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ABSTRACT This comparative study of the gill morpho-
metrics in scombrids (tunas, bonitos, and mackerels)
and billfishes (marlins, swordfish) examines features of
gill design related to high rates of gas transfer and the
high-pressure branchial flow associated with fast, con-
tinuous swimming. Tunas have the largest relative gill
surface areas of any fish group, and although the gill
areas of non-tuna scombrids and billfishes are smaller
than those of tunas, they are also disproportionally
larger than those of most other teleosts. The morpho-
metric features contributing to the large gill surface
areas of these high-energy demand teleosts include: 1) a
relative increase in the number and length of gill fila-
ments that have, 2) a high lamellar frequency (i.e., the
number of lamellae per length of filament), and 3) lamel-
lae that are long and low in profile (height), which
allows a greater number of filaments to be tightly
packed into the branchial cavity. Augmentation of gill
area through these morphometric changes represents a
departure from the general mechanism of area enhance-
ment utilized by most teleosts, which lengthen filaments
and increase the size of the lamellae. The gill design of
scombrids and billfishes reflects the combined require-
ments for ram ventilation and elevated energetic
demands. The high lamellar frequencies and long lamel-
lae increase branchial resistance to water flow which
slows and streamlines the ram ventilatory stream. In
general, scombrid and billfish gill surface areas correlate
with metabolic requirements and this character may
serve to predict the energetic demands of fish species for
which direct measurement is not possible. The branch-
ing of the gill filaments documented for the swordfish in
this study appears to increase its gill surface area above
that of other billfishes and may allow it to penetrate
oxygen-poor waters at depth. J. Morphol. 271:36—49,
2010. © 2009 Wiley-Liss, Inc.

KEY WORDS: gill surface area;
filament; lamellae; tuna; swordfish

gill dimensions;

INTRODUCTION

Fish gill structure varies in relation to activity
level and habitat use. Correspondingly, fishes with
high metabolic requirements or inhabiting hypoxic
environments generally have gill specializations
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facilitating gas transfer (Hughes, 1966, 1970;
Hughes and Morgan, 1973; De Jager and Dekkers,
1975; Graham, 2006; Mandic et al., 2009). Gill
dimensions, including the length and abundance of
gill filaments, the number of respiratory lamellae
on the filaments, and lamellar bilateral surface
area, are altered by selective factors to augment
gill surface area and increase oxygen uptake from
the water. Research on gill morphology and venti-
latory mechanics suggests that teleost gill morpho-
metrics balance the optimization of gas exchange
to meet metabolic demands with the limitation of
branchial resistance to minimize the energetic
costs associated with the biphasic buccal-branchial
pump system used to actively ventilate the gills
(Hughes, 1966; Hughes and Morgan, 1973).
Accordingly, Hughes (1966) theorized that gill sur-
face area could be optimally increased by long gill
filaments with large lamellae and this has subse-
quently been documented in numerous groups of
fishes, including some African swamp teleosts liv-
ing in hypoxic waters (Chapman, 2007) and some
marine species living within the oxygen minimum
layer (OML) (Graham, 2006).

While the gill morphometrics recruited to
increase gill surface area appear consistent in a
number of species, other fishes are unlikely to con-
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form to these “rules of assembly.” Specifically, fast,
continuously swimming teleosts such as scombrids
(tunas, bonitos, and mackerels) and billfishes
(marlins and swordfish) differ from other teleosts
by having metabolic demands that are greater
than those of other fishes (Brill, 1979, 1987; Brill
and Bushnell, 1991; Dewar and Graham, 1994;
Korsmeyer and Dewar, 2001), and by utilizing ram
ventilation, the mechanism in which the forward
momentum of continuous swimming is the driving
force for ventilatory water flow through the gills
(Roberts, 1975; Freadman, 1981; Roberts and Row-
ell, 1988). While tuna gill morphometrics have
been studied (Muir and Hughes, 1969), a more
comprehensive sampling of pelagic teleosts, rang-
ing in aerobic capacity, is needed for insight into
the selective effects of metabolic demand and ram
ventilation on gill area and dimensions.

Tunas (family Scombridae) differ from other
pelagic teleosts including other scombrids (mack-
erels, Spanish mackerels, wahoo, bonitos) in hav-
ing a unique anterior and central positioning of
the red (aerobic) swimming musculature coupled
with counter-current heat exchangers (retia mira-
bilia) that allows for the retention of body heat
produced through continuous swimming and ulti-
mately increases muscle-power output and other
metabolic functions (Carey and Teal, 1966; Altring-
ham and Block, 1997; Graham and Dickson, 2001).
The conservation of metabolically produced heat in
the red muscle, eye and brain, and in some spe-
cies, the viscera, its concomitant effects on the dif-
ferent tissues, and the high somatic and gonadal
growth rates of tunas, all increase their metabolic
demands above that of other fishes (Korsmeyer
and Dewar, 2001). Oxygen acquisition in tunas is
augmented through disproportionately large gill
surface areas, which are as much as an order of
magnitude larger than those of other marine tele-
osts (Muir and Hughes, 1969; Palzenberger and
Pohla, 1992). Additional tuna gill specializations
include thin diffusion distances and an unconven-
tional diagonal blood-flow pattern through the
lamellae that appears to optimize gas transfer
(Muir, 1970; Muir and Brown, 1971; Olson et al.,
2003; Wegner et al., 2006). A series of unique
fusions connecting the gill filaments and lamellae
function to support tuna gills against the forces of
ram ventilation (Muir and Kendall, 1968; Johnson,
1986; Wegner et al., 2006).

