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Abstract 

Starry flounder (Platichthys stellatus Pallas) were fitted 
with masks for measurements of ventilation volume and post- 
gill oxygen tensions, and with arterial and venous cannulae. 
They were then subjected to periods of low oxygen levels and 
high temperature. Pre- and post-gill oxygen tension, blood 
oxygen tension and content, oxygen uptake, and ventilation 
volume were measured. Effectiveness of gas exchange across 
the gills, cardiac output, and transfer factor were calculated. 
A series of blood-oxygen dissociation curves were also con- 
structed at two pH's and temperatures. The data suggest 
that flounder are able to regulate oxygen uptake down to an 
environmental oxygen tension of at least 50 mm Hg by in- 
creasing ventilation volume and transfer factor while not 
changing blood flow rate or pattern. Also, the flounder's 
response to temperature increase is similar to the expected 
response to exercise, with the exception of an increase in gill 
diffusion resistance. 

Introduction 

The effects of sub-optimal water quality on fish 
has been of concern for some time. Earlier studies 
evaluating the biological effects of pollution consisted 
of placing fish in polluted water  and observing their 
reaction (Knight, t901). As more was learned about 
using fish as experimental animals, more elaborate 
techniques were evolved. Metabolic measurements of 
oxygen uptake were made, and the effects of specific 
environmental factors such as dissolved gas and tem- 
perature were noted (Powers and Shipe, t928 ; Belding, 
t929). 

However, it was not  mltil van  Dam's  (1938) classic 
work tha t  modern fish respiratory physiology was 
developed. Investigators since have examined m a n y  
aspects of gas exchange in fishes. Fry ' s  (t957) review 
article covered many  considerations of respiration, 
including the effects of temperature  and CO 2 on the 
blood-oxygen dissociation curves, and the effects of 
lowered oxygen tensions on metabolism of several 
fishes. Basu (t959) examined the effects of various 
concentrations of oxygen and carbon dioxide on oxygen 
uptake, and I-Iiekman (t959) performed measurements 
of oxygen consumption on the s tarry flounder Pla- 
tichthy8 stellatus Pallas as par t  of a s tudy on the role 
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of the thyroid gland. Randall et al. (t967) presented an 
analysis of the exchange of oxygen and carbon dioxide 
across the gills of the rainbow trout  Salmo gairdnerii. 
Piiper and Paumgarten-Schumann (1968) did an analy- 
sis of the effectiveness of oxygen removal from the 
water and oxygen uptake by  the blood in the dogfish 
Scyliorhinus stellaris, and Hanson and Johansen (t970) 
examined water and blood flow rates at  the gills of the 
dogfish Sgualus suckleyi. Davis and Cameron (1970) 
studied the relationship of water flow to gas exchange 
in the rainbow trout  S. gairdnerii. 

The role of blood in respiration in fishes has been 
studied by Black (1940), and Black et al. (t966a, b). 
More work has also been carried out on the effects 
of environmental oxygen concentration on breathing 
in fishes (Randall and Shelton, t963; t Ioleton and 
Randall, t967; Randall  and Smith, 1967; Smith et al., 
t971), and the effects of temperature on respiration 
(Beamish and Mookherjii, t964). Together with these 
investigations, more accurate methods for making 
physiological measurements have been developed 
(Tucker, 1967; Davis and Watters,  t970). 

The bulk of the above work has been performed on 
pelagic fishes; comparatively little has been done with 
benthic animals. A flounder, which is physically 
adapted for living on a mud bottom, would probably 
encounter extremes of oxygen concentrations and tem- 
peratures unknown to pelagic forms. Although bot tom 
temperatures in Eastsound, Washington, USA (a 
common collecting site for flounders) have been repor- 
ted to range between 6 ~ and 12 ~ (Miller, 1969), young 
Platichthys stellatus have been found in shallow bays 
with water temperatures as high as 20 ~ and adults 
have been seined from silt in the bot tom of a polluted 
estuary (personal observation). 

I t  was the objective of this s tudy to (1) develop 
surgical procedures for obtaining biological samples 
from a flounder; (2) to obtain comprehensive respira- 
tory  reactions to adverse environmental conditions in a 
flounder as a representative of a benthic species; (3) 
to compare these findings with similar results obtained 
on pelagic species. 
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Methods 

Studies were carried out during t970--197i  at the 
University of Washington's Friday Harbor Laborato- 
ries. Starry flounders (Platichthys stellatus Pallas) were 
collected periodically by bottom trawling in Eastsound, 
Cress Island, and were kept in 8 ft  (2.5 m) diameter 
concrete tanks without feeding until used. Weights of 
the experimental flounders ranged between 1t75 and 
t475 g. Fish to be tested were anesthetized in MS-222 
at  a concentration of 0.1 g/1 seawater, and were placed 
on a net platform suspended over a tub containing 
anesthetic. A pump was used to continuously perfuse 
the fish's gills with the anesthetic solution. With the 
fish thus immobilized, the necessary surgical proce- 
dures involved in collecting samples of blood and water 
for oxygen measurements could be performed. A re- 
covery period of 24 h was allowed before starting 
experimentation. 

Measurements el Gill Water _Flow 

Gill water flow (Vg) was measured directly during 
all experiments. The technique consisted of cutting 
off the fingers of a disposable rubber glove, and forming 
a gasket on the glove with silicone rubber caulking 
which conformed to the fish's operculae. The glove 
was then sutured to the fish along the gasket, covering 
the gill openings on both the eyed and blind side, with 
the thumb serving as the outflow for both gills. 
Total flow of water past the gills was then collected and 
measured. Food-coloring dye was periodically injected 
into the glove via the fish's mouth, where an absence 
of dye leakage insured a perfect seal (Fig. t). 

When covering the opercu]ae, care was taken to 
insure that  opercular movement was not restricted. 
No restriction was apparent, as a wide range of ventila- 
tory  flows was measured. 

Collection of Blood 

The arterial and venous systems of several I to 
i.5 kg Platichthys stellatus were injected with liquid 
silicone injection compound in order to make blood 
vessels easily visible to determine sampling sites. The 
ideal blood sampling sites for oxygen concentrations 
would have been (1) the dorsal aorta immediately 
efferent to the gills for arterial blood, and (2) the ventral 
aorta immediately afferent to the gills for mixed venous 
blood, as samples were to be used for analysis of 
oxygen transfer across the gills. Unfortunately, neRher 
trial cannulations or dissections showed ~ method for 
inserting a chronic eanmfla directly into either of the 
above sites. Consequently, the caudal blood vessels 
were chosen as the most convenient site for carmula- 
rich. Subsequent dissection showed that  tubing could 
be pushed almost to the gills via the caudal artery, and 
to the kidney via the caudal vein. The caudal vein 
thus provided the most representative collection of 
venous blood possible. :Both Piiper and Baumgarten- 
Schumann (t968) and Itazawa (i970) obtained venous 
blood from both the downstream side of the heart and 
the caudal vein in the dogfish and in a variety of 
teleosts. Neither reported any significant differences 
between the two sampling sites. 

PE-60 Polyethylene tubing filled with heparinized 
Cortland saline (Wolf, 1963) was inserted into the 
artery and vein through a lateral incision in the caudal 
peduncle. Each tube was pushed anteriorly until re- 
sistance was felt, then pulled back approximately t c m  
and finally checked for free flow. In this way, arterial 
samples were collected from the anterior dorsal aorta, 
and venous samples from the anterior end of the caudal 
vein. When there was any question of which vessel 
was being sampled, source of the samples was con- 
firmed by visually comparing pressures in the cannu- 
lae; the artery would usually show a 6 to 10 cm blood 
pressure head over the vein. 

water-~- 
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Fig. ~[. Experimental design used ir~ collection of samples from Plati~hthys stellatus (see Table t for symbols) 
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Fig. 2. Cuvette for determining blood-oxygen content 

Experimental Procedure 

All blood and water  samples were analyzed for 
oxygen tension and content with a Radiometer acid- 
base analyzer type P H ~ 7 t  and PO 2 module type 
PHA930. Blood oxygen contents were determined 
adapting a method described inTucker  (i967) andusing 
a Radiometer model E 54046 oxygen electrode inserted 
into a cut-off 5 cm s glass syringe (Fig. 2). This yielded 
a cuvette volume of approximately i.98 ml. Blood 
sample volumes varied between 0.027 and 0.033 ml. 
The electrode was calibrated between samples with 
known gas mixtures. 

