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INTRODUCTION

Water balance in teleosts, as proposed in the classical theories of osmoregulation
originating from the work of Smith (1930), may be summarized as follows. In the
marine environment net osmotic water loss from the permeable surfaces of the body,
principally the gills, together with the relatively small urinary water loss, is compen-
sated by ingestion of the external medium and the absorption of water from the gut. In
the freshwater environment the net osmotic influx of water, again principally at the
gills, is balanced by the production of a relatively copious urine. These relationships
may be represented in the following manner:

Net influx = net outflux

In the marine teleost. . . Drinking = gill+kidney
In the freshwater teleost. . . Gill = kidney

In virtually all cases published so far the role of the gill in the water balance of teleosts
has been deduced indirectly, by first analysing the role of the gut and/or kidney and then
applying the suitable ' equation' as given above. Such indirect methods of assessing net
water fluxes across the gills can be criticized for many reasons. For example, the
' equations' given above make no allowance for water movements at other permeable
surfaces such as the oral membranes. Assessment of urinary water excretion by can-
nulation of the urinary bladder is complicated by the fact that this structure has been
shown to be involved in water regulation (Lahlou, 1967; Hirano, Johnson & Bern,
1971). Also the determination of any parameter from the sum or difference of two
independent measurements will obviously produce an increased chance of error in the
calculated parameter. This is particularly true when the two measured parameters are
as variable and susceptible to numerous shock effects as urine flow and drinking rate
(Maetz, 1970).

However, perhaps the most serious criticism of the above approach is that the
' equations' given are not complete. Thus, the relationship for the total water balance
of the teleost in sea water takes no account of rectal water losses. Where such losses
have been measured it has been shown that they may account for some 20-40 % of the
measured drinking rate (Hickman, 1968; Oide & Utida, 1968). Perhaps even more
important is that the relationship given for the situation in fresh water takes no account
of the drinking rate. Ingestion of the medium when in fresh water is now a well estab-
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lished, though generally poorly accepted, fact for several species of teleost and may
make a considerable contribution to the uptake of water in dilute media.

In this paper are presented the results of direct measurements of net water fluxes in
the isolated gills of the New Zealand long-finned eel, Anguilla dieffenbachii. The results
are discussed with reference to the water balance of eels in fresh water and when
adapted to sea water.

METHOD

Eels obtained from a local exporter were kept in a large covered concrete tank supplied
with a continuous flow of de-chlorinated Dunedin tap-water. The eels weighed from
°*5 t o 3'5 kg with most weighing from 1-5 to 2*8 kg, and only immature yellow eels
were used. Adaptation to sea water was accomplished by transferring eels to a similar
tank containing aerated sea water obtained from Otago Harbour. A continuous flow of
sea water could not be obtained so the water was renewed at frequent intervals. All
experiments were carried out on eels obtained in the summer months (October-May).

The technique used for measuring the net fluxes of water in the gill was modified
from that of Bellamy (1961) and involves the use of an incubated, isolated gill prepara-
tion.

The eels were killed by cutting through the body with a sharp knife at the level of
the heart, immediately behind the pectoral fins. The head portion of the eel was pithed
to reduce movements, and the operculum was removed. Individual gills were then dis-
sected out as follows. A ligature of silk suture thread was tied around each end of the
gill arch and the gill was removed by cutting through the arch outside the ligatures. The
gill was then placed on a pad of cotton wool soaked in a Ringer solution (see Table 1).
Ringer A was used for all gills removed from freshwater-adapted specimens and
Ringer B was used for gills removed from eels adapted to sea water.

Only the first three pairs of gills were used. At least two gills from each eel were used
as controls. These control gills were rapidly rinsed in distilled water, gently blotted dry
with filter paper and a sample of gill filament was trimmed off the arch. This was
analysed for water content by weighing the wet tissue, drying the sample for at least
18 h in an oven at 110 °C, cooling in a desiccator and re-weighing.