Within the Scombridae, the sequence of evolu-
tionary changes (from mackerel, less derived, to
tunas, most derived) has been well documented in
terms of gross muscle and skeletal morphology
(Graham and Dickson, 2000; Collette et al., 2001)
locomotor adaptations (Magnuson, 1978; Westneat
and Wainwright, 2001), swimming biomechanics
(Donley and Dickson, 2000; Altringham and Shad-
wick, 2001; Dowis et al., 2003), thermoregulation

(Graham and Dickson, 2000, 2001), and energetics
(Sepulveda and Dickson, 2000; Korsmeyer and
Dewar, 2001; Sepulveda et al., 2003). However, the
evolutionary progression of changes in gill mor-
phometry remains generally unstudied. Limited
gill surface area measurements for some non-tuna
scombrids have been published (Gray, 1954; Steen
and Berg, 1966; Hughes, 1970, 1972), but the
small sample size and limited body-size range of
the specimens examined preclude accurate inter-
species comparison. With the exception of gill area
estimates for the dolphinfish, Coryphaena hippu-
rus (Hughes, 1970), even less is known for non-
scombrid, high-energy demand teleosts. As a
result, there has been little consideration of how
groups such as the billfishes (families Xiphiidae,
Istiophoridae) relate to tunas in terms of gill mor-
phometry. Although billfishes lack the red-muscle
endothermy of tunas, they possess a number of
features related to fast and continuous swimming
(Dobson et al., 1986; Davie, 1990; Dickson, 1995),
including gill-supporting fusions that appear to
rival tunas in structural complexity (Johnson,
1986; Wegner et al., 2006).

This study examines the gill morphometry of
five active pelagic teleosts (three non-tuna scom-
brids and two billfish species) for comparison with
tunas, and investigates the rules of assembly gov-
erning the optimization of gill design in these
fishes to meet requirements for high rates of gas
transfer and ram ventilation.

MATERIALS AND METHODS

Total gill surface areas were determined for three non-tuna
scombrid species: Eastern Pacific bonito, Sarda chiliensis (n =
8, 0.2-6.4 kg), wahoo, Acanthocybium solandri (n = 8, 2.1-24.2
kg), and Pacific chub mackerel, Scomber japonicus (n = 8, 95—
740 g), and two species of billfish: Striped marlin, Kajikia
audax (n = 7, 8.0-70.0 kg), and swordfish, Xiphias gladius (n =
4, 22.0-125.1 kg). Gill areas were also determined for one skip-
jack tuna, Katsuwonus pelamis (3.4 kg), and one yellowfin tuna,
Thunnus albacares (4.3 kg) to verify that the analytical meth-
ods used in this study yielded results that were consistent with
previous work (Muir and Hughes, 1969).

Gill Collection

Specimens were collected by hook and line off the coasts of
Southern California and Hawaii, USA and Baja California,
Mexico. Fish were euthanized immediately upon capture by sur-
gically severing the spinal cord in accordance with Protocol
S00080 of the University of California, San Diego Institutional
Animal Care and Use Committee. Fish mass was determined by
electronic scale or, when direct measurement was not possible,
by using weight-length regression equations for the different
species (Chatwin, 1959; Ponce-Diaz et al.,, 1991; DeMartini
et al., 2000; Beerkircher, 2005).

Freshly euthanized specimens were placed ventral side up in
a V-shaped cradle and the gills were irrigated with aerated sea
water. The gills received one of two treatments. 1) Gills from
approximately one half of the specimens were immediately
excised and placed in 10% formalin buffered in seawater. 2)
Gills from the remaining specimens were perfused with vascu-
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lar casting solution (Mercox, Ladd Research, Williston, VT)
according to methods described in Wegner et al. (2006). For this
treatment, the heart was exposed by midline incision, cannu-
lated, and specimens were perfused with heparinized teleost sa-
line (Brill and Dizon, 1979) followed by the casting solution.
Perfusions were conducted at physiological pressures (70-100
mmHg) consistent with those used in a previous study of tuna
gill casting (Olson et al., 2003) to prevent rupturing and possi-
ble over-inflation of the gill blood vessels. Following perfusion,
irrigation of the gills with sea water continued until complete
polymerization of the casting solution (<15 min following injec-
tion), at which point the four gill arches from one side of each
fish were placed into 10% formalin buffered in seawater. The
other four arches were macerated in 15-20% KOH to remove
all of the tissue from the casts.

Total Gill Surface Area

Gill surface areas were estimated using methods established
by Muir and Hughes (1969) and (Hughes, 1984b), and calculated
by the equation:

A= Lﬁl X 2n1am X Alam

where A is total gill surface area, Lg is the total length of all of
the gill filaments, n., is lamellar frequency [the mean number
of lamellae per unit length on one side of a filament (this is
multiplied by two to account for the lamellae on both sides of
each filament)], and A, is the mean bilateral surface area of a
lamella.

For each specimen, all of the filaments on the four gill arches
from one side of the head were counted. In specimens having
more than 300 filaments per gill hemibranch, the filaments
where divided into bins of 40 and the length of the medial fila-
ment (i.e., 20, 60, 100th, etc.) was determined and assumed to
represent the average filament length for that bin. For individ-
uals with fewer than 300 filaments per hemibranch, a bin size
of 20 was used. Filament lengths were measured using fixed (or
cast and subsequently fixed) material. Macerated vascular casts
were not used to make this measurement because the casting
solution did not always penetrate to the tip of each filament
and would thus cause underestimation of length. Total filament
length was calculated by combining the length determinations
for each bin on each arch from one side of the head and then
doubling this quantity to account for the filaments of the
four gill arches on the other side of the head that were not
measured.

