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ABSTRACT For ram-gill ventilators such as tunas and
mackerels (family Scombridae) and billfishes (families
Istiophoridae, Xiphiidae), fusions binding the gill lamellae
and filaments prevent gill deformation by a fast and continuous ventilatory stream. This study examines the gills
from 28 scombrid and seven billfish species in order to
determine how factors such as body size, swimming
speed, and the degree of dependence upon ram ventilation
influence the site of occurrence and type of fusions. In the
family Scombridae there is a progressive increase in the
reliance on ram ventilation that correlates with the elaboration of gill fusions. This ranges from mackerels (tribe
Scombrini), which only utilize ram ventilation at fast
cruising speeds and lack gill fusions, to tunas (tribe Thunnini) of the genus Thunnus, which are obligate ram ventilators and have two distinct fusion types (one binding the
gill lamellae and a second connecting the gill filaments).
The billfishes appear to have independently evolved gill
fusions that rival those of tunas in terms of structural
complexity. Examination of a wide range of body sizes for
some scombrids and billfishes shows that gill fusions
begin to develop at lengths as small as 2.0 cm fork length.
In addition to securing the spatial configuration of the gill
sieve, gill fusions also appear to increase branchial resistance to slow the high-speed current produced by ram ventilation to distribute flow evenly and optimally to the respiratory exchange surfaces. J. Morphol. 000:000–000,
2012. Ó 2012 Wiley Periodicals, Inc.
KEY WORDS: tuna; mackerel; marlin; swordfish; gill
filament; gill lamellae

INTRODUCTION
Tunas,
bonitos,
and
mackerels
(family
Scombridae) and billfishes (families Istiophoridae,
Xiphiidae) are continuous swimmers and breathe
using ram ventilation, the mechanism through
which forward swimming provides the force
required to drive water into the mouth and
through the branchial chamber (Brown and Muir,
1970; Stevens, 1972; Roberts, 1975, 1978; Stevens
and Lightfoot, 1986; Wegner et al., 2012). Ram
ventilation transfers the energetic cost of active
gill ventilation to the swimming musculature, and
because mouth and opercular motions are miniÓ 2012 WILEY PERIODICALS, INC.

mized, both respiratory and swimming efficiency
are increased (Freadman, 1979, 1981; Steffensen,
1985). However, at the relatively high swimming
speeds attained by scombrids and billfishes, ram
ventilation poses two challenges. First, the ramventilatory current must be slowed to create optimal flow conditions for efficient gas exchange at
the respiratory lamellae (Brown and Muir, 1970;
Stevens and Lightfoot, 1986; Wegner et al., 2012).
Second, the gills must be reinforced in order to
maintain normal orientation with respect to a
high-pressure branchial stream, the force of which
increases with swimming speed (Muir and Kendall, 1968; Brown and Muir, 1970). Recent work by
Wegner et al. (2010) showed that the morphometrics of scombrid and billfish gills (e.g., shape, size,
and number of gill lamellae) increase branchial resistance and help slow ram-ventilatory flow. To
increase the overall rigidity of the branchial sieve,
some scombrids and billfishes have structural supports in the form of gill fusions (Muir and Kendall,
1968; Muir, 1969; Johnson, 1986; Wegner et al.,
2006).
In most teleost fishes, the gill filaments are not
interconnected and extend independently from the
gill arch, with lamellae extending freely from the
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Fig. 1. Basic gill morphology and fusion structure described for tunas and billfishes. (A) First gill arch taken from the left side of
the branchial chamber of a scombrid showing the gill filaments emanating from the arch. (B–E) Magnified views of black box in A
showing the leading (water-entry) edges of three adjacent gill filaments (each containing two rows of gill lamellae) with different
fusion types: (B) No gill fusions, (C) Interlamellar fusions, (D) Complete lamellar fusions, and (E) Filament fusions (with complete
lamellar fusions extending underneath). Water flow direction in B-E is into the page. IF, interlamellar fusion; F, filament; FF filament
fusions; L, lamellae; LF, complete lamellar fusion.

gill filaments (Fig. 1A,B). The gill fusions of scombrids and billfishes connect these normally independent structures to form lamellar fusions (Fig.
1C–E) and filament fusions (Fig. 1E). Lamellar
fusions, which bind the gill lamellae near their
leading (water-entry) edge and thus secure the
spatial integrity of the interlamellar channels
(5lamellar pores), can be further categorized into
two forms. Interlamellar fusions (Fig. 1C) bind adjacent lamellae on the same filament and have
been described for wahoo, Acanthocybium solandri
(a non-tuna scombrid), and striped marlin, Kajikia
audax (Wegner et al., 2006). Complete lamellar
fusions (Fig. 1D) connect the lamellae on one filament to the closely positioned and opposing lamellae of the adjacent filament, thus providing support to both the gill lamellae and filaments (Muir
and Kendall, 1968; Muir, 1969; Wegner et al.,
2006). Complete lamellar fusions have been
reported in several tuna species and in the striped
marlin, where, in some areas of the gills, the interlamellar fusions of adjacent filaments join together
(i.e., the striped marlin has both complete lamellar
and interlamellar fusions; Wegner et al., 2006).
Filament fusions (Fig. 1E) bridge the interfilament space in a lattice-like pattern, binding adjacent filaments on the same gill hemibranch (Muir
and Kendall, 1968; Johnson, 1986; Davie, 1990).
These fusions, which form on the trailing (waterexit) and often leading (water-entry) edges of the
filaments, have been documented in tunas of the
genus Thunnus, the wahoo, and some billfishes
Journal of Morphology

