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Morphological Adaptations of Cyprinodontoids for Inhabiting
Oxygen Deficient Waters

Woriam M. LEwis, Jr.

A previously unrecognized morphological adaptation of fishes to oxygen
depletion is described. Natural oxygen depletion was simulated by use
of sodium sulfite. It was demonstrated that some fishes are adapted to
permit use of an oxygen rich layer of water at the atmosphere-water inter-
face. Representative cypronodontoids (Fundulus notatus, Gambusia af-
finis, and Poecilia reticulata) exhibited maximum adaptation and the
greatest survival ability of the species tested. Notemigonus crysoleucas,
Brachydanio rerio, Lepomis macrochirus, and L. cyanellus, representing
other suborders, showed less adaptation to these conditions and corre-

spondingly lower survival.

Micropterus salmoides seemed unadapted for

survival in oxygen depleted waters. Carassius auratus exhibited a physio-
logical adaptation, but used the oxygen rich surface water as a supple-

ment.

INTRODUCTION

OME freshwater habitats, such as swamps,
are characterized by periodic absence of
dissolved oxygen in the water column, and
some fishes are clearly adapted for living in
these waters. Adaptations studied to date
include morphological modifications for us-
ing atmospheric oxygen and physiological ad-
justments that increase tolerance to low oxy-
gen levels. This paper reports the occurrence
of anatomical adaptations to permit use of
oxygen rich water at the atmosphere-water
interface.
The importance of vertical oxygen gradi-
ents to aquatic fauna in general has long

been recognized. Carter and Beadle (1931)

commented on the significance of surface
layers as a reservoir of oxygen for organisms
in an oxygen depleted aquatic environment.
Dusart (1963) and Carter (1931) mentioned
the probable role of oxygenated surface
layers in sustaining fishes during periods of
oxygen depletion. Although it is often ob-
served that fishes not adapted for aerial
breathing respond to a reduction in dis-
solved oxygen by rising to the surface, it is
not clear at present whether such behavior
is accompanied by the use of atmospheric
oxygen or dissolved oxygen, nor has the pos-
sible significance of surface layers as an oxv-
gen source for fishes been quantitatively in-
vestigated.

Observations preliminary to the present
investigation suggested that the surfacing re-
sponse of a number of fishes is associated

with the use of an oxygenated film of water
just below the air-water interface. It is
postulated here that the small, dorsally ori-
ented mouth and dorso-ventrally flattened
head of such fishes as Fundulus, Poecilia, and
Gambusia are adaptations for utilizing a well
oxygenated surface film, and that these fishes
are suited for occupying habitats character-
ized by periodic or continuous oxygen de-
pletion.
METHODS

Sodium sulfite was used to remove dis-
solved oxygen from the water column. Oxy-
gen is bound by the sulfite ion according to
the equation: 2803~ + Oy —> 250,--.
From the gram equivalent weight, 7.891 mg/1
of sulfite are required to bind 1 ppm dis-
solved oxygen. Amounts in excess of the
gram equivalent were used to increase the
rate of reaction and to prevent reoxygena-
tion of the water column during experiments.
Experimental concentrations of sulfite did
not constitute a significant osmotic challenge
to the fish. There was no observable differ-
ence in behavioral response to water freed
of oxygen with sulfite and water freed of
oxygen by bubbling with nitrogen.

An oxygen analyzer of the galvanic cell
type was used to measure dissolved oxygen,
except very near the air-water interface. The
dissolved oxygen concentration near the in-
terface was approximated using Fick’s Sec-
ond Law employing the equation, C; =
S(1-H(x/2D* t)) where: G .= oxygen con-
centration in water in ppm at a given depth
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x (measured in cm) after a given time, t (sec
after exposure to air. § = saturation con-
centration of oxygen in water in ppm at
95° C and standard pressure. H = the error
function (U.S. Department of Commerce,
1954). D = the diffusion coefficient for oxy-
gen in water at 25° G (Meites, 1955).

Experimental water temperatures ranged
between 22 and 25° C.

Plastic pans with a depth of 12 cm and
a surface area of 950 cm? served as experi-
mental containers. A plastic tent over the
tanks prevented air currents from disturb-
ing the water surface. To prevent accumu-
lation of metabolic carbon dioxide above the
water, the containers were completely filled.
A curb of screen wire around the outside of
the container prevented fish from escaping.