Flounders were kept  in a flat p]exiglass box of 
about  20 1 capacity during recovery from surgery and 
during the experimental period. The box was covered 
with black plastic sheeting to avoid any startled 
reactions, and blood and water  samples were taken 
together at  approximately I h intervals throughout 
the day, for periods up to I week, on each fish. Air 
and water temperatures were also noted at  each 
sample period, and hemoglobin content was deter- 
mined at  least once a day by  the cyanmethemoglobin 
method (Cannan, 1958). The blood oxygen capacity 
was calculated by  multiplying hemoglobin content in 
g % by i.34 (Torrance and Lenfant,  1969--i970). 
The hematocrit  was also noted daily. 

Part ial  pressures and contents of oxygen in water  
and blood were determined using the content euvette 
as shown in Fig. 2. Samples of inspired and expired 
water  were taken in 10 cm a glass syringes, allowed to 
come to room temperature,  and injected into the 
euvette. Blood samples for oxygen content were taken 
a t  the same t ime by  allowing blood to drip from the 
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cannulae for a few seconds, and then filling a glass 
pipette of appropriate volume. Blood samples for 
oxygen tension were taken in a 2 cm a syringe, injected 
into the cuvette, and then reinjected into the fish. 

Oxygen tensions in the water were controlled by  a 
stripping column. A pyrex  tube 45 cm long and 6 em 
in diameter was filled with gIass marbles. Nitrogen 
was bubbled into the bot tom of the column through 
an airstone, and water was pumped in at the top. In  
this fashion, a counter-current was established, and 
oxygen tension of the water collected at  the bot tom 
could be controlled over a wide range by varying 
nitrogen and water flows. 

Water  temperature was controlled by  pumping 
water through a heat exchanger of glass tubing im- 
mersed in a thermostatically controlled water bath. 
A water flow of at least 2 1/min was established through 
the experimental chamber at all times. 

Construction o] Blood-Oxygen Dissociation Curves 

The mixing technique described by  Torrance and 
Lenfant (1969--i970) was used in producing blood- 
oxygen dissociation curves. In  this technique, the 
amount  of oxygen in a blood sample is est imated as 
percent saturation by  mixing oxyhemoglobin and deox- 
yhemoglobin in known proportions. A simple tons- 
meter was constructed using a small plexiglass box as 
a water  jacket, with two 25 ml round-bot tom flasks 
as equilibrators (Fig. 3). The tonometer  was placed on 
an Eberbach rotating table, and nitrogen and air were 
bubbled through water  into the flasks to obtain gases 
saturated with water vapor. This was necessary in 
order to prevent dehydration of blood samples. The 
water temperature  in the jacket was monitored using 
a thermistor-type thermometer.  Ten ml of blood 
were withdrawn from the fish and mixed with 0.5 ml 
t000-unit heparin and 1.5 ml TRIS  buffer. This was 
then divided into two 6 ml samples, one going into 
each 25 ml flask. The two samples were equilibrated, 
one with air and one with nitrogen, by passing humidi- 

--~&d r sample tube r--Blood sample tube t~nitrogen in m vent f . ~ f vent 

to thermometer ~ 1 ~  

-25mr Flasks- 

Fig. 3. Simple tonometer for equil ibrating blood wi th air and 
nitrogen 
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fled gas through the flasks while shaking the tonometer 
on the rotating table. After approximately 2 h equili- 
bration, a blood sample containing deoxygenated he- 
moglobin and a blood sample containing oxygenated 
hemoglobin was obtained. Oxygen tension and pH 
were then recorded on the two equilibrated samples 
that  were 0 and 100% air saturated, and on three 
blood mixtures, 1:3, l : i ,  and 3:1, corresponding to 
25, 50, and 75% oxyhemoglobin. To make the mix- 
tares, blood was taken from the flasks directly into a 
I cm a syringe in the desired proportions, and injected 
into the Radiometer PO~ cuvette. After noting oxygen 
tension, pH was then taken on blood withdrawn from 
the cuvette. At the completion of a set of determina- 
tions, the temperature of the circulating water in the 
jacket was raised by 9 ~ to i0 C ~ and equilibration was 
continued for I h. Zero, 25, 50, 75, and 100% saturn- 
%ion points were again determined as above. The entire 
sequence was then repeated using fresh blood and 
TRIS buffer of a different pH. In  this fashion, four 
curves were constructed, one for each of two temper- 
atures and two pH's, and each experiment was rep- 
licated once. Plots were thus made of percent satura- 
tion versus partial pressure of oxygen to construct each 
dissociation curve. 

Calculations 

All oxygen tensions were temperature corrected, as 
sampling and measuring temperatures differed in most 
eases. By saturating blood and water samples with air 
at various temperatures and noting the oxygen 
tensions, it was found that  the temperature correc- 
tion for water applied to flounder blood as well. 

To calculate the effectiveness of oxygen removal 
from water and uptake by blood, the equations of 
Piiper and Baumgarten-Sehumarm (1968) were used. 
Symbols used are shown in Table t. 

The equations are: 

Veg _ C i -  Cc = E w  for water, and similarly, (1) 
Vg C i -  Cveq 

Qeff _ C a -  C v _ Eb for blood. (2) 
Qt Cieq- Cv 

Cardiac output, Qt, was calculated by the Fick 
principle, where: 

Qt= c i -  Ce Vg. (3) 
C a -  Cv 

Oxygen consumption, Vo, was calculated as fol- 
lows: 

Vo = ( c i -  Oe). Vg. (4) 
All of the above operations were performed on 

CDC 6400 series computer using BASIC language. 
Ci and Ce were calculated from Pio~ and Peo~ by 

referring to an oxygen dissociation curve for water 
and to an oxygen solubility table, as was Cveq. Cieq 
was calculated by referring to the appropriate blood 
dissociation curve, and multiplying the percent satura- 
tion thus obtained by the oxygen capacity of the blood. 
A Pg, the mean difference of oxygen tension across the 
gills, was calculated by the following formula: 

A Pg = ~ (Pio~ A- Peo~)-- �89 (Pao 2 + Pvo2). (5) 

Transfer factor, To2, was defined by Randall et al. 
(1967) as: 

Vo 
T ~  d lag " (6) 

Table I. Symbols used in calculations and text 

Symbol Meaning Units 

Pie 2 
.Peo z 
Ci 
Ce 
Pao2 
PVOp. 
Ca 
Cv 
Cier 
Cveq 
veB 
rg 
Qeff 
Qt 
Ew 
Eb 
Vo 
APa 
To2 
V/Q 

Partial pressure of oxygen in inspired water 
Partial pressure of oxygen in expired water 
Content of oxygen in inspired water 
Content of oxygen in expired water 
Partial pressure of oxygen in arterial blood 
Partial pressure of oxygen in venous blood 
Content of oxygen in arterial blood 
Content of oxygen in venous blood 
Content of Oz in blood in complete equilibrium with inspired water 
Content of 02 in water in complete equilibrium with venous blood 
Flow of water over gills in complete exchange with blood 
Total flow of water over the gills 
Flow of blood through gills in complete exchange with water 
Total flow of blood through gills 
Effectiveness of removal of oxygen from water 
Effectiveness of uptake of oxygen by blood 
Total oxygen uptake of fish 
1VIean partial pressure difference of oxygen across gills 
Transfer factor 
Ventilation-peffusion ratio (ratio of water to blood flow in gills) 

mm Itg 
mm Hg 
ml 02/100 ml H20 
ml 02/100 ml H~0 
mm Hg 
mm Hg 
ml 02/100 ml blood 
ml 02/100 ml blood 
ml 02/100 ml blood 
ml 02/100 ml H20 
ml/min/kg 
ml/min/kg 
ml/min/kg 
ml/min/kg 

ml 02/min/kg 
mm Hg 
(ml/min)/(mm Hg. kgJ 
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Al l  d a t a  fo r  v e n t i l a t i o n  v o l u m e ,  ca rd iac  o u t p u t ,  
ariel o x y g e n  u p t a k e  w e r e  d i v i d e d  by  w e i g h t  fo r  com-  
p a r a t i v e  purposes .  