(Istiophorus, Kajikia, and Xiphias; Muir and Kendall, 1968; Johnson, 1986). In the tuna genus,
Thunnus, filament fusions are formed by the
expansion of the mucosal filament epithelium
(Muir and Kendall, 1968). In contrast, wahoo and
billfish filament fusions are formed by bony epithelial toothplates, which on the trailing edges of the
filaments cover cartilaginous connections of the filament rods (Johnson, 1986).
The diversity of gill fusion type and structure
can be expected to reflect interspecific differences
in reliance upon, or specialization for, ram ventilation. Although all scombrids and billfishes use
ram ventilation, basic information about the occurrence of fusions and their structure is not available for many species, and there are few data
addressing how fusion structure may change with
body size or the range of swimming speeds
employed by these fishes. Because the family
Scombridae demonstrates a progression in adaptations for fast, continuous swimming (from least
derived mackerels to most derived tunas) and an
associated increase in reliance on ram ventilation,
determination of gill fusion type and pattern along
this gradient can provide insight into the structural requirements of ram ventilation. This comparative study thus examines the gills of 28 scombrid and seven billfish species in order to determine how factors such as body size, swimming
speed, and the degree of dependence upon ram
ventilation correlate with the site of occurrence
and elaboration of fusions.
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TABLE 1. Scombrids and billfishes examined in relation to gill fusion type
Species
name

Common
name

Thunnus alalunga
Thunnus albacares
Thunnus atlanticus
Thunnus obesus
Thunnus orientalis
Thunnus tonggol
Katsuwonus pelamis
Euthynnus affinis
Euthynnus alleteratus
Euthynnus lineatus
Auxis rochei
Auxis thazard
Allothunnus fallai
Sarda australis
Sarda chiliensis
Sarda orientalis
Sarda sarda
Cybiosarda elegans
Acanthocybium solandri
Scomberomorus commerson

Albacore
Yellowfin tuna
Blackfin tuna
Bigeye tuna
Pacific bluefin tuna
Longtail tuna
Skipjack tuna
Kawakawa
Little tunny
Black skipjack
Bullet tuna
Frigate tuna
Slender tuna
Australian bonito
Eastern Pacific bonito
Striped bonito
Atlantic bonito
Leaping bonito
Wahoo
Narrow-barred
Spanish mackerel
Monterey Spanish
mackerel
Queensland
school mackerel
Pacific sierra
Shark mackerel
Double-lined mackerel
Short mackerel
Indian mackerel
Pacific chub mackerel
Sailfish
Blue marlin
Black marlin
Striped marlin
Shortbill spearfish
Roundscale spearfish
Swordfish

Scomberomorus concolor
Scomberomorus
queenslandicus
Scomberomorus sierra
Grammatorcynus bicarinatus
Grammatorcynus bilineatus
Rastrelliger brachysoma
Rastrelliger kanagurta
Scomber japonicus
Istiophorus platypterus
Makaira nigricans
Istiompax indica
Kajikia audax
Tetrapturus angustirostris
Tetrapturus georgii
Xiphias gladius

n total
(collected)
4 (2)
25 (19)
11 (5)
6 (5)
5 (5)
9 (2)
14 (8)
14 (4)
2 (0)
22 (10)
3 (0)
25 (2)
2 (0)
1 (0)
25 (25)
2 (0)
2 (0)
7 (7)
9 (9)
6 (5)

Fork length
(cm)

Mass
(kg)

39.0–82.0
1.0–11.3
29.0–182.0
0.38–94.0
45.5–52.0
1.6–2.4
40.0–136.0
1.5–46.0
86.0–120.0
12.2–32.3
38.5–85.5
0.83–9.6
30.4–77.0
0.48–9.6
19.7–78.0
0.10–6.0
6.5–8.0
2.5–4.6 g
10.9–59.0
16.4 g–2.94
21.8–36.0
0.11–0.76
7.7–44.5
3.4 g–1.48
84.5–85.5
11.3–11.8
33
0.52
27.5–82.0
0.15–6.4
48.0–50.5
1.45–1.56
11.5–48.0 10.0 g–1.58
30.6–35.5
0.44–0.67
75.0–152.0
2.1–24.2
43.5–96.0
0.59–7.0

5 (0)

38.5–55.0

0.35–1.39

6 (5)

22.3–58.5

65.0 g–1.65

5
2
4
2
4
25
2
3
2
9
3
1
16

(5)
(2)
(0)
(0)
(2)
(25)
(2)
(0)
(0)
(8)
(0)
(0)
(9)