Preliminary morphometric comparisons for all gill arches
revealed that filaments on the third arch were most representa-
tive of average lamellar frequency and bilateral surface area,
and further examination revealed that the anterior and poste-
rior hemibranchs of gill arch three did not differ significantly
with respect to these dimensions. Accordingly, all lamellar fre-
quency and bilateral surface area data were obtained from the
anterior hemibranch of the third gill arch. The medial filament
of each bin from this hemibranch was removed from the arch,
rinsed in deionized water, dehydrated in ethanol (20-25% incre-
ments over 24 hours), and critical-point dried to facilitate the
acquisition of digital images and the removal of intact lamellae
from the base, middle, and tip of each filament. Digital images
were acquired using a camera mounted on a light microscope
and analyzed using NIH Image J computer software to deter-
mine lamellar frequencies and areas. Vascular-cast filaments
from the third gill arch were also sampled, photographed using
a light microscope, and analyzed. Comparison of cast and criti-
cal-point-dried lamellae revealed that some shrinkage of lamel-
lar bilateral surface area occurred during the drying process.
For specimens not perfused with vascular casting solution,
lamellar areas were thus adjusted by a species-specific correc-
tion factor that was determined by comparing cast and noncast
lamellae.
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Lamellar Blood Flow

Cast gill material was also examined for comparison with pre-
vious studies which have described a unique diagonal pattern
of blood flow through the lamellae of some scombrids and bill-
fishes (Muir, 1970; Muir and Brown, 1971; Olson et al., 2003;
Wegner et al., 2006). Twenty cast lamellae from each specimen
were randomly sampled and viewed under low-vacuum mode
using an FEI Quanta 600 scanning electron microscope.
Acquired digital images of the lamellae were analyzed using
Image J; the angle of blood flow relative to the lamellar long
axis was measured midway along the length of each lamella.

Statistical Analysis

For each species, total gill surface area (A) and corresponding
gill dimensions (Lgj, Nam, Ajam) Were plotted in relation to body
mass and linear regression equations were calculated. Regres-
sion lines for the different species were compared using 10,000
bootstrap replications (R v2.7.0) of the raw data, and statistical
difference between species was determined if less than 5% of
the resultant regression replicas intersected within the overlap-
ping body-mass range of the species being compared. Species
that did not overlap in mass were not compared statistically.
The scaling exponents of the regressions were also compared to
predictions assuming isometric scaling of gill growth using 95%
confidence intervals. Finally, the angles of lamellar blood flow
were compared between species using a one-way ANOVA in
conjunction with a Tukey test.

RESULTS
Gill Surface Area

Figure 1 shows the total gill surface area in rela-
tion to body mass for the species examined in this
study together with data for tunas (Muir and
Hughes, 1969) and other marine teleosts (Hughes,
1970; Palzenberger and Pohla, 1992). Estimates of
total gill surface area for the 3.4 kg skipjack tuna
and 4.2 kg yellowfin tuna made in this study fit on
the regressions determined for the same species by
Muir and Hughes (1969) (Note: Muir and Hughes
reported bluefin tuna, Thunnus thynnus, and
yellowfin tuna data together as a single bluefin-
yellowfin tuna regression). The consistency of data
between the two reports confirms the morphomet-
ric methods used in this study and verifies that
the skipjack tuna has the largest relative gill sur-
face area of any teleost species examined to date.
When compared over their shared ranges of body
mass, skipjack tuna have significantly larger gill
surface areas than those of bluefin-yellowfin tuna,
eastern Pacific bonito, and wahoo. Bluefin-yellow-
fin tuna have significantly larger gill areas than
those of bonito, wahoo, swordfish (when fish mass
is greater than 29.93 kg), and striped marlin.
Bonito gill areas are significantly larger than those
of wahoo throughout the majority of their overlap-
ping weight range (P < 0.05 when fish mass is
greater than 2.72 kg), but are not significantly
greater than those of Pacific chub mackerel.
Wahoo gill areas do not differ significantly from
those of striped marlin and appear less than those
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Fig. 1. Linear regressions showing the relationship of total gill surface area (cm?) and
body mass (g) for the scombrids and billfishes examined in this study. Also included for com-
parison are gill area regressions for three species of tuna, dolphinfish, and a range of values
compiled for other marine teleosts. Sources: 'Muir and Hughes (1969). ZHughes (1970). ®Pal-
zenberger and Polha (1992). [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

of swordfish (however, the later relationship is not
significant due to the small swordfish sample size).
Swordfish have larger gill areas than those of
striped marlin for the majority of their overlapping
weight range (P < 0.05 when fish mass is greater
than 34.78 kg).

The scaling exponents of gill surface area to
body mass for the species examined range from
0.74 to 0.97, which is within the range found in
other teleosts (Hughes, 1972; De Jager and Dek-
kers, 1975; Palzenberger and Pohla, 1992). These
scaling exponents are higher than that predicted
by geometric similarity assuming isometric gill
growth (0.67); the 95% confidence intervals for
bluefin-yellowfin tuna (0.7576-1.0070), bonito
(0.7549-0.9185), wahoo (0.8066-1.1176), and mack-
erel (0.7440-1.1920) all fall above this prediction.

Total Filament Length

Regressions for total filament length and body
mass are shown in Figure 2. Skipjack tuna total
filament length is not larger than that of bluefin-
yellowfin tuna, but is significantly greater than
that of both bonito and wahoo. Bluefin-yellowfin
tuna total filament length is also significantly
larger than that of bonito and wahoo, but does not
differ statistically from that of striped marlin.
Bonito total filament length does not differ signifi-

cantly from that of wahoo or mackerel for most of
their overlapping range of body mass.

Total filament length in swordfish appears
greater than in bluefin-yellowfin tuna, wahoo, and
striped marlin (Fig. 2); however, because of the
limited swordfish sample size, total filament length
is only significantly different with respect to
striped marlin (P < 0.05 when fish mass is greater
than 42.19 kg). The high total filament length of
swordfish results from a unique branching of the
gill filaments (Fig. 3). Although filament branching
in the swordfish occurs throughout each gill hemi-
branch, it is most elaborate on filaments originat-
ing near the acute angle formed by the ceratobran-
chial-epibranchial joint of the gill arch (Fig. 3A,C).
The small number of filaments emanating from
the gill arch at this location branch extensively to
fill the area created as the filaments radiate out-
ward. The widespread filament branching observed
in swordfish was not present in the other pelagic
teleosts examined (e.g., Fig. 3B,D for striped mar-
lin). Although a few isolated cases of filament
branching were observed in striped marlin, these
often appear to be associated with filament regen-
eration following gill damage and are not inherent
structural features of the gill that increase surface
area.

