfish and lampreys, lack jaws) are generally
thought to be derived from branchial arches that migrated forward for use
in prey capture and manipulation, with the epibranchials and ceratobran-
chials of the mandibular arch forming the upper and lower jaws respectively
and the hyoid arch moving forward to provide added support (Fig. 3.2B).
The remnant of the dorsal gill slit between the mandibular and hyoid arches
forms the spiracle (Fig. 3.2B), which persists in many benthic elasmobranchs
(especially rays and skates) and a few primitive bony fish lineages and allows
for the inspiration of water into the orobranchial cavity through openings
on the dorsal-lateral surface of the head (Fig. 3.1A, B, and D) when the
mouth is buried in the substrate or engaged in prey manipulation. In many
species, the remnant of the posterior hemibranch of the mandibular arch
(known as the pseudobranch) still exists on the dorsal lateral surface of the
orobranchial cavity. The posterior hemibranch of the hyoid arch also
persists in elasmobranchs and some primitive bony fishes and in many texts
(including this chapter) is referred to as the first gill arch or the first arch
bearing true gills (the “pseudobranch” literally meaning “false gill”).

In elasmobranchs the interbranchial septum of each gill arch extends to
the lateral edge of the body to form the gill flaps and gill slits (Fig. 3.1A, B,
and E). In both holocephalans (=chimaeras, Order Chimaeriformes) and
bony fishes, the interbranchial septa separating the gill pouches are
reduced, which results in a single large branchial (opercular) cavity on
either side of the buccal cavity containing all the gill hemibranchs
(Fig. 3.2C and D). With reduced septa, the gills are protected laterally by
a fleshy extension of the hyoid arch (chimaera) or a bony operculum
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(bony fish) [these two types of protective coverings are not homologous
(Hughes and Morgan, 1973)]. For chimaeras and a few basal bony fishes,
the interbranchial septum extends out to or near the tips of the filaments
(Fig. 3.2C), while in most teleosts the septum has been reduced to just near
the origin of the filaments near their attachment to the gill arch
(Fig. 3.2D). The filaments in teleosts are thus not bound to the septum
for most of their length, and this has implications for both gill rigidity and
the flow of water past the respiratory surfaces in comparison to the
“strapped” gill configuration of elasmobranchs.

4. ELASMOBRANCH VERSUS TELEOST VENTILATION

The major biomechanical features of gill ventilation are generally consistent
within jawed fishes and have been well studied in both elasmobranchs and
teleosts (see for review Brainerd and Ferry-Graham, 2006; Wegner and
Graham, 2010). Water typically enters the orobranchial cavity (elasmobranchs)
or buccal cavity (bony fishes) through the mouth and or spiracles and is forced
through the gills using a dual pumping mechanism (Hughes, 1960a,b). This
includes a “force” pump (associated with the expansion and compression of the
orobranchial/buccal cavity), and a “suction” pump (created by the expansion of
the parabranchial cavities/branchial cavities in bony fishes). Together, the use of
these two pumps results in the flow of water over the respiratory surfaces that,
although often highly pulsatile, is thought to be continuous or nearly
continuous in most fishes. However, some potential for back flow, or at least
the stalling of flow, has been documented in some elasmobranchs (see for review
Summers and Ferry-Graham, 2003). Some fishes (particularly those that are
fast or continuous swimmers) are also capable of ram ventilation in which
branchial flow is established via holding the mouth and gill slits ajar during
forward swimming (Hughes, 1960b; Roberts, 1975). In this case, ventilatory
flow past the gas exchange surfaces is generally constant (Brown and Muir,
1970; Wegner et al., 2012).

In both active (pumping) or passive (ram) ventilation, water leaving
the orobranchial (buccal) cavity is forced laterally between the gill arches
(sometimes referred to as gill bars) where it must turn to enter the interlamellar
spaces where gas exchange occurs (Figs 3.1-3.3). In elasmobranchs, water that
passes through the interlamellar channels encounters the interbranchial septum
and must thus subsequently turn and follow septal channels (Fig. 3.3A and B)
along the length of the filaments until it enters the parabranchial cavities and
exits at the gill slits. For bony fishes, the reduction of the interbranchial septum
allows water to pass through the interlamellar spaces generally unimpeded
(Fig. 3.3C and D).
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Figure 3.3. Simplified drawings of the elasmobranch (A and B) and teleost (C and D) gill.
(B) and (D) are enlarged views of the boxes in (A) and (C) respectively. The path of water
flow through the gills is indicated by arrows. From Wegner et al. (2012).

The strapping of the gill filaments to the interbranchial septum in
elasmobranchs is potentially advantageous in providing added rigidity to the
gills. Specifically, this morphological configuration would suggest that high
branchial flow volumes are less likely to cause deformation of the filaments
resulting in the shunting of water between adjacent filaments or opposing
hemibranchs and causing a decrease in oxygen extraction efficiency. This
may partially explain why a high proportion of elasmobranchs, including
many generally benthic-oriented genera such as Triakis are capable of ram
ventilation (Hughes, 1960b; Clark and Kabasawa, 1976). However, the
interbranchial septum adds a site of resistance to water flow through the
elasmobranch gill. Although the total pressure gradient establishing
ventilatory flow across the gills (and consequently total gill resistance) is
generally similar between elasmobranchs and bony fishes during both active
and ram ventilation (Hughes, 1960a,b; Brown and Muir, 1970; Wegner
et al., 2012), Wegner et al. (2012) calculates that in the shortfin mako, Isurus
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oxyrinchus, up to 80% of the gill resistance results from flow through the
septal channels. To compensate for this added resistance, elasmobranchs
appear to have generally larger interlamellar spaces than bony fishes and
consequently fewer lamellae per unit of filament length. This lower number
of lamellae may impose limits to elasmobranch gill surface area and
ultimately aerobic scope (Wegner et al., 2012) (see Section 6.3).

5. DETAILS OF THE ELASMOBRANCH GILL

5.1. Gross Morphology — Unique Features

While a general overview is discussed above, there are several interesting
and largely unique features of the elasmobranch gill that warrant additional
description, many of which are poorly studied and have largely unknown, or
at least unverified, functions.

As the ventilatory stream passes the gill arches, it encounters the gill
filaments and lamellae where gas exchange occurs. In addition to the
interbranchial septum that binds and reinforces the trailing (water-exit)
filament edge, thin, fleshy extensions of the gill arch on each hemibranch
bind adjacent filaments on the leading (water-entry) edge. This results in a
“branchial canopy” that can cover anywhere from just 6-8 lamellae
(Donald, 1989) to up to 15-20% of the filament length nearest the arch
(Figs 3.1A and E and 3.4) (Cooke, 1980; Benz, 1984). Some researchers have
suggested that this canopy (composed of a connective tissue core covered by
epithelium) creates a ventilatory dead space (Cooke, 1980) that protects
developing lamellae [new lamellae are added at the base of the filament near
the gill arch (Acrivo, 1935b)]. However, the canopy does not bind to the
lamellae and thus there is sufficient space for water to enter and perfuse the
interlamellar spaces. Therefore, while the branchial canopy likely protects
the gill lamellae closest to the gill arch from bouts of high inertial water flow
and mechanical damage (as indicated by a longer canopy near the cerato-
epibranchial joint where inertial flow is likely strongest), these lamellae
are still likely irrigated with ventilatory flow as water follows a path
from high to low pressure. [Note: Unfortunately, it is not always clear
whether the lamellae beneath the branchial canopy are included in estimates
of elasmobranch gill surface area. These lamellae are included in gill area
estimates by Wegner et al. (2010b) and Wootton et al. (2015), and, based on
the similarity of gill morphometric data collected for overlapping species,
likely Emery and Szczepanski (1986).]

As water passes the gill arch and branchial canopy it subsequently turns to
flow between the lamellac of the gill filaments, which, in most fishes, are
described as being perpendicular to the long-axis of each filament (Fig. 3.1E and
F). Interestingly, several studies have reported that the lamellae of various
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Figure 3.4. Detailed schematic of a cross-section through the elasmobranch gill arch
and interbranchial septum showing the gill filaments and lamellae and associated features.
ABA, afferent branchial artery; EBA, efferent branchial artery; L, lamella. Modified from
Cooke (1980).

elasmobranch species are positioned at a slight angle to this long-axis with the
leading lamellar edge angled toward the orobranchial cavity, thus slightly into
the ventilatory stream (Fig. 3.4) and it has been suggested that this may help
facilitate flow into the interlamellar spaces (Kempton, 1969; Wright, 1973;
Cooke, 1980). However, the scope of this slight angle and its effects (if any) on
water entry into the interlamellar spaces have not been quantified.
Elasmobranch lamellae are generally similar in shape to those of other
fishes, typically with a semicircular or rectangular profile. However,
elasmobranch lamellae differ in that they often possess distinct projections
on the lateral leading edges that extend toward the orobranchial cavity
(Fig. 3.5) (Cooke, 1980; Olson and Kent, 1980; Benz, 1984; De Vries and De
Jager, 1984). Generally, these projections appear to be more pronounced
and numerous in benthic elasmobranchs and to increase in number and size
along the length of the filament (Fig. 3.5A) with up to five projections being
reported on lamellae near the filament tip in some species (Cooke, 1980;
Olson and Kent, 1980). Because lamellae on the filament tips are the oldest,
Cooke (1980) suggested they might have an unknown function during early
life stages. However, Olson and Kent (1980) observed a positive correlation
of projections with body size in the spiny dogfish, Squalus acanthias, and the
little skate, Leucoraja erinacea, and suggested that they might help direct
flow into the interlamellar spaces. It seems likely that the increased size and
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Figure 3.5. Scanning electron micrographs of elasmobranch lamellae showing their projections
toward the orobranchial cavity. (A) Vascular casts of the lamellae of the smallfin gulper shark,
Centrophorus moluccensis, revealing the variation in the shape and number of projections of
lamellae sampled from the tip, middle, and base (top to bottom) of a representative filament.
Numbers in parentheses indicate the number of projections. (B) Vascular casts of the lamellar
projections of the spiny dogfish, Squalus acanthias. (C) Critical-point dried tissue showing the
lamellar projections of the shortfin mako, Isurus oxyrinchus and closely associated vascular sacs.
(D) Critical-point dried gill tissue of . oxyrinchus showing the extension of lamellar projections
above the leading edge of the filament tips (*). IMC, inner marginal channel; IS, interbranchial
septum; LFE, leading filament edge; OMC, outer marginal channel; P, projection; SC, septal
channel; VS, vascular sac. Water flow past the lamellae is from left to right in A and B, from
top to bottom in C, and indicated by the dashed line in D. Modified from (A) Cooke (1980);
(B) Olson and Kent (1980); (C and D) Wegner unpublished.