47.0–50.0
0.75–0.90
—
3.5–4.5
41.5–51.0
0.59–0.95
10.0–10.3
7.5–9.5 g
12.1–31.5 16.6 g–0.43
9.5–40.0
7.2 g–0.74
200.0–207.0 31.0–34.4
—
53.2–189.5
86.5–90.5
—
95.0–188.5
8.0–70.0
125.0–143.0
—
173.0
—
34.0–223.5 73.1 g–155.3

Lamellar
fusion

Filament
fusion

Collection
location

LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
IF
--

ME
ME
ME
ME
ME
ME
------------ETP
--

1
1,2,3
4
3,5
2
6
1,2,3
6
—
2,7
—
2
—
—
1,2
—
—
6
2,3
6

--

--

—

IF*

--

6

------IF, LF

------ETP
ETP
ETP
ETP
ETP
ETP
ETP

7
6
—
—
8
1
7
—
—
1,2
—
—
1

IF, LF
IF, LF
--

The total number of specimens examined is given with the number collected (i.e., those not from scientific collections) in parentheses. Collection locations: 1. Southern California, USA; 2. Baja California and Baja California Sur, Mexico; 3. Hawaii, USA; 4. Grand
Cayman Island; 5. Central equatorial Pacific; 6. Queensland, Australia; 7. Costa Rica (Pacific coast); 8. Palau. Abbreviations: ETP,
epithelial toothplate filament fusion; IF interlamellar fusion; LF, complete lamellar fusion; ME, mucosal epithelium filament fusion.
Dashes (--) indicate a lack of fusions; blank spaces indicate that fusion status remains undetermined. Billfish lengths are given as
lower jaw fork lengths. *Interlamellar fusions were present in five S. queenlandicus from 46.9–58.5 cm (0.87–1.65 kg) but were not
present in a 22.3 cm (65.0 g) specimen. The small yellowfin and sailfish specimens examined to understand the timing of fusion development are not included in this table. Fish masses are given in kg unless otherwise denoted by grams (g).

MATERIALS AND METHODS
Gill Tissue Collection and Preservation
Fresh gill tissue samples were collected from 19 scombrid and
three billfish species from various locations around the world by
working with other researchers and fishermen. All collected individuals were sacrificed upon capture by severing the spinal cord at
the base of the skull in accordance with protocol S00080 of the University of California, San Diego Institutional Animal Care and Use
Committee. Length measurements [fork length for scombrids,
lower jaw fork length for billfishes] were taken, and when possible,
each specimen was weighed using a digital scale. In cases where
body mass could not be directly measured, estimates were made
using species-specific length-weight regressions (Chatwin, 1959;
Wolfe and Webb, 1975; Faruk Kara, 1979; Muthiah, 1985; Ramos
et al., 1986; McPherson, 1992; Hsu et al., 2000; Chiang et al., 2004;
Beerkircher, 2005; de la Serna et al., 2005; Moazzam et al., 2005;
Vieira et al., 2005). Whenever possible, a large size range of individuals from each species was collected in order to examine
changes in fusion structure with body size.

For most specimens, the gills from one or both sides of the
branchial chamber were excised immediately and fixed in 10%
formalin buffered in sea water. For large fish, a low-pressure
seawater hose was used to keep the gills wet during excision,
which, depending on the size of the fish, required up to 10 min
(prolonged air exposure results in the degradation of fine gill
tissue).
On an opportunistic basis, specimens from select species were
perfused with vascular casting solution in order to determine if
the elaboration of gill fusions was associated with changes in
gill circulation. Vascular casting procedures were performed on
two yellowfin tuna (Thunnus albacares), one skipjack tuna
(Katsuwonus pelamis), seven eastern Pacific bonito (Sarda chiliensis), three wahoo, one sailfish (Istiophorus platypterus),
three striped marlin, and three swordfish (Xiphias gladius).
Each freshly killed fish was placed ventral side up in a V-shaped
cradle while a low-pressure seawater hose was used to ventilate
the branchial chamber and keep the gills wet. The heart was
exposed by midline incision and cannulated to administer heparinized saline (2–5 min) followed by vascular casting solution
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Fig. 2. Scombrid and billfish cladograms showing the presence of the different gill fusion types for each genus. The number of
species examined as a ratio of the total number in the genus is given in parentheses. Abbreviations: ETP, epithelial toothplate filament fusion; IF, interlamellar fusions; LF, complete lamellar fusions; ME, mucosal epithelium filament fusion. Dashes (--) indicate
a lack of fusions; blank spaces indicate that fusion status remains undetermined. Scombrid cladogram based on Collette et al.
(2001); billfish cladogram based on Collette et al. (2006). Included in the number of Thunnus and Scomber species examined is the
Atlantic bluefin tuna, T. thynnus and the Atlantic mackerel, S. scombrus, for which fusion data were reported by Muir and Kendall
(1968). Lamellar fusion status in Makaira and Istiompax remains undetermined due to the poor preservation of lamellar structure
in the scientific collection specimens examined.