The scaling exponents for total filament length
in the scombrids and billfishes examined extend
from 0.26 to 0.48, which range is similar to that
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Fig. 2. Linear regressions relating total gill filament length (cm) to body mass (g) for the
high-energy demand teleosts examined in this study together with data for three species of
tuna from 'Muir and Hughes (1969). [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

found in other teleosts (0.28-0.52) (Hughes, 1972;
Palzenberger and Pohla, 1992).

It is important to further note that the gill
dimension “total filament length” has two constitu-
ent parts: the average length of the gill filaments
(average filament length) and their total number
(total filament number). For each species, regres-
sions for the two components were determined in
relation to body mass, and these are shown in
Table 1. Wahoo average filament length is signifi-
cantly less than that of skipjack tuna, bluefin-yel-
lowfin tuna, bonito, and striped marlin. Other
interspecies comparisons do not show any signifi-
cant differences. For total filament number, bonito
have significantly fewer filaments than skipjack
tuna, bluefin-yellowfin tuna, and wahoo. Examina-
tion of the regression lines shows that like bonito,
mackerel also possess fewer filaments than the
other pelagic teleosts examined; however, because
the body-mass range of mackerel does not overlap
with that of the other teleosts, this difference was
not quantified statistically. Swordfish were not
included in these analyses because the unique
branching of the gill filaments prevents accurate
comparison with other species.

Lamellar Frequency

Regressions in Figure 4 compare the number of
lamellae per mm of filament as a function of body
mass. Skipjack tuna lamellar frequency per mm
is not significantly different from that of bluefin-
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yellowfin tuna or bonito, but is greater than that
of wahoo (P < 0.05 when fish mass is less than
6.22 kg). The lamellar frequency in bluefin-yellow-
fin tuna is significantly greater than in swordfish
and striped marlin (P < 0.05 for most of their
shared weight range), but lower than in bonito. In
addition to bluefin-yellowfin tuna, the lamellar fre-
quency of bonito also is significantly greater than
that of wahoo and striped marlin, but is significantly
less than that of mackerel. Wahoo lamellar fre-
quency is greater than that of swordfish and striped
marlin (P < 0.05 for most of their overlapping body-
mass range). Swordfish have a significantly lower
lamellar frequency than that of striped marlin.

The scaling exponents for lamellar frequency
and body mass for the pelagic teleosts examined
range from —0.089 to 0.006, which falls within the
range determined for other bony fishes (Hughes,
1972; Palzenberger and Pohla, 1992).

Lamellar Area

Regressions for lamellar bilateral surface area in
relation to body mass are shown in Figure 5. The
average lamellar surface area of skipjack tuna is
significantly larger than that of bluefin-yellowfin
tuna and wahoo (P < 0.05 for most of the overlap-
ping range of body mass), but does not differ sig-
nificantly from that of bonito. Bluefin-yellowfin
tuna lamellar area is significantly larger than that
of wahoo and striped marlin, but is not statisti-



SCOMBRID, BILLFISH GILL DIMENSIONS

41

Fig. 3. Comparison of the anterior hemibranch of the third gill arch in (A) a 64.9 kg swordfish and (B) a 67.8 kg striped marlin.
Dotted white lines on the swordfish gill arch distinguish bins of 40 filaments, and the number of branching events in each bin is
listed. The medial filaments of each bin (dark areas) were removed for gill area measurements on the lamellae (i.e., determination
of lamellar frequency and bilateral surface area). (C) Enlarged view of the box in A showing the details of swordfish filament
branching. (D) Enlarged image of box in B detailing the nonbranching filaments of striped marlin. [Color figure can be viewed in
the online issue, which is available at www. interscience.wiley.com.]

cally different from that of bonito or swordfish.
Bonito lamellar area is greater than that of wahoo
for most of their shared weight range, but does not
differ significantly from that of mackerel. The
average bilateral lamellar area of wahoo does not
differ significantly from that of striped marlin and
is significantly less than that of swordfish.

Swordfish lamellar area is significantly greater
than that of striped marlin.

The scaling exponents of lamellar area and body
mass range from 0.41 to 0.58 for the pelagic
teleosts examined and fall within the range
reported for other teleosts (Hughes, 1972; Palzen-
berger and Pohla, 1992).

TABLE 1. Regression equations for average filament length and total filament number in
relation to body mass for the species examined

Average filament length

Total filament number

Species Regression R? Regression R?

Skipjack Tuna y = 0.2221x°%-2804 0.945 y = 2532.30x%107% 0.904
Bluefin-Yellowfin Tuna y = 0.1366x°-336C 0.977 y = 4097.51x%-0458 0.406
Eastern Pacific Bonito y = 0.1193x 03476 0.979 y = 1341.02.x%1277 0.926
Wahoo y = 0.0734x°-3667 0.973 y = 3156.89x°0714 0.463
Pacific Chub Mackerel y = 0.1208x°3453 0.936 y = 2036.75x*-07%8 0.656
Striped Marlin y = 0.2304x°-2824 0.956 y = 6295.58x0:0040 0.005

Regressions for skipjack tuna and bluefin-yellowfin tuna were calculated using data from

Muir and Hughes (1969).

Journal of Morphology
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Fig. 4. Linear regression functions for lamellar frequency (average number of lamellae
per millimeter on one side of a gill filament) and body mass (g) for the pelagic teleosts exam-
ined. Also shown are data for three species of tuna from Muir and Hughes (1969). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Lamellar Shape and Blood Flow

The lamellae of the examined pelagic teleosts are
rectangular and have a high aspect ratio (i.e., they
are several times longer than they are high). This

differs from the lamellae of most other teleosts,
which have a lower aspect ratio and are frequently
triangular or semicircular (Hughes, 1970; Hughes
and Morgan, 1973). Associated with the high aspect

Species
Skipjack Tuna'
Bluefin-Yellowfin Tuna'
Skipjack Tuna
Yellowfin Tuna
Eastern Pacific Bonito
Wahoo
Pacific Chub Mackerel
Swordfish
Striped Marlin

Regression
y = 0.00799x %537
y = 0.00457x 05833

y = 0.02251x %-38%°
y = 0.00286x %542
y = 0.00751x %554
y = 0.01865x 414
y = 0.00346x "%