number of projections on lamellae near the filament tips would be useful in
helping to bridge the gap between both adjacent filaments on the same arch
and opposing filaments on opposing hemibranchs, thus minimizing the
shunting of water flow past the filament tips without encountering the
respiratory surfaces. Support for such a function is suggested by Fig. 3.5D,
which shows lamellar projections at the filament tips in I oxyrinchus
extending above the rest of the filament.

In addition to a function in promoting more effective flow for gas
exchange, there is also some suggestion that lamellar projections may help to
promote lamellar stability. Vascular casting of the gill lamellac has shown
the projections are perfused by a generally well-defined outer marginal
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blood channel (Fig. 3.5A and B), which often has a constricted diameter
near the apex of the projections (Olson and Kent, 1980). The added length
of the outer marginal channel associated with traveling along several
projections as well as the restricted diameter at key locations could serve to
increase blood flow resistance, thus creating a hydrostatic skeleton to
increase lamellar stiffness. In addition, a thick layer of collagen surrounding
the outer marginal channel has been reported in the small-spotted catshark,
Scyliorhinus canicula, and likely provides additional support to the free
lamellar edge (Wright, 1973). In pelagic sharks such as I. oxyrinchus and the
blue shark, Prionace glauca, these projections on the water-entry edge of the
lamellae are often more subtle, but are associated with a thicker epithelium
that has been suggested as a means to increase lamellar rigidity for ram
ventilation (Wegner et al., 2010b).

In close proximity to the projections on the leading edge of the lamellae, at
least some species have button-like bulges on either side of the lamellar surface
that are aligned to abut bulges of adjacent lamellae (Figs 3.5C and 3.6). For
S. acanthias, these bulges are described as being epithelial outgrowths (i.e.,
a thickening of the lamellar epithelium) (De Vries and De Jager, 1984), butin I.
oxyrinchus and P. glauca, they result primarily from an increase in the diameter
of the lamellar blood lumen (Fig. 3.6) and have been thus termed “vascular
sacs” (Wegner et al., 2010b). Whether primarily epithelial or vascular in
composition, the location of these bulges near the water-entry edge of
the lamellae (Figs 3.4, 3.5C, and 3.6A) and a positive correlation of
their abundance with lamellar size (Wegner, unpublished) suggests a function
in ensuring lamellar stability and spacing (De Vries and De Jager, 1984;
Wegner et al., 2010b). The vascular nature of these bulges in 1. oxyrinchus and
P. glauca suggests that vasoactive agents and changes in blood perfusion
pressure could potentially influence sac size thereby modulating both lamellar
rigidity and possibly the volume and speed of water passing through the
interlamellar channels (Wegner et al., 2010b). Specifically, during bouts of
increased activity, an increase in cardiac output and vasodilation could
potentially distend the sacs thereby further stabilizing the lamellae and
slowing a potentially fast and more forceful ventilatory stream. It is
generally unknown if such epithelial or vascular bulges are species specific
or a common elasmobranch feature simply not recognized or reported in
many past studies. In addition to the species mentioned above, vascular sacs
occur in all three thresher shark species (genus Alopias) (Wegner and
Wootton, unpublished data), and a vascular sac appears present in the
lamellar cast from a smallfin gulper shark, Centrophorus moluccensis from
Cooke (1980) shown in Fig. 3.5A. In addition, Hughes et al. (1986) reported
the presence of lamellar epithelial “thickened areas” for the nursehound,
Scyliorhinus stellaris.
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Figure 3.6. Micrographs of vascular sacs on the lamellaec of the shortfin mako, Isurus
oxyrinchus. (A) Section through four adjacent gill filaments showing one to two vascular sacs on
each lamella near the leading (water-entry) edge. (B) Scanning electron micrograph of a
longitudinal section through the gill filament showing the lamellar vascular sacs. (C) Light
microscope image of a longitudinal filament section showing the proximity of vascular sacs
from adjacent lamellae and the increased thickness of the lamellar epithelium near the outer
marginal edge. (D) Magnified image of dotted box in (C) showing the details of the lamellar
vascular sacs filled with red blood cells and supported by large pillar cells. Water flow is
indicated by the dotted arrow in (A) and is into the page in (B-D). CC, corpus cavernosum;
F, filament body; IMC, inner marginal channel; IS, interbranchial septum; L, lamella; PC, pillar
cell; SC, septal channel; TE, thick epithelium; VS, vascular sac. From Wegner et al. (2010b).

5.2. Gill Vasculature

As with other fishes, the elasmobranch gill circulation has two main
components or pathways: the respiratory vasculature (also referred to as the
arterioarterial vasculature) and the nonrespiratory vasculature (also called
the arteriovenous vasculature). The former provides blood to the respiratory
lamellae for gas exchange and then proceeds to the systemic circulation
for oxygen delivery to the tissues. The latter is a complex network
that originates from the respiratory circulation and appears to have both
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nutritive and lymphatic-like drainage functions and serves most of the
filament epithelium involved in ion and pH balance (Laurent, 1984; Butler,
1999; Olson, 2002). Several studies using microvascular casting and
histological techniques have allowed for a detailed understanding of both
components for a variety of elasmobranchs ranging from rays (Donald,
1989; Sherman and Spieler, 1998; Basten et al., 2011) and skates (Dunel and
Laurent, 1980; Olson and Kent, 1980; Laurent, 1984) to benthic (Kempton,
1969; Wright, 1973; Cooke, 1980; Dunel and Laurent, 1980; Olson and
Kent, 1980; De Vries and De Jager, 1984; Laurent, 1984; Metcalfe
and Butler, 1986) and pelagic sharks (Wegner et al., 2010b). Despite the
use of different nomenclatures by various researchers to describe like
structures (Laurent, 1984), the elasmobranch gill vasculature is largely
conserved between species. A schematic overview of both the respiratory
and nonrespiratory circulation of the gill filament is given in Fig. 3.7
in comparison to scanning electron microscopy images of a vascular cast
filament for I oxyrinchus (Fig. 3.8) and S. acanthias (Fig. 3.9A).

5.2.1. RESPIRATORY VASCULATURE

Deoxygenated blood from the ventral aorta enters each gill arch through
an afferent branchial artery that provides blood to the gill filaments via
afferent distributing arteries (Figs 3.7 and 3.9A—C). Each distributing artery
usually runs through the interbranchial septum for approximately one-third
(range one-fifth to up to two-thirds) the length of the filaments to supply
blood to one to four afferent filament arteries. Each afferent filament artery
has two sections, a recurrent branch distributing blood to the basal section
of each filament (closest to the arch), while a distal branch supplies the
blood toward the filament tip. The recurrent and distal sections of each
filament artery open at regular intervals to an extensive cavernous body
(Figs 3.7, 3.8B and C, and 3.9A), with numerous collagen and elastic fiber-
based trabeculae extending across its lumen, called the corpus cavernosum.

The corpus cavernosum extends medially from the afferent filament
artery into the filament body (Figs 3.7-3.9) where it generally occupies the
position of the cartilaginous filament rod in the filaments of most bony
fishes (Figs 3.1F, 3.4, and 3.6A); filament rods are not found in
elasmobranchs. While some have suggested the corpus cavernosum plays
a role in the hemolysis of aging erythrocytes (Acrivo, 1935a) and may also
function as a pulse-smoothing capacitance vessel prior to blood entry into
the thin-walled lamellae (Wright, 1973; De Vries and De Jager, 1984), these
views have not been substantiated (Metcalfe and Butler, 1986; Butler, 1999),
and it is now generally accepted that its main function is as a hydrostatic
skeleton that provides rigidity to the gill filaments. Direct evidence for this
was provided by De Vries and De Jager (1984) who artificially applied
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Figure 3.7. Schematic of the filament respiratory (white) and nonrespiratory (gray) circulation
for a generalized elasmobranch. Dotted arrows indicate the direction of blood flow. ABA,
afferent branchial artery; ACV, afferent companion vessel; ADA, afferent distributing artery;
AFA, afferent filament artery; ALA, afferent lamellar arteriole; AS, arch sinus; AVA,
arteriovenous anastomose; BCS, branchial canopy sinus; CC, corpus cavernosum; EBA,
efferent branchial artery; ECV, efferent companion vessel; EFA, efferent filament artery; ELA,
efferent lamellar arteriole; IL, interlamellar vessels; L, lamella. Modified from Donald (1989).

physiological blood pressures to the corpus cavernosum iz situ and observed
the erection of the filament tips away from the interbranchial septum to
contact filament tips of the opposing hemibranch (the position normally
observed in live animals).