Experimental fishes were kept in a com-
mon holding tank for four days before they
were transferred to experimental tanks. The
holding tank water always contained 34
ppm dissolved oxygen. All fish were thus
acclimated to the same oxygen level prior
to use. .

Since handling or other excitation of fishes
results in a significant physiological stress
caused by high concentrations of lactic acid
in the blood (von Buddenbrock, 1936; Au-
vergnat and Secondat, 1942; Black, 1955),
fish were placed in the experimental tanks
12 hr before the beginning of each experi-
ment.

The response of cyprinodontoids to oxy-
gen depletion was compared to that of other
fishes with different head and mouth mor-
phologies. Experimental species considered to
be morphologically adapted to habitats char-
acterized by low levels of dissolved oxygen
included: Fundulus notatus (Cyprinodon-
tidae); Gambusia affinis and Poecilia reticu-
ulata (Poeciliidae). Experimental species not
exhibiting such an adaptation included: No-
temigonus crysoleucas, Brachydanio rerio,
and Carassius auratus (Cyprinidae); Microp-
terus salmoides, Lepomis cyanellus, and L.
machrochirus (Centrarchidae). Gambusia af-
finis was collected in the Piedmont area of
North Carolina. Poecilia reticulata and
Brachydanio rerio are both tropical forms
and were obtained from commercial sources.
Notemigonus crysoleucas was obtained from
a commercial fish hatchery in southern I1li-
nois. All other species were collected from
the wild in southern Illinois. None of the
experimental fish exceeded 90 mm SL.
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Experiments were designed to yield four
types of information: 1) the behavior of
different species of fish in water depleted
of dissolved oxygen, 2) the dependency of
fishes upon surface breathing in oxygen de-
pleted water, 3) the relationship between
survival and the composition of the atmo-
sphere above the water, and 4) the relation-
ship between head morphology and ability
to survive in oxygen depleted water.

Behavior of the fishes was observed after
the addition of 300 ppm sodium sulfite to
the water. This concentration of sulfite
caused reduction of dissolved oxygen over a
period of 1 hr or more, thus permitting ob-
servation of changes in behavior as the dis-
solved oxygen decreased.

To test the dependency of fishes on sur-
face breathing when the water column was
devoid of dissolved oxygen, sodium sulfite
(750 ppm) was added to three tanks, each
containing six fish. Three of the six fish in
each tank were permitted free access to the
surface and the remainder were caged below
the surface. All species were tested in this
manner.

To test the significance of gaseous ex-
change between the atmosphere and water
at the interface, a covered aquarium con-
taining Poecilia and Brachydanio was treated
with 300 ppm sodium sulfite causing the
subsurface oxygen to fall slowly to zero. The
atmosphere above the tank was then rapidly
replaced with pure nitrogen.

Extensive tests of ability to survive in oxy-
gen depleted water were limited to Gambu-
sia, Notemigénus, and Carassius, each rep-
resenting one of three distinct types of re-
sponse found in the experimental fishes.
Excess sodium sulfite was added to the ex-
perimental tanks until a concentration was
reached at which the test species remained at
the surface continuously for 24 hr. Excess
sodium sulfite eliminates oxygen from the
water column and also limits the accumula-
tion of oxygen entering by diffusion at the
interface. Adding progressively more sulfite
restricts the diffusion saturated surface water
to a progressively thinner layer. The first
appearance of continuous surface breathing
is considered a uniform level of stress, and
the concentration of sulfite needed to induce
it is a measure of efficiency in use of surface
water.

A more detailed comparison of the ability
of the different species to effectively utilize
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the surface film was made in terms of mini-
mum surface area required for survival
(weight of fish per unit water surface area,
mg/cm?). Three tanks containing identical
weights of a given species were treated with
the amount of excess sodium sulfite which
had been found in the preceeding experi-
ment to keep the fish at the surface. A
fourth tank, the control, contained the same
weight of fish but no sulfite was added. Dead
fish were removed and weighed at 15 min
intervals for the first 4 hr, and thereafter at
14 and 24 hr. The experiment was termi-
nated 24 hr after the dissolved oxygen
reached zero. This procedure was repeated
for a range of densities to give the density-
mortality relationship for each species. Ex-
periments with the highest fish densities were
terminated after 14 hr to avoid errors result-
ing from waste accumulation. The resulting
data provide two types of information about
each species: 1) mortality rate for specific
initial densities, and 2) the change in total
mortality as initial density is increased. An
important aspect of the latter relationship is
the maximum initial density for which ex-
perimental mortality is the same as control
mortality. This density is hereafter referred
to as the critical density.