A,

M L s

10.0
)
)
&g e
E |2
© <@
o +
< 101 v
[0] L @
S r
h= i
=]
(D L
© A
o
o
m 011
I ¥
5 [
2 L
& A
-
0.0
10°

104 108

Body Mass (g)

Fig. 5. Linear regressions for lamellar bilateral surface area (mm?) and body mass (g) for the
scombrids and billfishes in this study. Data for three species of tuna are from Muir and Hughes
(1969). [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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Fig. 6. Microvascular-cast gill lamellae from (A) a 4.2 kg yellowfin tuna, (B) a 1.87 kg
eastern Pacific bonito, (C) a 15.3 kg wahoo, (D) a 0.74 kg Pacific chub mackerel, (E) a
20.0 kg swordfish, and (F) a 45.0 kg striped marlin. Dotted arrows indicate the pathway of
blood flow. Water flow is from right to left in all images. Abbreviations: IMC, inner marginal

channel; OMC, outer marginal channel.

ratio of scombrid and billfish lamellae are lamellar
blood-flow patterns that usually differ from those of
other fishes; these are shown in Figure 6 and some
of the related features are quantified in Table 2. The
pattern of lamellar blood flow observed for the tunas
in this study is consistent with previous reports
(Muir, 1970; Muir and Brown, 1971; Olson et al.,
2003; Wegner et al., 2006), and the yellowfin tuna
blood-flow pattern is shown in Figure 6A. Blood
entering tuna lamellae proceeds into a series of
outer marginal channels (OMCs) extending along
the lamellar lateral edge and is then directed (by

the unique placement of lamellar pillar cells) diago-
nally across the lamellae at an angle of 50-60°
relative to the lamellar long axis; efferent blood is
collected by an inner marginal channel (IMC). In
the eastern Pacific bonito (Fig. 6B), the angle of
diagonal flow with respect to the lamellar axis is
reduced in comparison to that of tunas. Also, the
diagonal flow does not extend across the entire
lamellar height, and therefore, blood is not collected
by a single IMC. Wahoo lamellar blood flow does not
show a diagonal progression, but rather advances
parallel to the lamellar long axis (Fig. 6C) and is

TABLE 2. Angle of lamellar blood flow (measured relative to the lamellar long axis) and
related features (distribution of blood to the lamellae by outer marginal channels, collection
of blood in an inner marginal channel) in the pelagic teleosts examined

Weight Mean blood-flow
Species n range (kg) angle = SD OMCs IMC
Skipjack Tuna 1 3.4 61.5 = 6.3 Yes Yes
Yellowfin Tuna 1 4.3 48.5 = 10.3 Yes Yes*
Eastern Pacific Bonito 4 0.2-1.9 31.9 £ 6.7 Yes No
Wahoo 3 12.8-19.4 0 No No
Pacific Chub Mackerel 5 0.1-0.7 20.1 £ 7.2 Yes No
Swordfish 3 20.0-125.1 29.9 + 6.3 Yes No
Striped Marlin 3 8.0-56.8 36.3 = 6.7 Yes Yes

All interspecies comparisons of blood-flow angle are significantly different with the exception
of eastern Pacific bonito and swordfish. Abbreviations: IMC, inner marginal channel; OMC,
outer marginal channel; SD, standard deviation.

*In some of the small yellowfin tuna lamellae sampled, diagonal blood flow did not extend
across the entire lamellar height and therefore was not collected by an inner marginal

channel.
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thus similar to that of most fishes. The Pacific chub
mackerel lamellar blood-flow pattern (Fig. 6D) is
similar to that of bonito; however, the angle of diago-
nal flow is further reduced from that of tunas (~20°)
and is less than that reported by Muir and Brown
(1971) for a single specimen of Atlantic chub mack-
erel, Scomber scombrus (~35°). The swordfish lamel-
lar blood-flow pattern (Fig. 6E) is also similar to that
of bonito. Although the angle is less than that of
skipjack tuna and yellowfin tuna (Table 2), striped
marlin lamellar blood flow is similar to that of tunas
in that diagonal flow extends across the entire
lamellar height and is collected in an IMC (Fig. 6F).

DISCUSSION

This study confirms the large gill surface areas of
tunas and shows that the gill areas of non-tuna
scombrids and billfishes, while not as high as those
of tunas, are larger than those of most other fish spe-
cies. The morphometric parameters underlying the
large gill surface areas of tunas include: 1) a high
total filament length resulting from a large number
of long gill filaments, 2) a high lamellar frequency,
and 3) lamellae that, although not larger in area
than those of other species, have a high-aspect ratio
(i.e., they are long but not high) and are thus opti-
mally shaped for the close-proximity packing of gill
filaments. The non-tuna scombrids and billfishes
examined utilize these same features to increase gill
surface area, however, to a lesser extent than tunas.
This section compares the gill morphometry of the
scombrid and billfish species studied and examines
the influence of both ram ventilation and metabolic
demand in the sculpting of gill dimensions.

Scombrids

The species examined in this study represent four
scombrid tribes (Scombrini = mackerels, Scombero-
morini = Spanish mackerels and wahoo, Sardini =
bonitos, and Thunnini = tunas), and Figure 7 shows
their phylogenetic relationship. Previous research
comparing these tribes has readily demonstrated
the sequential increase in adaptations for high-per-
formance swimming from mackerels to tunas (Mag-
nuson, 1978; Collette et al., 2001; Graham and Dick-
son, 2001; Korsmeyer and Dewar, 2001). However,
while tunas have larger gill surface areas than
other scombrids, there is not a progressive increase
in this feature within the clade; the gill areas of
mackerel and bonito are similar, and the wahoo has
a relatively smaller gill surface area than that of
the mackerel (Fig. 1), despite its closer relationship
to tunas (Fig. 7). Likewise, there are not emergent
patterns for graded changes in the gill-area dimen-
sions among the genera examined. For example, bo-
nito and mackerel show little difference in their gill
morphometrics (Figs. 2, 4, and 5).
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Fig. 7. Scombrid phylogeny showing the four tribes of the
subfamily Scombrinae and a species from each tribe examined
in this study.