The remaining gills (excluding those from the fourth pair of gill arches) were
rapidly rinsed in the appropriate external medium and then placed individually in tubes
containing 75-100 ml of the desired experimental medium. The various external media
used were either dilutions of the normal eel Ringer solution or an artificial 'sea water'
solution (see Table 1), thus enabling net water flux to be determined in a series of
external solutions with osmotic pressures ranging from those typical of most fresh
waters (< 5 mOsm) to sea water (~ 1000 mOsm).

The tubes containing the gills were placed in a water bath maintained at 17 °C, and
the solutions were bubbled vigorously with air which provided a source of oxygen and
ensured a rapid agitation of the medium over the surface of the gill, preventing the
formation of any local osmotic gradients. The gills were left in these tubes for up to 1 h,
depending on the osmotic concentration of the external medium (see later), after
which they were removed, rapidly rinsed in distilled water and gently blotted dry with
filter paper. A sample of gill filaments was then trimmed off the arch and analysed for
water content as before.
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Table 1. Compositions of the various solutions used (in g. / - 1)

NaCl KC1 CaCl,6H,O NaHCO, NaH,PO4

1-26 038
1-26 0-38

(pH with Tris = 75)

The net flux of water, as mg. g dry wt-1. h"1, was calculated by taking the difference
between the water content of the incubated gill and the mean of the control gills (in
mg.g dry wt"1) and dividing it by the time (h) of incubation.

The osmotic pressures of the various external media used were measured when the
solutions were made up and after each dilution. Measurements were made using a
Fiske G 66 Osmometer (Fiske Instrument Co.) reading directly in milliosmole3 per
kilogram of water (herein designated mOsm). In the case of the more dilute solutions
(< 5 mOsm) the osmotic pressure could not be determined accurately with the Fiske
Osmometer. Therefore the osmotic pressures of these solutions were calculated from
the osmotic pressure of the stock solution, divided by the dilution factor.

In this preparation the gill is essentially a tied-off bag (the branchial epithelium)
containing a volume of fluid (the blood and extracellular fluid). As such, excessive
changes in volume of the internal fluid will be restrained by the physical nature of the
epithelial tissue. Also, as water is added or removed from the internal fluid the con-
centration of this fluid will fall or rise, thus reducing the osmotic gradient across the
gill and hence presumably the net flux of water. Therefore initial experiments were
carried out to determine a suitable incubation period for the gills when in dilute or
concentrated media.

It was found that the net flux of water into the gill in dilute media is linear with time
for at least 2 h. However, in concentrated external media the net outflux of water in
some gills was linear only over the initial period of incubation and after this the rate of
net outflux of water was gradually reduced. The length of this initial linear period
appeared to depend on the rate of water loss from the gill. It was decided therefore
that the experiments should be terminated before the amount of water lost from the gill
exceeded 20 % of the initial water content (i.e. approximately 800 mg. g dry wt"1). Pre-
liminary experiments indicated that gills could lose at least this amount of water without
the rate of water loss being appreciably affected. In general, therefore, gills were
incubated in media equivalent to sea water for 14-45 min and in dilute media for 60 min.

RESULTS

The results of the measurements of net water fluxes in 39 isolated gills from 16 eels
adapted to fresh water and 5 gills from 5 eels adapted to sea water for at least 100 h
are shown in Figs. 1 and 2. In Fig. 1 the individual measurements of water flux are
plotted against the osmotic concentration of the external incubation medium on a
logarithmic scale. The logarithmic scale for the external medium was used merely
because of the relatively large number of readings over the lower range of values. From
the results obtained a mean value (+ standard deviation) of net water flux was calculated
for each of the eight different external concentrations at which measurements were
made. These means and standard deviations are plotted in Fig. 2. It can be seen that a
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Fig. i. Net flux of water in different gills plotted against the osmotic pressure of the external
incubation medium (external o.p. on a logarithmic scale). • , Gills taken from freshwater-
adapted eels; O. gills taken from seawater-adapted eels.
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Fig. 2. Mean net flux of water in isolated gills plotted against the osmotic pressure of the
external medium. Symbols as in Fig. i.

straight line can be reasonably drawn through these mean values. This line is, in fact,
the same as that drawn in Fig. i, where its relation to the individual measured fluxes can
be seen.

