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The  goosefish,  Lophius  americanus,  is  a dorso-ventrally  compressed  marine  fish  that  spends  most  of its  life
sitting  on  the  substrate  waiting  to  ambush  prey.  Species  in  the genus  Lophius  have  some  of  the slowest
ventilatory  cycles  recorded  in  fishes,  with  a typical  cycle  lasting  more  than  90  s.  They  have  a large  gill
chamber,  supported  by long  branchiostegal  rays  and  ending  in  a siphon-like  gill opening  positioned
underneath  and behind  the  base  of the  pectoral  fin.  Our  goals  were  to  characterize  the  kinematics  of gill
ventilation  in  L.  americanus  relative  to those  of  more  typical  ray-finned  fishes,  address  previous  assertions
about  ventilation  in  this  genus,  and describe  the  anatomy  of  the  gill  opening.  We  found  that  phase  1
of  ventilation  (during  which  both  the buccal  and  gill chamber  are  expanding)  is  greatly  increased  in
duration  relative  to that  of  typical  ray-finned  fishes  (ranging  from  62  to 127  s),  and  during  this  phase,
the  branchiostegal  rays  are  slowly  expanding.  This  slow  expansion  is almost  visually  imperceptible,
especially  from  a dorsal  view.  Despite  this  unusually  long  phase  1, the pattern  of  skeletal  movements
follows  that  of a  typical  actinopterygian,  refuting  previous  assertions  that  Lophius  does  not  use  its jaws,
suspensorium,  and  operculum  during  ventilation.  When  individuals  were  disturbed  from  the  sediment,
they  tended  to breathe  more  rapidly  by decreasing  the  duration  of  phase  1 (to  18–30  s).  Dissections
of  the  gill opening  revealed  a previously  undocumented  dorsal  extension  of  the  adductor  hyohyoideus
muscle,  which  passes  from  between  the  branchiostegal  rays,  through  the  ventro-medial  wall  of  the  gill

opening,  and  to the  dorsal  midline  of  the  body.  This  morphology  of the  adductor  hyohyoideus  shares
similarities  with that  of  many  Tetraodontiformes,  and  we  suggest  that  it may  be  a synapomorphy  for
Lophiiformes  +  Tetraodontiformes.  The  specialized  anatomy  and  function  of  the  gill chamber  of Lophius
represents  extreme  modifications  that  provide  insight  into  the  potential  limits  of  the actinopterygian  gill
ventilatory  system.

© 2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Active ventilation of the gills is a critical process for fishes, allow-
ng them to exchange gases and ions with the environment and
xcrete some metabolic wastes. Because ventilation is an ener-
etically expensive process for ray-finned fishes (Actinopterygii)
hat comprises 5–15% of the total metabolic budget (Cameron and
ech, 1970; Edwards, 1971; Farrell and Steffensen, 1987), fishes
ave evolved many adaptations for increased respiratory efficiency.

hese adaptations include maximizing surface area of the gill tissue,
inimizing diffusion distance across the gill epithelium, and max-

mizing the oxygen partial pressure gradient between the blood

∗ Corresponding author at: Department of Organismic and Evolutionary Biology,
arvard University, 26 Oxford Street, Cambridge, MA  02138, USA.

E-mail address: stacy.farina@gmail.com (S.C. Farina).
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and water (Hughes, 1966). The latter is achieved through a sys-
tem of counter-current exchange in which blood in vessels of the
gill lamellae flows in the opposite direction of oxygenated water
(Hughes and Shelton, 1958). Establishing this unidirectional flow
of water over the gills requires coordination of many cranial com-
ponents. Given the diversity in cranial morphology and metabolic
requirements among ray-finned fishes, we can expect to find a
great variety of strategies for efficient pumping. However, func-
tional variation in aquatic ventilatory pumps has received little
attention.

Gill ventilation in most species of ray-finned fishes relies on
changes in pressure driven by pumps in two chambers: the mouth
(buccal chamber) and gill chamber. As shown in Fig. 1, these pumps
alternate between suction (expansion to create negative pressure,

drawing in water) and pressure (compression to create positive
pressure, forcing out water; Hughes and Shelton, 1958; Hughes,
1960; Brainerd and Ferry-Graham, 2006). As defined by Hughes and

