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N i t r i t e  can accumulate in natural aquatic or aquacultural systems 
when n i t r i f i c a t i o n  is disrupted (Sawyer 1960). Such circumstances 
can resul t  in concentrations of n i t r i t e  toxic to f ish.  Salmonids 
and channel cat f ish,  both commonly cultured commercially, are 
especial ly susceptible to n i t r i t e  tox ic i t y  (Russo et al.  1974; 
Huey et al. 1980). Toxic effects of n i t r i t e  include oxidation of 
hemoglobin to methemoglobin, a form incapable of binding oxygen 
(Tomasso et al. 1979). Tissue hypoxia produced by 
methemoglobinemia has been ident i f ied as a possible cause of death 
in nitr i te-exposed catf ish (Huey et al. 1980). 

Several investigators have ident i f ied swimming performance as a 
potent ia l ly  sensit ive indicator of sublethal stress in f ish 
(Sprague 1971; Waldichuk 1979; Wedemeyer and McLeay 1981; 
Schneider and Connors 1982). Farlinger and Beamish (1977) 
subdivided swimming performance of f ish into three general 
categories: sustained swimming that u t i l i zes  only aerobic 
metabolism and can continue indef in i te ly ,  prolonged swimming that 
depends on both aerobic and anaerobic metabolism and cannot be 
sustained inde f in i te ly ,  and burst swimming that lasts only seconds 
and thus is supported by anaerobic metabolism. Tests of prolonged 
swimming are generally considered most useful in sublethal stress 
assessment, as they draw on both major biochemical energy sources 
(Brett  1964). No research to date has quantif ied ei ther the 
swimming performance of I .  punctatus or effects of n i t r i t e  
exposure on swimming of any species. Our purpose was to determine 
i f  n i t r i t e  exposure affects the prolonged swimming performance of 
channel cat f ish,  and to delineate the extent that 
methemoglobinemia resul t ing from n i t r i t e  exposure correlates with 
performance. 

MATERIALS AND METHODS 

Channel catf ish ( Icta lurus Punctatus, f inger l ings,  wet wt. = 12.6 
+ 2.6 g, S.L. = 105 + 8 mm, (X + s) obtained from a local f ish 
~atchery were acclimated to and held at 30 + 0.5~ (X + s) for a 
minimum of 4 weeks. Channel catf ish were Ted catf ish ~how dai ly 
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un t i l  2 days before experimentation. Two thermoregulators 
control led temperature in a 450 L " l i v i n g  stream" (Fr ig id  Uni ts ,  
Inc.)  that  continuously c i rcu lated holding water through charcoal 
f i l t e r s .  Aerated E.P.A. "hard" water reconst i tu ted from deionized 
water was used for acclimation and holding (U.S. EPA 1975). Since 
chlor ide has been shown to i n h i b i t  n i t r i t e  t o x i c i t y  in channel 
ca t f i sh  in addi t ion to reducing disease, 5 g/L C1 , as NaCI, was 
also added (Tomasso et al.  1979). N i t r i t e -N  levels did not exceed 
0 . i  mg NO2-N/L during holding. 

Channel cat f ish  were exposed to n i t r i t e  for 24 h in a l l  glass 
aquaria containing 30 L of aerated, reconst i tu ted,  hard water. 
Aquaria were p a r t i a l l y  immersed in a water bath to maintain 
temperature at 30 + O.l~ (X + s). Nominal exposure 
concentrations of 0.0, ~ .5 ,  1.0, and IT5 mg NO2-N/L were chosen to 
produce a graded yet sublethal increase in methemoglobin 
concentration of channel cat f ish  blood (Huey et al .  1980). 
N i t r i t e  concentration was measured with the azo-dye method 
(A.P.H.A. 1975). N i t r i t e  concentrations were maintained to + 0.05 
mg NO2-N/L throughout the 24 h exposure period by addi t ion of 
reagent grade sodium n i t r i t e  or deionized water, as necessary. 
Five f i sh  wi th v i s i b l y  s imi la r  lengths were withdrawn from holding 
for each exposure, and each concentration was repl icated.  

Swimming performance of channel ca t f ish  was evaluated as time ( in 
min) to exhaustion in a rec i r cu la t ing  system designed to produce 
ident ica l  current flow through f i ve  adjacent channels. The 
channels, constructed of p lex ig las ,  were 75 cm long, 6.5 cm wide, 
and had l a te ra l l y  curved bottoms. Plast ic  mesh baff les moderated 
water flow in the channels. During swimming t r i a l s ,  ind iv idua l  
f i sh  were segregated in the downstream 30 cm section of each 
channel by a p las t ic  mesh baf f le  at the f ront  and an e l e c t r i f i e d  
gr id  at the downstream end. The gr id was charged during tes t ing  
wi th 6V D.C. from a Grass $9 st imulator .  A 1.5 horsepower 220V 
A.C. centr i fugal  pump moved water from a 170 L reservo i r  tank to 
the swim channels, which drained back into the tank. Water flow 
into channels was control led with valves in the pipes at the head 
of each channel. A single movable p lex ig las vane behind the 
channels control led back pressure and thus outf low. Water depth 
in channels was maintained at 6 cm. Current ve loc i ty  was measured 
in cm/sec before and af ter  swimming tests by counting RPM's of a 
50 cm circumference paddle wheel. 