Gambusia were tested at 29 different den-
sities involving approximately 10,000 fish
with mean weights of 0.165 = 0.093 g (2 )
and 0.127 = 0.021 g (3 &). For Notemigonus,
108 densities were tested, representing ap-
proximately 3500 fish with a mean weight of
1.87 £ 020 g For Carassius, 12 densities
were tested, representing 60 fish with a mean
weight of 8.57 = 1.71 g.

OBSERVATIONS

The behavior and survival of fishes when
there was no detectable oxygen in the water
column demonstrated the existence of oxygen
near the water surface. The gradient shown
in Fig. 1 is for the diffusion of atmospheric
oxygen into pure water as calculated from
Fick’s Second Law. Under experimental con-
ditions, as well as natural ones, the action of
the reducing agent responsible for the elimi-
nation of oxygen must be accounted for. The
reducing agent, in this case the sulfite ion,
has a concentration profile which is inversely
related to the oxygen profile. At points near
the interface, oxygen enters rapidly from the
air by diffusion, thus oxidizing all of the re-
ducing agent and saturating the surface film
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Fig. 1. Theoretical rate of diffusion of at-

mospheric oxygen into water. Depth below sur-
face indicated in mm.

with oxygen. The maximum depth at which a
biologically significant concentration of oxy-
gen occurs is determined by the diffusion
rates and concentrations of oxygen and the
reducing agent. The limiting effect of the
low oxygen-water diffusion rate is evident in
Fig. 1.

None of the experimental species were
observed to gulp air or pass bubbles from
the opercula, despite the reduction of sub-
surface oxygen to zero. None of the fishes
released air bubbles when trapped below the
surface after breathing at the surface.

Surfacing resulted from the reduction of
dissolved oxygen and became progressively
more continuous as the oxygen content of
the water declined (Table 1). All fishes ex-
cept Carassius remained at the surface when
the subsurface oxygen approached zero. Ca-
rassius, periodically assumed a stationary po-
sition at the surface, then moved to the
bottom and remained inactive.

For all fishes except Carassius, surfacing
was accompanied by continuous movement
parallel to the interface. Each species as-
sumed a characteristic posture for swimming
at the surface. The cyprinodontoids (Gambu-
sia, Poecilia, Fundulus) swam with the long
axis of the body almost parallel to the water
surface, whereas the other experimental fishes
maintained a large angle of inclination be-
tween the body axis and the water surface
(Fig. 2).

All fishes except Carassius died before the
dissolved oxygen reached zero when they
were prevented from surfacing. Carassius
survived for an average of 40 min after the
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TABLE 1. BEHAVIOR OF SELECTED FISHES IN RESPONSE TO A DECLINE IN DissoLVED OXYGEN
CONCENTRATION.

Inclination Approximate
of Body Axis O, Maximum
with Surface for Surfacing

Comments

Species (degrees) (ppm)
Fundulus notatus 5-10 0.5
Gambusia affinis 5-10 2.5
Poecilia reticulata 5-10 0.5
Notemigonus crysoleucas 20-25 1.0
Brachydanio rerio 20-25 0.5
Lepomis macrochirus 30-35 0.5
Lepomis cyanellus 30-35 0.4
Micropterus salmoides 30-35
Carassius auratus 30-35

No sign of distress at 0.0 ppm subsurface O..

Tendency to stay at the surface, despite 0O,.

Identical in surface behavior to Gambusia.

Vigorous swimming at the surface.

Similar in surface behavior to Notemigonus.

Reversal of pectoral fin movement at the -
surface.

Little movement at the surface.

Mortality shortly follows sporadic surfacing.

Surfaces only for short periods, reduced ac-
tivity.

oxygen content of the water reached zero.
All fishes except Micropterus survived oxy-
gen elimination for at least 1 hr when they
were permitted to surface.