dx.doi.org/10.1016/j.zool.2016.01.006
http://www.sciencedirect.com/science/journal/09442006
www.elsevier.com/locate/zool
http://crossmark.crossref.org/dialog/?doi=10.1016/j.zool.2016.01.006&domain=pdf
mailto:stacy.farina@gmail.com
dx.doi.org/10.1016/j.zool.2016.01.006
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Fig. 1. Four phases of gill ventilation used by actinopterygians. During phase 1, both the buccal and gill chambers are expanding to produce negative pressure and take in
w  chambers compress to produce positive pressure and force water out of the gill opening.
D e pressure to draw in water. Based on Brainerd and Ferry-Graham (2006), Summers and
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Fig. 2. Cranial skeletal and external anatomy of Lophius. (A) The large gill cham-
ber consists of an L-shaped operculum and elongated branchiostegal rays that pass
under the pectoral girdle. (B) The gill opening is located in the axillary region, pos-
terior and ventral to the pectoral fins. (C) Water comes in through the mouth and
passes over the gills to enter the large gill chamber. It then passes under the pectoral
ater. During phase 2, the buccal chamber begins to compress. During phase 3, both
uring  phase 4, the buccal chamber begins to expand, transitioning back to negativ
erry-Graham (2002), and Hughes (1960).

helton (1958), each ventilatory cycle begins with expansion of the
uccal chamber, which draws water into the mouth. The gill cham-
er then expands, which draws water from the mouth over the
ills. The buccal chamber then compresses to force water from the
outh over the gills. Finally, compression of the gill chamber forces
ater out of the gill opening. The gill tissues introduce resistance

etween the two chambers, limiting backflow during the transi-
ion from pressure back to suction. Changes in buccal chamber
ressure are driven by movements of the jaw, suspensorium, and
yoid apparatus, and changes in gill chamber pressure are driven by
he opercular bones (opercle, subopercle, and interopercle) and the
ranchiostegal apparatus (Liem, 1970). The relative timing of these
ovements and the resulting pressure changes vary considerably

mong taxa (Hughes, 1960), and there is substantial variation in the
natomy of the skeletal elements and musculature involved, par-
icularly in the branchiostegal apparatus (McAllister, 1968). There
s also significant morphological variation in the external openings
f the buccal and gill chambers; for example, gill openings can be
ery large with a wide valve, or they can be restricted to a tiny aper-
ure variably positioned on the head (McAllister, 1968; Farina et al.,
015).

The goosefish, Lophius americanus, is a commercially valuable
arine fish common in waters off the northeastern coast of North
merica at depths ranging from just subtidal to over 900 m (Caruso,
002; Richards et al., 2008). It is dorso-ventrally flattened, and its
ead is large for its body size (Fig. 2B). As in other anglerfishes
Lophiiformes) such as frogfishes, batfishes, and seadevils, it has
n elongated first dorsal spine that has migrated to the front of the
ead where it supports a fleshy lure known as an esca. Species in the
enus Lophius differ primarily in pectoral fin ray counts, shape of the
sca, and dorsal spine length (Caruso, 1983). All are ambush preda-
ors that spend most of their adult life sitting on sandy, muddy,
r rocky substrates, using their lure to attract fishes and other prey
Chadwick, 1929; Wilson, 1937; Gudger, 1945). When suction feed-
ng, they rapidly expand the buccal cavity by means of hyoid and
aw depression, combined with a large degree of cranial elevation
Elshoud, 1986). When not feeding, they remain cryptic by match-
ng skin colors to the substrate and using the pectoral fins to create
ecesses in the sediment (Wilson, 1937; Laurenson et al., 2004).

In his behavioral description of Lophius piscatorius,  Wilson
1937) noted exceptionally slow ventilation, with individuals tak-
ng approximately 60–180 s to complete a single ventilatory cycle.

ost other species of ray-finned fishes require 0.5–6 s to com-
lete a ventilatory cycle (Hughes, 1960). The slow ventilation of
ophius is potentially related to low metabolic demands (evident
rom the low surface area of their gill lamellae; Hughes, 1966) and

 need to remain cryptic as intermittent and opportunistic feeders

Armstrong et al., 1996; Laurenson and Priede, 2005; Fariña et al.,
008; Valentim et al., 2008). They increase their ventilatory rate

mmediately after feeding events (Wilson, 1937) or when they are
isturbed from their sediment recesses. Their ventilatory anatomy
fin and out the gill opening. The illustration of cranial anatomy (A) is redrawn from
Gregory (1933) and the illustration of external anatomy is modified from Liem et al.
(2001).

consists of a large buccal cavity with a pronounced oral valve, an
L-shaped operculum, six elongate branchiostegal rays, and a gill
opening ventral and posterior to the pectoral fin (Fig. 2). As in
other Lophiiformes, the gill opening is relatively small and siphon-
like, forming a tube upon exhalation. The long branchiostegal rays
and posterior position of the gill opening create a much larger gill
chamber than is typical for actinopterygians.