Upon completion of a pa r t i cu la r  24 h exposure, the f i ve  f i sh  from 
that  exposure were introduced one each to the swimming channels. 
I n i t i a l l y  water flow was 12.5 + 0.5 cm/sec (X+ s) ,  or equivalent 
to about 1.2 body lengths per--second. Five mTnutes were allowed 
for  f i sh  to become fami l i a r  with the i r  channels and to or ient  to 
the current.  During the next 5 min, current was increased at i 
min in terva ls  to a maximum ve loc i ty  of 37.3 + 2.5 cm/sec, or about 
3.5 body lengths per second, in a l l  channels. When a f i sh  no 
longer avoided the e l e c t r i f i e d  gr id at the downstream end of i t s  
channel, swim time (from introduct ion) was recorded and the f i sh  
was removed. Blood col lected from the severed caudal peduncle was 
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then analyzed for hemoglobin and methemoglobin with methods of 
Hainline (1958) and Evelyn and Malloy (1938), respectively. 
Dissolved oxygen (+ 0.05 mg 02/I ) and tem#erature (+ ivC) were 
measured in test  w~ter before and after each t r i a l  ~ i th  a D.O. 
meter (Rexnord Instrument Co.). 

The relat ionships between n i t r i t e  exposure, percent methemoglobin 
(% MHb), and time of channel catf ish were described with least 
squares l inear regression. Because Shapiro and Wilk's W s t a t i s t i c  
indicated data were normally d is t r ibuted (~=0.01; Zar 1974) and 
Bar t l e t t ' s  test found suf f ic ient  homoscedasticity (~:0.001; S.A.S. 
1982), for parametric test ing differences in mean swim time and % 
MHb of the various exposure groups were also analyzed by analysis 
of variance (ANOVA) and Duncan's mult iple range test  (Zar 1974). 
All analyses were conducted with Sta t is t ica l  Analysis System 
procedures (S.A.S. 1982). 

RESULTS AND DISCUSSION 

Fish usually encountered the e lec t r i f i ed  grid at the downstream 
end of the i r  channels soon af ter they were placed in the 
apparatus, and avoided i t  thereafter unt i l  they approached 
exhaustion. Tail beat frequency was usually constant, yet many 
test  f ish occasionally used "burst and coast" swimming, especial ly 
as they neared the test  endpoint. A single f ish from the 1.5 mg 
NO2-N/L exposure was into lerant  of any increase in current 
veloci ty above the i n i t i a l  12.5 cm/sec, and no catf ish from ei ther 
of the highest exposures swam against the maximum rate of 37.3 
cm/sec for more than I min ( I I  minutes af ter introduct ion).  
Although four unexposed catf ish exhibited a simi lar i nab i l i t y  to 
swim against currents exceeding three body lengths/sec, four other 
control f ish swam for more than I h af ter introduct ion. The 
longest post- introduct ion swim !ime recorded was 77 min, and the 
control mean was 40 + 30 min (X + s). Channel catf ish from the 
0.5 mg NO2-N/L exposure had swTm times intermediate between 
controls and higher exposures. No f ish died before i t s  blood was 
collected. Water temperature during swimming tests averaged 28 + 
l~ and dissolved oxygen ranged from 7.5 to 7.9 mg 02/L. 

The percentage of hemoglobin converted to methemoglobin (%MHb) was 
s ign i f i can t ly  correlated (r2=0,64, p<O.O01) to n i t r i t e  
concentration, as expressed in the fol lowing equation: %MHb = 
22.0 + 42.9 (mg NO2-N/L ). Mean %MHb levels in the three n i t r i t e  
exposure groups ranged from 54 to 80%, and were s ign i f i can t ly  
higher than controls (ANOVA F = 32.85, p<O.O01). Furthermore, 
Duncan's mult iple range test  distinguished between %MHb means of 
catf ish from the lowest and highest exposures (Table 1). 

Exposure of channel catf ish to n i t r i t e  s ign i f i cant ly  reduced the i r  
prolonged swimming performance, as best described by a l inear 
regression of the base I0 logarithm of swim time (in minutes) on 
n i t r i t e -N  exposure concentration: LOglO (swim time) = 1.42 - 0.38 
(mg NO -N/L); p<O.O01, r2=0.42, n=40 (Figure I ) .  
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The base ten logarithm of channel catfish swim tim- (~n 
minutes) plotted against 24 h n i t r i t e  exposure. Means, 
+ standard deviation, and sample size (parenthesis) are 
given for each group. 

