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Effects of Water Flow and Hypoxia on Respiration of the
Frogfishes, Histrio histrio and Phrynelox tridens
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Abstract Effects of water flow rate and lowering the dissolved oxygen in ambient water on the
respiration of the frogfishes, Histrio histrio and Phrynelox tridens, were investigated using con-
tinuous flow respirometry. Resting \'/02 of isolated fish of both species did not increase with
increase in flow rate through the respirometer tube, whereas the percentage of oxygen removed
from that water decreased. With increasing flow rate the ventilatory frequency rose in P. tridens,
but not in H. histrio. These differences are probably related to differences in the habitat of each
species. Both the percentage of oxygen removal and ventilatory frequency in each species in-
creased with decrease in the oxygen content in ambient water. V(,g did not change in H. histrio
but increased with a decrease in water oxygen content in P. tridens. It is suggested that lowering
of oxygen in the inspired water leads to compensatory responses in which the oxygen consump-
tion of the fish during hypoxia is maintained in H. histrio or increased in P. rridens as a result of
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a rise in proportion of oxygen removed and elevated ventilatory frequency.

Ventilation of fish gills is produced by muscular
activities which pump water through a resist-
ance provided by the gills. The ventilation
mechanism essentially involves a double pump,
a buccal pressure pump which is mainly con-
cerned with forcing water through the gills and
two opercular suction pumps which mainly
produce flow of water by reduction in pressure
within the opercular cavities (Hughes, 1961)—
the relative balance in the role of these two
pumps and consequent variations in pattern of
ventilation are related to the ecological con-
ditions under which the fish live.

Either swimming speed or the rate of water
flow have been considered important factors
controlling ventilation in addition to the oxygen
levels in the water, Thus when some fishes
swim above a given speed they do not make
normal ventilatory movement but rely to a
greater or lesser extent upon the current enter-
ing the mouth as a result of their forward move-
ment (Hughes, 1960 a, b; von Wabhlert, 1964;
Brown and Muir, 1970; Roberts, 1975; Hughes
and Nyholm, 1979). However, in some species
there is scarcely any change in ventilatory fre-
quency when the rate at which water flows over
a fish is changed experimentally, e.g. dogfish
(Hughes and Umezawa, 1968 a) and killifish
(Umezawa and Watanabe, 1973), but even so
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there must be some increase in ventilation as
they face upstream and depend on the buccal
pressure pump.

Moreover, other fish which usually spend
much of their life on the sea bottom and are
subjected to a wide range of environmental
oxygen tensions depend to a far greater extent
on the suction pump mechanism, one feature
of which is that the mouth usually remains
closed for longer periods. Such teleosts as the
dragonet, plaice, sole and other flatfishes are
notable teleost examples (Hughes, 1963). Among
the many other bottom-living forms there are
two types of frogfish (Antennarioidei), which
seem to show great dependence on their opercular
suction pumps.

The present experiments were carried out
in order to measure the oxygen consumption
and ventilatory frequency of these sluggish
fishes in relation to changing rates of water
flow across the fish and its oxygen content.
Water was passed continuously over two frog-
fishes, Histrio histrio (Linnaeus) (= Pterophryne
histrio) and Phrynelox tridens (Temminck et
Schlegel) (=Antennarius tridens) which have
somewhat different life habits although they
are related genera. H. histrio exhibits a tenden-
cy to live near the surface on floating sea-
weeds whereas P. tridens normally rests at the
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Fig. . Diagram of the experimental arrangements used to determine oxygen consumption under constant
conditions of flow rate and water temperature in the frogfishes. For further explanations, see text.

bottom of the seaweed belt in the infra- or sub-
littoral zones during the summer season. Nei-
ther fish shows any tendency to utilize ramjet
ventilation when swimming.

Materials and methods

The two species of frogfish used were: a)
Histrio histrio (21 ~87 g) collected and kept in
the seawater circulation at the Usa Marine
Biological Station*, Kochi, Japan; the ex-
periments were performed at a constant tempera-
ture in the range 23~25°C during May and
June 1974: b) Phrynelox tridens, which spend
their whole lives on the sea bottom; speci-
mens (25~ 101 g) were collected from the sea-
weed belt of the infra- and sublittoral zone in
the summer season and kept in similar aquaria
at the Marine Station. Experiments on these
fish were carried out at a constant temperature
(25~27°C) in April, May, September and
October 1974, and January 1975. In both H.
histrio and P. tridens there is a thin tubular
opening from each opercular cavity which is
directed ventrally in the vicinity of the pectoral
fin.