L. americanus represents an extreme of fish ventilatory anatomy
and function with its exceptionally slow ventilation and enormous
gill chamber. It is therefore an important species to investigate

when considering limits of the gill ventilation system of ray-finned
fishes. Our first goal is to characterize the kinematics of gill ven-
tilation in L. americanus and make comparisons to those of more
typical ray-finned fishes. We  also address some previous assertions
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nd predictions about ventilation in Lophius. Our second goal is to
escribe the anatomy of the gill chamber, specifically the muscu-

ature of the gill opening, and discuss our findings in the context of
ill ventilatory function and evolution.

. Materials and methods

.1. Animals and videography

From June to August 2011, we made observations and video
ecordings of gill ventilation in five specimens of L. americanus col-
ected in the Gulf of Maine, ranging in size from 40 to 55 cm total
ength. Four individuals obtained by bottom trawl were transported
o Shoals Marine Laboratory (SML) and studied for 1–3 weeks in
ow-through seawater tanks. Detailed observations and videog-
aphy at SML  commenced after fish were allowed to acclimate to
anks for at least three days. A fifth individual was  studied in its
xhibit at the Seacoast Science Center (SSC) in Rye, NH. Animal
are and use followed protocols approved by Cornell University’s
nstitutional Animal Care and Use Committee (IACUC protocol
2011-0028).

We recorded high definition video at 30 frames per second using
 Canon 5D Mark II camera equipped with a 24–70 mm lens. For
wo individuals housed at SML, we recorded both slow and rapid
entilation. To study “slow ventilation,” we minimized any distur-
ances or human activity in the tank room for at least 1 h prior
o videography and only recorded individuals when they were sit-
ing undisturbed in a sand recess. If a fish became alarmed by the
resence of a researcher, it would leave its sand recess and swim
round the tank. When it ceased swimming and rested above the
and, it would ventilate much more rapidly until it returned to its
and recess or created a new one. We  termed this “rapid ventila-
ion” and recorded and analyzed it separately (Table 1). The two
dditional individuals housed at SML  did not create sand recesses
nd only exhibited rapid ventilation during a week of observation.
he individual at the SSC (L. americanus 3) had been on exhibit for
wo months and had been in its sand recess for more than 1 h prior
o our videography of slow ventilation. It remained in its recess
hroughout filming, so we were unable to record its rapid ventila-
ion.

.2. Kinematic analyses

We  analyzed videos of ventilatory cycles using ImageJ (Rasband,
997–2015) to record the timing of each phase of ventilation
hrough a visual frame-by-frame inspection. Following the scheme
hown in Fig. 1, based on the kinematics of ventilatory phases
efined in Hughes and Shelton (1958), we used the following move-
ents to denote the start of each of the four phases: phase 1 started
ith branchiostegal abduction, phase 2 started with mouth closing,
hase 3 started with the opening of the gill opening, and phase 4
tarted with mouth opening. The start of phase 1 was  impossible to
bserve in fishes buried in a sand recess because the branchioste-
als were not visible. In these cases, we used the abduction of the
percle (which starts approximately 1 s later than branchiostegal
bduction) as the start of phase 1, which may  introduce small errors
nto our estimates of the lengths of phases 1 and 4. For three indi-
iduals, we analyzed five complete slow ventilatory cycles, and for

 subset of two of these individuals, we additionally analyzed five
apid ventilatory cycles. Table 1 presents the average duration and
tandard deviation for each phase and for the entire ventilatory

ycle.

Using a digitizing tool developed for MatLab (Hedrick, 2008),
e tracked two-dimensional movements of points on the head

hroughout a typical rapid ventilatory cycle (Fig. 3) to demonstrate
gy 119 (2016) 207–215 209