In many species the corpus cavernosum also extends laterally into the
septal tissues on either side of the afferent filament artery (Figs 3.8B and
3.9A and C). These lateral extensions, which may serve as anchor points
for the filament bound portion of the corpus cavernosum, are relatively
short near the base of the filaments, but become much more pronounced
near the filament tips where septal cavernosa from adjacent filaments often
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Figure 3.8. Scanning electron micrographs of vascular casts of the filament circulation from a
shortfin mako, Isurus oxyrinchus. (A) Synoptic view of the gill filament circulation in the same
orientation as that depicted graphically in Fig. 3.7. (B) Enlarged view of dotted box in (A)
(upper right) with the interlamellar circulation removed to show the corpus cavernosum and
its connections to the afferent filament artery (delineated by arrows). Also note the presence of
the septal corpus cavernosum extending out of the page. (C) Magnified image of box in (B)
showing both large and small connections of the afferent filament artery with the corpus
cavernosum. (D) Enlarged image of dotted box in (A) (upper right) with the interlamellar
circulation still intact. (E) Magnified image of dotted box in (D) showing the afferent lamellar
arterioles leaving the corpus cavernosum and the interlamellar circulation running between the
arterioles and underneath the lamellae. (F) Enlarged view of box in (A) (long dashes, upper
left) showing the connection of the efferent lamellar arterioles to the efferent filament artery
and the cast of a vascular sac on the efferent edge of a lamella. (G) Magnified image of box in
(A) (short dashes, bottom middle) showing a nutrient vessel intertwined with the interlamellar
circulation. (H) Enlarged view of (G). Water flow is from left to right in all images. ACV,
afferent companion vessel; AFA, afferent filament artery; ALA, afferent lamellar arteriole;
CC, corpus cavernosum; ECV, efferent companion vessel; EFA, efferent filament artery;
ELA, efferent lamellar arteriole; L, lamella; IL, interlamellar vessel; OMC, outer marginal
channel; SCC, septal corpus cavernosum; N, nutrient vessel; VS, vascular sac. Modified from
Wegner et al. (2010b).
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Figure 3.9. Vasculature of the elasmobranch gill. (A) Scanning electron micrograph of a
vascular cast gill filament from the spiny dogfish, Squalus acanthias. (B) Scanning electron
micrograph of a cast of the first gill arch of the western shovelnose stingaree, Trygonoptera
mucosa, showing the afferent circulation providing blood to the gill filaments. Note the presence
of the vascular cascade connecting adjacent afferent filament arteries near the filament tips.
(C) Light micrograph of an Indian ink injected gill arch of the small-spotted catshark,
Scyliorhinus canicula, with the top hemibranch removed to show the afferent circulation of the
underlying hemibranch. Note the interconnections of the septal corpus cavernosum (SCC) of
adjacent afferent filament arteries near the filament tips. Other abbreviations: ABA; afferent
branchial artery; ACV, afferent companion vessel; ADA, afferent distributing artery; AFA,
afferent filament artery; CC, corpus cavernosum; EFA, efferent filament artery; FT, filament
tip; GA, gill arch; IL, interlamellar vessels; IS; interbranchial septum; L, lamella; SS, septal
sinus; VA, vascular arcade. Modified from (A) Olson and Kent (1980); (B) Donald (1989);
(C) Wright (1973).

anastomose together (Fig. 3.9C). During exercise, increased blood pressure
may thus not only increase the rigidity of the gill filaments, but may also
increase the stiffness of the interbranchial septum. Interestingly, urolophid
stingrays lack the septal portion of the corpus cavernosum, which appears to
be replaced by or perhaps reduced to a single vessel-like “vascular arcade,”
which connects the afferent filament arteries near the filament tips
(Fig. 3.9B) (Donald, 1989; Sherman and Spieler, 1998; Basten et al.,
2011). The lack of septal cavernosa in urolophids may correlate with their
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general inactivity, and hence a reduced need for a stiff interbranchial septum
or septal-anchored filament cavernosa.

Arising from the filament portion of the corpus cavernosum are short
lamellar arterioles that provide blood to the respiratory lamellae (Figs 3.7
and 3.8E). Like most other fishes, blood flow through elasmobranch
lamellae is thought to be sheet-like (Farrell et al., 1980), although the
placement of the pillar cells running across the lumen often appears to
delineate rough channels or preferred routes (Figs 3.5A and 3.8E). The outer
marginal channel is particularly well defined, and, as mentioned previously,
may have a hydrostatic functional capacity. In addition, one or more inner
marginal channels are typically embedded within the body of the filament
(Figs 3.1G and H, and 3.6D). Following gas exchange, oxygenated blood
exits the lamellae via efferent lamellar arterioles that empty into an efferent
filament artery (Figs 3.7, 3.8F, and 3.9A) that runs along the length of each
filament and brings blood back to the gill arch (Fig. 3.7). Blood from the
efferent filament arteries of each hemibranch is collected by a separate
efferent branchial artery (thus with the exception of the first gill arch, which
only has a posterior-facing hemibranch, there are two efferent branchial
arteries per arch), from which it proceeds to the systemic circulation.

5.2.2. NONRESPIRATORY VASCULATURE

Stemming from the respiratory circulation is the nonrespiratory or
arteriovenous vasculature. The nonrespiratory vasculature is often sub-
divided into two parts: the interlamellar circulation (also referred to as
the lymphatic-venous circulation) and the nutrient circulation, although
this division is still equivocal (Laurent, 1984; Olson, 2002). The complex
network of interlamellar vessels within the filament body (often termed the
central venous sinus) comprise a low-pressure system that generally runs
parallel to the inner margins of the lamellae (Figs 3.7, 3.8A, D-H, and 3.9A)
and is thought to be closely associated with the filament epithelium where
MRC:s are present in high abundance (Olson and Kent, 1980; Laurent, 1984;
Olson, 2002; Wilson and Laurent, 2002; Evans et al., 2005). Depending on
the species, these vessels appear to receive blood from a combination of
small anastomoses with the efferent filament artery (Fig. 3.7), efferent
lamellar arterioles, and or corpus cavernosum. Intermingled with, but
largely separate from the interlamellar or central venous sinus vessels are
nutrient vessels that course through the filaments and interbranchial septa
(Fig. 3.8G and H). The nutrient vessels appear to originate from the efferent
filament and branchial arteries and drain into the interlamellar circulation.
Within the filament, the interlamellar and some nutrient vessels drain into
afferent and efferent companion vessels that run parallel to the afferent and
efferent filament arteries (Figs 3.7, 3.8D and F, and 3.9A) (Note: afferent
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and efferent used here refer solely to their location in proximity to the
afferent and efferent filament arteries and not to a function associated
with gas exchange). Along their course toward the gill arch the afferent
companion vessels often connect and drain into large sinuses within the
interbranchial septum (Fig. 3.9A), while the efferent companion vessels may
connect with sinuses within the branchial canopy (Fig. 3.7). Ultimately this
low-pressure system empties into septal and gill arch sinuses that drain
dorsally into the anterior cardinal sinus and ventrally into the inferior
jugular sinus (De Vries and De Jager, 1984; Butler, 1999).

5.2.3. GILL VASCULATURE AND BLOOD SHUNTING

Early physiological studies on elasmobranch respiratory function
showed highly variable gill O, utilization and correlating variable dorsal
aortic PO, levels (e.g., Lenfant and Johansen, 1966; Piiper and Schumann,
1967; Grigg and Read, 1970), and Piiper and Schumann (1967) and others
suggested this might be associated with the shunting of blood around the
respiratory surfaces of the gills through the nonrespiratory circulation. Such
shunting would indicate the ability of elasmobranchs to modulate blood
flow through the gills to meet aerobic demands under different physiological
conditions (e.g., exercise vs. rest), the benefit of which would allow for a
decreased perfusion of the thin respiratory surfaces, and hence a decrease in
passive ion movement between the blood and water (=reduced ionic
regulatory costs) during bouts of relative inactivity. As a result, most of the
early studies on elasmobranch gill vasculature examined the potential for
nonrespiratory shunts of blood to bypass the respiratory exchange surfaces.
Although the nonrespiratory interlamellar circulation in several species
anastomoses with both the afferent and efferent respiratory vasculature, it is
generally considered a distensible venolymphatic system, which is generally
free of red blood cells and operates at pressures well below that of both the
afferent and efferent filament arteries and is thus unable to serve as a
physiological bypass.

Rather than vascular shunts, it is now generally thought that ionic
regulatory costs can be minimized during rest by regional changes in the
distribution or perfusion of blood through the respiratory surfaces with
large regions of the gills being essentially shutdown during rest and recruited
during exercise. Regional changes in gill blood flow has been shown for
several elasmobranchs (e.g., Satchell et al., 1970; Cameron et al., 1971) and
is likely achieved through regional differences in vascular resistance, the use
of sphincters (which are present at numerous locations throughout the gill
vasculature), and changes in blood perfusion pressures induced by varying
levels of cardiac output with activity (e.g., at reduced cardiac outputs,
fewer lamellae would be perfused with blood). Variable oxygen extraction
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efficiencies and dorsal aortic PO, values could also result from changes in
ventilation — perfusion matching (Piiper and Scheid, 1984; Butler and
Metcalfe, 1988; Bhargava et al., 1992) with the coordination in timing of the
pulsatile blood and ventilatory flow increasing O, uptake, and a mismatch
decreasing utilization. However, such mismatches are unlikely to mitigate
ionic regulatory costs and models suggest that in sedentary species such as S.
stellaris, a mismatch in ventilation-perfusion timing has little effect on gas
exchange (Malte, 1992).