I n  m ~ k i n g  graphs ,  d a t a  was  p l o t t e d  as m e a n s  _+ 
one  s t a n d a r d  d e v i a t i o n .  I n  al l  cases e x c e p t  Figs .  4, 
6, 21, a n d  22, l ines were  d r a w s  b y  regress ions  cal-  
c u l a t e d  t h r o u g h  t h e  means .  I n  Figs .  4 a n d  2 t ,  t h e  l ine  
was  d r a w s  a rb i t r a r i l y .  

Results 

General 

A t o t a l  of  8 Pkttichthys stellatus, weigh ing  an  a v e r a g e  
o f  t340 .5  • 120.5 g (moan  + s t a n d a r d  dev ia t ion ) ,  were  
used  in t h e  s~udy.  D a t a  u s e d / n  m a k i n g  up  t h e  g r a p h s  
t h a t  fo l low were  o b t a i n e d  f r o m  ave rages  o f  a l l  8 fish. 
T a b l e  2 shows a s u m m a r y  o f  c a l cu l a t ed  d a t a  for  e a c h  

fish, b r o k e n  d o w n  in to  3 g roups  r e p r e s e n t i n g  ( l )  low 
~ e m p e r a t u r e  a n d  h igh  o x y g e n  t e n s i o n ;  (2) l ow t e m -  
p e r a t u r e  a n d  l o w  o x y g e n  ~ension;  (3) h igh  ~empera~ure  
a n d  h igh  o x y g e n  tens ion .  

W h e r e  t e m p e r a t u r e  was  p l o t t e d  as an  e n v i r o n m e n -  
t a l  f a s t e r ,  o n l y  low a n d  h igh  e x t r e m e s  w e r e  shown.  
I n t e r m e d i a t e  t e m p e r a t u r e s  were  n o t  cons ide red  in  
o rde r  to  p r e s e n t  an  a d e q u a t e  n u m b e r  o f  d a t a  p o i n t s  
a t  t h e  e x t r e m e s ,  as  t h e  e x p e r i m e n t a l  o b j e c t i v e  was  t o  
m e a s u r e  r e s p i r a t o r y  effects  o f  h i g h  t e m p e r a t u r e  r a t h e r  
t h a n  chang ing  t e m p e r a t u r e .  E a c h  h i g h  t e m p e r a t u r e  
m e a n  r ep re sen t s  b e t w e e n  12 a n d  i 3  obse rva t ions .  

Blood Factors  

T h e  hema~oc r i t  a n d  h e m o g l o b i n  conten~ w e r e  
m e a s u r e d  da i ly  in  m o s t  fish. T h e  h e m a t o e r i t  was  f o u n d  

Table 2. Platidtthys stellatus. Respiratory parameters ]or 8 starry flounders. (All values are means • 1 standard deviatio~z) 

No. of Tempe- Pie 2 Vg Qt 
observa- rature (ram Itg) (ml/mln/kg) (ml/nfin/kg) 
tions (~ 

V/Q Vo Ew Eb 
(ml O~lminlkg) 

Fish # 1, 1425 g 

9 t i  1 2 9 •  I 7 3 •  5 8 •  3.60_• ~.75 0.489 • 0.3~2 0.79Z • 0.~09 
8 t l  65 • 8 330 • 37 35 :~ 4 3.55 • 1.47 0.338 • 0.045 0.611 • 0.062 

Fish ~r 2, i290 g 

5 9 126 • 5 127 • 10 33 • 22 5.05 • 2.37 0.277 • 0.050 0.510 • 0.039 
4 9 72 • t2  173 • 68 36 • 17 6.t9 • 3.85 0.t84 • 0.045 0.516 • 0.145 
5 16.6 • 2.3 143 • 7 224 • 74 49 • 15 4.66 • 1.05 0.454 • 0A63 0.464 • 0.057 

Fish @ 3, t268 g 

10 9.5 128 • 13 t t 0  • 20 45 • 14 2.72 • 1.t2 0.398 • 0.074 0.946 • 0.049 
6 9 60 • 14 251 • 43 42 • 14 6.21 • 1.56 0.376 • 0.056 0.841 • 0.059 
8 17.8 • 2.7 153 • 7 t99 • 34 56 • ~4 3.98 • 1.34 0.741 • 0.099 0.803 • 0.081 

Fish # 4, 1475 g 

8 10.2 5 3 3 •  ~7~• 47 4 4 •  4.45• 0.529• 0.804 • 0A56 
6 f i .5  58 • 15 423 • 78 40 ~ 4 10.77 • 2.02 0.368 • 0.057 0.6i0 • 0.t23 

Fish # 5, 1175 g 

5 ti~2 125 • 5 162 • 9 88 • 44 2.08 • 0.621 0.380 • 0.022 0.721 • 0.031 
5 t l . 5  61 • 17 538 • 212 50 • 14 11.24 • 5.69 0.354 • 0.O21 0.506 • 0.141 
6 20 • 1 155 • 4 51i • 73 t03 • 16 5.04 • 0.98 0.979 • 0.057 0.439 • 0.053 

Fish ~ 6, t450 g 

5 11.8 125 • 3 90 • 19 t7 • 5 5.46 • t.08 0.195 • 0.051 0.641 • 0.t25 
6 t9.5 • 0.5 143 • 4 390 • 78 98 • 29 4.45 • 2.14 1.062 • 0.164 0.676 • 0.053 

Fish # 7, 1200 g 

7 1t.4 124 • 7 80 • 35 27 • 26 4.57 • 2.94 0.244 • 0A19 0.933 • 0.101 
6 19.8 148 • 6 366 • 30 70 • 20 5.66 ~: 1.86 0.849 • 0.053 0.632 • 0~034 

Fish @ 8, 1440 g 

8 t2.3 120 • 5 214 • 41 49 ~: 16 4.74 • 1.99 0.6t3 • 0.t12 0.927 • 0.090 
4 t3 58 • 8 466 • 39 47 =e 7 10.26 • 2.35 0.516 • 0.070 0.991 • 0.018 
6 19.8 143 • 6 394 • 19 103 • 17 3.91 • 813 1.023 • 0.067 0.673 • 0.041 

0.489 • 0.20f 
0.577 • 0.072 

0.776 :~ 0.3t i  
0.667 • 0.436 
0.479 • 0.089 

0.560 + 0.270 
0.347 • 0.071 
0.735 :~ 0.186 

0.655 ~ 0.234 
0.406 ~: 0.i43 

0.637 ~- 0.310 
0.602 • 0.t59 
0.560 • 0A35 

0.367 • 0.099 
0.502 :~ 0.246 

0.504 ~ 0.147 
0.467 • 0.115 

0.86i + 0.t56 
0.838 • 0.t0t  
0.726 • 0A30 
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to range between 6 and 22 %, with a mean of t3.7 %. 
and the hemoglobin content ranged between 2.4 and 
5.7 g %, with a mean of 3.98 g %. From hemoglobin, 
blood oxygen capacity was calculated, and varied 
between 3.216 and 7.638 volume %, with a mean of 
5.352 volume %. These values were at their highest 
at the onset of experimentation on a fish, and declined 
throughout the experimental period. 