kinematic patterns seen during ventilation. As markers, we used
spots of pigmentation that contrasted with the rest of the skin color
to track the lower jaw, opercle, suspensorium, and eye. We  sub-
tracted movements of the eye from those of the jaw, opercle, and
suspensorium to correct each trace for head movements. Because
these bones show minimal lateral movements, only vertical dis-
placement was  considered. For the suspensorium and operculum,
abduction was observed as an increase in vertical position of the
points tracked on these bones, and adduction was observed as a
decrease in vertical position. The 0.0 cm position for each trace was
set to be the minimum vertical value. We  used the same protocol
to identify the start and end of each phase as mentioned above. We
used the location of the eye relative to the substrate to track cranial
elevation during ventilation by measuring vertical displacement on
each frame of a video recorded from a lateral view of the fish (Fig. 3).
When the fish were in their sand recesses, it was impossible to
quantify their movements, because much of the head was  obscured
and the fish was  not optimally positioned for videography. There-
fore, we  were unable to directly track these movements for slow
ventilatory cycles. However, close visual inspection of videos of
cycles up to 210 s shows movements of the jaws, suspensorium,
and operculum that appear to be very similar to those exhibited
in our example sequence (Fig. 3). Additionally, we visualized flow
out of the gill opening for one individual by introducing food dye
mixed with seawater at the front of the mouth and allowing the fish
to inhale and expel the colored water. We  repeated the introduction
of dye four times until the fish became accustomed to the proce-
dure and held the dye for approximately 30 s before expelling it. We
calculated the speed of the resulting jet of water by using ImageJ to
track the vertical displacement of the top of the jet during the first
2 s of exhalation.

2.3. Anatomy of the gill opening

We dissected eight specimens of L. americanus collected by the
Northeast Fisheries Science Center (NEFSC) in Woods Hole, MA,
on annual bottom trawl surveys between 2008 and 2012. Mus-
cles of the gill opening were exposed by carefully removing the
loose, scaleless skin covering the branchiostegals and trunk. Dis-
sections of three specimens were photographed using a Canon 5D
Mark II camera equipped with a 24–70 mm lens. We  removed the
entire branchiostegal apparatus of a particularly large specimen
(30 kg, 1.3 m total length) and photographed it on a light table.
We also removed a square of tissue from the dorsal extension of
the adductor hyohyoideus (hyohyoidei adductores;  Winterbottom,
1973) muscle and examined it using an Olympus SZX12 stereozoom
microscope. Additionally, we dissected the gill opening region of
two other Lophiiformes (one individual each): Histrio histrio (CUMV
79429) and Chaunax pictus (CUMV 43866).

3. Results

The average length of a ventilatory cycle for the three stud-
ied individuals of L. americanus was 91.5 s (SE: ± 16.1 s; n = 3), or
approximately 0.011 cycles per second, during slow ventilation.
The longest ventilatory cycle was  measured in the individual at the
SSC and lasted 210.5 s. Phase 1 was  the longest phase of ventila-
tion, and it varied among individuals (Table 1). When the fish were
out of their recesses, rapid ventilation occurred primarily through
the reduction of phase 1. Phase 3 was  also shorter during rapid

ventilation, but phases 2 and 4 remained approximately the same
length in both slow and rapid ventilation. The duration of phase
2 (the transition from suction to pressure) was  consistently very
short (Table 1), regardless of the individual or the conditions.
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Table 1
Relative timing of each phase of gill ventilation in each individual. The mean ventilatory rate is presented, followed by mean duration and standard deviation (in parentheses)
for  each phase.

Mean ventilation rate (Hz) Phase 1 (s) Phase 2 (s) Phase 3 (s) Phase 4 (s)

L. americanus 1 (cryptic) 0.013 74.05 (6.19) 0.14 (0.03) 2.79 (0.09) 0.51 (0.08)

L.  americanus 1 (rapid) 0.037 24.88 (1.87) 0.16 (0.06) 1.77 (0.09) 0.39 (0.03)

L.  americanus 2 (cryptic) 0.014 70.36 (2.93) 0.13 (0.05) 2.03 (0.33) 0.91 (0.16)

L.  americanus 2 (rapid) 0.041 20.86 (0.70) 0.21 (0.02) 1.8 (0.23) 1.45 (0.34)

L.  americanus 3 (cryptic) 0.008 120.04 (24.28) 0.69 (0.13) 2.41 (0.12) 0.41 (0.08)

Fig. 3. An example ventilatory cycle of Lophius americanus. (A) Digitized vertical movements of the jaw, suspensorium, operculum, and eye show that L. americanus pumps
water  throughout the ventilatory cycle. The position of the eye was subtracted from each of the vertical movements of the jaws, suspensorium, and operculum to show
m to dem
s  (D), w
s

a
c
p
r

ovement independent of head position. (B) Eye movement is plotted separately 

how the position of the fish at the start of phase 1 (C) and at the start of phase 3
hown in (A) and (B).