An interesting exception to the lack of true vascular shunts may be
present in urolophid rays, in which some afferent filament arteries appear to
be directly connected to their corresponding efferent filament artery at the
filament tip (Donald, 1989; Sherman and Spieler, 1998). The extent to which
blood flows through the filament tip and bypasses the respiratory exchange
surfaces (and the extent to which this can be controlled) remains unknown
and deserves additional study. For rays, such a bypass would be particularly
useful as they are often at rest on the substrate and thus would only
occasionally require additional capacity for increased O, uptake.

5.3. The Gill Epithelium

The gill epithelium is heavily involved in several life-sustaining processes.
It provides both a barrier and a means of transport for molecules between
the internal and external environments and is thus vital for homeostasis.
Elasmobranch lamellar and filament epithelia are similar to those of other
fishes and detailed comparative accounts can be found in reviews by Laurent
(1984), Wilson and Laurent (2002), and Evans et al. (2005). The lamellar
epithelium is typically composed of one to three layers of epithelial cells,
with polygonal squamous pavement cells lining most of the apical (outer)
surface (Figs 3.10 and 3.11). The surface of these cells typically have finger-
like microvilli or microridges that are thought to help anchor a mucous layer
that provides protection from bacteria and other foreign materials, reduces
gill drag (Daniel, 1981), and likely decreases the permeability of the
epithelium to certain ions and other molecules (Hill et al., 2004). Subsurface
to the pavement cells typically lie undifferentiated epithelial cells distributed
over a basement membrane (=basal lamina) that separates the epithelium
from the lamellar vasculature. Epithelial cell nuclei are often positioned
above the columns of pillar cells (Figs 3.6D and 3.10) which allows for
decreased epithelial thickness over the blood channels where most gas
exchange occurs. However, in benthic elasmobranchs (which typically have
relatively low metabolic demands), specialized cells, namely MRCs (also
called chloride cells due to their role in chloride excretion from the gills of
marine teleosts) and goblet cells (=mucous cells) can also be found in the
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Figure 3.10. Cross-section through a lamella of the shortfin mako, Isurus oxyrinchus, showing
the lamellar blood channels (BCs) formed by pillar cells (PCs) and the overlaying lamellar
epithelium composed primarily of thin pavement cells (PVCs). Note the location of a pavement
cell epithelial nucleus (N) above the pillar cell column so as to limit the diffusion distance
immediately above the BCs. Below the cross-sectioned lamella is the epithelial surface of the
adjacent lamella showing the microvilli and microridges characteristic of fish gill epithelia. RBC,
red blood cell.

lamellar epithelium (Hughes and Wright, 1970; Wright, 1973; Sala et al.,
1987; Duncan et al., 2010). Because their large size increases diffusion
distances, these specialized cells are usually more abundant in the filament
epithelium, especially in more active species that require short diffusion
distances (Wegner et al., 2010b).

The filament epithelium is generally similar to that of the lamellae
although it is typically much thicker (three or more layers of cells) and
contains regionally higher concentrations of MRCs and goblet cells
(Fig. 3.11). As in teleosts, MRCs appear to be most abundant in the
interlamellar filament epithelium where they overlay and likely interact with
the interlamellar circulation (Wright, 1973; Olson and Kent, 1980; Laurent,
1984; Wilson and Laurent, 2002) and are also in close approximation to the
inner marginal channels of the lamellae. Goblet cells can be found throughout
the filament epithelium and are often highly concentrated on both the leading
and trailing edges of the filament, as well as the interlamellar spaces.

MRC:s in elasmobranchs are thought to be used primarily in salt uptake
and acid-base balance (similar in function to those of freshwater teleosts),
rather than the primary marine teleost function in Na* and CI~ excretion
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Figure 3.11. Scanning electron micrograph of the filament epithelial surface along the septal
channel of the common thresher shark, Alopias vulpinus, showing pavement cells (PVCs), mucus
(M) emerging from goblet cell pores, and the apical surface of mitochondrion-rich cells (MRCs)
emerging between some pavement cells. Note the difference in the microvillar pattern of
pavement and MRCs.

(Wilson et al., 1997; Piermarini and Evans, 2001; Evans et al., 2004;
Tresguerres et al., 2006; Roa et al., 2014; Wright and Wood, 2015). Thus,
unlike marine teleosts, elasmobranch MRCs are usually found singly with
nonleaky, tight junctions between neighboring pavement cells (Wilson et al.,
1997, 2002), which differs from the configuration observed for marine bony
fishes in which MRCs are usually accompanied by accessory cells with leaky
tight junctions that create a paracellular route for Na™ efflux (Laurent, 1984;
Wilson and Laurent, 2002; Evans et al., 2005). Superficially, elasmobranch
MRCs are generally similar to those of teleosts with high mitochondrial
densities, a basally located nucleus, and a densely packed sub-apical
tubulovesicular system (Fig. 3.12). The apical surface of MRCs can be highly
variable, ranging from deep invaginations to convex crests (Laurent, 1984;
Wilson and Laurent, 2002; Wilson et al., 2002), but appears to always be
covered with microvilli that are typically longer or have a different pattern
than those of the surrounding pavement cells (Hughes and Wright, 1970;
Wilson et al., 2002; Evans et al., 2005) (Fig. 3.11). While the function of these
microvilli is still largely unclear, there does appear to be a positive correlation
between microvillar size with MRC activity, as the microvilli tend to become
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Figure 3.12. (A) Transmission electron micrograph (TEM) section of a mitochondrion-rich cell
(MRCQ) from the interlamellar filament epithelium of the spiny dogfish, Squalus acanthias,
showing the basally located nucleus (N), supranuclear tubulovesicular system (TVS), numerous
mitochondria (M), and the basolateral plasma membrane (BLM) with extensive infoldings. The
MRC is in close proximity to both the interlamellar water channel (IC) and gill vasculature
(bottom right) containing red blood cells (RBCs). (B) TEM section of an MRC showing the
apical surface and the nonleaky tight junctions (arrowheads) between the MRC and adjacent
pavement cells (PVCs). Modified from Wilson et al. (1997).

larger and or thicker with exposure to divalent ions (e.g., Zn>") or freshwater
(Crespo, 1982). Elasmobranch MRCs lack the tortuous basolateral tubular
system of marine teleosts (Laurent, 1984; Sala et al., 1987; Wilson et al., 1997),
but have extensive infoldings of the basolateral membrane (Fig. 3.12) that are
the sites of Na“-K"-ATPase expression in some MRCs, while other MRCs
express vacuolar-proton ATPase (V-H'-ATPase) in the cytoplasm that
inserts into the basolateral membrane upon blood alkalosis (Fig. 3.13). Cells
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Figure 3.13. Immunofluorescent-stained longitudinal section through a gill filament of the
leopard shark, Triakis semifasciata, showing the presence of two mitochondrion-rich cell
(MRC) subtypes in the interlamellar filament epithelium: MRCs with Na*-K*-ATPase (red)
and MRCs with V-H*-ATPase (green). Cell nuclei are stained blue. L, lamellae; F, filament
body. Image courtesy of J. Roa and M. Tresguerres.

with Na*-K*"-ATPase expression are specialized for H™ excretion (in
exchange for Na™ uptake), while those with V-H"-ATPase excrete HCO3
(in exchange for CI17) (Piermarini and Evans, 2001; Evans et al., 2004, 2005;
Tresguerres et al., 2006; Roa et al., 2014).

In addition to MR and goblet cells, the elasmobranch filament
epithelium also contains neuroepithelial cells (Laurent, 1984), which are
found deep within the epithelium and are thought to play a role in oxygen
sensing and the regulation of blood flow (Sundin and Nilsson, 2002).
Finally, large flask-shaped cells with a narrow apical region, abundant
mitochondria, and numerous vesicles have been documented in the filament
epithelium of some elasmobranchs, but their function is unknown (Wright,
1973; Wilson et al., 2002).

6. DIVERSITY IN ELASMOBRANCH GILL DIMENSIONS AND
MORPHOLOGY

The first several sections of this chapter have focused primarily on
common structural features of the elasmobranch gill. However, as in bony
fishes, elasmobranch gill morphology varies in relation to habitat and life
history. While elasmobranchs are not nearly as diverse as teleosts, they have
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nonetheless filled a number of different niches resulting in varied body plans
or ecomorphotypes (Compagno, 1990), ranging from freshwater stingrays to
the highly streamlined and regionally endothermic sharks of the open ocean.
This section focuses on functional differences within the elasmobranch gill
and its specialization for increased oxygen uptake, enhanced osmoregula-
tory function, and adaptations associated with feeding.

6.1. Gill Arches

Perhaps one of the most obvious examples of diversity in elasmobranch
gill morphology is variation in the number of gill bearing arches. Most
elasmobranchs have five gill arches containing nine hemibranchs (one
hemibranch on the hyoid arch followed by four holobranchs) on cither side
of the orobranchial cavity (Fig. 3.1B). However, well known are the
Hexanchiformes, which include the frill shark, Chlamydoselachus anguineus,
and the sixgill sharks (Hexanchus spp.) which have six branchial arches (one
hemibranch and five holobranchs) on either side of the orobranchial
chamber, as well as the sevengill sharks (Heptranchias, Notorynchus) which
have seven (one hemibranch and six holobranchs) (Fig. 3.14). While it has
been tempting for some evolutionary biologists to draw the parallel between
the seven paired gill pouches of lampreys and the seven arch pairs of some
Hexanchiformes (which in some previous phylogenies were positioned near
the base of the elasmobranch tree), there is little evidence to support that
seven (or six) gill arches is the basal elasmobranch character state (especially
considering the first two arches in gnathostomes have moved forward to
form and support the jaws). Examination of the “extra” gill arches points to
their independent evolution in Chlamydoselachus and Hexanchus (thus
challenging the monophyly of the hexanchoids) with the additional
independent evolution of an extra arch pair in the sevengill sharks (Shirai,
1992). In addition to the Hexanchiformes, a single species of saw shark, the
sixgill sawshark, Pliotrema warren (Order Pristiophoriformes), and at least
one ray species, the sixgill stingray Hexatrygon bickelii (Order Myliobati-
formes) have six gill arch pairs. Thus it appears that the evolution of
additional gill arches has occurred multiple times within elasmobranchs, and
it seems reasonable that this characteristic may be related to the deep, and
presumably low-oxygen habitats that these species tend to inhabit (with the
notable exception of Notorynchus, which is a generally shallow water,
coastal species). However, measurements of gill surface area are needed to
support this hypothesis.