The replacement of air by nitrogen over a
tank containing Poecilia and Brachydanio,
both exhibiting surfacing behavior, immedi-
ately resulted in their distress and death,
even though neither species was using atmo-
spheric oxygen directly.

In the first test of survival ability, a con-
centration of 750 ppm sodium sulfite was
needed to keep Notemigonus continuously at
the surface for 24 hr. Gambusia required
8150 ppm. Carassius could not be induced
to remain at the surface continuously, and was
arbitrarily treated with 750 ppm sodium sul-

fite in the determination of surface area re-
quirement.

Surface area requirement in the absence
of dissolved oxygen was different for each
of the three representative species. Test den-
sities of Carassius as high as 100 mg of fish
per cm? surface area showed no mortality
during the 24 hr test period. Despite crowd-
ing, Carassius had no tendency to disperse
over the tank surface, but remained aggre-
gated and stationary at the surface or mo-
tionless on the bottom. Mortality rates for
different initial densities of Gambusia and
Notemigonus indicate that, at densities suffi-
cient to cause mortality, a new stable density
of fish is reached after 14 hr (Fig. 3). Gam-
busia experience almost no mortality up to

GAMBUSIA

Fig. 2.
dissolved oxygen

Orientation of different fishes at the atmosphere-water

FUNDULUS

interface in water depleted of
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a critical density of 100 mg/cm?, whereas the
critical density for Notemigonus is about 10
mg/cm? (Fig. 4). Control tanks had almost
no mortality.

DiscussioN

Survival and behavior indicate that the
test species represent four categories of adap-
tation for survival in waters depleted of dis-
solved oxygen: 1) unadapted, 2) physiolog-
ically adapted, 3) partially anatomically
adapted, 4) fully anatomically adapted.

Micropterus, representing category 1, was
unable under experimental conditions to ex-
tend its survival time by using surface water.
Micropterus did respond to oxygen depletion
by vigorous surface activity, and it is possible
that under conditions less severe than those
studied the surfacing behavior of this fish
would be of some value.

Carassius, representing category 2, was
unique in its failure to remain continuously
at the surface when oxygen was eliminated
from the water column. Carassius is known
to have physiological characteristics which
adapt it for surviving low concentrations of
dissolved oxygen (Fry and Hart, 1948). Blazka
(1958) has shown that Carassius can survive
anoxia for extended periods at low tempera-
tures (5° C), but dies in several hours at
higher temperatures (16° C) when no oxygen
is present. BlaZka inferred from his experi-
ments that anaerobic metabolism in Caras-

CONTROL

GAMBUSIA

T T T T
20 40 60 80

T T T T
|00 120 14Q 160 180

NITIAL DENSITY (MG/CM?)

Fig. 4. Comparison of survival of Gambusia and Notemigonus after 14 hr, showing critical den-

sities when subjected to a vertical oxygen gradient severe enough

to cause continuous surface

breathing (3150 ppm Na,80; for Gambusia, 730 ppm Na.SO, for Notemigonus).
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sius is not accompanied by the accumulation
of intermediary metabolites which require
subsequent oxidation. This interpretation of
physiological tolerance in Carassius is sup-
ported in part by Smit (1965). The present
study shows that Carassius is also able to use
the oxygenated water of the surface film in
surviving anoxia at higher temperatures.
However, the large terminal mouth of
Carassius is not suited for the selective use
of a thin surface layer. Instead of moving at
the surface to facilitate the intake of surface
water, Carassius maintains a low oxygen de-
mand by inactivity, thus requiring only the
small amount of oxygen that can be supplied
by its limited intake of oxygenated water.

Notemigonus, Brachydanio, and Lepomis,
representing category 3, are all able to with-
stand the elimination of subsurface oxygen
when the vertical oxygen gradient is not
severely reduced. The immediate distress and
death of category 3 fishes that are prevented
from surfacing in the absence of dissolved
oxygen suggests that these fishes are similar
to Micropterus in lacking physiological toler-
ance to oxygen depletion. Although more
thorough investigation might reveal some
differences in the minimum dissolved oxy-
gen requirements of Micropterus and the
fishes of category 3, it is probable that the
distinction between these two groups can be
attributed mainly to difference in mouth
size. Micropterus, because of its large mouth,
is unable to selectively draw water from the
surface.