(Mercox, Mercox II, Ladd Research, Williston, VT). Gills were
perfused at 70–95 mmHg, which is consistent with vascular casting preformed in other scombrid and billfish studies (Olson et al.,
2003; Wegner et al., 2006; Wegner et al., 2010). Following polymerization, gills from one side of the branchial chamber were
fixed to determine fusion status, while the gills from the other
side were stored frozen and then macerated in washes of 15–20%
KOH to expose the vascular casts. [Note: Both fixed gill tissue
and vascular casts from Wegner et al. (2006) and Wegner et al.
(2010) are included in the present analysis].

Gill Samples from Scientific Collections
Preserved specimens from scientific collections at Scripps Institution of Oceanography, the Smithsonian National Museum of
Natural History, the Australian Museum, and the Australian
National Fish Collection were also examined. Most of these fish
had highly degraded gill tissue (likely caused by prolonged air exposure or freezing prior to fixation), which precluded accurate
determination of fusion status. Because degraded gill tissue has
led to discrepancies in the description of fusions in the literature
(Muir and Kendall, 1968; Muir, 1969), only scientific collection
specimens in which fusion status could be clearly determined
were included in the present analysis. Although most billfish gill
tissue had undergone substantial degradation preventing the
determination of lamellar fusion status, billfish filament fusions
are composed of tough bony epithelial toothplates, which made it
possible to record their presence in some specimens.

Journal of Morphology

Gill Fusion Assessment
Fixed gill tissue from each specimen was examined to determine
the presence or absence of the different fusion types: filament
fusions (either composed of a mucosal epithelium or bony epithelial
toothplates), complete lamellar fusions, and interlamellar fusions.
For most specimens, filament fusion type and the presence of complete lamellar fusions could be determined by direct observation
with the naked eye or aided by a dissection microscope. In specimens for which complete lamellar fusions were not obvious (e.g.,
species with interlamellar fusions or lacking lamellar fusions),
scanning electron microscopy (SEM) was used to assess lamellar
fusion status. SEM followed the protocol of Wegner et al. (2006).
Small sections of gill tissue (usually 1 cm2 or less) were removed
from each specimen, rinsed in deionized water, and either dehydrated in 100% ethanol (20–25% increments over 24 h) and critical-point dried, or dehydrated in 100% tert-butyl alcohol (25%
increments over 24 h, rinsed twice at 100%), frozen in the alcohol
at 48C, and freeze dried. Dried material was then sputter-coated
with gold-palladium and viewed using an FEI Quanta 600 SEM
(FEI, Hillsboro, OR) under high-vacuum mode. Vascular casts of
the gill circulation were examined using dissection light microscopy and the SEM under low-vacuum mode.

Gill Fusion Development
In order to determine the timing and structural changes associated with lamellar fusion development, a size range of small
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Fig. 3. Scanning electron micrographs of complete lamellar and interlamellar fusions from (A) a 1.45 kg eastern Pacific
bonito, (B) a 45.0 kg striped marlin, (C) a 1.07 kg Queensland school mackerel, (D) a 1.07 kg Queensland school mackerel
(magnified image of box in C), (E) a 25.0 kg striped marlin, and (F) a 1.45 kg eastern Pacific bonito. B and E are from
Wegner et al. (2006). F, filament; IF, interlamellar fusion; L, lamellae; LF, complete lamellar fusion. Water flow direction is
into the page.

individuals from one scombrid species (yellowfin tuna, n 5 6,
1.5–5.2 cm, 0.10–2.22 g) and one billfish species (sailfish, n 5
15, 12.4–33.0 cm, 4.5–95.5 g) were examined.

Statistics
It is important to note that correlations between fusion type
and structure and dependence on ram ventilation are based on
general observations only and were not tested statistically. Statistical techniques such as phylogenetic independent contrast
can not be employed as the degree of dependence on ram ventilation (as determined through measures of respiratory movements at varying swimming speeds) has not been quantified for
most species examined.

RESULTS
Table 1 shows the presence and type of gill fusions
(along with collection location data) for the 28 scombrid and seven billfish species examined in this
study. Fusion status for each genus is mapped onto
the scombrid and billfish phylogenies in Figure 2.

Lamellar Fusions
Scanning electron micrographs depicting the
structural details for complete lamellar and interlamellar fusions are shown in Figure 3. Complete
lamellar fusions (Fig. 3A) are present in all five
tuna genera (i.e., Thunnus, Katsuwonus, Euthynnus, Auxis, and Allothunnus) and the bonito genera
Sarda and Cybiosarda (quality specimens of the
monotypic Gymnosarda and Orcynopsis were not
available for examination). This study further verifies interlamellar fusions (Fig. 3B) in striped marlin
and wahoo as described previously (Wegner et al.,
2006) and also documents their presence in sailfish,
shortbill spearfish, Tetrapturus angustirostris, and
one Spanish mackerel species, the Queensland
school mackerel, Scomberomorus queenlandicus
(Fig. 3C,D). The interlamellar fusions of Queensland school mackerel and wahoo are thinner and
less complete (i.e., fusions do not bind all of the
lamellae along the length of the filament) than
Journal of Morphology
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Fig. 4. Filament fusions on the leading edge of the anterior
hemibranch of the third gill arch near the cerato-epibranchial
joint for (A) a 32.3 kg Pacific bluefin tuna, (B) a 72.0 kg yellowfin tuna, (C) a 46.0 kg bigeye tuna, (D) a 24.2 kg wahoo, (E) a
34.4 kg sailfish, (F) a 67.8 kg striped marlin, and (G) a 64.9 kg
swordfish. F and G are from Wegner et al. (2010).