Another interesting deviation from the normal elasmobranch branchial
arch configuration occurs in the collared carpet sharks (Family Para-
scylliidae, Order Orectolobiformes). These sharks have five gill arch pairs
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Gill arches Hemibranchs Gill pouches

Most
elasmobranchs

Six-gilled elasmo.
Chlamydoselachus
Hexanchus
Hexatrygon
Pliotrema

Sevengill sharks
Heptranchias
Notorynchus

Gill-less

Parascylliid sharks
[~ pouch

Cirrhoscyllium
Parascyllium

Holocephalans

Figure 3.14. Simplified schematic showing the diversity in elasmobranch gill arch number and
hemibranch configuration (also shown are the closely related holocephalans). H, hyoid arch
(also referred to in this text as gill arch 1).

like most elasmobranch species, but lack filaments on the posterior side of
the fifth arch (Goto et al., 2013). The fifth parabranchial cavity thus lacks
any respiratory gill tissue (Fig. 3.14) and has a strikingly large gill slit [most
gill slits tend to remain constant or decrease in height along the length of the
shark (Dolce and Wilga, 2013)] that appears to be used to create extra force
during suction feeding (Goto et al., 2013). As parascylliid sharks are coastal
benthic species that inhabit well oxygenated waters and likely have low
oxygen demands, the forfeit of this hemibranch appears to be an
acceptable loss in order to enhance their ability for prey capture through
suction feeding.
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6.2. Gill Morphometrics

Even without gill specialization that includes the addition or loss of gill
arches or hemibranchs, the size of the gills can vary widely among species,
and while the gill is involved in multiple functions, such differences in gill
morphometrics appear to correlate most directly with its function in gas
exchange. The rate of oxygen uptake (MO, in mgO, min~"') at the gill is
directly related to both gill dimensions and dissolved oxygen levels within
the environment as described by the Fick equation:

MO, = (K-A-APo,)/t (3.1

where K is the diffusion or Krogh coefficient through a specific material
(e.g., the gill epithelium, mgO, pm cm™> mmHg ' min™'), 4 is the
respiratory surface area of the gills (usually reported as the total bilateral
surface area of all the lamellae in the gills in cm?), APg, is the mean
difference in the partial pressure of oxygen between the water and the blood
(mmHg), and ¢ is the diffusion distance (pum).

According to Eq. (3.1), increases in gill surface area (A) or a decrease in
diffusion distance (¢) will augment oxygen uptake. If 4P, is low due to low
levels of environmental oxygen, an increase in 4 or decrease in ¢ are needed
to maintain the same level of oxygen uptake. As a result, gill surface area
and gill diffusion distances correlate with both oxygen demands and the
dissolved oxygen levels of the environment. Fig. 3.15 shows the gill surface
areas for all elasmobranchs determined to date, with highly-active species
having larger gill surface areas than those of less-active, benthic species.
Particularly large are the gill surface areas of the lamnid sharks (Family
Lamnidae) and the thresher sharks (Family Alopiidae), which are highly
active predators, many of which are able to increase aerobic performance
through regional endothermy (Bernal et al., 2012).

The relationship between resting metabolic rate and gill surface area for
the few elasmobranchs for which accurate data are available for both
variables is shown in Table 3.1. While some caution should be used when
extrapolating regression equations for gill surface area and metabolic rate to
a common mass for interspecific comparisons (in this case 1 kg, which is not
a realistic size for some species), the metabolic rate to gill surface area
ratio is strikingly similar between species of varying activity levels,
indicating their close correlation. However, considering that functional gill
area can be reduced during rest (e.g., through changes in blood perfusion,
see Section 5.2.3), it seems likely that gill area may correlate even
more tightly with maximum sustainable metabolic rate, and this may help
explain some of the variation in Table 3.1. Hence the relatively small gill
surface area relative to resting metabolic rate in the marbled electric ray,
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Species
1. Alopias superciliosus®
2. Alopias pelagicus®
3. Alopias vulpinus®
10°F 4. Alopias vulpinus®
5. Carcharodon carcharias®
6. Isurus oxyrinchus®
7. Isurus oxyrinchus®
8. Sphyrna lewin®
105} 9. Carcharhinus obscurus®
10. Prionace glauca®
11. Carcharhinus plumbeus®
12. Rhinoptera bonasus®
13. Squalus acanthias®

Gill surface area (cm?)

104

. Raja clavata'
15. Raja clavata®

16. Scyliorhinus caniculah

17. Scyliorhinus stellaris'

18. Torpedo marmoratal*

19. Dasyatis sabina®

20. Dasyatis sabina (hypoxia)*
21. Dasyalis sabina (normoxia)
22. Paratrygon aiereba'

23. Potamotrygon sp.'

10° ¢

102 " L .
10? 10° 104 108 108

Body mass (g)

Figure 3.15. Relationship of gill surface area to body mass for all known elasmobranchs studied
to date. Note: Gill areas estimated for the megamouth shark, Megachasma pelagios, and
shortfin mako, Isurus oxyrinchus, by Oikawa and Kanda (1997) are not included in the present
figure as they were shown to be inaccurate (Wegner et al., 2010b). *Regression line for Torpedo
marmorata includes five specimens of the electric ray, 7. nobiliana. The single data point for the
scalloped hammerhead, Sphyrna lewini, is the mean of three individuals estimated from a gill-
area-to-body-mass graph from Emery and Szczepanski (1986). Sources: Wootton et al. (2015),
Emery and Szczepanski (1986)°, Wegner et al. (2010b)°, Grim et al. (2012)¢4, Boylan and
Lockwood (1962)°, Hughes and Morgan (1973)2 Hughes (1977)8, Hughes (l972)h, Hughes et al.
(1986)i, Hughes (1978}i, Dabruzzi and Bennett (2013), Duncan et al. (2011)!.

Torpedo marmorata (=high ratio of resting metabolic rate to gill area
compared to other species in Table 3.1) may indicate that this species is not
able to increase its oxygen uptake much above that at rest. For a species
such a T. marmorata with low activity levels this may not be problematic
and should reduce costs associated with osmoregulation. Unfortunately,
comparing maximum metabolic rate to gill surface area is difficult due to the
challenge of conditioning sharks and rays to swim steadily in swim tunnel
respirometers at maximum sustainable speeds.
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Table 3.1
Relationship between resting metabolic rate (RMR) and gill surface area for five elasmobranchs

Common RMR (mgO, Gill area for 1 kg RMR/area
name Species names kg_1 h fish (cm?) (mgO, h™' m™?)
Sandbar shark Carcharhinus plumbeus 47.23% 4074° 115.93
Spiny dogfish  Squalus acanthias 52.64° 37009 142.27
Shortfin mako Isurus oxyrinchus 141.57° 9550° 148.24
Shortfin mako [Isurus oxyrinchus 141.57° 8038" 176.13
Small-spotted  Scyliorhinus canicula 38.20° 2004" 190.62
catshark
Marbled Torpedo marmorata 20.72! 759! 272.99

electric ray

RMRs were adjusted to 15°C using a Qo of 2 and to a body mass (M) of 1.0 kg using M
(unless species-specific scaling coefficients were known).

Metabolic studies lacking experimental temperature or body mass data or using data from
animals that were surgically stressed (e.g., Piiper and Schumann, 1967) are not included.

Sources:

“Dowd et al. (2006).

®Emery and Szczepanski (1986).

°Brett and Blackburn (1978).

dBoylan and Lockwood (1962).

°Sepulveda et al. (2007).

chgncr et al. (2010b).

&Sims (1996).

%’Hughes (1972).

"Hughes (1978).

Missing from Table 3.1 is the incorporation of diffusion distance data,
which according to Eq. (3.1) equally affects the rate of oxygen uptake.
Diffusion distance data are difficult to incorporate into models of oxygen
uptake as oxygen must travel through the interlamellar water, the lamellar
epithelium, the blood, and into erythrocytes where it binds to hemoglobin.
Thus, diffusion distances are tied to multiple measurements, as well as the
hydrodynamics of the ventilatory stream and blood flow. Still, insight can be
gained by examining the thickness of the water—blood barrier and thickness
of the lamellae themselves (Table 3.2). These tend to be thin in active, pelagic
sharks. For example, I. oxyrinchus has a water-blood barrier approximately
an order of magnitude thinner than some benthic shark species.

6.3. Theory on Elasmobranch Gill Dimensions and Limits to Gill Diffusion
Capacity

Gill surface area (A4) is the product of a number of constituent dimensions:
A = Lgu-2nam+Alam (3.2)
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where Lg is the total length of all the gill filaments, ny,,, is the number of
lamellae per unit length on one side of a filament (i.e., lamellar frequency,
which is multiplied by two to account for lamellae on each side of the filament),
and A, is the mean bilateral surface area of a lamella. Consequently, an
increase in any of these dimensions results in a larger gill surface area.