Exactly why the hematocrit and hemoglobin 
content of flounder blood declined during experimen- 
tation is unknown, although it is expected that  it was 

response to the stress of handling, operating, and 
blood sampling, even though very small quantities of 
blood were withdrawn. A flounder with only an arterial 
cannula, not subjected to stress, did not show such a 
decline upon periodic sampling. Changes in blood oxygen 
capacity with decreasing hemoglobin were calculated 
daily in all fish. Cameron and Davis (t970) showed 
that  the only effect of decreasing blood oxygen capacity 
in the rainbow trout Salmo gairdnerii was an increased 
cardiac output. 

Six samples of arterial blood and 5 samples of 
venous blood were taken at the end of the study to 
determine pit.  ~ e a n  p t I  of arterial blood was found to 
be 7.685 +_ 0.045, and mean pI[  of venous blood 
7.544 +_ 0.085. These samples were all taken at a 
temperature of about 12 ~ and pH was immediately 
noted at the same temperature. 

Blood Oxygen Tens ions  and Saturat ions  

Blood oxygen tensions were noted for a total of 
82 observations in 6 fish. For each tension, an ap- 
propriate percent saturation was found using the blood- 
oxygen dissociation curve. The high pH curves were 
used for arterial blood, and the low pH curves were 
used for venous blood. Mean values are shown in 
Table 3, together with water temperatures and oxygen 
tensions. 

Ventilation Vo lume  ( V g )  

Direct measurement of ventilation volumes were 
made on all fish. A reduction in oxygen tension pro- 
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20 
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Fig. 4. Platichthys stellatus. Effect of decreasing environmental 
oxygen tension on ventilation volume. All points are shown 

4- I standard deviation 
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Fig. 5. Platichthys stellatus. Effect of increasing temperature on 
ventilation volume. All points are shown • t standard deviation 

duced a sharp rise in water flow over the gills (Fig. 4). 
Even though there was considerable variability be- 
tween fish and in individual fish (Table 2), mean 
ventilation volume increased about 3-fold during 
lowered oxygen tension, from 150 to 450 ml/min/kg. 
An increase in temperature at  a fixed oxygen tension 
also produced a 3-fold increase in ventilation (Fig. 5). 

Table 3. Platiehthys stellatus. Mean arterio-venous oxygen tensions, % saturation (S), and trans]er /actors. (All values 4- 1 
standard deviation) 

No. of Water Pio~ Pao 2 Arterial %S Pvo 2 Venous %S T% 
observations temperature Peo 2 (ram tIg) (mm Hg) 

(~ (mm Hg) 

36 tl.4 4- t.1 126.3 :k 5.8 75.5 4- 17.9 88.6 4- 4.6 42.9 4- 7.3 72.1 4- 5.2 
54.2 4. 14.5 

t5 11.7 -4- 1.1 59.0 4- i3.7 4t.3 4- t4.9 75.2 4- 9.6 23.9 4- 6.8 52.6 4- 10.8 
35.7 4- 7.1 

31 19.4 + 1.5 148.5 4. 7.3 62.3 4- 13.9 85.6 4- 5.7 29.8 4- 8.4 54.5 4- 10.0 
7 1 . 8  4. 7.8 

0.0288 * 0.0571 

0.047t 4- 0.0554 

0.0149 4- 0.0030 
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Gill water flow increased with increasing oxygen 100- 
uptake. Considerable similarity was noted between 
the ra te  of increase in gill ventilation and the rate  of ~ 80 - ) 
increase of cardiac output  with increasing oxygen ~ 6C 
uptake  (Fig. 6). The disparity at  low uptakes might be 
explained by  the fact tha t  at  low oxygen tensions the ~ 40 
fish's oxygen consumption was depressed as ventila- 
tion volume increased, whereas at  high temperatures 20 
both consumption and ventilation increased. 10 

Vg Qt 
[mt/min/kg) 
500 -100 Vg, : 

Qt ~---~ 
400 -80 z/z7 

300 - 60 z/z 

200 -40 

100 -20 ~ 

I I I I 1 I f I I I 
0,1 0,2 0,3 0,4 0.5 0.6 0,7 0.8 0.9 1,0 

Vo (m[%/min/k 9) 

Fig. 6. Platichthys stellatus. Changes in ventilation volume 
and cardiac output with oxygen uptake 

I [ I ] F ] [  1 I 1 1  I f 
10 20 50 100 

Pio2 (mmHg) 

I T 
150 

Fig. 7. Platichthys stellatus. Effect of decreasing environmental 
oxygen tension on cardiac output. All points are shown • 1 

standard deviation 

I00~ 

L -~ 6o, 

5 4oft 
20 ~] 

12 
I ] 1 I 1 ; 
13 14 15 16 17 18 19 20 21 

Water temperature (~ 

Platichthy8 stellatus has a functional opening be- 
tween the upper  and lower gill chamber, which is 
used to route all of the expired water out through 
the upper  chamber during normal respiration (u 
zani and Alexander, 1967). This was confirmed in this 
s tudy by  injecting food-coloring dye into the buecal 
cavity of quiescent fish, and observing the lower oper- 
ale through a plexiglas sheet. I t  was also noted tha t  
water  was expelled from the lower gill chamber during 
periods of high venti latory flow, generally greater 
than  150 ml/min/kg. 

Cardiac Output (Qt ) 

Table 2 shows a slight drop in cardiac output  in 
individual fish with decreased oxygen tension, which 
has been masked by  averaging the data  for Fig. 7. 
This result is to be expected, as an increase in cardiac 
output  takes place with increasing oxygen consump- 
tion (Fig. 6), and consumption is lowered with de- 
creased oxygen tension (Fig. 12). 

However, an increase in temperature appeared to 
produce an increase in cardiac output  (Fig. 8). :Blood 
flow was approximately doubled with a 10 C ~ rise in 
temperature.  Cardiac output  also rose with an in- 
crease in ventilation volume, although considerable 
variation was noted (Fig. 9). The variation was, in 
part ,  the result of decreased blood flow with increased 
ventilation during periods of lowered oxygen tension. 

Fig. 8. Platichthys stellatus. Effect of increasing temperature on 
cardiac output. All points are shown • 1 standard deviation 

201 T 
1 [ I r 

200 400 
Vg (rnl/min/kg) 

I I 
600 

Fig. 9. Platlchthys stellatus. Changes in cardiae output with 
ventilation volume. All points are shown • I standard deviation 

Ventilation-Per]usiou Ratio ( V /Q ) 

~rom the foregoing data, ventilation-perfnsion 
ratios, or ratios of  water  to blood flow in the gills were 
calculated on all fish. The effects of lowered oxygen 
and increased temperature  on V/Q were much as ex- 
pected, with a linear increase in the ratio with lowered 
oxygen (Fig. t0), and virtually no effect in elevated 
temperature  (Fig. 1t). 
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Fig. 10. Platichthys stellatus. Effect of decreasing oxygen tension 
on ventilation-perfusion ratio. All points are shown • I stand- 

ard deviation 
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Fig. 13. Platlchthys stellatus. Effect of increasing temperature 
on oxygen uptake. All points are shown 4- l standard deviation 

increase in consumption was noted with an increase 
in temperature of from 12 ~ to 2i  ~ (Fig. i3). 
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V/Q 
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Fig. 11. Platichthys stellatus. Effect of increasing ~emperature 
on ventilation-pcffusion ratio. All points are shown • i stand- 

ard deviation 
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Fig. t2. Platichthys stellatus. Effect of reduced oxygen tension 
on oxygen uptake. All points are shown 4-1 standard deviation 