Phase 1 of a typical ventilatory cycle (Fig. 3A) began with a slow

bduction of both the opercle and the branchiostegals, along with
ontinuing movements of the jaw and suspensorium that began in
hase 4. Approximately 3 s after the start of phase 1, the operculum
eached maximum abduction (Fig. 3A). However, the branchioste-
onstrate when cranial elevation occurs. (C and D) Stills from the analyzed video
ith colored markers indicating the locations of points tracked for kinematic plots

gals continued to expand throughout phase 1. The fish also slowly

elevated its head using its pectoral and pelvic fins throughout this
phase to accommodate the expansion of the branchiostegal appa-
ratus (Fig. 3B). The oral valve remained open for most of this phase,
although it would occasionally partially close. Phase 2 began with
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F  0% (A), 25% (B), 50% (C), 75% (D), and 100% (E) of the phase. From a dorsal perspective,
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Fig. 5. Visualization of flow from the gill openings during exhalation. The ventilatory
ig. 4. Dorsal view of Lophius americanus during slow ventilation. (A–E) Phase 1 at
otion of L. americanus is almost imperceptible, except during exhalation (F).

aising the lower jaw and hyoid apparatus, followed shortly there-
fter by the start of suspensorial adduction, compressing the buccal
hamber. Phase 3 began almost immediately after the start of phase
, and it was signaled by the opening of the valve of the gill chamber
nd adduction of the operculum and branchiostegals. Near the end
f phase 3, the operculum ceased adducting and began to relax back
o a neutral position, resulting in an increase in vertical displace-

ent at the end of phase 3 and throughout phase 4 until it actively
egan to abduct in phase 1. Phase 4 began with depression of the

ower jaw and hyoid while the gill chamber valve was  still open and
hile adduction of the branchiostegals was still occurring. Phase 4
as also very short relative to the total ventilatory cycle.

Movement occurred throughout the cycle (Fig. 3), despite being
isually imperceptible during most of phase 1 (Fig. 4A–E; sup-
lementary Video S1 in the online Appendix). This continual
ovement was evident when the speed of the video was  increased

onsiderably, as shown in supplementary Video S2, which is 20
imes the true speed. Exhalation was far more obvious, and the
ill opening could be seen from above to open into a siphon-like
perture (Fig. 4F; supplementary Video S3). During this exhalation
phases 3 and 4), water was ejected out the gill opening in a large,
orsally-directed jet (Fig. 5). In one individual, this jet traveled
pward at a speed of approximately 0.1 m/s  (0.21 body lengths per
econd). The position of the pectoral fins relative to the substrate
nfluences water flow out of the gill opening; when an individual
s sitting in its sand recess, the pectoral fins are extended later-
lly, holding the opening in its typical siphon shape (Figs. 4F and
A). However, when the fish is above the substrate or housed on a
lass substrate, it uses its pectoral fins to prop itself up, producing

 flap-like gill opening shape (Fig. 6B).
The gill opening is ventral and posterior to the pectoral fin base

Fig. 7A) and is formed by several tissues, including skin, muscles,
ascia, and two large masses of connective tissue (CT in Figs. 7 and 8

. The thick connective tissue masses provide a lining for the occlud-
ng parts of the valve. The dorsal lip of the valve sits between the
ectoral fin and the trunk and is supported by one of the connective
current leaving the gill opening is forced upward, as shown by water seeded with
dye expelled from the opening. The resulting jet traveled upward at approximately
0.1 m/s.

tissue masses (CT1 in Fig. 7). The ventral lip begins at the anterior
base of the pectoral fin and ends at the posterior margin of the dor-
sal lip, where it is supported by a second connective tissue mass
(CT2 in Fig. 7). The tips of three branchiostegals (rays 3–5) sit in the
gill opening and raise the ventral lip during exhalation. In dissec-
tions of the gill opening muscles, we observed that the adductor
hyohyoideus, a muscle that spans the branchiostegals to pull them
together during exhalation, extends posteriorly from between each
branchiostegal pair to surround the medial and ventral walls of the
gill opening. There is also a large dorsal extension of this muscle; we
followed these dorsally-extending muscle fibers from their origin
between branchiostegals 2–5, where they form a cross-hatching
pattern with the muscle fibers that transversely join neighboring