Several features are apparent from these graphs. First, the fact that a straight line can
be reasonably drawn through the points indicates that the permeability of the gill to
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water is the same for water movement in both directions (i.e. net outflux or net influx
of water). Although this is by no means unusual for epithelia, there have been situations
in which a differential permeability to water has been demonstrated, for example in the
body wall of the sipunculid Dendrostomum zostericolum (Gross, 1954).

Secondly, it can be seen from Fig. 2 that the straight line drawn through the mean
points passes through the point of zero net flux of water at an external osmotic pressure
of about 300 mOsm. This is in good agreement with the value obtained for the osmotic
pressure of the serum of freshwater Anguilla dieffenbachii (307-7 mOsm) (Shuttleworth
& Freeman, 1973). This indicates that the gill is behaving in a purely passive fashion
towards water, the net flux of which is determined by the differences between the
external and internal (blood) osmotic pressures and when no such differences exist no
net movement of water occurs.

The osmotic pressure of most fresh waters is less than 5 mOsm, so by taking the mean
water flux of the 15 values obtained in external media of less than 5 mOsm an estimate
of the net water influx into the gills in fresh water can be obtained. The value thus
obtained is 411 ± 105 mg.gdrywt^.h"1. Bellamy (1961) measured the net water influx
in gills taken from freshwater eels {Anguilla anguilla) and incubated in tap water, and
obtained a mean value of 317 mg.g dry wt^.h"1.

A 1 kg specimen of A. dieffenbachii has 0-65 g dry weight of filaments (average of 34
observations, s.D.+ o-io) (Shuttleworth, 1972), and by using this value results ex-
pressed as flux per g dry wt of gill per h can be converted to flux per kg of fish per h.
Thus the net influx of water across the gills in fresh water (411 mg.g dry wt^.h"1)
amounts to 0-27 ml. kg"1. h"1 or 6-4 ml. kg-1. day-1.

Similarly the net outflux of water from the gills of a freshwater eel in an external
medium of artificial sea water (1000 mOsm) has been measured for the four specimens
shown in Fig. 1, and is 1037+ 188 mg.g dry wt-'-.h"1. Kamiya (1967) studying A.
japonica obtained a value of 1680 mg. g dry wt"1. h"1 for the net outflux of water from
the gills of freshwater animals incubated in sea water. Similarly Utida, Oide, Saishu &
Kamiya (1967) recorded the following values for the net outflux of water from the gills
of freshwater A. japonica when incubated in sea water: yellow eels, 1890 mg.g dry
wt-1. h"1; silver eels, 1000 mg. g dry wt-1. h"1; and cultivated (farmed) eels, 1730 mg. g
dry wt"1. h""1. It appears therefore that the results obtained on A. japonica are generally
somewhat higher than those obtained with A. dieffenbachii. Exact comparison, however,
is not possible in the absence of values, in the papers quoted above, for the osmotic
pressures of the internal medium or blood of the fish and of the different external
media used.

As above, the measured flux for A. dieffenbachii can be converted to ml.kg^.h-1

using the factor 0-65 g dry wt.kg""1. In this way, a value of 0-67 ml.kg"1.h"1 or
16*2 ml. kg"1. day"1 is obtained for the net outflux of water across the gills of freshwater
animals incubated in artificial sea water.

Also shown in Figs. 1 and 2 are the results of five experiments in which gills were
taken from eels which had been adapted to sea water for at least 100 h. This has been
shown to be sufficient for the completion of adaptation to sea water in A. dieffenbachii
(Shuttleworth & Freeman, 1973). These gills were incubated in artificial sea water
(1000 mOsm - see Table 1). The mean value for the net outflux of water in these cir-
cumstances is 818 ± 127 mg.g dry wt^.h"1. This value is not significantly different
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from the value of 1037+ 188 mg.g dry wt^.h"1 obtained with gills from freshwater
animals incubated in artificial sea water (Students t test, t = 2-092, P > 0-05).