While gill surface area correlates with metabolic demand, these
componential dimensions (Lg, Mjam, 41am) are sculpted by various factors.
Particularly important are hydrodynamic considerations that must be
balanced to create optimal ventilatory-flow conditions in the interlamellar
channels for gas exchange (Strother, 2013; Park et al., 2014). The velocity
(and consequently residence time) of water in contact with the lamellae
in the interlamellar channels is largely dependent on the resistance imposed
by the gills. Resistance (R) through the interlamellar channels is described
by the Hagen-Poiseuille equation for water flow between parallel plates.
For a single interlamellar channel:

R=12ul/d’h (3.3)
and for all interlamellar channels in the gills:
R = 12ul(d + w)/d>hLg (3.4)

where p is the dynamic viscosity of the water, / is the length of the
interlamellar channel, d is the diameter or width of the channel, w is the
width or thickness of a lamella, and / is the lamellar height (dimensions
shown in Fig. 3.16). According to this equation, an increase in lamellar

Figure 3.16. Schematic from Fig. 3.1 showing lamellar dimensions associated with Eqs (3.3) and
(3.4). Variable abbreviations: d, diameter of interlamellar channel; /4, lamellar height; /, lamellar
length (=length of interlamellar channel); w, lamellar thickness.
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length (/) or lamellar frequency (thus decreasing d) amplifies gill resistance
(and consequently the energy required to ventilate the gills), while an increase
to lamellar height () or the length of the gill filaments (Lg;), decreases gill
resistance. Thus, from an energetic standpoint (i.e., minimizing increases to
gill resistance), gill surface area is optimally increased through large (tall)
lamellae and high total filament lengths (Hughes, 1966; Wegner, 2011).

In reality, certain fish groups appear to adhere to this optimal
configuration to augment gill area, while others do not. For high-energy
demand and ram-ventilating teleosts such as tunas (family Scombridae), gill
surface area is increased through long gill filaments, but also through high
lamellar frequencies, which decreases d and greatly amplifies gill resistance
(Muir and Hughes, 1969; Wegner et al., 2010a). Wegner et al., (2010a)
suggested the increase in resistance imposed by high lamellar frequencies
might help slow the fast and forceful branchial stream produced by ram-
ventilation to create more optimal conditions for efficient gas exchange. In
contrast to high-performance teleosts, fast-swimming elasmobranchs (e.g.,
the lamnid sharks) do not have increased lamellar frequencies, but rather
adhere to the theorized optimal configuration by increasing gill area through
long filaments and large lamellae (Emery and Szczepanski, 1986; Wegner
et al., 2010b). Because the septal channels contribute substantially to gill
resistance (Wegner et al., 2012), high lamellar frequencies, which would
further increase resistance, are likely precluded as a metric in elasmobranchs
to increase gill surface area. Consequently and because increased filament
length and large lamellae require additional space within the branchial
chambers (high lamellar frequencies do not), total gill surface area is quickly
constrained in fast swimming elasmobranchs by the dimensions of the
branchial chambers and cranial streamlining. Thus in comparison to tunas
(the zenith of teleost aerobic performance), lamnid sharks (the peak of
elasmobranch performance) have one-half the lamellar frequency, which
results in approximately one-half the total gill surface area, and likely limits
elasmobranch aerobic capacity in comparison to teleosts (Wegner et al.,
2010b, 2012).

In addition to apparent limits in gill surface area, gill diffusion distances
in elasmobranchs are generally longer than those of teleost species that are
similar in activity level and habitat. First, elasmobranch interlamellar
channels are generally wider in order to compensate for the added resistance
of the septal channels. Second, the water—blood barrier in elasmobranchs is
generally thicker (Hughes and Wright, 1970; Wegner et al., 2010b). This
may be related to the generally large lamellae of elasmobranchs (a thicker
lamellar epithelium would provide additional support) or other functions
associated with individual epithelial components. For example, Hughes and
Wright (1970) showed that benthic elasmobranchs have a thicker lamellar
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basement membrane and generally longer microvilli (which would anchor a
thicker mucosal layer on the gills) than those of teleosts. Both could be
related to reducing the loss of important ions and other molecules to the
external environment that are used by marine elasmobranchs to maintain an
osmolarity close to that of seawater (Smith, 1936). This is in part supported
by the findings of Fines et al. (2001) that showed that the basolateral
membranes of the gill epithelial cells of S. acanthias have a very high
cholesterol content that likely lowers gill permeability to urea without
inhibiting oxygen diffusion, and findings by Hill et al. (2004) showing the
low permeability of urea and other molecules through the gill apical
membrane and mucous layer. Third, in addition to a thicker water—blood
barrier, the blood channels of elasmobranch lamellae are generally wider
(thus increasing lamellar thickness and diffusion distances within the blood),
likely to accommodate the intrinsically large red blood cells of elasmo-
branchs (Finge, 1992; Wilhelm Filho et al., 1992).

6.4. Scaling

Important insight into gill function and whole organismal physiology
can be gained by examining how gill dimensions change with fish growth.
This relationship is typically described by the power-law scaling equation:

Y =aM? (3.5)
or log form,
log Y =loga+blogM (3.6)

where, Yis a particular gill morphometric (e.g., 4, Lgi, Mjam, O Ajam), @ 1s the
intercept value for a 1 g specimen, M is fish mass, and b is the species-specific
slope or scaling exponent. Assuming the gills grow isometrically (i.e., gill
mass increases at the same rate as body mass, b=1.0), isometric geometry of
the gills (the length/area/volume relationship) predicts that Lg should scale
to the one-third (i.e., length/volume, »=0.33), ny,,, to the negative one-third
(length~'/volume, »b=—0.33), and Ay, to the two-thirds (area/volume,
b=0.67), which when added together, sum to the expected scaling exponent
for total gill surface area (area/volume, 5=0.67).

In teleost fishes, the scaling exponent for gill surface area to body mass
can range from under 0.50 to over 1.00, with a mean of 0.80. This mean is
significantly greater than that predicted by isometric scaling and appears to
correlate with the mean scaling exponent for fish standard metabolic rate
with body mass (0.81) (Palzenberger and Pohla, 1992; Wegner, 2011). For
the much more limited pool of elasmobranchs studied to date (Table 3.3) the
gill area scaling exponent ranges from 0.74 to 1.03 with a mean of 0.85,



“B[[OUIB[ B JO BAI® J0BJINS [RIdR[Iq UBdW ““Flpr {(Juowrey ww 1od Iefoure|
Jo 1equunu=) Aouanbaiy refowre] ‘Yl iSugl juswuely (8103 W7 pupijigou I ‘ARl OL1)[Q AU} I nInLouLIDW 0pad.o] 10J suorienba uoIssaI3a1 3y ur papnjour suswoads
TT Y1 JO dAL], "S3103ds 19Y310 03 uosLredwod ur d3uel ozIS sSew-Apoq PIJIWI[ & 10 9zIs S[duwes MO[ 03 NP surdw jusuodxo Jur[ess ur papniour Jou sarodds s93edIpu,

8899°0 60S1°0— TEE0 yYLy8'0 UBSIA
(z102) TR 30 WD LSy 000C°0 T19°L86C snsvuoq vdrdousy (A1 asoumo)
(T102) Te 1R WD S9'0-0¥°0 000C0 9¥' 1Tk vuIgys SuPAsnq (ArISUNS oNUENY
(s861) pisuedazozg pue Arowy 081-09 008¢'0 €€C0I'0 00¥€'0— 60°LSY 00L£0 €0°€9C 00170 68TISC smudpna svpdopy NIeys 19USoIY) UOWWOD)
(5861) Misuedazozg pue Krowg SL=0T 008%°0 S0610°0 00E1°0— LL'9F 00070 06FEL 00L'0 SS'vT  Snoquimd smuiiyoin) JIeys ITeqpueg
(6861) Dsuedazozg pue Alowg STI=CL 0099°0 LTP00°0 000C°0— 00°001 008C°0 80°9L9 00VLO0 PS'LS SYIULAXO Snns| Oyew ugIoys
(861) misuedazozg pue Krowg 00€1=CI 00£9°0 LOYO0'0 00SI'0— €95 006C°0 66%S6 00LL'O 99°Cy  SPLIDY2UDD UOPOYIID JIeys AMYM
(ST02) T8 19 UONOOM  €LTI-8'8Y 1T6L'0 TE000'0 ¥SIT0— L8LOT 1TTTO +L'9EOT €SLL'O LI'TS snsoiioadns spidojy J1eys 10ysa1y) oKasig
(9861) 'T# 19 S9USNH G19'C-68S°0 008S°0 0LTIO0 0L91°0— LTOE 0S9E'0 OF'I8  06LL'0 1T'9 SLD][21S SnUlLL01]408 punoyassinN
(90102) Te 10 1ouSom 0'IL=9F €v09°0 87LOO'0 €ITT'0— 61'6€ ¥06C0 I1€CI9 PEBL'O 68°SE SnyouLIx0 Snnsy OoYew ugloys
(5861) psuedazozg pue Arowy 00¢=0C 00S9°0 S¥C00°0 0091°0— 1929 000v'0 1C981 00880 LI9 SNANOSqO SNUNYADYIAD) Jy1eys Aysng
(s861) pisuedazozg pue Arowy 0CI=CI 00650 199000 0060°0— O0L°SC 008¢°0 8I'C9T 00880 0SS DINDIS 2o0UOL JIeys anpg
(S102) "I& 12 UOROOM  T'SL-8'IT 188L°0 SO100°0 IL81°0— 19°8L 106T0 I€YLL 8T680 ISTI snop3pjod spidopy  yIeys Ioysary) oi3e[od
(8L61) seuysny 0°0C=1°0 090L°0 9€€00°0 S991°0— LIPE 996£0 9¢IS  89¢6'0 LI'I vivioutivut opadio], L A®I OLN03[d PAQIBI
(TL61) soUSNH 008°0-SI1°0 0¥89°0 0£010°0 0OIL00— SI'LL OISE0 8TTL 01960 79T Do) snup 103455 MIeysied payjods-fews
(S102) I8 19 uonOOM S16=6'L 6098°0 870000 8C91'0— I1L9S 9ITE0 9T°66vy 66C0'T 9¥'C smudpna svpdojy qIYs IOUSAIY) UOWWOD)
OUIJY (33]) o8ue1 q D q D q D q D sowreu soradg QWEBU UOWWO))
SSBIA
() *y () e (wo) 7 (o) ¥