Notemigonus, Brachydanio, and Lepomis
have terminal mouths and must therefore in-
cline the body axis at the surface to contact
the oxygen bearing surface water. These
fishes move awkwardly at the surface because
of their inclined posture, and expend much
energy to keep their mouths at the surface
while swimming parallel to it. They are
here considered to be suited to survive pe-
riods of oxygen depletion, but not adapted to
occupy a habitat frequently or continuously
lacking dissolved oxygen in the water column.

Fundulus, Gambusia, and Poecilia, repre-
senting category 4, are of particular interest
due to their ability to withstand the most
severe experimental conditions without ap-
parent stress. The dorsally oriented mouths
and flattened heads of these fishes account
for their ability to effectively use oxygen
rich water at the atmosphere-water interface
without greatly altering their usual swim-
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ming posture. These forms are here consid-
dered to be adapted to habitats characterized
by long or continuous absence of oxygen in
the water column.

An increase in percent mortality as fish
density is increased for Notemigonus, of
category 3, and Gambusia, of category 4,
indicates that density dependent factors af-
fect the use of the oxygen source in these
fishes. Two such factors were recognized:
truncation of the oxygen bearing layer, and
mutual interference in surface behavior.

When fish are absent from tanks contain-
ing sodium sulfite, equilibrium between oxy-
gen diffusion from the atmosphere and the
action of the reducing agent in the water
maintains an oxygen gradient at the water
surface. The theoretical consideration of sur-
face dynamics (Fig. 1) indicates that a biologi-
cally significant oxygen concentration would
not occur at depths greater than 2 or 3 mm
if oxygen were being continuously elimi-
nated from below. The addition of fish de-
creases the thickness of the oxygen bearing
layer, since oxygenated surface water is either
mixed with oxygen-free water below or is
used in respiration. A constant oxygen sup-
ply occurs only in a surface layer thin enough
to be renewed by diffusion between disturb-
ances. When the fish are crowded beyond
their critical density, the oxygen bearing layer
is truncated so severely that the fish can no
longer restrict their breathing to it. The
critical densities of Gambusia and Notemi-
gonus thus indicate the relative abilities of
these fishes to use the surface water oxygen
source.

When crowded, both species are also af-
fected by mutual interference in surface be-
havior. At the critical density (100 mg/cm?)
Gambusia almost crowd each other from the
surface. On the other hand, the critical den-
sity for Notemigonus (10 mg/cm?) would
allow each fish ample room at the surface,
if movement were minimal. However, since
Notemigonus moves vigorously at the surface
and must simultaneously maintain a large
angle of surface inclination, mutual interfer-
ence occurs at lower densities. When inter-
ference occurs, each fish periodically loses
contact with the oxygen source. At high
densities both species are therefore less effi-
cient in using the surface oxvgen source be-
cause of mechanical interferences, and this
effect is greater for Notemigonus than for
Gambusia.
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Although the determinations of surface
area requirement were not designed to dis-
tinguish between the two density dependent
factors, it seems probable that truncation of
the oxygen bearing layer played the greatest
role in causing mortality. The uniformity
of the results, particularly for Gambusia, sup-
ports this conclusion. In any case, the differ-
ence in critical densities for the two species
reflects the marked advantage of Gambusia
in using the stratum of water closest to the
interface.

When the density of fish exceeds that
which the area of surface can support, there
is high mortality during the early hours of
the experiment. Low or insignificant mor-
talities during the last hours of the experi-
ment indicate that the adjustment of den-
sity to surface area has occurred.

An attempt was made to preserve uniform-
ity of size in the test species, since mouth
size varies with size of fish. Since the oxy-
gen bearing surface layer is very thin, it is
virtually unavailable to large fish of any spe-
cies in the same sense that it is unavailable to
the small Micropterus. Less severe instances
of oxygen depletion would be accompanied
by a surface source of greater vertical extent,
which might be of use to larger fish. In cases
of mild oxygen depletion, fishes with large
mouths might also profit from the vertical
mixing that results from their disturbance of
the surface.