those of striped marlin, shortbill spearfish, and sailfish (cf., Fig. 3C,D with 3B), which are well developed, and, in many cases, fuse together to form complete lamellar fusions (Fig. 3E). Other Spanish
mackerels of the genus Scomberomorus and Grammatorcynus, the mackerels (Rastrelliger, Scomber),
and the swordfish, Xiphias gladius, lack both forms
of lamellar fusions. Although nearly all the lamellae
in tunas and bonitos are bound by complete lamellar fusions, remnants of interlamellar fusions from
development (see below) are found at the filament
tips in some species (Fig. 3F).

Filament Fusions
Filament fusions occur in tunas of the genus
Thunnus, the wahoo, and all the billfish species
sampled (spanning both billfish families and all six
billfish genera) (Table 1, Fig. 2). For all species,
Journal of Morphology

the lattice-like filament fusions on the trailing
(water-exit) edges of the gill filaments occur along
nearly their entire length (i.e., from the gill arch
to the filament tips). However, on the leading
(water-entry) edges, species-specific patterns in filament fusion distribution are prevalent and these
are shown for several species in Figure 4A–G
(once filament fusions are fully developed their
size and location remains relatively conserved
within a species). These patterns range from three
Thunnus species that lack filament fusions
entirely on the leading edge: albacore, Thunnus
alalunga, blackfin tuna, Thunnus atlanticus, and
longtail tuna, Thunnus tonggol (not shown in Fig.
4), to the swordfish in which the leading filament
edges are bound by fusions along nearly their
entire length (Fig. 4G). Many striped marlin specimens have a thick fusion of the filament tips (Fig.
4F).
All filament fusions examined conform to the
structural pattern described by Johnson (1986), in
which the filament fusions of Thunnus are extensions of the filament mucosal epithelium, while
those of the wahoo and billfishes are formed by
epithelial toothplates (Table 1, Fig. 2). Vascular
gill casts reveal an additional structural difference
in that the more robust toothplate and cartilaginous-based fusions on the trailing edge of wahoo
and billfish filaments often contain blood vessels
that connect the circulation of adjacent filaments.
Three types of vascular junctions occur: 1) connections between afferent filamental arteries on adjacent filaments (Fig. 5A), 2) afferent lamellar arterioles that supply blood from one filament to a limited number of lamellae on the adjacent filament
(Fig 5B), and 3) nutrient blood vessels (i.e., non-respiratory vessels), which likely serve to support
the extensive fusion latticework (not pictured).
Vascular connections between filaments are not
found in the mucosal epithelium filament fusions
of Thunnus or in lamellar fusions.
Fusion Development
Figures 6–8 show the progressive development
of lamellar fusions in a size series of juvenile yellowfin tuna. At 1.5 cm (103 mg) the gill filaments
and lamellae are fully developed but lack fusions
(Fig. 6). By 2.0 cm (154 mg), however, some interlamellar fusions have developed near the filament
tips (Fig. 7A–E). Interlamellar fusion formation
appears to involve the bending of the leading lamellar lateral edge toward the filament tip until it
contacts the adjacent lamella (Fig. 7C–E). By 3.0–
3.2 cm (453–915 mg) interlamellar fusions start to
grow together to form complete lamellar fusions
(Fig. 8). However, interlamellar fusions persist
near the filament tip, and lamellae near the base
of the filaments remain free of fusions. By 5.5 cm
(2.22 g) most of the interlamellar fusions have
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Fig. 5. Scanning electron microscope images of vascular casts from a 31.0 kg sailfish showing the afferent gill filament
circulation. (A) Six adjacent afferent filamental arteries (AFA) connected at several locations along their lengths (*). (B)
Magnified view of dotted box in A, showing the afferent lamellar arterioles (ALA). The largest ALA (*) bridges the interfilament space providing blood from one filament to the lamellae (L) of the adjacent filament.