The mean value recorded here (818 mg. g dry wt"1. h"1) can be compared with results
obtained by other workers using different species of eels. Bellamy (1961) recorded a net
outflux of water of 516 mg. g dry wt"1. h"1 from the gills of seawater-adapted A. angidlla
incubated in sea water. Kamiya (1967), working on A. japonica, reports a net water
outflux of 980 mg. g dry wt"1. h"1 from the gills of seawater-adapted eels incubated in
sea water.

As with the results for freshwater-adapted animals, the net outflux of water from the
gills of seawater-adapted A. dieffenbachii can be converted to ml. kg"1. h"1. The value
obtained is 0-53 ml.kg^.h"1 or 12-8 ml.kg"1.day"1.

From the data presented in Figs. 1 and 2 it is possible to calculate the osmotic
permeability coefficient of the gill for both fresh-water-adapted and seawater-adapted
eels. The formula used is derived from those of Dainty & House (1966) and of Motais
et al. (1969) and is represented below:

where P M is the osmotic permeability coefficient (cm. sec-1), Fw is the net flux of water
(mmol. g dry wt"1. sec"1), A is the area of the gill (cm2. g dry wt-1), AC is the osmotic
concentration difference between the gill and the external medium (Osm I"1 =
mOsm cm"3), and <r is the Staverman or reflexion coefficient which is < 1.

The net flux of water in mg. g dry wt"1. h"1 can be converted to mmol. gdry wt"1. sec"1

by dividing by6ox6oxi8( i8 being the partial molar volume of water). A is calculated
from the data of Gray (1954), who recorded a gill area for A. rostrata of 3020 cm*. kg"1.
If a 1 kg fish has 0-65 g dry wt of gill tissue (see above) then the area in cma. g dry wt"1

will be:
3020/0-65 = 4646 cm2, gdry wt"1.

AC is taken as the difference between the mean osmotic pressure of the serum (308 mOsm
for freshwater-adapted animals and 377 mOsm for seawater-adapted animals-(Shuttle-
worth & Freeman, 1973) and the known osmotic pressure of the external incubation
medium. The Staverman coefficient is effectively a measure of the semipermeability
of the membrane or epithelium to the osmolyte in question. Therefore P^ should
ideally be measured using an impermeant solute, e.g. sucrose, where the Staverman
coefficient == 1. However, as pointed out by Motais et al. (1969), the osmotic flow of
water across the skin of amphibians is similar whether measured in vitro with sucrose or
in vivo with sodium chloride solutions, indicating that the Staverman coefficient is
nearly equal to 1 for both solutions. Based on evidence indicating that the rates of
exchange of sodium and chloride in freshwater teleosts are of the same order of magni-
tude as those of amphibians, Motais et al. (1969) conclude that the Staverman co-
efficient for the gills of teleosts in solutions which are essentially of sodium chloride,
may reasonably be assumed to be nearly equal to 1.

Using the data in Figs. 1 and 2 and the assumption outlined above, the osmotic
permeability coefficients for the gills of A. dieffenbachii have been calculated and are
shown in Table 2.

The mean value for the P^ in all freshwater specimens in all external media is



Net flux of water in gills of A. dieffenbachii 775

Table 2. Osmotic permeability coefficients of the gills of A. dieffenbachii

O.P. of external medium
(mOsm)

<5°
19
35-5

124
252

3SS
1000

N

Freshwater eels
IS
3
6
3
3
5
4

Seawater-adapted eels
1000 5

PM (cm.se

0-46 x 10
0-65 x 10
0-35x10
o-6i x 10
0-28 x 10
063 x 10
0-49 x 10

0-43 x 10

O-5O + O-I4X io"6 cm. sec"1, a value that is not significantly different from that recorded
for the gills of seawater-adapted specimens incubated in artificial sea water (0-43 ±
0-07 x io"6 cm.sec"1 - students t test, t = 0-173, P > o-8). Hence in A. dieffenbachii
no significant change was found in the osmotic permeability coefficient of the gills on
adaptation to sea water.