Tuna gill surface area is augmented above that
of their scombrid relatives by a higher total fila-
ment length (Fig. 2). This results from relatively
more gill filaments than in both bonito and mack-
erel, and longer gill filaments than in wahoo (Ta-
ble 1). Figure 8 shows how the lamellar shape of
tunas decreases interfilament spacing and allows
for a high filament number. In addition, because
tunas are obligate ram ventilators, and thus do
not use the opercular chambers to induce bran-
chial flow, this may allow them to more fully uti-
lize this space to increase filament length.
Although less than that of tunas, the other
scombrid species examined also have a relatively
higher total filament length than that of most other
teleosts. Bonito and mackerel gill filaments are as
long as those of tunas, but are not as numerous
(Table 1). In contrast, the long and slender head of
the wahoo (Fig. 7) allows for a high filament num-
ber, but limits filament length (Table 1).

A common feature in the gills of all scombrids is
a high lamellar frequency. Concomitant with this
is a short interlamellar spacing (which minimizes
physiological dead space) and a reduction in the
thickness of the lamellae. Scombrid lamellar thick-
ness is only about 56 pm (Wegner et al., 2006)
and is associated with a thin respiratory epithe-
lium (water-blood barrier distance) of only 0.5-1.2
um (Hughes, 1970; Wegner et al., 2006), which can
be more than an order of magnitude less than that
of other fishes (range 2-11 pm) (Piiper, 1971,
Hughes and Morgan, 1973). Thus, in addition to
allowing for a high lamellar frequency, the close
spacing and reduction in lamellar thickness also
decrease diffusion distances for gas exchange.

The lamellae of scombrids are also long and low
in profile, and this is associated with an atypical
diagonal blood-flow pattern through the lamellae
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Fig. 8. Generalized comparison of the gill filaments (dark gray) and lamellae (light gray)
for (A) most teleosts and (B) most scombrids and billfishes. Lamellar blood-flow direction is
indicated by dotted arrows; water flow between the lamellae is out of the page. Abbrevia-
tions: h, lamellar height; L, lamellar length; w, interlamellar channel width. Note: for sim-
plicity, fusions of the gill filaments and lamellae are not shown for B.

of tunas, bonito, and mackerel. This diagonal pat-
tern differs from that of other fishes, including the
wahoo, in which blood flows parallel to and along
the lamellar long axis (compare Fig. 6A,B, and D
with 6C, and Fig. 8A with 8B) (Muir, 1970; Muir
and Brown, 1971; Olson et al., 2003; Wegner et al.,
2006). The diagonal pattern has been suggested as
a mechanism that reduces the length of the lamel-
lar blood pathway to that required for oxygen load-
ing (i.e., blood channels running along the entire
length of a lamella would be longer than necessary
for complete gas exchange) (Muir, 1970; Muir and
Brown, 1971; Olson et al., 2003; Wegner et al.,
2006). Thus, the larger number of short, in-paral-
lel blood vessels resulting from diagonal flow
increases gas-exchange efficiency by more closely
matching blood-resident and oxygen-loading times
and permits the entire length of the lamella to
function for gas exchange despite its long shape.
In addition, because the diagonal blood channels
are significantly shorter than lamellar length, this
adaptation also reduces vascular resistance through
the gills (Muir, 1970; Muir and Brown, 1971). The
angles of diagonal blood flow in the lamellae of
bonito (31.9 = 6.7°) and mackerel (20.1 = 7.2°) are
much less than those of tunas (48.5 = 10.3° for
yellowfin and 61.5 = 6.3° for skipjack) (Fig. 6,
Table 2). The decrease in the angle of diagonal flow
results in a longer blood pathway through the lamel-
lae, consequently increasing blood residence times,
and likely indicates a reduced capacity for non-tuna
scombrids to uptake oxygen in comparison to tunas.

Billfishes

Swordfish and striped marlin are convergent
with scombrids for the general features of gill
design (i.e., high total filament lengths, a rela-
tively high lamellar frequency, and long lamellae
with diagonal blood flow) that augment gill surface

area. However, the extent to which the morpho-
metrics are utilized differs slightly; both swordfish
and striped marlin have lower lamellar frequen-
cies than any of the scombrids examined (Fig. 4),
which is compensated by relatively high total fila-
ment lengths (Fig. 2).

Swordfish gill surface area is markedly larger
than that of striped marlin (Fig. 1). Morphometric
comparisons reveal that although striped marlin
lamellar frequency is significantly greater (Fig. 4),
swordfish gill area is augmented by both a larger
lamellar bilateral surface area (Fig. 5) and a
higher total filament length (Fig. 2). The larger
total filament length in the swordfish is derived
from the unique branching of the gill filaments
(Fig. 3). In addition to augmenting gill area,
branching also appears to even the spacing
between adjacent filaments. This is particularly
apparent near the cerato-epibranchial joint where,
with the acute intersection angle of the two bones,
a relatively small number of filaments branch
extensively to fill the expanding sector of the bran-
chial cavity extending out from the gill arch (Fig.
3A,C). The resulting consistency in interfilament
spacing likely encourages the uniform distribution
of water flow between the filaments and to the
lamellae. In contrast, the filaments leaving the
cerato-epibranchial joint in the other pelagic tele-
osts examined (as seen for the striped marlin in
Fig. 3B,D) are spaced close together near their ori-
gin, but separate as they radiate outward.
Although this progressive increase in interfilament
spacing away from the arch does not seem to
result in morphological dead space [i.e., the lamel-
lae appear to fully occupy this area (Fig. 3D)],
water flow between the filaments may be less
evenly distributed.