grown together to form complete lamellar fusions,
which have progressed further towards the base of
the filaments, leaving fewer non-fused lamellae.
In sailfish the interlamellar fusions also first
form near the filament tip and extend toward the
filament base as body size increases. Figure 9
shows the distribution of interlamellar fusions on
the gill filaments of a 28.5 cm (68.0 g) sailfish.
Although interlamellar fusions were observed over
the entire size range of small sailfish examined
(12.4–33.0 cm lower jaw fork length, 4.5–95.5 g),
no complete lamellar fusions were observed.
Because of the limited number of specimens
available over the required size range, the progression and the exact onset of filament fusion development could not be assessed in the same detail as

lamellar fusions. Among scombrids, filament
fusions consistently appear to begin development
at relatively small body sizes, first appearing near
the gill arch and progressing toward the filament
tips with growth. In yellowfin tuna, filament
fusions already bind approximately 40% of the
length of the trailing filament edges by 29 cm
(0.38 kg) and 50–90% of the trailing edges by 32.6
cm (0.60 kg). By 43.5 cm (1.6 kg) filament fusions
are completely formed on the trailing edges and
partially formed on the leading edges. Likewise, on
the smallest available specimens of longtail (38.5
cm, 0.83 kg) and blackfin tuna, (46.0 cm, 1.6 kg),
filament fusions are completely formed on the
trailing edges, while in the smallest bigeye tuna
(40.0 cm, 1.5 kg) and wahoo (75.0 cm, 2.1 kg), fila-

Fig. 6. Scanning electron micrographs of the gill arches, filaments, and lamellae from a 1.5
cm (103 mg) yellowfin tuna.
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Fig. 7. Scanning electron micrographs of the gill filaments and lamellae of a 2.0 cm (154 mg) yellowfin tuna. (A) Filaments from the first gill arch. (B) Enlarged image of dotted box in A showing interlamellar fusions (IF) forming near some
filament tips. (C) Filament tips with interlamellar fusions. (D) Magnification of dotted box in C (left). (E) Enlarged image of
dotted box in C (right) showing the curving of a lamella toward the filament tip to fuse with the adjacent lamella.

ment fusions are also beginning to develop on the
leading edges. In billfishes, there appear to be
interspecific differences in the timeline of filament
fusion development. Although not present in a
33.0 cm (95.5 g) sailfish, filament fusions are already completely formed on the trailing edges of
the gill filaments in a 34 cm (73.1 g) swordfish. By
56.5 cm (1.3 kg), swordfish filament fusions also
bind approximately 30–50% of the leading edges
closest to the gill arch. By 88.5 cm (6.9 kg) swordfish filament fusions are fully formed and cover
Journal of Morphology

both the leading and trailing edges as shown in
Figure 4.
DISCUSSION
This study of 28 scombrid and seven billfish species provides data supporting a direct relationship
between branchial fusions and reliance upon ram
ventilation. Although many fish groups utilize ram
ventilation while swimming at fast velocities (Roberts, 1975; 1978; Wegner and Graham, 2010), gill
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Fig. 8. Scanning electron micrographs of the gill filaments from a 3.2 cm (915 mg) yellowfin tuna. (A) Interlamellar
fusions near the filament tips that grow together to form complete lamellar fusions; no fusions are present near the base of
the filaments. (B) Magnified image of dashed box in A showing complete lamellar and interlamellar fusions. (C) Gill filaments with interlamellar fusions near the tips, but no complete lamellar fusions.

fusions only appear present in species highly dependent upon this form of respiration. In these
fishes, the continuous high-pressure ventilatory
stream produced through ram ventilation appears
to require fusions to maintain the spatial and structural integrity of the gills and, in some cases, slow
and distribute branchial flow evenly to the respiratory surfaces to optimize gas transfer efficiency.
Gill Fusions and Ram Ventilation
Scombrids. Morphological and physiological
comparison of the four major scombrid tribes
(mackerels, tribe Scombrini; Spanish mackerels,
tribe Scomberomorini; bonitos, tribe Sardini;
tunas, tribe Thunnini) demonstrates a correlation
between the progressive development of graded
adaptations related for high-performance swimming (including a dependence on ram ventilation)
and the elaboration of gill fusions (Fig. 2). The
mackerels (Scomber and Rastrelliger, tribe Scombrini) are the most basal members of the scombrid
subfamily Scombrinae (Fig. 2). Although there
have been no studies on the respiratory biomechanics of Rastrelliger, Roberts (1975) showed that
the Atlantic mackerel, Scomber scombrus, is not
an obligatory ram ventilator. S. scombrus uses
active gill ventilation during slow swimming and
switches to ram ventilation at speeds of 53–75 cm
s21 (2.7–4.7 body lengths s21). While neither
Scomber nor Rastrelliger have gill fusions, studies

with S. japonicus (Wegner et al., 2010) have identified two lamellar features also present in more
derived scombrids that likely facilitate ram ventilation when swimming at fast speeds. First, mackerel gill lamellae have a long rectangular shape
that reduces their profile (i.e., height) and provides
an extended surface for attachment to the gill filament, thus enhancing lamellar rigidity. Second,
mackerel lamellae are closely spaced (i.e., mackerel gills have a high lamellar frequency), which,
in addition to augmenting the total respiratory
surface area of the gills to power continuous swimming, contributes to gas-transfer efficiency by minimizing physiological dead space and increasing
branchial resistance to slow the high-speed branchial current produced by ram ventilation.
The Spanish mackerels (Grammatorcynus,
Scomberomorus, and Acanthocybium, tribe Scomberomorini) are intermediate between the mackerels and the more derived tunas and bonitos (Collette et al., 2001). Morphological features such as a
well-developed lateral keel on the caudal peduncle
distinguish this group from the mackerels and
suggest an increased capacity for fast, sustainable
swimming (Collette and Russo, 1984; Collette
et al., 2001). While there are no data on this
group’s range of swimming speeds or its dependence upon ram ventilation, the finding of interlamellar fusions in Queensland school mackerel,
Scomberomorus queenslandicus, but not in other
species of this genus or in Grammatorcynus sugJournal of Morphology
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Fig. 9. Gill filaments from a 28.5 cm (68.0 g) sailfish. (A) Synoptic view of the entire length of the gill filaments emanating from the gill arch on the left. (B) Enlarged image of dotted box in A (left) showing non-fused lamellae near the base of
the filaments. (C) Magnified box in A (right) showing interlamellar fusions near the filament tips.