JUP=A uonenba Furjess me[-romod oy} 03 FUIPIOdSE (3 Ul ‘) ssewr Apoq 0} uostredwoo ur (MU pue Wl )

suorsuawIp [eruauodwod pajeIdosse pue G ¢ ‘SI,{ Ul UMOys (/) Seale 90BJINS [[I3 YourIqowse[d 10J (¢) sjuduodxs Fureds pue (v) sydedrdjur uonenbs UoISSaIZaY
PRI G LA



136 NICHOLAS C. WEGNER

which closely matches the mean scaling exponent for standard/resting
metabolic rate (0.84) in six elasmobranch species for which mass dependent
metabolic data are available (Hughes, 1978; Du Preez et al., 1988; Sims,
1996; Ezcurra, 2001; Dowd et al., 2006). Species-specific deviation from the
mean gill-area-to-body-mass scaling exponent may provide insight into
changes in fish metabolism or other physiological processes with growth.
For example, the high scaling exponent for the gill surface area of the
common thresher shark, Alopias vulpinus (1.03), may reflect an increased
ability for regional endothermy (and hence disproportionate increase in
oxygen demands) with body size (Wootton et al., 2015). This dispropor-
tionate increase in gill surface area results from a disproportionate increase
in the size of gill lamellae (the scaling exponent for A, is 0.86 in
comparison to the predicted 0.67) (Table 3.3), which is consistent with
theoretical predictions for augmenting gill area while minimizing increases
to gill resistance.

6.5. Adaptations for Fast Swimming

Within the apparent constraints imposed on elasmobranch gill dimensions
(see Section 6.3), fast swimming pelagic sharks have much larger gill surface
areas and shorter diffusion distances than those of benthic species (Fig. 3.15,
Table 3.2). In the lamnids and some other oceanic groups, the pectoral fins
are positioned more posteriorly than in many less-active benthic species
(Thompson and Simanek, 1977; Compagno, 1990; Dolce and Wilga, 2013).
While this positioning likely has hydrodynamic considerations for continuous
swimming, it may also allow for the longitudinal expansion of the branchial
chambers and generally longer gill filaments. Fast-swimming pelagic sharks
also tend to have relatively large gill slits of similar length (Dolce and Wilga,
2013), which likely minimizes slit effects on branchial resistance and
swimming drag. While fast-swimming sharks lack the gill fusions of ram-
ventilating teleosts [used to stabilize the gill filaments and lamellae against a
forceful ram-ventilatory stream (Muir and Kendall, 1968; Wegner et al.,
2013)], their filaments are strengthened by the interbranchial septum and their
lamellae appear to be stiffened by lamellar vascular sacs (see Section 5.1).

The largest gill areas in all elasmobranchs are found in the lamnid and
alopiid sharks and can be more than twice those of other oceanic shark
species (Emery and Szczepanski, 1986; Wegner et al., 2010b; Wootton et al.,
2015). For lamnids and A. vulpinus, large gill areas are likely required
to meet high oxygen demands associated with regional endothermy and
increased aerobic performance. However, the gill surface area of the
pelagic thresher shark, A. pelagicus, which is not known to elevate its
body temperature above ambient (Patterson et al., 2011), rivals that of the
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regionally endothermic lamnids and A4. vulpinus (Fig. 3.15). Wootton et al.
(2015) suggested that the large gill area in 4. pelagicus may, in part, reflect
its tropical warm-water environment, which contains less oxygen than
temperate seas (warm water has a reduced oxygen solubility coefficient) and
would keep the body temperature of A. pelagicus above that of most
regionally endothermic sharks. As most studies have focused on temperate
and subtropical species, there is little known about the gill dimensions of
warmer water elasmobranchs and how gill morphometrics and structure
may vary with temperature.

6.6. Adaptations for Hypoxia

Large gill surface areas also allow for enhanced oxygen uptake in
hypoxic environments. The largest elasmobranch gill surface area docu-
mented to date belongs to the bigeye thresher shark, Alopias superciliosus
(Wootton et al., 2015), which undertakes diel vertical migrations to
depths of 300-500 m where, in many locations within its range, it forages
within the hypoxic waters of the subsurface oxygen minimum zone (OMZ)
(Nakano et al., 2003; Weng and Block, 2004). The gill area of the
bigeye thresher is increased by its extremely long gill filaments, which occur
within laterally expanded branchial chambers (Fig. 3.17A). The large size of
these brachial chambers emphasizes the nuchal grooves along the sides of
the head and produces its distinct “helmeted” contour. Wootton et al. (2015)
suggested that as 4. superciliosus feeds heavily on slow-moving prey within
the OMZ, the selective pressure of cranial streamlining may have been
relaxed, thus allowing for larger branchial chambers capable of housing a
gill surface area larger than those of other, more streamlined elasmobranchs.

Other deep-water sharks that occupy the OMZ appear to have a similar
approach to augment gill surface area through long filaments, although gill
morphometric data are needed to confirm this. Some species of the deep-
water catshark genus Parmaturus and the triakid genus lago are reported to
have enlarged branchial chambers and elongated gill filaments (Compagno,
1990). The lollipop catshark, Cephalurus cephalus, found at depths of 250—
850 m gets its name from its unique body shape and large head which likely
houses expanded branchial chambers and gills (Fig. 3.17B). In addition to
having an extra gill arch, the deep-dwelling frill shark (240-1500 m)
possesses gill filaments that appear to fill the branchial cavities and are long
enough to extend out their large gill slits. The extension of filament tips out
of the gill slits has also been suggested for the deep-dwelling Apristurus
catsharks (Graham, 2006). However, this seems unlikely due to the small gill
slits of this genus, which if filled with filaments, would likely obstruct
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(A)
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Figure 3.17. Expanded branchial chambers of the (A) bigeye thresher, Alopias superciliosus, and
(B) lollipop catshark, Cephalurus cephalus which house large gills for increased gas exchange
within the oxygen minimum zone. The branchial chambers are expanded laterally in A.
superciliosus and both laterally and longitudinally in C. cephalus. Images modified from or
based on Compagno (1990, 2001) and Wootton et al. (2015).

ventilatory flow. Furthermore, specimens examined by the current author in
the preparation of this chapter did not possess this particular anatomy.
Recent research has shown that at least some elasmobranchs are capable
of relatively rapid increases in gill surface area in response to decreases in
environmental dissolved oxygen. Shallow marine and estuarine species
such as the Atlantic stingray, Dasyatis sabina, can become trapped in
shallow isolated pools during low tide that, at night, can become severely
hypoxic due to biological respiration. Dabruzzi and Bennett (2013) showed
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that stingrays in the laboratory exposed to daily hypoxic intervals (30% O
saturation for 7 h), increased gill surface by up to 70% after just 20 days.
Like many freshwater teleosts (see for review Nilsson, 2013), this appears
to occur primarily via apoptosis of the filament epithelium which
exposes additional lamellar area that is embedded within the filament body
(Bennett, Personal Communication). However, detailed morphometric
analyses are still needed and the wide range of gill surface areas reported
for this species (see Fig. 3.15) (Grim et al., 2012; Dabruzzi and Bennett,
2013) suggests that even larger changes or population-specific differences
in gill surface area are likely. Additional studies on changes in gill
morphology in this and other species such as the epaulette shark,
Hemiscyllium ocellatum (which is often exposed to anoxic pools in tropical
reefs) would provide further valuable insight into elasmobranch respiratory
plasticity and responses to hypoxia.

6.7. Adaptations for Freshwater

Although the vast majority of elasmobranchs occur solely in the marine
environment, approximately 5% of extant species can regularly be found in
freshwater, and a few groups (comprising about 3-4% of elasmobranch
species) such as the potamotrygonid stingrays, are specialized for freshwater
and cannot tolerate higher salinities (Ballantyne and Robinson, 2010). Most
of the physiological research on freshwater elasmobranchs has focused on
their ability to osmoregulate, which, with the typical marine elasmobranch
osmolarity close to that of seawater, requires a number of adaptations.
Studies on the gills of freshwater elasmobranchs have focused primarily on
the function, prevalence, and distribution of MRCs. For euryhaline species
such as D. sabina and the bull shark, Carcharhinus leucas, MRC abundance
increases in freshwater to meet augmented demands for NaCl uptake and
acid-base balance (Piermarini and Evans, 2000; Piermarini and Evans, 2001;
Reilly et al., 2011). Fig. 3.18 shows the stepwise change in the proliferation
and distribution of two MRC subtypes (Na*/K*-ATPase-rich and V-H"-
ATPase rich cells) in D. sabina that are found primarily in the interlamellar
filament epithelium in seawater acclimated individuals, but become
increasingly more abundant on the lamellar epithelium with lower salinities
(Piermarini and Evans, 2001).