No values have been published for the osmotic permeability coefficient of the teleost
gill determined directly from the net water flux. Those values that have been published
have been determined indirectly from consideration of urine flow and drinking rate.
There are, however, many disadvantages inherent in such indirect methods. For
example, Motais et al. (1969) obtained a value for P ^ in freshwater A. anguilla of
7-9 x io"6 cm. sec"1 or almost 20 times the values obtained above. In their determina-
tion they estimated the net water flux across the gills by subtracting the drinking rate
(as measured by Maetz & Skadhauge, 1968) from the urine flow. However, the measure-
ment of the urine flow rate was made only 6 h after handling and cannulation of the
animals and a value of 538/tl.h~1.ioo g"1 or 129 ml.kg"1.day"1 was obtained. This is
3—4 times the normal urine flow rates measured on eels given sufficient time to recover
from the effects of handling, etc. (Butler, 1966, 1969; Chester Jones, Chan & Rankin,
1969 a, b). Motais et al. (1969) do in fact mention that after only 24 h the urine flow
rate in their fish had dropped to 353 /tl.h"1.100 g"1 or 84-7 ml.kg"1.day"1. A more
normal value for the urine flow of Anguilla in fresh water is therefore £-£ that used by
Motais et al. or 135-179 fd. 100 g^.h"1. Taking a mean value of 157/tl.ioo g"1^"1

and using all the other data as in Motais et al. (1969) a value for the P ^ equal to 0-44 x
io"6 cm. sec"1 is obtained. This is very similar to the value obtained above for the P ^
of the gills of freshwater A. dieffenbachii calculated from the net water flux as measured
directly (0-50 x io"5 cm. sec"1).

The indirect determinations of P^, for a variety of teleosts by Evans (1967b, 19696)
may also be in error because of the assumption made that the net water flux was equival-
ent to the measured drinking rate in seawater fish and to the measured urine flow rate in
freshwater fish. As pointed out by Evans himself (Evans, 19696) this assumption takes
no account of urine production in seawater-adapted fish and drinking in freshwater-
adapted fish.

Recently Motais & Isaia (1972) have published further estimations of the P^ for
A. anguilla. The value obtained by these authors for seawater-adapted specimens was

JO-2
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Table 3. Urine flow rates and drinking rates of various species of Anguilla
adapted to sea water

Species
A. anguilla

A.japomca
A. rostrata

Urine flow rate
(ml.kg-'.h-1)

0 3 1
—

0-25
0 3 9

0 4 1
0 1 7

Drinking rate
(ml. kg~l. h"1)

167
3IS
—

3-7o

2-77
—

References

Maetz (1970)
Maetz & Skadhauge (1968)
Chester Jones, Chan & Rankin (1969 a)
Oide&Utida(i968)
Smith (1930)
Butler (1966)

(at 15 °C) 0-64 x io"5 cm. sec"1, which agrees reasonably well with that obtained for
A. dieffenbachii. The value obtained by Motais & Isaia (1972) for freshwater-adapted
specimens was considerably higher (3-8 x io"8 cm.sec"1 at 15 °C) but the technique
used was the same as described by Motais et al. (1969) and consequently is open to the
same criticisms.

DISCUSSION

Considering first the water balance of A. dieffenbachii when adapted to sea water, the
results obtained showed a net outflux at the gills of 818 mg.g dry wt^.h"1 which is
equivalent to 0-53 ml. kg"1. h"1. As discussed earlier, if the fish is to remain in water
balance in sea water the net outflux of water at the gills together with that lost in the
urine and rectal fluid must equal the drinking rate. In Table 3 values for the urine flow
rate of various species of eels adapted to sea water are presented. It can be seen that the
values obtained by the various authors on the different species are reasonably similar,
and in the absence of any direct measurements it would seem reasonable to assume that
urine flow in seawater-adapted A. dieffenbachii would not differ greatly from the mean
of the values presented in the above table, i.e. 0-31 ml. kg^.h"1. Assuming that rectal
water loss amounts to 30 % of the drinking rate (Hickman, 1968) the expected drinking
rate of A. dieffenbachii in sea water can be calculated as follows:

Drinking rate = (0-53 +0-31) x (100/70) ml.kg"1.h"1

= 1-20 ml.kg"1.h"1.
Obviously this value will only be very approximate because of all the assumptions

made above. However, when compared with the drinking rate measured by various
workers in other species of eels (see Table 3), it can be seen that, although a little low,
the estimated value shows reasonable agreement with the measured values especially
when species differences and natural variations in the values obtained are considered.