gests varying levels of dependence on, and specialization for, ram ventilation. The wahoo, considered
a specialized offshoot of Scomberomorus (Collette
et al., 2001), has interlamellar fusions similar to
those of the Queensland school mackerel as well
as filament fusions composed of bony epithelial
toothplates. The more rigid gill sieve of the wahoo
suggests it has a greater dependence on ram ventilation than other members of the tribe. This is
supported by the wahoo’s more oceanic distribution
(Collette and Nauen, 1983) in comparison to other
Scomberomorini, and that its burst swimming
speeds are comparable to those of large tunas and
billfishes (Walters and Fierstine, 1964), groups
that also have filament fusions.
Regarded as sister groups, tunas (tribe Thunnini) and bonitos (tribe Sardini) are the most
derived scombrids and share several morphological
and physiological features related to high-performance swimming (Collette et al., 2001; Graham and
Dickson, 2004). Although tunas have a greater
degree of physiological and biochemical specialization [e.g., regional endothermy, greater enzymatic
activities, higher metabolic rates, and larger gill
surface areas (Korsmeyer and Dewar, 2001; Sepulveda et al., 2003; Graham and Dickson, 2004;
Wegner et al., 2010)], both tunas and bonitos are
Journal of Morphology

obligate ram ventilators (Brown and Muir, 1970;
Sepulveda et al., 2003). All of the tuna and bonito
species examined in this study possess complete
lamellar fusions, which by connecting lamellae on
adjacent filaments (Fig. 3A), bind lamellar pore
dimensions. This increases gas-transfer efficiency
by limiting non-respiratory shunting associated
with anatomical dead space (i.e., the high-pressure
ram-ventilatory stream cannot push apart the gill
lamellae and filaments to bypass the respiratory
exchange surfaces). The addition of filament
fusions in the most derived tuna genus, Thunnus
(Fig. 4), further enhances the rigidity provided by
lamellar fusions and appears to correlate with the
generally larger body sizes of species in this genus
(and hence their faster cruise speeds) in comparison to other tunas and bonitos. Within Thunnus,
the smaller species (i.e., albacore, blackfin tuna,
longtail tuna) only have filament fusions on the
trailing edges of the gill filaments. However, in the
larger body-sized species (e.g., yellowfin, bigeye
tuna, Thunnus obesus, and Pacific bluefin tuna,
Thunnus orientalis) filament fusions are also present on the leading edges (Fig. 4A–C).
Billfishes. All billfishes reach relatively large
body sizes and are all thought to be obligate ram
ventilators. As a result, a progressive trend in the

GILL FUSIONS FOR RAM VENTILATION

complexity of gill fusions is not evident within this
group. All of the seven species examined have
toothplate-based filament fusions that are present
on both the leading and trailing edges of the filaments. However, some differences occur in lamellar fusion status; sailfish, shortbill spearfish, and
striped marlin gills are similar in the presence of
complete lamellar and interlamellar fusions, while
the swordfish lacks both. Lamellar fusion status
remains unresolved in Makaira and Istiompax due
to the poor quality of the lamellar structure of the
preserved specimens examined. However, based on
the billfish phylogeny shown in Figure 2 and the
presence of interlamellar and complete lamellar
fusions in striped marlin, sailfish, and shortbill
spearfish, these two types of lamellar fusion are
likely also present in Makaira and Istiompax.
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The findings of interlamellar fusions in a 2.0 cm
yellowfin tuna (Fig. 7) and complete lamellar
fusions in a 3.2 cm specimen (Fig. 8) are consistent
with the observation of complete lamellar fusions in
a 3 cm skipjack tuna (Muir and Kendall, 1968) and
indicate that tunas and bonitos make an early transition to the use of, and possible reliance upon, ram
ventilation. Also supporting this contention are the
findings of complete lamellar fusions in the smallest
specimens (6–12 cm) of other tuna and bonito species examined (Table 1). In contrast, the occurrence
of interlamellar rather than complete lamellar
fusions in 12.5–33.0 cm sailfish suggests a slower
transition to a complete reliance upon ram ventilation in billfishes. The lack of interlamellar fusions
in a small (22.7 cm) Queensland school mackerel,
but their presence in larger individuals (46.9–58.5
cm), suggests a similar trend (Table 1).