The increase in MRC abundance in the lamellar epithelium for
freshwater elasmobranchs likely increases the thickness of the water—blood
barrier, thus decreasing the diffusion capacity of the gills (although this
and other gill morphometric data are largely lacking from the literature). As
air-saturated freshwater typically contains 15-20% more oxygen than
seawater (depending on temperature) a thick water—blood barrier may not
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Figure 3.18. Longitudinal sections through the gill filament and lamellae of the Atlantic stingray,
Dasyatis sabina, showing the relative distribution of mitochondrion-rich cells (brown=V-H"-
ATPase-rich; blue=Na*/K*-ATPase-rich) for rays from (A) freshwater, (B) freshwater acclimated
to seawater for two weeks, and (C) seawater. Modified from Piermarini and Evans (2001).

be detrimental to oxygen uptake and should be advantageous in decreasing
the diffusive loss of ions to the environment. Palzenberger and Pohla (1992)
showed that freshwater teleosts have generally smaller gill surface areas than
comparable marine teleosts, and this likely correlates to the higher oxygen
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concentration in freshwater. Future studies on freshwater elasmobranch
morphometrics would provide interesting insight into the osmo-respiratory
compromise.

6.8. Adaptations for Feeding — Gill Rakers

One highly variable structural element of the gills not directly associated
with gas exchange is the gill raker. In most elasmobranchs, gill rakers are
either absent or are small and knob-like and likely serve to protect the gills
during feeding. However, four elasmobranch lineages (Cetorhinidae,
Megachasmidae, Mobulidae, and Rhincodontidae) have independently
evolved elaborate raker-based filtering apparatuses for suspension feeding.
Perhaps the most intricate filtration system is found in the whale shark,
Rhincodon typus, in which nearly the entire pharyngeal surface is lined
by 20 giant interconnected filter pads composed of a denticle-covered
reticulated mesh with small irregularly shaped pores (Fig. 3.19) (Motta
et al., 2010). Each pad, formed by rakers on each gill arch epi- or
ceratobranchial, is joined to the neighboring pad by a connective tissue-
based raphe (Fig. 3.19B), thus ensuring that all water entering the mouth
passes through the filtering apparatus. The reticulated mesh (Fig. 3.19C, D,
and F) appears composed of tertiary and quaternary folds of the gill rakers
that have fused together to form an irregular pattern. The primary and
secondary rakers [termed secondary and primary vanes, respectively, by
Motta et al. (2010)] that support the reticulated mesh, appear positioned to
help direct post-filter flow toward the gill filaments (Fig. 3.19E and F).

Functionally similar to the filter pads of R. typus are the gill rakers of the
mobulids (mantas and devil rays), in which individual rakers (also termed
filter lobes) contain leaf-like secondary rakers or lobes that are in such close
proximity they form a reticulating mesh and assume a plate-like appearance
(Fig. 3.20) (Paig-Tran et al., 2013; Paig-Tran and Summers, 2014). Although
each row of rakers on either side of each epi- and ceratobranchial is called a
filter pad or plate, mobulid pads differ from those of R. typus in that they
are composed of individual rakers that, with the exception of Mobula
tarapacana, do not appear to be fused and in no cases connect to the rakers
of the opposing arch. However, like R. typus, the trailing (water-exit) edge of
the primary and secondary rakers form vanes that direct post-filtered water
toward the gill filaments for gas exchange (Fig. 3.20B). The orientation and
reticulating mesh morphology of the filter pads of both mobulids and R.
typus, coupled with the finding of prey smaller than mesh size in the
stomachs, suggests that both groups may use cross-flow filtration, in which
the tangential shearing of water flow parallel to the filter surface pushes
particulate food items toward the back of the pharynx to be swallowed
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Figure 3.19. The branchial filtering apparatus of the whale shark, Rhincodon typus. (A)
Schematic rendering of an anterior-lateral view of a whale shark showing the position of the
filter pads and direction of water flow as indicated by solid black lines. The enlarged view of a
single gill arch shows primarily the trailing (water-exit) edge of the filter pad revealing the
primary gill rakers that provide structural support and direct flow toward the gill filaments.
(B) Water-entry side of the upper (left) and lower (right) filter pads from the left side of the
orobranchial chamber removed from the gill arches and laid flat. Note the connective tissue-
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without direct contact with the sieve (Motta et al., 2010; Paig-Tran et al.,
2013; Paig-Tran and Summers, 2014).

The gill rakers of the basking shark, Cetorhinus maximus, and
megamouth shark, Megachasma pelagios, are much simpler in structure
and are likely associated with a more traditional filtering mechanism in
which the food items become physically caught in the rakers for collection
and later swallowing. For C. maximus, the rakers are long and largely rigid
keratinous bristle-like structures (Fig. 3.21A) that emanate from the distal
end on both sides of each gill arch (Daniel, 1934; Matthews and Parker,
1950; Sims, 2008). When the mouth is closed, the rakers lay flat against the
arch. As the mouth opens for feeding, the rakers extend off the gill arch
and approach those of the adjacent arch, forming a series of “V” shaped
filters that point toward the oral cavity and fill the pharyngeal slits
(Daniel, 1934; Sims, 1996). A thick mucosal epithelium lines much of the
gill arches and orobranchial cavity and likely produces mucus that in
theory coats the rakers to aid in prey adhesion and capture (Matthews and
Parker, 1950; Paig-Tran and Summers, 2014). In M. pelagios, closely
spaced, repeating, and largely flexible papillae-like rakers (Fig. 3.21B
and C) are composed of a hyaline cartilage core covered by dense
connective tissue, a thin epithelial layer, and placoid denticles (Yano et al.,
1997; Paig-Tran and Summers, 2014). The functional significance of the
numerous denticles (Fig. 3.21C) is not known, but like C. maximus, it is
hypothesized that they may be largely covered by mucus for prey
adhesion. While M. pelagios feeding has never been observed, the large
mouth and small gill slits suggest an engulfment mechanism (in which
engulfed prey are filtered as water is pushed out the gill slits) rather than
the steady swimming, ram filtration that is used heavily by R. zypus and
likely exclusively by mobulids and C. maximus.

based raphae connecting adjacent gill pads to ensure all water passes through the filtering
apparatus. Gill pads are numbered from 1-5 anterior to posterior. The white ruler is 15 cm. (C)
Enlarged view of the water-entry side of a gill pad showing the reticulated mesh. (D) Enlarged
view of the reticulated mesh. (E) Water-exit side of the gill pad revealing the primary and
secondary rakers [secondary and primary vanes respectively of Motta et al. (2010)] that support
the gill pads and direct water toward the gill filaments. (F) Magnified view of a cross-section
though the gill pad showing the reticulated mesh which appears to be composed of tertiary and
quaternary folds of the gill rakers that have fused together. The white square in (E and F) is
1.0 cm®. Water flow through the filter in (B-D) is into the page and is from top to bottom in
(E and F). BC, branchial canopy; CTR, connective tissue raphe; F, filaments; GA, gill arch; P,
filter pad; R, primary raker; RM, reticulated mesh; SR, secondary raker. (A-C, E, and F)
Modified from Motta et al. (2010) and (D) Courtesy of P. Motta (Unpublished). (A) Based on
an illustration by Emily S. Damstra.
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Figure 3.20. Gill filtering apparatus of the mobulid rays. (A) Anterior view into the oro-
branchial cavity of the spinetail mobula, Mobula japonica, showing the leading (water-entry)
side of the gill rakers emanating from both sides of each gill arch. Gill arches 2-5 are numbered.
(B) Extracted gill arch from the Chilean devil ray, M. tarapacana, showing the leading surface
of the primary and secondary rakers from the ceratobranchial (lower left) and the outflow
channels of the rakers from the epibranchial (upper right). BC, branchial canopy; C,
ceratobranchial; E, epibranchial; F, filaments; GA, gill arch; IS, interbranchial septum; R,
raker. (A) Reprinted with permission of Gisela Kaufmann, Manta Trust. (B) Modified from
Paig-Tran et al. (2013).
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Figure 3.21. Gill rakers of the (A) basking shark, Cetorhinus maximus and (B and C)
megamouth shark, Megachasma pelagios. The long bristle-like gill rakers of C. maximus (A),
which interconnect at their base, are shown removed from the gill arch. The papillae-like gill
rakers for M. pelagios (B) are shown emanating from both sides of each arch (numbered 1-5).
(C) is a magnified scanning electron micrograph of the white box in (B) showing the denticles
that cover the surface of M. pelagios rakers. F, filaments; RB, raker base.

7. CONCLUSIONS

As in other fishes, the gills of elasmobranchs are essential in gas
exchange, ion and pH balance, and nitrogen excretion, and, in some cases,
feeding. Despite the importance of the gill to basic physiological function,
most of our knowledge on elasmobranch gill structure and function has
historically been based on the study of just a few representative species such
as S. acanthias, S. canicula, and S. stellaris, which are relatively common,
sedentary, and temperate sharks that are easily held in captivity. It has only
been more recently that morphological assessments have been expanded to
include a wider diversity of elasmobranch species to those that push the
limits of physiological function in terms of rapid swimming and regional
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endothermy (Wegner et al., 2010b, 2012), life in hypoxia (Dabruzzi and
Bennett, 2013; Wootton et al., 2015), or adaptations for freshwater
(Piermarini and Evans, 2000, 2001; Duncan et al., 2010; Reilly et al.,
2011). Such research is yielding exciting results and insights into the
capabilities and limitations of the elasmobranch gill for gas exchange and
consequently aerobic function, gill plasticity and possible remodeling, and
adaptations for extreme osmotic stress. Still these studies have likely just
begun to scratch the surface. The gill morphology of many groups such as
deep-sea and obligate freshwater elasmobranchs has gone largely unstudied.
Unfortunately, due to their large body size, extreme or remote habitats, and
active swimming requirements, many elasmobranch groups cannot be
brought into the laboratory for direct physiological study. For such species,
examination of branchial morphology can provide insight into metabolic
requirements and other important physiological processes.
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