Oxygen Uptake (VO) 
A considerable range of oxygen consumptions 

was noted with varying oxygen tensions and temper- 
atures. Even though gill ventilation increased mark- 
edly with lowered oxygen tension, consumption 
appeared to decrease slightly (Fig. 12). A two-fold 

E#ectiveness o] Oxygen Removal/tom Water (Ew ) 
The effectiveness of removal of oxygen from water 

was calculated as the ratio of effective water flow past 
the gills (Ve~) to total ventilation volume (Vg). The 
effectiveness declined with decreasing oxygen tension 
and increasing temperature (Figs. i4 and 15). The 
effectiveness also dropped with increasing ventilation 

VoE 

I !.• 

5 0 ~ - - -  IL - ~ , , x I 

20 
I0 

10 20 100 150 
Pio2(rnm H 9) 

Fig. 14. Platichthys stellatus. Effect os decreasing oxygen tension 
on effectiveness os oxygen removal from water and oxygen 
uptake by blood. All points are shown • l standard deviation 

volume (Fig. i6) and increasing ventilation-perfusion 
ratio (Fig. i7), since at higher Vg's and hence at higher 
V/Q's, relatively higher volumes os water were shunted 
past the gills. 

E]eetiveness o/Oxygen Uptake by Blood (Eb ) 
Similarly to the above, effectiveness of oxygen 

uptake by blood was calculated as the ratio of effective 
blood flow through the gills (Qeg) to cardiac output 
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Fig. 15. PlaEchthys stellatus. Effect of increasing temperature 
on effectiveness of oxygen removal from water and uptake by 

blood. All points are shown • standard deviation 

(Qt). Al though  there  was wide va r i a t ion  in values  wi th-  
in ind iv idua l  fish as well as be tween fish, a r e markab l e  
cons tancy  of  Eb was no ted  in  response to  environ-  
men ta l  changes (Figs. 14 and  15), card iac  outpug 
(Fig. 18), and  V/Q (Fig. 19). Most  means  were be tween 
0.5 and  0.6 regardless  of  oxygen  tension,  t empera tu re ,  
cardiac  ou tpu t ,  or  V/Q. 
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Fig. 18. Platichthys 8tellatus. Changes in effectiveness of oxygen 
uptake by blood with cardiac output. All points shown are • 1 

standard deviation 
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Fig. 16. Platichthys stellatus. Changes in effectiveness of oxy- 
gen removal from water with ventilation volume. All points are 

shown •  standard deviation 
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Fig. 17. Platichthys 8tellatus. Changes in effectiveness of oxygen 
removal from water with ventilation-perfusion ratio. All points 

are shown 4- 1 standard deviation 

19 Marine Biology, Vol. 19 

:Fig. 19. Platichthys stellatus. Changes in effectiveness of oxygen 
uptake by blood with ventilation-perfusion ratio. All points are 

shown • 1 standard deviation 

Mean Oxygen Tension Di~erenee between Blood 
and Water (A Pg) 

Mean oxygen  tens ion  differences were ca lcu la ted  
for 6 fish. A Pg decl ined wi th  lowered oxygen  tensions.  
Too few poin ts  were ob ta ined  to  conf ident ly  d raw a 
meaningful  line, b u t  the  d a t a  were i m p o r t a n t  in 
descr ibing t rans fe r  factors .  Mean difference rose wi th  
an  increase  in t e m p e r a t u r e  as shown in Fig .  20. 
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of high and low oxygen tension and low temperature, 
indicating efficient exchange in a counter-current 
system (Steen, t97~). In  elevated temperatures, ar- 
terial tension was lower th~n expired water tension 
(Table 3). 

Blood-Oxygen Dissociation Curve 

Table 4 and Fig. 22 show a summary of values for 
4 blood oxygen dissociation curves in Platichthys 

Fig. 20. Platishthys stellatus. Effect of increasing temperature 
on mean partial pressure difference of oxygen across gills. All 

points are shown d= i standard deviation 

Trana/er Factor ( T%) 
The transfer factor, s measure of the relative ability 

of the respiratory surface to exchange gases, was 
calculated for 6 fish and averaged into three groups: 
(l) high oxygen, low temperature; (2) low oxygen, 
low temperature; (3) high oxygen, high temperature. 
As can be seen in Table 3, the highest transfer factor, 
or lowest gill diffusion resistance, was seen ia low 
oxygen, and the lowest in high temperature. 

Inspired versus Expired Water 

A graph was made relating oxygen tensions of 
expired and inspbed water in both Salmo gairdnerii 
(from Holeton and Randall, i967) and Platiehthys 
stellatus (Fig. 2i). As environmental oxygen decreased, 
an initial increase was seen in expired tension, fol- 
lowed by a decrease. I-[owever, mean expired tensions 
in the flounder were in all cases below 60 mm Hg. 

Arterial oxygen tensions were found to be con- 
siderably higher than those of expired water in periods 
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Fig. 22. Platichthys s~ellatus. Blood-oxygen dissociation curves 
at 2 temperatures and 2 pH's 
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Fig. 24. F~elationship of inspired and expired water in flounder 
Platichthys stellatus and rainbow trout Salmo gairdnerii. (Trout 

curve from Holeton and Randall, 1967) 

stettatus: (t) low temperature, high pH;  (2) high tem- 
perature, high pH;  (3) low temperature, low pH;  (4) 
high temperature, low pH. These values illustrate both 
the temperature and Bohr shifts for oxygen loading 
of flounder blood. Pso's were, respectively, (l) i5.3 ram, 
(2) i8.3 ram, (3) 20.1 ram, and (4) 24.6 ram. Two 
separate determinations were done in making each 
curve. 

Discussion 

General 

Flounders (Platlchthys stellatus) vcere chosen as the 
experimental animals, us they present an obvious 
degree of adaptation to their environment and are 
often found in extreme temperatures and oxygen levels 
(personal observation). They also survive well iu 
captivity and are able to tolerate long periods of starva- 
tion. 
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Tab le  4. Platichthys stellatus. Values /or blood oxygen dissociation curve. (ram Hg • 1 standard deviation) (N  = 2) 

S a t u r a t i o n  T e m p e r a t u r e  
(%) = 11.o • o ~  

p H  = 7.67 • 0.034 

T e m p e r a t u r e  
= 20.0 • 0 ~ 

p H  = 7.62 • 0.047 

Temperature 
= 11.5 • 0.527 ~ 

p H  = 7.45 • 0.040 

T e m p e r a t u r e  
= 20.5 • 0.527 ~ 

pH = 7.42 • 0.042 

100 132.8 • t.2 t30.2 • 6.6 144.6 • 16.1 148.0 • 7.9 
75 37.0 • 0.4 39.9 • 2.7 46.0 • 0.2 54.2 • 4.3 
50 15.3 • 2.1 t8.3 • 0.9 20.0 • t.9 24.6 • 0.6 
25 7.5 • t.5 9.5 • t.3 t0.2 • 2.3 12.0 • 0.5 
0 0 0 0 0 

Tueker 's  (i967) method of directly determining 
blood oxygen content permits more accurate and ef- 
ficient determinations of cardiac output  by the Fiek 
principle than  by using blood oxygen tensions. Both 
go le ton  and Randall  (i967) and Stevens and Randall  
(1967) made Fick principle estimates of cardiac out- 
put  using partial  pressures of blood oxygen. Holeton 
and Randall  stated tha t  their estimates of cardiac out- 
put  were indicative of an order of magnitude rather 
than exact measurement.  Stevens and Randall  in- 
dicated tha t  the accuracy of the values for cardiac 
output  depended largely on estimates for percentage 
saturation of venous blood. Direct measurements of 
blood oxygen content in this s tudy rather  than  ten- 
sion eliminated many  uncertainties in calculation of 
cardiac output.  