* Present name: Usa Marine Biological Institute
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Determinations of oxygen consumption and
other features of the respiratory mechanism were
made on individual fish kept in respirometer
tubes of 7 and 10cm diameter, having total
volumes of about 600 cm?® and 750 cm?® for H.
histrio and P. tridens, respectively. Water was
passed continuously through the respirometer
as the fish rested within it; the rate of flow could
be varied as could its oxygen tension by bubbling
nitrogen through a gas-exchange column in-
cluded in the water supply line (Fig. 1). Oxygen
consumption was determined using continuous
flow respirometry involving the sampling of
water in the inlet and outlet tubes of the respiro-
meter (Hughes, 1978; Umezawa et al., 1981).
It was found that all fish remained quiet and
breathed regularly for prolonged periods and
sometimes faced downstream to the current
rather than the more expected upstream orienta-
tion. The amount of dissolved oxygen (Co,)
before and after passing the fish in the respiro-
meter tube was measured with an oxygen elec-
trode (Oxygen Analyser, Field-Lab type, Beck-
man-Toshiba). The flow rate of water through
the respirometer was kept constant and deter-
mined with a flowmeter (No. 71-5758, Nihon
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Fig. 2. Semi-logarithmic plots of (a) resting oxygen consumption, (b) the percentage of oxygen removed
by fish, and (c) the ventilatory frequency of Histrio histrio, against flow rate of water over the fish
in the respirometer tube, for the same 4 specimens, weighing between 45 and 68 g. Each point

Bars indicating 95 % confidence limits for the regression

is the mean of four or five determinations.

line in (b) are shown at flow rates of 2 and 10 I/h.

and (c) are represented. Temp.: 25+1°C.

Tokushu Keiki).

The results were analysed statistically by
means of test of correlation coefficient and of
regression coefficient according to Snedecor
and Cochran (1967) and Ishii (1975).

Results

The species used in this investigation have
several advantages, notably the way they rest
quietly in the respirometer tube throughout
almost the whole of the experimental period and
the frequency of their ventilatory movements
is relatively low (10~20 per min). As with
other fishes (7orpedo, carp, etc.) high initial
rates of both oxygen uptake and ventilatory
frequency were found soon after the fish were
placed in the respirometer. These values
gradually subsided during the next 1~3 hours.
In spite of this fairly rapid recovery, no measure-
ments were made until at least 3 hours following
the initial handling of the specimens.

Effects of changing the flow rate of water over
the fish on respiration in normoxic conditions.
In continuous flow respirometry a more rapid
flow of water through the respirometer is pre-
ferred so long as the flow rate does not disturb
the fish and that there is a sufficiently large
difference between the inlet and outlet oxygen
tensions. As a preliminary experiment in such
studies it is important to establish the most
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No relationship between the two variables in (a)

convenient flow rate which is then used during
most of the other experimental procedures.
During such preliminary experiments it is im-
portant to observe whether there are any sig-
nificant effects of the flow rate itself on the fishes
respiration. In these investigations measure-
ments were made of oxygen consumption in
relation to water flow, and from the differences
between inlet and outlet oxygen levels the per-
centage of the oxygen removed from the water
during its passage through the respirometer is
calculated. The frequency of the ventilatory
movements was also counted and is shown in
Fig. 2 for Histrio histrio and Fig. 3 for Phrynelox
tridens. These plots indicate that the percentage
of oxygen removed from the water during its
passage over the fish decreases as the water flow
rate is raised, although the oxygen consumption
does not change markedly. A statistically
significant regression line of the percentage of
oxygen removed on flow rate is drawn (P<
0.001 in H. histrio and P<0.01 and 0.01 in P.
tridens). 1t was also shown that there are no
statistically significant correlations between
ventilatory frequency and flow rate in H. histrio
(P>0.5) and that the regression lines for P.
tridens do show a statistical significance (P<
0.025 and 0.025) so that frequency increases
with increase in flow rate in P. tridens. It was
found, however, that at the lower flow rate in P.
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Fig. 3. Semi-logarithmic plots of (a) resting oxygen consumption, (b) the percentage of oxygen removed
by fish, and (c) the ventilatory frequency of Phrynelox tridens, against flow rate of water over the
fish in the respirometer tube, for the same 2 specimens. Filled circles and solid line refer to a 38 g
fish at 22°C; open circles and dotted line refer to a 27 g fish at 27°C. Each point is the mean of

four or five determinations.