Although gill morphometric data are needed for
other billfish species, the swordfish appears unique
in having branching filaments and thus likely has
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the largest relative gill surface area among all bill-
fishes (blue marlin, Makaira nigricans, shortbill
spearfish, Tetrapturus angustirostris, and round-
scale spearfish, Tetrapturus georgii, all lack the
extensive filament branching of the swordfish;
Wegner, unpublished). The higher gill surface area
of the swordfish may reflect differences from other
billfishes in terms of metabolic demand, habitat
utilization, or both. Although little is known about
billfish metabolic requirements, swordfish differ
greatly from other billfish species in terms of habi-
tat exploitation. Tagging data show that swordfish
spend most of the daylight hours at depth, often in
excess of 400 m (Carey, 1990; Sepulveda et al., in
review), while most other billfishes appear to be
much more surface oriented (Block et al., 1992;
Brill et al., 1993; Prince and Goodyear, 2006). In
many regions, the depth at which swordfish spend
significant time correlates with the OML where
oxygen content can be below 0.5 ml 17! (Conkright
et al., 1998; Bograd et al., 2008). In contrast, both
blue marlin and sailfish (Istiophorus platypterus)
in the Eastern Tropical Pacific appear to be limited
to the top 100 m of the water column where dis-
solved oxygen levels are greater than 3.5 ml 17!
(Prince and Goodyear, 2006). The large gill area of
the swordfish may thus facilitate respiration in the
OML and allow this species to exploit resources
unavailable to other billfishes.

Gill Morphometrics and Ram Ventilation

The gill dimensions contributing to the large gill
surface areas of both scombrids and billfishes do not
conform to predictions by Hughes (1966) that gill
surface area is optimally increased by long gill fila-
ments and large (tall) lamellae. Hughes based his
predictions on the concept that gill morphometrics
are a balance between optimizing gill surface area
and minimizing gill resistance to water flow to con-
serve energy associated with actively pumping
water through the gills. However, in scombrids and
billfishes, the need to propel sufficient water over
the gills, a fundamental paradigm of active ventila-
tion, is reversed: these ram-ventilators have suffi-
cient water flow; the need is to ensure the slow and
uniform passage of water over the exchange surfa-
ces and to maintain gill structural integrity in face
of the high-pressure ventilatory stream.

While most scombrids and billfishes have rela-
tively long gill filaments as predicted by Hughes
(1966), total filament length is also increased in
these fishes by numerous, tightly packed fila-
ments. The close proximity of neighboring fila-
ments necessarily requires a low lamellar height
(Fig. 8), and the pelagic teleosts examined thus
lack the large and tall lamellae predicted by
Hughes (1966). In addition to allowing for extra
gill filaments, the long rectangular shape of scom-
brid and billfish lamellae offers the following
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advantages: 1) it allows for a longer axis for lamel-
lar attachment to the gill filament, which likely
increases lamellar rigidity opposing the forceful
branchial flow associated with ram ventilation, 2)
the low profile of the lamellae requires less struc-
tural support than tall lamellae, and thus the
thickness of the lamellar epithelium can be
reduced to decrease diffusion distances, 3) short
diffusion distances allow lamellar blood to quickly
load oxygen and thus vascular resistance can be
minimized through short diagonal blood channels
(discussed above), and 4) lamellar shape in con-
junction with lamellar spacing increases gill resist-
ance, which is likely necessary to slow and stream-
line branchial flow to create optimal conditions for
gas exchange in the interlamellar spaces.

The lamellae are the primary site of gill resist-
ance (Hughes, 1966; Brown and Muir, 1970), and
according to Poiseuille’s equations for water flow,
this resistance is a function of both the length and
width of the interlamellar channels (Fig. 8). To
minimize resistance, and as predicted by Hughes
(1966), many active-ventilating teleosts have rela-
tively tall lamellae (which are not long) and wide
interlamellar spaces. However, scombrids and
billfishes have both narrow (due to high lamellar
frequencies) and long interlamellar channels (Fig.
8) which increase gill resistance, and this appears
to slow the ram ventilatory stream and optimize
water residence times at the exchange surfaces. In
swimming skipjack tuna, water entering the
mouth is slowed by 200X to interlamellar veloc-
ities ranging from 0.13 to 0.75 cm/s (Brown and
Muir, 1970; Stevens and Lightfoot, 1986), which
speeds fall within the range reported for teleosts
that rely upon active ventilation (Lauder, 1984).

In large scombrids (tunas of the genus, Thunnus,
wahoo) and billfishes, water flow through the gills
also encounters resistance in the form of filament
fusions (shown in Fig. 3C for swordfish and 3D for
striped marlin). These fusions are thought to pro-
vide added structural support to long gill filaments
to counteract the tendency of the ram-ventilatory
stream to deform the gills (Muir and Kendall, 1968;
Johnson, 1986; Wegner et al., 2006). However, fila-
ment fusions may also function to help streamline
water flow and encourage its uniform distribution
to the gill lamellae. The fusions which, in most spe-
cies line both the leading and trailing edges of the
gill filaments, essentially encase the respiratory
lamellae, and the resulting pores between juxta-
posed fusions likely restrict both the speed and vol-
ume of water entering the lamellar channels (Muir
and Kendall, 1968). This mechanism for streamlin-
ing branchial flow appears to lessen the need for a
high lamellar frequency, and accordingly, a negative
correlation is seen between lamellar frequency and
the proliferation of filament fusions in the species
examined; filament fusions are most extensive in
swordfish (Fig. 3C), followed by striped marlin (Fig.
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TABLE 3. Comparison of gill surface areas (mm?® g~ 1) and standard metabolic rates (SMR, mgOs
kg 1 b1 for the high-energy demand teleosts in this study at a body mass of 1 kg (determined from
gill area to body mass and SMR to body mass regressions)

Gill area SMR SMR/gill area

Species (mm? g™ b (mgOy kg *h™1) (mgO, h™tm ™2
Skipjack Tuna 1846° 412° 223.2
Yellowfin Tuna 13272 286°¢ 215.5
Eastern Pacific Bonito* 933 (1080)4 161° 149.1
Wahoo 3424 — —
Pacific Chub Mackerel 11104 132f 118.9
Swordfish 8564 — —
Striped Marlin 7464 — —

SMR data from the literature were determined for skipjack tuna at 23.5-25.5°C and for yellowfin tuna at
25°C. Bonito and mackerel SMRs were thus adjusted to 25°C using a Q¢ of 2.