A direct method of measuring gill-water ventila- 
tion volume was also used for purposes of accuracy. 
Davis and Wafters  (1970) pointed out tha t  consider- 
able variabil i ty of results is often encountered in the 
use of cannulae for obtaining post-gill water samples. 
Stevens and Randall  (t967) showed a maximum ven- 
tilation volume calculated by the Fick principle of 
about  t0 1/min/kg in exercising the rainbow trout  
Salmo gairdnerii, a figure tha t  seems quite high. 
Accurate measurement of post-gill oxygen tensions and 
gill-water flows were central in the calculation of most 
parameters  in this study. 

Piiper and Baumgarten-Schumann's  (1968) model 
of effectiveness of gas exchange in gills was deemed 
particularly suitable to this work, as it permit ted a 
description of the ratio of effective to total  fluid flow 
past  the gills. They based their model on the premise 
tha t  gas exchange is almost never at :[00% effective- 
ness in gilts, and proposed two reasons for this: (1) 
Either  par t  of the respired water  and blood flowing 
through the gills may  not come into close enough 
contact to permit  gas exchange, or (2) resistance to 
gas diffusion between blood and water in the gills is 
not infinitely low. To examine both possibilities in 
the flounder, transfer factor as well as effectiveness of 
gas exchange was calculated. 

19" 

Responses to Hypoxia  

A fish may  deal with water of low oxygen content 
in several ways. I f  the prime objective is maintenance 
of arterial oxygen saturation and oxygen uptake, the 
fish may  increase water  flow over the gills or increase 
blood flow through the gills in an effort to obtain more 
oxygen. Alternatively, the fish may  be able to increase 
transfer efficiency by presenting a greater surface area 
for gas exchange, or by lowering diffusion resistance. 

In  a low oxygen environment, oxygen uptake 
appeared to be the limiting factor in Platichthys stella- 
tus. The fish may  be able to increase uptake slightly 
by  pumping more water over the gills, but  a t  a greatly 
increased cost of energy. The cardiac pump appeared 
to be well governed; evidently the energy cost of in- 
creased cardiac output  was too high. From Fig. 4 it 
can be seen that  a small drop in oxygen tension below 
70 to 80 mm Hg produced a large increase in ventila- 
tion and, therefore, an increase in cost. One would 
expect, therefore, tha t  progressive anaerobic metabo- 
lism might occur down to some point below 50 m m  Hg 
(Beamish, 1964), where metabolic collapse would take 
place due to the inability of the respiratory pump to 
supply oxygen for its increasing demands. Indeed, 
Holeton and Randall  (i967) and Smith etal .  (i97i) 
showed clear evidence of anaerobiosis in salmonids in 
an hypoxic environment. 

The data obtained on starry flounder seem to agree 
fairly well with work on other fish. Jones et al. (~970) 
predicted, on the basis of their model of oxygen trans- 
fer in fish, tha t  oxygen consumption and arterial oxy- 
gen content could be maintained during a fall in envi- 
ronmental oxygen by  an increase in gill water flow, a 
reduction in mean partial  pressure difference across 
the gills, and a reduction in venous oxygen tension. 
Even though the flounders were not able to maintain 
arterial oxygen content at  its highest level (Table 3), 
they performed as predicted in other respects. 

Several other investigators noticed an increase in 
ventilation with low oxygen levels, followed by  a de- 
crease tha t  may  signify respiratory collapse. Holeton 



144 K. W. Watters and L. S. Smith: Respiratory Dynamics of Starry Flounder Mar. Biol. 

and RaudM1 (t967) observed an increase in gill water 
flow in rMubow trout down to about 40 mm fig 03, 
followed by a decrease. Marvin and Heath (1968), 
worMng on catfish, trout,  and bluegill, noted a rise in 
breathing rate with a decline in oxygen to about 50 % 
environmental saturation, or 80 mm Hg 02, followed 
by a progressive fall to apnea at much lower tensions. 
They reported complete respiratory collapse in t rout  
at about 25 % oxygen saturation, or 40 mm fig 0~. I t  
would seem that  a reduction in ventilation rate at 
lowered oxygen levels in these fish signified an ina- 
bility to sustain activity rather than an effort to adapt 
to lower oxygen. Although no decline in respiratory 
flow was seen in the flounder down to 50 mm fig 02, a 
sudden drop in ventilation would be expected at an 
oxygen tension not far below that  level, as uptake did 
not increase to meet the rapidly increasing ve~tilatory 
expense. The cost of ventilation alone in an active 
fish was shown to be as high as 69 % of the total 
metabolism (She]ton, 1970). 

Both HHoleton and Randall (1967) and Marvin and 
I-ieath (1968) noted a decreased heart  rate (bradyeardia) 
during hypoxia in fishes. However, IIoleton and Ran- 
dM1 found no significant change in cardiac output with 
the bradyeardia, indicating an increased stroke volume. 
They hypothesized that  a changing pat tern of blood 
flow in the gills may augment gas exchange, permitting 
an increased residence time for blood. Bradycardia in 
hypoxia was shown to be due to increased vagal inhi- 
bition of the heart, and not  to be directly the result 
of oxygen lack (Randall, 1966). Marvin and Heath 
(1968) estimated that  the energy required by fish 
heart-muscle could account for 25% of the metabolic 
demand of the resting animal. Therefore, it is possible 
that ,  by slowing the heart and increasing stroke 
volume, the fish is attempting to utilize less energy to 
pump blood through the gills. 

Oxygen uptake in Platichthys stellatus exposed to 
an hypoxic environment remained fairly steady down 
to an environmental tension of 50 mm fig 02. This is 
in contrast to the findings of Marvin and Heath (1968), 
who reported that  oxygen uptake of t rout  fell off quite 
sharply below a tension of about 96 mm I-Ig 02, 
oxygen consumption of bluegill declined at a tension 
of t20 mm Hg 03, and uptake of catfish was depressed 
immediately upon lowering environmental oxygen. 
Clearly, then, the flounder was able to regulate its 
uptake to a considerable degree, and did not become 
respiratory dependent until an oxygen tension of 
below 50 mm fig was reached (critical pressure), at 
which point consumption would be expected to fall 
steadily to zero (Basu, t959; Presser and Brown, 
t96t).  The changeover from independent to dependent 
respiration may be mediated by the increasing venti- 
lation volume. At the point where the respiratory 
pump uses all of the oxygen made available by its 
increased action, consumption will start to fall (Hughes 
t964). 

Fry  (1957) stated that  the major limitation pro- 
ducing respiratory dependence in fishes is the volume 
of water that  can be pumped across the gills by the 
ventilatory apparatus, and 1mr the affinity of hemo- 
globin for oxygen, as a decrease in uptake with lower 
oxygen levels occurs at a partial pressure of oxygen 
higher than that  necessary to saturate the hemoglobin. 
This did not appear to be the case with the flounder, 
as the dissociation curve showed the hemoglobin to be 
80% saturated at a PO~ of 50 mm IIg, where uptake 
had not fallen off significantly. However, it would 
appear that  the fish was rapidly approaching its limit 
of gill ventilation at that  concentration of oxygen 
(Fig. 4), so possibly both ventilation limits and blood 
oxygen affinity play a part  in determining the point 
of respiratory dependence in the flounder. 

Comparison of average oxygen-uptake figures in 
the present study with those of Hickman (t959) for 
starry flounder show fair agreement. HHickman re- 
ported a consumption of about 0.07 mg O2/g/h for 
fish weighing between t0 and 300 g, at a temperature 
of 15 ~ and salinity of 25%0. This converts to 0.822 ml 
O~/min/kg, compared with an average of 0.404 ml 03/ 
min/kg in the present study for fish weighing between 
t200 and 1475 g at 12 ~ and 30%0. I t ickman also 
reported a depression of metabolic rate with an 
increase in size, which may part ly account for the dis- 
parity. 