Bars indicating 95 % confidence limits for each of the regression lines

(solid and dotted lines) are given in (b) and (c) at flow rates of 1 and 10 I/h, and 3 and 12 1/h re-
spectively. No relationship between the two variables in (a) is represented.

tridens the ventilatory frequency was not only
reduced but showed variations. [t is suggested,
therefore, that an increase in ventilatory stroke
volume may occur which depends on the fall in
flow rate.

These results, excluding the rise in percentage of
oxygen removed with decreasing flow rate, differ
from those obtained by Hughes and Umezawa
(1968a) for the dogfish and by Umezawa and
Watanabe (1973) for the killifish.

Relationship between body mass and respira-
tion under normoxic conditions. Comparisons
have been made between the respiration of
Histrio histrio and Phrynelox tridens on the
basis of the relationships to body mass for each
species. Results obtained are shown in Fig.
4, where resting oxygen comsumption (V02),
VOZ/body weight, and ventilatory frequency
were plotted for each fish against body weight.
These plots indicate that the mean \"02 is higher
in larger specimens of H. histrio and P. tridens
and that there are statistically significant re-
gression lines (P<<0.025 and 0.001, respectively).
When these values for oxygen consumption
were related to body weight, moreover, it was
found that the weight specific oxygen consump-
tion of smaller fish is greater than that in larger
specimens for H. histrio and P. tridens, and
there are statistically significant regression lines

(P<0.05 and 0.025, respectively).

The mean values for ventilatory frequency of
smaller specimens are scarcely greater than those
of larger specimens of H. histrio and there is
no statistically significant correlation (P>0.1).
However, the ventilatory frequency of small
P. tridens is significantly greater than those of
larger individuals (P <<0.05).

Thus, it can be suggested that the increase in
weight specific oxygen consumption of smaller
Histrio histrio is related to an incresae in stroke
volume as ventilatory frequency shows little
change with body mass in this species. On the
other hand, smaller specimens of Phrynelox
tridens have higher ventilatory frequency which
is not necessarily accompanied by an increase
in stroke volume since the weight specific oxygen
consumption increases with a decrease in body
mass. These differences may be related to
differences in the life habits of these species.

The effect of reducing inlet P,,. Measure-
ments were carried out when the P, of the water
passed over the fish was reduced and the flow
rate remained constant. No observations were
made on the effect of varying the rate at which
the oxygen tension was reduced, normally this
took place at a rate of about 30 mmHg/min.
The relationship between inlet oxygen content
and \'/02, the proportion of the oxygen removed
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Fig. 4. Bi-logarithmic plots of (a) resting oxygen consumption (Vog), and semi-logarithmic plots of (b)
\'Ioe/body weight and (c) the ventilatory frequency of Histrio histrio for the same 18 specimens (O)
at a temperature of about 25°C and Phrynelox tridens for the same 21 specimens (@) at temperatures
ranging between 17 and 22°C, against body mass. Each of the points is the mean of four or five
determinations. Bars indicating 95% confidence limits for the regression line in (a) and (b) are
shown for body weights of 20 and 70 g in H. histrio and (a), (b) and (c) for 30 and 80 g in P. rridens.
No relationship between the two variables in (c) in H. histrio is represented. Flow rate, 6 1/h.
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Fig. 5. Semi-logarithmic plots of (a) oxygen consumption, (b) the percentage of oxygen removed by fish,
and (c) the ventilatory frequency of Histrio histrio, against oxygen content of inlet water to the re-
spirometer tube, for the same 26 specimens, weighing between 50 and 70 g. Each point is the mean
of four or five determinations. Bars indicating 95 %, confidence limits for the regression line in (b)
and (c) are shown at oxygen contents of 4 and 8 ppm. No relationship between the two variables
in (a) is represented. Temp.: 254 1°C; flow rate, 6 1/h.

from water during its passage through respiro- (7ngﬁiglet—Co2 outlet <1 00>

meter, and ventilatory frequency are shown in Co, inlet

Figs. 5 and 6. These plots indicate that both and ventilatory frequency increase as the oxygen
percentage of oxygen removal by the fish content of inlet water is reduced in both species.
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Fig. 6. Semi-logarithmic plots of (a) oxygen consumption, (b) percentage of oxygen removed by fish, and
(c) the ventilatory frequency of Phrynelox tridens, against oxygen content of inlet water to the re-
spirometer tube, for the same 14 specimens, weighing between 26 and 27 g. Each point is the mean
of four or five determinations. Bars indicating 95 %, confidence limits for the regression line in (a),
(b) and (c) are shown at oxygen contents of 4 and 8 ppm. Temp.: 27~ 28°C; flow rate, 6 1/h.