branchiostegals (Figs. 8C and D). These muscle fibers pass through
the medial surface of the gill opening, pass over one of the connec-
tive tissue masses (CT2) and continue dorsally up the side of the
body. A narrow band of this extension of the adductor hyohyoideus
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Fig. 6. The role of fin positioning in gill opening aperture shape. Posterior views of
the gill opening during phase 3 show that the positioning of the fins is impacted
by  the substrate and changes the shape of the gill opening. (A) When the fish is in
its  sand recess, its pectoral fins extend laterally from the body, and the gill open-
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Fig. 7. Position of the gill opening and associated musculature. (A) The gill opening
is  positioned ventrally and posteriorly to the pectoral fin, and two  connective tissue
masses that we  term lips form the occluding margins of the opening. (B) When
the skin is removed from the dorsal surface of the trunk, a dorsal extension of the
adductor hyohyoideus is visible as a thin band of muscle embedded in the fascia of
the trunk. (C) This adductor hyohyoideus extends dorsally from the gill openings
ng forms a vertically directed siphon-like shape. (B) When the same individual is
emoved from the substrate, the pectoral fins extend laterally and ventrally, causing
he gill opening to have a flap-like shape directed posteriorly.

uscle sits just lateral to the trunk and abdominal muscles in a thin
heet of fascia (Figs. 7, 8B and C). The left and right extensions meet
t the dorsal midline of the trunk, just posterior to the dorsal fin
pines (Fig. 8C). We  examined the tissue of this narrow band using
icroscopy and found conclusively that it consists of muscle fibers.
e also noted expansions of the adductor hyohyoideus muscles of

haunax pictus and Histrio histrio in dissections of the branchioste-
als and gill opening region. In both species, muscle fibers of the
dductor hyohyoideus extended beyond the branchiostegals to sur-
ound the gill opening. In C. pictus,  these muscle fibers also extended
orsally into the fascia overlying the trunk, but they did not extend
ll the way to the dorsal midline as in L. americanus.

. Discussion

L. americanus has an extremely slow ventilatory cycle, which
xceeds the duration of a typical actinopterygian ventilatory cycle
y at least 30 times. This is accomplished with a long phase 1
Fig. 3), during which the large gill chambers allow L. americanus to
lowly take in a large volume of water. While the operculum in most
shes contributes substantially to the expansion of the gill cham-

er, in the case of L. americanus the operculum only abducts for
pproximately 3 s at the beginning of phase 1 (Fig. 3). However, the
ranchiostegal rays expand throughout phase 1, and, for most of the
entilatory cycle, they are the only structures involved in driving
to  meet its antimere at the dorsal midline behind the dorsal spines. Abbreviations:
BR, branchiostegal ray; CT, connective tissue mass; DFS, dorsal fin spines; GO,  gill
opening; HAD, adductor hyohyoideus; PF, pectoral fin.

the ventilatory current. Even after the operculum reaches maxi-
mum abduction, the branchiostegals continue to expand, drawing

water from the mouth over the gills. The oral valve also stays open
throughout phase 1, allowing water to enter the mouth. Contin-
ual expansion of the gill chamber by the branchiostegals combined
with a continuously open oral valve is strong evidence that L. amer-
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Fig. 8. Anatomy of the gill opening. (A) The ventral wall of the gill opening is
supported by a branchiostegal and a connective tissue mass. (B–D) We  removed the
gill chamber (branchiostegal rays and gill opening) from the fish and placed it on a
light table. The gill opening is lined with adductor hyohyoideus muscle (B), which
extends across the second connective tissue mass before extending dorsally up the
body (C). The adductor hyohyoideus stretches transversely (anteriorly) or obliquely
(posteriorly) between the branchiostegal rays until the tips of the rays, at which
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icanus maintains a constant flow of water over the gills despite its
slow pumping.

Although this extremely slow expansion of the branchiostegals
represents a deviation from typical actinopterygian ventilation,
the rest of the ventilatory movements of L. americanus follow the
same general pattern as in other actinopterygians, with all of the
same phases of buccal and gill chamber expansion and compres-
sion occurring (Hughes and Shelton, 1958; Hughes, 1960) and
the same skeletal structures actuating the chambers. In a dis-
sertation on the feeding of L. piscatorius,  a species that is nearly
identical to L. americanus except in escal and dorsal spine mor-
phology (Caruso, 1983), Elshoud (1986) referred to the enlarged
gill chamber as a “ventro-caudally situated muscular respiratory
sack” and suggested that this “sack” operates independently of
feeding-associated structures (jaws and suspensorium) during gill
ventilation. He went so far as to state: “Lophius has invented a new
respiratory system.” He proposed that Lophius reduces or elimi-
nates abduction of the suspensorium during ventilation, because
such abduction would produce cranial elevation that would lift the
fish from the sediment and compromise its concealment due to its
extremely dorso-ventrally flattened head. Likewise, in a study of
feeding anatomy, Field (1966) noted the relatively small muscles
actuating the suspensorium and operculum of Lophius and inferred
that they were “fixation muscles” with no role in ventilation. How-
ever, we observed suspensorial adduction during phases 2 and 3
and suspensorial abduction during phase 4 and at the beginning
of phase 1 (Fig. 3A). We  also observed opercular adduction during
phases 3 and abduction at the beginning of phase 1 (Fig. 3A). We
noted that most of this abduction and adduction resulted in verti-
cal displacement of the suspensorium and operculum, in contrast
to more typical teleosts, which primarily exhibit lateral displace-
ment of these bones during ventilation. This is likely due to the
dorso-ventral flattening of the head, which results in an unusually
horizontal orientation of the suspensorium and opercle. The head
also elevated during phase 1 (Fig. 3B), which did not appear to com-
promise concealment of the fish. While Field (1966) and Elshoud
(1986) were correct about the importance of the branchiostegal
apparatus, the ventilatory movements of Lophius are more similar
to those of typical ray-finned fishes than these authors suggested.