Drinking rates in other species of teleosts adapted to sea water vary from
0-34 ml.kg"1.h"1 in Xiphister atropurpureus (Evans, 1967a) to 23 ml. kg"1. h"1 in
Fundulus heteroclitus (Potts & Evans, 1967).

With reference to the water balance of A. dieffenbachii in fresh water a net influx of
water at the gills of 411 mg. g dry wt"1. h"1 or 0-27 ml. kg"1. h"1 was found. In Table 4
the urine flow rates of different species of eel in fresh water measured by various workers
are presented.

Again, the values obtained appear to be reasonably similar for the various species and
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Table 4. Urine flow rates of various species of Anguilla in fresh water

Urine flow rate
Species (ml. kg"1. h"1) References

A. anguilla 1-76 Chester Jones, Henderson & Butler (1965)
203 Butler (1966)
I-IO Chester Jones, Chan & Rankin (1969a)
1-44 Chester Jones, Chan & Rankin (19696)

A.rottrata 1-45 Butler (1969)
A.japomca 1-95 Oide and Utida (1968)

thus, in the absence of any measurements of urine flow in freshwater A. dieffenbachii,
it is felt reasonable to assume that urine flow would not differ greatly from the mean of
the above values, i.e. 1-62 ml.kg^.h"1. This value is obviously much larger than that
obtained from the measurement of net water flux across the gills (0-27 ml. kg"1. h"1).
However, as stated earlier, it has been established that at least several species of teleosts
drink when in fresh water. A very approximate estimate of the expected drinking rate
in fresh water of A. dieffenbachii can be obtained from the above values as follows:

Drinking rate = 1-62 —0-27 ml.kg"1.h"1

= 1-35 ml.kg^.h"1.

This value is in fact identical to the drinking rate of fresh water A. anguilla as measured
by Maetz & Skadhauge (1968).

Ingestion of the medium by freshwater fish was first indicated several years ago by
the work of Allee and Frank on the goldfish and on various species of minnow (Allee &
Frank, 1948; Frank & Allee, 1950). Since then, drinking in fresh water has been
demonstrated in several different species of fish by various workers using many dif-
ferent techniques (Potts et al. 1967; Potts & Evans, 1967; Maetz & Skadhauge, 1968;
Foster, 1969; Lahlou, Henderson & Sawyer, 1969; Potts & Fleming, 1970; Potts,
Foster & Stather, 1970). Of course such demonstrations of ingestion of the medium in
several freshwater teleosts poses the immediate question 'why do fresh water fish
drink ?' It would appear that as the ingested, and presumably absorbed, water can only
be eliminated by the kidney, simultaneously incurring the loss of some salts which have
to be replaced by active uptake, drinking in fresh water only increases the osmotic and
ionic problems of the fish. This apparent enigma perhaps in some measure explains the
persistency in the literature of the, by now, obviously fallacious statement that fresh-
water teleosts do not drink. Of course there have been reports of some freshwater species
in which no ingestion of the external medium could be detected. For example, Shehadeh
& Gordon (1969) found that Salmo gairdneri did not drink in fresh water, but their
statement that they consider 'many if not all' reports of drinking by teleosts in fresh
water to be ' artifacts' is difficult to reconcile with the published evidence. Nor can it be
reasonably stated that the amount ingested by those species studied is insignificant. It
has been shown in the eel that ingestion of the medium in fresh water may account for
up to 90 % of the water excreted in the urine (Maetz & Skadhauge, 1968; Gaitskell &
Chester Jones, 1971). In other species the volume of water ingested may be quite con-
siderable - Potts & Fleming (1970) recorded a mean drinking rate for Funduhis kansae
of 9-4 ml. kg"1. h"1. Also in some euryhaline or closely related stenohaline species the
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drinking rate measured in sea water, so readily accepted in the literature as an important
feature of the total water balance, may be only slightly larger than that recorded in fresh
water (Potts & Fleming, 1970; Foster, 1969).