example, lamellar frequency is highest in scombrids lacking filament fusions (e.g., Pacific chub
mackerel, eastern Pacific Bonito, and skipjack
tuna) and lowest in the swordfish, in which filament fusions cover both the entire leading and
trailing edges of the gill filaments (Fig. 4G). Other
scombrids and billfishes appear to span the gamut
in between: yellowfin tuna and wahoo, which have
filament fusions along 30–40% of their leading filament edges (Fig. 4B,D), have lower lamellar frequencies than skipjack, but higher lamellar frequencies than the striped marlin (Wegner et al.,
2010), which has filament fusions covering 70–80%
of its leading filament edges (Fig. 4F).
The role of filament fusions in optimizing ventilatory flow rates to the respiratory lamellae may
help to explain their distribution on the leading
edges of the gill filaments. With the exception of
the swordfish, in which filament fusions bind the
entire leading edges (Fig. 4G), fusions in other species are most abundant near the gill arch (Fig.
4A–F). This appears to correlate with the area of
highest water inertia, and filament fusions at this
location may help to disperse the flow of water
evenly along the length of the filaments (i.e.,
fusions would limit the volume of water entering
the interlamellar channels near the gill arch
where flow is strongest). The distinctions in filament fusion patterns between species may therefore reflect interspecific differences in the branchial stream. For example, in the smaller bodied
Thunnus species (i.e., albacore, blackfin tuna,
longtail tuna) water inertia in the branchial chamber may be lower than in the larger members of
this genus swimming at faster speeds, and thus filament fusions may not be required on the leading
edges to help evenly disperse water flow. In addition, the smaller bodied tunas have shorter filaments over which water must be dispersed.

Gill Fusions and Water Flow

Evolution of Gill Fusions

The complete development of filament fusions in
Thunnus, wahoo, and billfishes at relatively small
body sizes suggests their function in more than
just gill support. Muir and Kendall (1968) proposed that filament fusions may also aid respiration by optimizing both the speed and volume of
water entering the lamellar channels. In this way,
filament fusions would act in concert with modifications in lamellar shape and frequency to optimize water flow to the gills for gas exchange (i.e.,
long and closely spaced lamellae resulting in long,
narrow interlamellar channels increases branchial
resistance and slows flow; Hughes, 1966; Wegner
et al., 2010). The finding of a negative correlation
between lamellar frequency and the prevalence of
filament fusions suggests that the added resistance
of filament fusions may relax selection for narrow
interlamellar channels (Wegner et al., 2010). For

Figure 2 suggests that filament fusions have independently evolved three times for use in ram
ventilation: once in the billfishes, and twice in
scombrids (in the wahoo, and again in the genus
Thunnus). The similarity of the epithelial toothplate-covered filament fusions of the wahoo and
billfishes, along with a number of other shared
characters, led Johnson (1986) to propose that the
billfishes are sister group to the wahoo and should
be included within the family Scombridae. This
would indicate the independent evolution of filament fusions occurred only twice. However, recent
molecular work (Orrell et al., 2006) suggests separate billfish and scombrid suborders and thus supports the independent evolution of these structures
three times.
The number of evolutionary appearances of lamellar fusions for ram ventilation remains less

Gill Fusion Development and Correlations
with Body Size
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clear. One possibility is that lamellar fusions have
independently evolved twice, once in scombrids
and once in billfishes. Under this scenario, the
interlamellar fusions of Scomberomorus and the
wahoo would be the more basal character state
that led to the complete lamellar fusions of bonitos
and tunas. This hypothesis is supported by the ontogeny of yellowfin lamellar fusion development in
that lamellae are first bound by interlamellar
fusions which subsequently grow together to form
complete lamellar fusions. However, this hypothesis implies the loss of interlamellar fusions in
Grammatorcynus and some members of Scomberomorus. While scombrid systematics are fairly well
understood (Collette et al., 2001), the additional
character states of complete lamellar and interlamellar fusions could be considered in future phylogenetic analyses.
Conclusions for Scombrid and Billfish
Specializations for Ram Ventilation
Gill adaptations for ram ventilation must
increase structural rigidity to maintain gill configuration and moderate the high-pressure ventilatory stream to create optimal flow conditions in
the interlamellar channels for gas exchange. The
results of this study combined with gill morphometric data (Wegner et al., 2010) show that the
progressive changes in the gill structure of both
scombrids and billfishes for ram ventilation
include 1) lamellae that are long and low in profile
(height) which creates an extended axis for attachment to the gill filament and increases lamellar
stability, 2) a high lamellar frequency which works
in conjunction with long lamellae to increase branchial resistance and slow ram-ventilatory flow so
as to optimize gas exchange, 3) binding of adjacent
lamellae on the same filament (interlamellar
fusions) to secure interlamellar spacing, 4) binding
of interlamellar fusions to form complete lamellar
fusions which further strengthens lamellar pore
integrity and increases filament rigidity, and 5)
formation of filament fusions that provide additional support to the gills, help to distribute flow
evenly along the gill filaments, and increase branchial resistance to slow ram-ventilatory flow, consequently relieving selection for a high lamellar
frequency.
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