The slow ventilation of Lophius is likely an adaptation related
to crypsis and a low metabolic rate. Lophiiformes generally have
many features that contribute to their cryptic feeding strategy,
which involves ambushing prey that is attracted to the deceptive
lure on their dorsal spine. Lophius species in particular are highly
cryptic, possessing a flattened skull, tags of skin around the margin
of the head and body that break up their outline, and the ability to
match their skin color to the substrate (Wilson, 1937). Their slow
ventilatory movements during phase 1 are likely visually imper-
ceptible to predators and prey, especially in dorsal view (Fig. 4 A–E;
supplementary Video S1). Exhalation is much more obvious but is
brief and infrequent. This strategy is almost certainly impossible in
more active fishes, because the low rate of water passing over the
gills during inhalation would not provide enough oxygen to support
high levels of activity. Additionally, the slow rate of ventilation may
reduce the metabolic demands of ventilatory movements, allowing
for a reduction in energy budget. Lophius has been noted for hav-
ing a much smaller total gill surface area relative to body weight
(Hughes, 1966), which indicates that its metabolic demands are

low. The relationship between crypsis and low metabolic rate is
complex, but terrestrial ambush predators, which are often cryptic,
generally also have lower metabolic rates (e.g., for lizards, Bennett

point the muscle fibers form a cross-hatching pattern as they meet and continue
posteriorly beyond the branchiostegals (D). Abbreviations: BR, branchiostegal ray;
CT, connective tissue mass; HAD, adductor hyohyoideus.
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nd Gorman, 1979; for rattlesnakes, Secor and Nagy, 1994). This is
ostulated to be due to the unpredictability of their food supply
nd a lack of sustained locomotion required for active foraging and
unting. It is difficult to determine if the slow ventilation of Lophius
volved in response to a need for crypsis or to low metabolism,
lthough we predict that it is likely advantageous for both.

The gill openings of Lophius are positioned in the axillary region
ehind and underneath the pectoral fin (Fig. 7A), which is an atyp-

cal position for the gill opening of a ray-finned fish. Typical gill
penings are positioned immediately behind the opercular bones
nd thus often are called “opercular openings”. The unusual L-
haped opercle and subopercle of Lophius (Fig. 2A) are far anterior
o the gill opening. Instead, there is a close association between
he pectoral fin and the gill opening, and the shape of the open-
ng changes based on the position of the pectoral fins. When the
sh is in its sand recess (Fig. 6A), its pectoral fins extend from
he body laterally, resting on the edge of the recess, and the gill
pening has a siphon-like shape. However, when the same individ-
al is moved to a tank without substrate (Fig. 6B), its pectoral fins
xtend laterally and ventrally to support the body by fanning out
long the bottom, and the gill opening has a flap-like shape. The
iphon-like shape allows the fish to exhale in a dorsally-directed
et (Fig. 5A; Wilson, 1937) that does not disturb the sediment and
ushes the fish down further into its recess, increasing its conceal-
ent. While the fish were acclimating to tanks and digging their

ecesses, they would occasionally exhale forcefully, pushing them-
elves further into the sand. Additionally, the position of the gill
pening allows for a short transition between the suction and pres-
ure phase (phase 2; Table 1), allowing the fish to quickly begin
xhalation. The posteriorly positioned gill openings can be seen to
pen almost immediately after the lower jaw begins to close, so that
he buccal and gill chambers can be emptied nearly simultaneously.