There remains no simple answer to the question posed above, as to why teleosts
drink in fresh water. However, it is possible to approach this question in another manner.
It was mentioned above that the ingestion of the medium in fresh water leads ultimately
to an increase in ' osmoregulatory work' to compensate for the ions lost in the corre-
spondingly larger volume of urine produced. It is possible to calculate the amount of
work this entails by considering a hypothetical freshwater teleost that does not drink,
and hence to estimate how energetically disadvantageous drinking in fresh water is
for the fish. In making this calculation various approaches can be employed. In order
to obtain a maximum estimate of the' energetic expense' to the fish of drinking in fresh
water it was decided that the approach used in the following calculations should be that
which, of all the possibilities open to such a fish, would result in the greatest saving of
osmotic work. On this basis it has therefore been assumed that, in the hypothetical non-
drinking fish, the urine concentration remains constant but the urine volume is reduced,
thus reducing urinary salt loss. This in turn would reduce the amount of salt required
to be actively taken up from the dilute external medium. The equation used in the cal-
culation is that given by Potts (1954) and is represented as follows:

work = RTVU\n(BIM) cal.h"1,

where R is the universal gas constant, T is the temperature in °K, V is the urine volume
in 1. h"1, t/is the urine concentration in mol. I"1, B is the blood concentration in mol. I"1,
and M is the concentration of the external medium in mol. I"1.

Following the approach described above, the only parameter on the right-hand side
of the equation that would change in the hypothetical non-drinking fish would be V,
the volume of urine produced. Thus the equation representing the energetic expense of
drinking (E) can be represented as follows:

E = RTU(V- V*) In (B/M),

where V* is the volume of urine that would be produced if no water was ingested (which
is therefore equivalent to the actual urine flow minus the drinking rate, or, in other
words, to the net influx of water across the gills). The values to be fitted in the above
equation have been taken, as far as possible, from the measurements and estimates made
previously for A. dieffenbackii which indicate the following values (per kg):

V = 0-00162 l.h"1, V* = 0-00027 lh"1 .

B (for sodium) = 0-140 mol.I"1 (Shuttleworth& Freeman 1973).
The concentration of the urine in A. dieffenbackii has not been determined, but

published work on other species of eel would indicate that the sodium concentration is
rarely above 0-015 mol.I"1 (Butler, 1966; Oide & Utida, 1968; Chester Jones, Chan &
Rankin, 1969 a, b) so this value will be used here. A sodium concentration in the external
medium (M) of 00003 mol .I"1 and a temperature of 17 °C (290 °K) will be assumed.
The equation thus becomes:

E = i-99X29oxo-oi5(o-ooi62-o-ooo27) hi 0-140/0-0003 cal.kg^.h"1

= 0-07 ca
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To account for the active uptake of chloride as well as sodium this value must be
approximately doubled. Thus the estimated increase in energy consumption incurred
as a result of drinking in a freshwater environment amounts to only some o-14 cal. kg"1.
h"1, which is approximately equivalent to only 0-05-0-1 % of the total energy consump-
tion of the fish (Bateman & Keys, 1932).

Obviously then, with such an insignificant energetic disadvantage associated with
ingestion of the medium by freshwater teleosts it is unlikely that any gross selective
pressure would be brought to bear during the evolution of teleosts which would tend to
eliminate such a phenomenon. Of course, the question 'why does a freshwater fish
drink ?' remains unanswered, but the above analysis indicates that energetically it
matters little to the fish whether it drinks or not and therefore perhaps explains why
such a process should persist once it has been established. Perhaps in a fish that, for the
purposes of respiration, is continually taking water into its buccal cavity and forcing it
over the gills under pressure, it is energetically more expensive actively to prevent
water passing down the gut than it is to make the necessary ionic compensations.
Obviously the essential point is that once an animal has evolved the ability to produce a
dilute urine, excess water can be eliminated with only minimal salt loss.