As pointed out by Piiper and Baumgarten-Schu- 
mann (1968), calculations of effectiveness based on 
their model assume maximum possible gas transfer 
across the gills, which requires not only complete 
equilibration of blood and water, but  also a perfect 
counter-current arrangement of blood and water in 
the gills. A comparison of expired water and arterial 
blood oxygen tensions (Table 3) leaves little doubt tha t  
a functional counter-current arrangement of some sort 
exists in the flounder, as mean arterial tensions were 
higher than mean expired water tensions in all cases 
except that  of elevated temperature. 

In  looking at the data for effectiveness of oxygen 
removal from the water (Ew) and oxygen loading by 
blood (Eb), several facts stand out. Ew, although 
declining with lowering oxygen tensions, was generally 
higher than Eb. This is in contrast to the findings 
of l~andall et al. (t967) who found Eb ill the rainbow 
trout  exposed to hypoxia to be generally higher than 
Ew. Similarly, Piiper and Baumgarten-Schumann 
(1968) and Hanson and Johansen (1970) found Eb 
to be always higher than Ew in the dogfish. This 
disparity may part ly be due to the fact tha t  the 
flounder is normally an inactive fish, in contrast to the 
t rout  and dogfish, and, therefore, could be expected 
to have developed a more efficient ventilatory pump. 
The flounder cannot depend on "ram-effect" to aug- 
ment its respiratory flow and, therefore, must main- 
tain a highly effective water flow past its gills. 

Effectiveness of oxygen uptake by blood remained 
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Table 5. Platichthys steltatus. Summary o] reactions to oxygen and temperature stress 
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Action Reaction 
Ventilation Cardiac Ventilation- Oxygen Effective- Effective- Transfer Arterial Venous 
volume output perfusion uptake ness of 02 hess of 02 factor 02 content 02 content 
(Vg) (Qt) ratio (Vo) removal removal (To2) (Ca) (Cv) 

(V/Q) (Ew) (Eb) 

Decrease Pio~ 
126--62 mm Sharp Very Linear Slight Linear No change Increase Decrease Decrease 

increase slight increase decrease decrease 
decrease 

Increase tempera- 
ture 11~ ~ Increase Increase Very slight 

increase 
Increase Vo Increase Increase 
Increase Vg Increase 

Inerease Qt 
Increase V/Q 

Linear Decrease 
increase 

Linear 
decrease 

Decrease 

No change Decrease Very slight Decrease 
decrease 

No change 
Slight 
increase 

practically constant throughout the range of environ- 
mental  oxygen tensions, as did cardiac output.  This 
indicates tha t  the flounder did not change the pat tern  
of blood flow through its gills in hypoxia, even though 
the ability to regulate the amount  of respiratory 
versus shunted blood flow in the gills has been demon- 
strated for several teleosts (Steen and Kruysse, i964; 
Riehards and Fromm, i969). Indeed, Randall  et al. 
(t967) found tha t  Eb di'opped markedly with decreasing 
oxygen tensions, even though cardiac output  remained 
unchanged. 

The fall in effectiveness of oxygen removal  from 
water from about  90 to 60% with hypoxia was ex- 
pected, as venti latory volume rose sharply during this 
period, decreasing the residence t ime of water at  the 
gills. Hanson and Johansen (1970) noted a fall in Ew 
in the dogfish Squalus suckleyi from 67 to 19% as 
ventilatory volume was raised from 89 to 867 ml/min/ 
ks, and Davis and Cameron (1970) reported a fall from 
45 to about 5% utilization with au increase in gill 
pcrfusion in the rainbow trout  Salmo gairduerii. 

A summary  of Platichthys stellatus' response to low 
oxygen is shown in Table 5. Evidently the fish was not 
entirely able to compensate for the environmental 
change, as both arterial oxygen content and oxygen 
uptake declined. As expected, ventilation volume rose, 
but  cardiac output  decreased slightly. The fish ap- 
peared to be able to increase transfer efficiency (Table 
3), as evidenced by lowering the mean partial pressure 
difference across the gills. The greater differertce be- 
tween arterial and venous oxygen couteut m~y have 
contributed to this increase. I-Iowever, more blood 
was not shunted to the gill surface, as the ratio of 
effective to total  blood flow remained unchanged. 

Unloading of oxygen from the blood to the tissues was 
increased in hypoxia, as evidenced by  lowered venous 
oxygen content. However, unloading was by  no means 
complete, as venous blood remained more than  half 
saturated. 

Response to Temperature Increase 

Jones et al. (1970) considered exercise in fishes as 
causing an increase in oxygen consumption at a con- 
s tant  level of environmental oxygen. An increase in 
consumption is also achieved by  subjecting quiescent 
fish to an increase in environmental temperature.  In  
fact, the responses of flounder to high temperature  
were similar to those of rainbow trout  to exercise as 
reported by Stevens and Randall  (1967). Not  only 
was oxygen consumption elevated, but  ventilation 
volume and cardiac output  both increased. Arterio- 
venous oxygen content difference was also increased. 

Kowever,  the diffusion resistance of the gills seemed 
to be increased by  high temperature,  whereas it was 
decreased in exercise. Transfer factor decreased in the 
flounder, as reflected by an increase in mean partial  
pressure difference across the gills (A Pg), (Fig. 20), 
even though oxygen uptake was elevated. Jones et al. 
(i970), however, looking at  the above data on trout,  
estimated tha t  A P g  should remain relatively un- 
changed during exercise, yielding an increase in trans- 
fer factor. In  fact, Randall et al. (i967) noted an in- 
crease in transfer factor with exercise in trout. Of 
interest, however, is the fact that the partial pressure 
of oxygen iu expired water  of exercising t rout  did not 
increase despite an increase in ventilation volume. 
Consequently, Ew remained unchanged, as did A P g .  
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In  the present study, however, oxygen tension of 
inspired water actually increased with temperature,  as 
did tha t  of expired water, even though the inspired- 
expired difference (% utilization) was relatively un- 
changed. Coupled with a slight decline in arterial 
tension, and a greater arterio-venous difference, mean 
partial pressure difference increased, yielding a lowered 
transfer factor. 

Both Fry  (1957) and Basu (t959) considered the 
effects of increasing temperature on fish in terms of 
"scope of activity",  the difference between active 
and standard metabolism. I n  general, the higher the 
temperature,  the lower the level of activity tha t  can be 
maintained. One would expect, therefore, tha t  the 
effect of an increase in temperature on the flounder, 
a relatively inactive fish, would be less severe than  on 
a more active species, such as a t rout  or a salmon, as a 
flounder's normal metabolic level appears to be much 
closer to standard than  to active. 

From Table 5, then, it appeared tha t  the main 
effect of elevated temperature on the flounder was 
simply an increase in oxygen uptake, or metabolic 
level, with concurrent increases in water and blood- 
flow rates. Fig. 11 shows tha t  the ratio of water to 
blood flow remained fairly constant throughout the 
range of temperatures,  allowing the fish to most 
efficiently oxygenate its blood (Hughes, 1964). The 
major  difference between the effects of temperature  
and activity seemed to be an increase in diffusion re- 
sistance of the gills. I t  is probably due to this resistance 
tha t  arterial oxygen tension had fallen below that  of 
expired water, and not due to a failure of counter- 
current flow. 