Table I .  Percent methemoglobin (%MHb) and swim time of channel 
catf ish exposed for 24h to d i f ferent  concentrations of 
n i t r i t e .  Standard deviations are in parenthesis. 
Vertical lines next to percent methemoglobin and swim 
times are Duncan's multiple range test groups (a=O.05). 

mgNO2-N/L n %MHb swim time 
(min) 

O.O 10 13.4 (7.2) I 40 (30) I 
0.5 I0 54.0 (23.7)[ I 20 (15) I 
1.0 I0 69.7 (15 O) [ 9 (I)  
1.5 10 80.2 (15 6) 8 (2) 

Analysis of variance on untransformed mean swim times indicated 
highly s igni f icant differences between means (F = 7.58, p<O.O01), 
yet only the control mean was s igni f icant ly  d i f ferent  according to 
Duncan's test (Table i ) .  

Catfish swim time performance was inversely correlated with 
percent methemoglobin (p<OoO01, r2=0.25, n=40). Notable 
departures from the bes t - f i t  l inear model include a f ish from the 
low exposure which swam for 57 min with 76.8% MHb, and control 
f ish that swam for less than 12 min, yet had MHb levels below 10%. 
No signi f icant correlations were found between swim time and total  
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hemoglobin, standard length, weight, condition factor,  or swim 
channel (~=0.05), probably because test  f ish were selected to be 
simi lar in size. 

Although standardization of a methodology to evaluate f ish 
swimming performance is desirable for comparative purposes, 
var iat ions in f ish size and hypotheses under test  make acceptance 
of a standardized test ing format unl ikely.  Most investigations of 
f ish swimming performance have dealt with effects of major abiot ic 
factors (e.g. ,  oxygen, temperature) during forced ac t i v i t y ,  yet 
others have attempted to quantify sublethal stress in f ish exposed 
to toxic substances. Lemke and Mount (1963) found that 
concentrations of ABS detergent damaging to g i l l s  did not af fect  
b luegi l l  swimming ab i l i t y .  In contrast, Macleod and Smith (1966) 
showed 'that sublethal levels of pulpwood f iber  reduce fathead 
minnow swimming performance. Cr i t ica l  swim speed of rainbow t rout  
was decreased by pr ior  exposure to copper or low pH (Waiwood and 
Beamish 1978). Prolonged swimming performance of f ish has been 
determined most often as c r i t i ca l  swim speed; however, fat igue 
time at a set speed and other methods have also been employed 
(Wedemeyer and McLeay 1981). 

The prolonged swimming ab i l i t y  of unexposed channel catf ish in 
th is study was variable and s l igh t l y  lower than that recorded for 
other s imi lar sized non-scombroid f ish (Blake 1983). A re la t i ve ly  
low swimming stamina is understandable in terms of the inactive 
existence of channel catf ish in lent ic  depths (Mi l ler  and Robison 
1973) and body shape of th is  species. Although mean percent 
methemoglobin of control catf ish was high in th is  invest igat ion,  
the overall re lat ionship between methemoglobin formation and acute 
n i t r i t e  exposure observed here is s imi lar to that reported by 
others (Tomasso et al. 1979; Huey et al.  1980; Huey et al.  1984). 

The reduction in prolonged swimming performance of ni tr i te-exposed 
channel cat f ish is probably due in part to methemoglobin 
formation. Methemoglobin in blood reduces delivery of oxygen to 
t issues by making hemoglobin unavailable for oxygen transport and 
by sh i f t ing  the oxygen dissociat ion curve to the l e f t  (Bodansky 
1951). Such a sh i f t  increases the a f f i n i t y  of hemoglobin for 
oxygen, thereby making i t  less able to unload oxygen to the 
t issues. Channel catf ish with larger percentages of the i r  
hemoglobin oxidized to methemoglobin by n i t r i t e  must rely more 
heavily on anaerobic glycolysis than aerobic metabolism to fuel 
locomotor ac t i v i t y .  Glycolysis, in addition to being only a short 
term energy source for vertebrates, produces lactate as an end 
product. Muscle glycolysis s t i l l  eventually requires oxygen to 
metabolize the toxic lactate af ter i t  is transported to the l iver  
(Bartholomew 1982). Reduced aerobic metabolism of channel catf ish 
with methemoglobinemia should l im i t  prolonged swimming 
performance. The s t a t i s t i c a l l y  s ign i f icant  but low correlat ion 
coef f ic ient  of the equation re lat ing swim time to % MHb, however, 
implies that other factors are also influencing catf ish swimming 
performance. In t raspeci f ic  variat ion in aerobic and anaerobic 
capacity may be among those factors: both Cai l louet (1968) and 
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Scott and Rogers (1981) have noted high va r iab i l i t y  of blood 
glucose and lactate of channel catfish after exposure to hypoxia. 

In conclusion, prolonged swimming performance as measured by swim 
time to exhaustion proved to be a sensitive yet imprecise 
indicator of sublethal n i t r i t e  tox ic i ty  in channel catf ish. In 
spite of the variable performance of f ingerl ings swimming 3.5 
standard body lengths per second, the potential for re la t ive ly  low 
n i t r i t e  concentrations to reduce scope for ac t iv i ty  of channel 
catf ish is apparent. 
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