The isolated gill technique used in the investigation enabled the osmotic perme-
ability coefficient (PQS) to be calculated directly from the net fluxes of water across the
gills. This is the first time such calculations have been carried out directly and in doing
so the inaccuracies and errors inherent in the indirect determinations published to date
are avoided. It has thus been calculated that the osmotic permeability coefficient of the
gills of A. dieffenbachii is equal to 0-5 x io~s cm. sec"1.

Krogh (1939) calculated the water permeability of the whole body of the eel using the
data of Keys (1933) taken from eels that were prevented from drinking. He obtained a
value for the minute number of not less than 5 years (the minute number is denned as
the time necessary for 1 cm8 of water to pass through 1 cma of membrane under a
pressure difference of 1 arm). This corresponds to a P^ of not more than o-8 x io~B

cm. sec"1, which is very similar to the value found above for the gills alone.
It has been determined in this study that no significant change occurred in the cal-

culated value of POT when A. dieffenbachii was adapted to sea water. It is possible that a
small, but real reduction in PM occurs on adaptation, as indicated by the mean values
obtained but that this is obscured by the relatively large variation in the results obtained
with freshwater eels. Motais et al. (1969) report that they measured a reduction in Pm

on adaptation to sea water in A. anguilla and Platichthys flesus. However, in their study
the Pgg of the gills was calculated indirectly and is therefore susceptible to the numerous
errors discussed previously. It is true, however, that a reduction in the difrusional per-
meability to water (Pd), as measured by tritiated water, has been recorded in several
teleosts on adaptation to sea water. This was first noted by Potts et al. (1967) in Tilapia
mossambica and was extended to certain other species by Evans (19696). It was con-
cluded by Evans (19696) that, in general, freshwater species had a higher permeabihty
to water than seawater species. He also found that, in the euryhaline species Platichthys
flesus and A. anguilla (yellow form), seawater-adapted specimens had a lower water
permeabihty (Pd). However, in Sahno trutta, Gasterosteus aculeatus and the silver form
of A. anguilla no such reduction in permeability to water on adaptation to sea water was
found, and in fact an increase in permeabihty may be shown by Gasterosteus. Evans



780 T. J. SHUTTLEWORTH AND R. F. H. FREEMAN

(19676) recorded no change in the water permeability of Xiphister atropurpureus in
10 % sea water as compared with 100 % sea water and no significant change in the water
permeability of Pholis guimellus was recorded on adaptation to 20 % sea water (normal
habitat 100% sea water) by Evans (1969a). Evidently then, although a change in
permeability to water in different external salinities has been recorded in some species,
its occurrence is not universal, and such a phenomenon has been shown to be absent in
at least one form of a member of the genus Anguilla.

SUMMARY

1. Measurements of net flux of water have been made on isolated gills removed
from freshwater-adapted and seawater-adapted eels and incubated in various media of
differing osmotic pressure.

2. From these measurements it has been possible to determine the osmotic perme-
ability coefficient of the gill directly from the net water flux. The values obtained
(0-50 + 0-14x 1 o~B cm.sec"1 for freshwater eels and 0-43 ±0-07 x io~6 cm.sec"1 for
seawater-adapted eels) indicate that there was no significant change in this parameter on
adaptation of the eels to sea water.

3. The direct measurements made of the net water flux across the isolated gills
appear to be compatible with the osmoregulatory pattern of eels as deduced by other
workers using different techniques. In particular they illustrate and further emphasize
the significance of drinking in the freshwater fish.

4. Calculations indicate that, for a freshwater teleost, the osmotic and ionic problems
caused by drinking in fresh water have an insignificant energetic effect and hence,
energetically, it matters little to the fish whether it drinks or not.

The authors wish to thank Mrs S. M. Johnston for help in carrying out certain of the
analyses, the New Zealand Advisory Committee to the Nuffield Foundation for
financial assistance and the Research Committee of the N.Z. University Grants Com-
mittee for the purchase of apparatus. This research was carried out during the tenure
(by T. J. S.) of a Teaching Fellowship from the University of Otago.
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