Other Considerations 

Although it seems tha t  flounder respond generally 
in the same way to respiratory stress as do other fish, 
certain differences stand out. By comparison with 
rainbow trout  and dogfish, it is obvious tha t  the 
flounder was very effective at  extracting oxygen from 
the water. On a comparison of inspired and expired 
water tensions (Fig. 21), the flounder clearly was able 
to expire water of a lower oxygen tension at all envi- 
ronmental  POe's than  was the trout.  From a cursory 
examination of the data of Hanson and Johansen 
(1970), it would appear tha t  the dogfish might be be- 
tween the trout  and flounder in effectiveness of oxygen 
removal. However, hypoxia was not a factor in tha t  
study, so no actual comparison could be made. 

Another unusual feature of flounder respiratory 
response was the high venous oxygen reservoir. Table 3 
shows tha t  venous content in Platichthys stellatus 
dropped from 72 to 53% saturation in hypoxia and to 
54% in temperature stress. This was in sharp contrast 
to trout,  which lowered venous content from 67 to 
73 % saturation to a mere 3 % in hypoxia (Holeton and 
l~andall, 1967). The venous reservoir in flounder may 
either signify a high degree of resistance to hypoxia 

(Itazawa, t970), or an inability to unload oxygen to 
the tissues below 50% saturation, accounting for the 
similarity of venous content in both oxygen and 
thermal stress. 

Blood-Oxygen Dissociation Curves 

The mixing technique has been well established as 
an accurate method for determining blood-oxygen 
dissoeation curves (Edwards and l~artin, 1966; 
Torrance and Lenfant, 1969--1970). The method is 
quite simple, and depends on equilibrating only two 
samples of blood to construct a single curve. How- 
ever, complete saturation of the oxygenated sample is 
necessary, and complete removal of the oxygen from 
the reduced sample, while not absolutely necessary, 
is very helpful, as otherwise a correction must  be 
applied for residual oxygen. Great care must  be taken 
not to contaminate samples as they are being mixed. 

The effects of CO s and temperature on fish blood- 
oxygen dissoeation curves have been described by  
several authors (Fry, t957; Black et al., 1966a,b). 
CO z is generally present in venous blood in greater 
amounts than  in arterial blood, hence the shape of 
arterial and venous dissociation curves differ. In  the 
present study, where temperature was a factor, it was 
essential to assess the effects of temperature on the 
curves as well. As CO S was not available in the equili- 
brating gas mixtures, pI~ was used as an index of 
the Bohr shift, and two curves of different p H  were 
determined at  two temperatures (Table 4). Since 
atmospheric air and laboratory nitrogen were used as 
the equilibrating gases, PCO~'s of all samples were 
assumed to be zero. Two determinations were used for 
each curve to note variability. Mixed (pooled) blood 
samples were not used. 

Results were much as expected, with a noticeable 
shift to the right (Bohr shift) with decreasing p H  and 
increasing temperature.  Of interest is the greater pI-I 
shift seen at higher temperature.  This would pre- 
sumably aid the fish in unloading oxygen to the tissues 
at high environmental temperatures.  The pH ' s  selected 
for the two curves were, at  best, arbitrary, and may  
only indicate a general shape for arterial and venous 
bloods. 

Stlmmary 
1. Oxygen tensions of water and blood afferent and 

efferent to the gills were measured, as well as oxygen 
contents of arterial and venous blood, in the starry 
flounder Platichthys stdlatus Pallas subjected to low 
environmental oxygen and high temperature.  Ventila- 
tion volume was measured directly by impounding 
expired water. A series of blood-oxygen dissociation 
curves were determined from mixtures of fully ah'- 
saturated and fully deoxygenated blood. 

2. Fick principle cardiac output,  ventilation- 
perfusion ratio, oxygen uptake, effectiveness of gas 
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exchange  across the  gills, and  t ransfer  fac tor  of  oxygen  
exchange  were ca lcu la ted  dur ing  exposure  to  low 
env i ronmenta l  oxygen  and  high t empera tu re .  

3. The  mean  ven t i l a t ion  vo lume was found  to  be 
141 ml /min /kg  a t  a mean  oxygen  tens ion  of  126 m m  
t i g  and  a mean  t e m p e r a t u r e  of  1 i  ~ This  rose to  a 
mean  va lue  of  363 ml/min /kg  a t  a mean  tens ion of  62 
m m  H g  a t  the  same t empera tu re .  A mean  ven t i l a t ion  
vo lume of  347 ml /min /kg  was no ted  a t  an  average 
tens ion  of  t47 m m  H g  and  average  t e m p e r a t u r e  of  
19 ~ 

4. 5[ean card iac  o u t p u t  of  45 ml /min /kg  was 
ca lcu la ted  a t  high oxygen  tens ion  and low tempera tu re .  
A mean  va lue  of  42 ml /min /kg  was no ted  a t  low tens ion 
and  low t empe ra tu r e .  An  average  o u t p u t  of  80 ml/  
min /kg  was no ted  a t  high oxygen  tens ion  and  high 
t empera tu re .  

5. The  ra t io  of  wa te r  to  b lood flow averaged  4.07 
a t  high oxygen  levels and  low tempera tu res ,  and  rose 
to  9.04 a t  low oxygen  and  low t empera tu re .  A mean  
ven t i l a t ion-per fus ion  ra t io  of  4.62 was ca lcu la ted  a t  
high oxygen  tensions  and  high t empera tu res .  

6. Mean oxygen  u p t a k e  o f  0.391 ml  O J m i n / k g  
decl ined to  an  average  of  0.356 ml  02/min/kg in low 
oxygen,  and  rose to  a mean  of  0 .85t  ml  02/min/kg  
a t  h igher  t empera tu re .  

7. ) l e a n  efficiency of  oxygen  remova l  f rom wate r  
was found  to  be 78.4% in high oxygen  and  low tem-  
pera tu re ,  which decl ined to  an  average  of  50.9% in 
low oxygen  and  to  an  average  of  61.5% in high tem-  
pera tu re .  

8. ) l e a n  efficiency of  oxygen  u p t a k e  b y  blood was 
ca lcu la ted  to  be 60.6% a t  high oxygen  tens ion and  low 
t empera tu re .  I n  low oxygen,  mean  efficiency was 
57.3%, and  in high t e m p e r a t u r e  57.8%. 

9. Average  t rans fe r  fac tor  for exchange of  oxygen  
across t he  gills was found to be 0.0288 (ml/min)/  
(mm H g - k g )  in high oxygen  and  low t e m p e r a t u r e  
condi t ions .  This  rose to  a mean  va lue  of 0.0471 
(ml /min) / (mm H g .  kg) in low oxygen  and  fell to  a 
mean  va lue  of 0 .0t49 (ml /min) / (mm H g .  kg) in high 
t empera tu re .  

10. I n  a low oxygen  env i ronment ,  i t  appea red  t h a t  
P. stellatus a t t e m p t e d  to  m a i n t a i n  oxygen  u p t a k e  (to 
oxygen  regula te)  b y  increas ing ven t i l a t ion  vo lume 
while regula t ing  card iac  o u t p u t  and  decreasing gill 
diffusion resis tance.  

i l .  The  s t a r ry  f lounder 's  response to  e leva ted  
t e m p e r a t u r e  was s imilar  to  t h a t  expec ted  in exercise.  
Vent i l a t ion  vo lume and  cardiac  o u t p u t  bo th  increased  
in  o rder  to  mee t  t h e  increas ing metabol ic  demand .  
However ,  diffusion res is tance of the  gills increased as 
well. 

12. F l o u n d e r  b lood was found to be haf t  s a t u r a t e d  
wi th  oxygen  a t  a p a r t i a l  pressure  of  15.3 m m  I Ig  when 
the  blood t e m p e r a t u r e  was t t  ~ and  blood p i t  was 
7.67. The  Ph0 increased to  18.3 m m  H g  a t  a t empera -  
tu re  of  20 ~ W h e n  b lood p H  was lowered to  7.45, 

Pso was 20 . t  m m  H g  a t  t l . 5  ~ and  24.6 m m  H g  a t  
20.5 ~ 
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