Regression lines for a percentage of oxygen
removed and ventilatory frequency plotted
against inlet oxygen content show statistically
significant changes (P<0.005 and 0.001, re-
spectively for Histrio histrio and P<0.001 and
0.01, respectively for Phrynelox tridens). These
results differ from those obtained in similar
experiments carried out with the dragonet
(Hughes and Umezawa, 1968b) and Kkillifish
(Umezawa and Watanabe, 1973). The increase
in ventilatory frequency during hypoxia also
agrees fairly well with observations on rainbow
trout (Nakanishi and Itazawa, 1974; Hughes
and Saunders, 1970) and carp (Itazawa and
Takeda, 1978; Hughes et al., in preparation).
The present results (Figs. 5 and 6) also indicate
that oxygen consumption does not change in
relation to the fall in water oxygen content in
Histrio histrio, whereas it increases with a de-
crease in oxygen content in Phrynelox tridens;
the regression of oxygen consumption on Co,
being statistically significant (P<0.025). These
relationships do not suggest the presence of a
largely ‘dependent’ type of respiration similar
to that found in some other fishes but are more
typical of results obtained for species showing
‘independent’ respiration. Thus it may be
surmised that lowering of ambient oxygen leads
to compensatory responses which result in the
oxygen consumption of a fish being maintained
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during hypoxia in H. histrio or even increased
in P. tridens as a result of the heightened ventila-
tion frequencies and a rise in the proportion
of the oxygen removed from the water flowing
past the fish.

Discussion

Previous results using dogfish (Hughes and
Umezawa, 1968a) and Kkillifish (Umezawa and
Watanabe, 1973) showed that as the flow rate
of water was increased over a fish in a respiro-
meter tube oxygen consumption rose but there
was no change in the percentage of the oxygen
removed from the water; ventilatory frequency
remained unchanged, in both cases the fish face
upstream and there must be a significant ‘ram’
component to their ventilation. Results in
the present experiments with rather different
fish have given different results which are proba-
bly related to differences in responsiveness to
flowing water. Histrio histrio generally lives
among surface-floating seaweed and Phrynelox
tridens normally rests at the bottom of a seaweed
belt in the infra- or sublittoral zones during
summer. Neither of these fish is very active
and when they swim they do not show ram
ventilation. The lack of increase in oxygen
consumption in frogfishes with increasing water
flow rate is probably associated with the absence
of any change in ventilation volume though the
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ventilatory frequency increased in P. tridens
but remained fairly constant in H. histrio.

Experiments in which the fish were kept in
ambient water of low oxygen content and con-
stant water flow rate showed consistent changes
in oxygen consumption with a fall in oxygen
content. A marked rise in oxygen consumption
together with increases in both ventilatory fre-
quency and percentage of oxygen removed from
the water were observed when inspired oxygen
levels were reduced in Phrynelox tridens. A
similar relationship has been found by Itazawa
and Takeda (1978) for the carp which contrasts
with that for the rainbow trout (Hughes and
Saunders, 1970) and for the dogfish and dragonet
(Hughes and Umezawa, 1968a, b). A similar
relationship was also found by Nakanishi and
Itazawa (1974) for rainbow trout and Japanese
eel. However, no correlation was obtained in
Histrio histrio for the relationship between
oxygen consumption and oxygen content of the
ambient water whereas as the oxygen level fell
there was a rise both in ventilatory frequency
and percentage of oxygen removal. This seems
to indicate that ventilation volume does not
increase simultaneously with the increase in
ventilation frequency.

Unfortunately, no direct determinations of
ventilation volume, and consequently stroke
volume, in relation to body mass were made in
this study because it proved rather more difficult
to attach tubes to the exhalant opercular openings
than had been expected. In fact one of the
reasons for beginning this study was in antici-
pation that such a procedure would be possi-
ble. However, it is possible that the raised
oxygen consumption of smaller specimens of
Histrio histrio was achieved because of an in-
crease in ventilation volume independent of
ventilatory frequency. For Phrynelox tridens
the increase in oxygen consumption of smaller
fish was associated with an increase in ventila-
tory frequency independent of ventilation vol-
ume.
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