Sources:

Muir and Hughes (1969).

"Brill (1979).

“Brill (1987).

dPresent study.

°Sepulveda et al. (2003).

fCalculated from Sepulveda and Dickson (2000).

*Sepulveda et al. (2003) made metabolic measurements on a limited size range of bonito and did not
find a significant relationship between metabolic rate and body size; SMR data were thus pooled for
all specimens (average body mass = 1191 g). For accurate determination of the SMR to gill area ratio,
gill area was calculated for a fish of this size (shown in parentheses), and the SMR to gill area ratio
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reflects this body mass.

3D), and are less prevalent in wahoo and bluefin
and yellowfin tunas. Correspondingly, lamellar
density is lowest in swordfish (16-18 mm ™ !), some-
what greater in striped marlin (20-24 mm 1), and
further increased in wahoo (27-29 mm ') and blue-
fin-yellowfin tuna (24-33 mm™'). Lamellar fre-
quency peaks (30-36 mm ') in skipjack tuna, bo-
nito, and mackerel, which all lack filament fusions.
The selective pressures operating on the evolu-
tion of gill morphometrics in scombrids and bill-
fishes thus appear to be a balance between the
optimization of both gill resistance to provide
favorable flow conditions through the lamellae and
gill surface area to meet metabolic demands. How-
ever, unlike most teleosts in which resistance is
thought to be minimized, scombrid and billfish
evolution appears to have selected for higher gill
resistance to streamline the high-speed ventilatory
flow produced by ram ventilation, whether through
high lamellar densities, filament fusions, or a com-
bination of both. The negative correlation of lamel-
lar frequency and the prevalence of filament
fusions suggests that the high density of the gill
lamellae may be more important in slowing and
streamlining branchial flow induced by ram venti-
lation than it is in increasing gill surface area.
This may explain why many marine teleosts which
utilize ram ventilation while feeding or when
swimming at faster speeds (e.g., menhaden, her-
ring, bluefish, and some jack species) have high la-
mellar frequencies (Gray, 1954; Hughes, 1966;
Piiper, 1971) despite metabolic demands that are
assumedly less than those of scombrids and
billfishes. Likewise, bonito and mackerel lamellar

frequencies are as high as or greater than those of
tunas (Fig. 4), despite much smaller gill surface
areas (Fig. 1).

Gill Area and Metabolic Demand

While a high lamellar frequency appears linked
to the use of ram ventilation, gill surface area as a
whole tends to correlate with metabolic demand.
Table 3 shows the relationship between gill area
and standard metabolic rate (SMR) in the scom-
brids and billfishes for which data are available.
The ratio of SMR to gill surface area appears fairly
consistent (100-250 mgO, h™' m™2) within the
species examined and argues for a direct correla-
tion of gill surface area with metabolic require-
ments. The SMRs of Pacific chub mackerel and
eastern Pacific bonito are similar (Sepulveda and
Dickson, 2000; Sepulveda et al., 2003) and are
matched by comparable gill areas. Tunas, having
higher SMRs, possess correspondingly larger gill
surface areas.

The general consistency of the ratio of SMR to
gill area within the scombrids and billfishes exam-
ined provides insight into the metabolic require-
ments of large pelagic fishes for which SMR can-
not be determined directly. Because of their size,
pelagic habitat, and dependence on ram ventila-
tion, many high-energy demand teleosts (i.e., cer-
tain tunas, the wahoo, and billfishes) cannot easily
be caught at sea and returned to the laboratory for
experimental determination of energetic require-
ments. Gill area measurements may thus serve as
a proxy to estimate SMR which is an important
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parameter in energetic, growth, and fisheries mod-
eling. The similarity in the relative gill surface
areas of billfishes and non-tuna scombrids sug-
gests comparable aerobic demands for these two
groups. However, the correlation between SMR
and gill surface area may be altered by factors
such the exploitation of hypoxic habitats (De Jager
and Dekkers, 1975; Mandic et al., 2009). The utili-
zation of the OML by the swordfish may have
been a key evolutionary driving force that led to
its large gill surface area in comparison to other
billfishes and does not necessarily indicate higher
aerobic demands in swordfish than in its relatives.
Additional insight into the effects of metabolic
demand and habitat utilization on the gill dimen-
sions of pelagic fishes would be gained by examin-
ing bigeye tuna, Thunnus obesus, which also fre-
quents the OML and should have metabolic
requirements similar to those of other tunas.

In addition to the effects of exploiting hypoxic
habitats, the relationship of SMR and gill area can
be compounded by scaling. In many teleosts, the
scaling exponents of gill surface area to body mass
and SMR to body mass are similar (average 0.75—
0.85) (Hughes, 1984a; Palzenberger and Pohla,
1992), and this correlation has been suggested as
the reason that the scaling exponent of gill surface
area is often greater than that predicted by geo-
metric similarity assuming isometric growth of the
gills (scaling exponent = 0.67). However, the scal-
ing exponents for SMR to body mass for skipjack
tuna (0.50) (Brill, 1979) and yellowfin tuna (0.57—
0.60) (Brill, 1987; Dewar and Graham, 1994) are
significantly less than those of gill surface area to
body mass (skipjack tuna = 0.85, bluefin-yellowfin
tuna = 0.86). Consequently, the ratio of SMR to
gill surface area varies as a function of body mass.
Although these scaling effects may not change the
general conclusions that can be drawn on how
scombrid and billfish SMRs compare, the disparity
in the scaling exponents of gill area and SMR in
skipjack tuna and yellowfin tuna suggests other
factors influence gill size. Hughes (1984a) and
others have suggested that gill area may scale
more consistently with routine or active metabolic
rates, and for fish groups such as scombrids and
billfishes this seems more appropriate as these
fishes are continuous swimmers and never experi-
ence “rest” conditions.
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