Previous studies of the cranial anatomy of Lophius primarily
ocused on the enlarged buccal skeleton that allows them to rapidly
ngulf large prey, but several authors also comment on the special-
zed skeletal anatomy of the gill chamber (Gregory, 1933; Field,
966; Elshoud, 1986), including the large branchiostegals. Regard-

ng the musculature of Lophius, Field (1966) and Winterbottom
1973) described the enlarged hyohyoideus muscles that actuate
he branchiostegal rays. The abductor hyohyoideus in Lophius con-
ists of thick transverse bands of muscle that originate on the fascia
f the ventral midline of the head and insert onto the first two
ranchiostegals (Field, 1966). The inferior hyohyoideus consists
f much thinner strips of obliquely positioned muscle that origi-
ate on the ceratohyal and insert on the first four branchiostegal
ays (Field, 1966 Winterbottom, 1973). Together, these two  mus-
les control the expansion of the branchiostegals during inhalation
Field, 1966). The adductor hyohyoideus consists of thin sheets
f muscle positioned transversely or obliquely between each of
he branchiostegals and between the sixth branchiostegal and the
ubopercle (Field, 1966 Winterbottom, 1973). These muscles are
esponsible for the contraction of the gill chamber during exha-
ation. Given the length of the branchiostegal rays, these muscles
ave tremendous surface area. We  found that these muscles extend
osteriorly from branchiostegal rays 2–5 to form a complex mus-
ulature that helps to control the gill opening (Fig. 8). There is a
arge and previously undocumented extension of this muscle, with

uscle fibers extending dorsally through the medial surface of the
ill opening and continuing up the side of the body in the thin sheet
f fascia that covers the trunk musculature (Fig. 7). These muscles
nly appear to be active during exhalation (phases 3 and 4), and
herefore likely function to pull the gill opening into a siphon shape

hen the fish exhales and the pectoral fins are positioned normally

Fig. 6A).
All Lophiiformes lack a close association between the gill open-

ng and the opercular bones and show a restriction of the gill
gy 119 (2016) 207–215

opening to a small aperture. In most Lophiiformes, the gill opening
is posterior and ventral to the pectoral fin base, sitting in the axillary
region of the fin, as in Lophius, although in some cases it is posi-
tioned much farther back on the body, including in Chaunacidae,
Antennarius analis and Antennarius duescus (Pietsch and Grobecker,
1987). Antennariid frogfishes use their siphon-like restricted gill
opening to produce a slow jetting behavior (Fish, 1987; Pietsch
and Grobecker, 1987). We  found extensions of the adductor hyohy-
oideus muscles beyond the branchiostegal rays in Chaunax pictus
and Histrio histrio.  In C. pictus,  these muscles surround the gill
opening before passing dorsally into the fascia covering the trunk
musculature. In H. histrio,  these muscles extend from between the
branchiostegals and surround the tiny gill opening. In his stud-
ies of teleost muscles, Winterbottom (1973, 1974) noted that the
adductor hyohyoideus frequently extends dorsally to the opercu-
lar bones, but in Tetraodontiformes, these muscles are often greatly
enlarged, lining the lateral and sometimes ventro-medial surfaces
of the gill chamber, muscularizing the gill opening valves. In some
tetraodontiforms, the adductor hyohyoideus also extends to the
pectoral girdle and the epibranchials (Winterbottom, 1974). These
expansions of the adductor hyohyoideus beyond the branchiostegal
rays and the medial surfaces of the opercular bones may  be homolo-
gous with the expansion of the adductor hyohyoideus we observed
in Lophiiformes studied here. Lophiiformes and Tetraodontiformes
have been proposed as closely related clades (e.g., Miya et al., 2003;
Alfaro et al., 2009; Betancur et al., 2013), and were resolved as sis-
ter taxa by Near et al. (2013). We propose that this expansion of
the adductor hyohyoideus as well as the presence of restricted gill
openings (Chanet et al., 2013; Farina et al., 2015) may  be a synapo-
morphy for Tetraodontiformes + Lophiiformes. However, further
investigation into the musculature of related taxa is needed.

5. Conclusions

The specialized gill chamber anatomy of L. americanus facilitates
slow gill ventilation. However, even with these specializations, L.
americanus maintains a basic pattern of pumping similar to that
of other actinopterygians, primarily differing in the duration of
the phases, particularly phase 1. Lophius is therefore an excellent
example of the robustness of the actinopterygian ventilatory pat-
tern, while showcasing potential for evolutionary modulation of
this system. Understanding the diversity and extremes of gill venti-
lation can be expected to provide new insights into actinopterygian
evolution.
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