The importance of mouth size and mor-
phology in the efficient use of oxygen bearing
surface water is of particular interest with
respect to the fishes of category 4, which typ-
ically inhabit waters where oxygen deple-
tion is common. Gambusia, Fundulus, and
Poecilia, which are morphologically well
suited for using the surface water oxygen
source, never become large. These fishes
therefore retain their capacity to use oxy-
genated water at the interface for prolonged
or indefinite periods, regardless of age. Since
the volume of water required for respiration
by larger fishes could not be supplied by a
diffusion induced oxygen source at the sur-
face, the small maximum size of such fishes as
Gambusia might also be considered adaptive
for using surface oxygen. This conclusion is
supported in that fishes inhabiting swamps
and other oxygen poor environments are
generally either adapted for aerial respira-
tion and show a wide range of sizes, or pos-
sess morphological features suitable for using
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oxygenated water at the interface and attain
small maximum sizes.

The importance of oxygen depletion to
fishes in a natural environment would in
part be determined by factors not considered
above. At high temperatures, for example,
the oxygen requirement of fishes would be
higher and the saturation value for oxygen
in water would be lower. On the other hand,
fishes using surface water would profit to
some extent from the increased diffusion
rate of oxygen in water at higher tempera-
tures. Also, the effect of wind on the water
surface might be of considerable importance.
The continuous movement of air and surface
might induce a larger vertical oxygen gradi-
ent, but a rough surface would undoubtedly
limit the ability of fishes to maintain the
most effective relationship to the interface.
It is of interest in this connection that dis-
turbance of the water surface in swamp habi-
tats is minimal.

ACKNOWLEDGMENTS

Research facilities were furnished by the
Fisheries Research Laboratory of Southern
Illinois University during the summer of
1966, and by the Department of Zoology of
the University of North Carolina during the
fall and winter of 1966-67.

The author wishes to acknowledge the
guidance of Dr. William M. Lewis of South-
ern Illinois University and encouragement
by Dr. Alan E. Stiven of the University of
North Carolina throughout the course of
the study.

LITERATURE CITED

AUVERGNAT, R. AND M. SECONDAT. 1942. Reten-
tissement plasmatique de l'exercice musculaire
chez la carpe (Cyprinus carpio L.). Compt.
Rend. Acad. Sci. 215:92-94.

BLack, E. C. 1955. Blood levels of hemoglobin
and lactic acid in some freshwater fishes fol-
lowing exercise. J. Fish. Res. Bd. Canada 12:
917-929.

BLaZKA, P.  1958. The anaerobic metabolism of
fish. Physiol. Zool. 31:117-128.

CARTER, G. S. 1931. Aquatic and aerial respira-
tion in animals. Biol. Rev. 6:1-35.

anp L. C. BeabLe. 1931. The fauna
of the swamps of the Paraguayan Chaco in
relation to its environment—II. Respiration
in the fishes. J. Linn. Soc. Lond. 37:327-368.

Dusart, J. 1963. Contribution a Iétude de
l'adaptation des Tilapia (Pisces: Cichlidae) a
la vie en milieu mal oxygéné. Hydrobiology
21:328-341.

Fry, F. E. J. AND J. S. Hart. 1948. The relation
of temperature to oxygen consumption in the
goldfish. Biol. Bull. 94:66-67.



326 COPEIA, 1970, NO. 2

MEertes, L. 1955. Polarographic techniques.
Interscience Publ., New York.

$yt, H. 1965. Some experiments on the oxy-
gen consumption of goldfish (Carassius auratus
L) in relation to swimming speed. Can. J.
Zool. 43:623-633.

U. S. DEPARTMENT OF COMMERCE. 1954. Ap-
plied mathematics series No. 41. Nat. Bur.
Stand., Wash., D. C.

voN BUDDENBROCK, W. 1936. What physiolog-
ical problems are of interest to the marine

biologist in his studies of the most important
species of fish? Rapp Reunions Cons. Int.
Explor. Mer. 101:3-14.

DEPARTMENT OF ZOOLOGY, UNIVERSITY OF
NorTtH CarOLINA, CHAPEL HiLL, NORTH
CAROLINA. PRESENT ADDRESS: DEPARTMENT
OF ZooLOGY, INDIANA UNIVERSITY, BLoOM-
INGTON, INDIANA 47401.



