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toxicity of ammonia to rainbow trout (Salmo gairdneri) resulting from reduced
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The median lethal concentration (LC50) of aqueous ammonia at reduced dissolved
oxygen (D.O.) concentrations was tested in acute toxicity tests with rainbow trout (Salmo
gairdneri) fingerlings. Fifteen 96-h flow-through tests were conducted over the D.O. range
2.6-8.6 mg/L, the former concentration being the lowest at which control fish survived.
There was a positive linear correlation between LC50 (milligrams per litre un-ionized ammo-
nia) and D.O. over the entire D.O. range tested; ammonia toxicity increased as D.O.
decreased. Ammonia LC50 values were also computed for 12, 24, 48, and 72 h; the cor-
relation with D.O. was greater the shorter the time period.
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Nous avons déterminé, au cours d’essais de toxicité aigué avec fingerlings de truite
arc-en-ciel (Salmo gairdneri), la concentration létale médiane (CLS50) de I’ammoniac en
solution aqueuse 2 des concentrations réduites d’oxygéne dissous (0.D.). Quinze essais de
96 h 4 débit continu ont été effectués a des concentrations de O.D. variant de 2,6 4 8,6 mg/L,
la premidre étant la plus faible a laquelle les poissons témoins purent survivre. 1l y a
corrélation linéaire positive entre la CL50 (mg/L d’ammoniac non ionisé) et O.D. sur toute
la gamme de ce demnier testée; la toxicité de 'ammoniac augmente & mesure que O.D.
diminue. Nous avons également calculé la CL50 de I’ammoniac apreés 12, 24, 48 et 72 h; plus
la période est courte et plus forte est la corrélation avec O.D.
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AMMONIA is a common component in the discharges from
sewage treatment plants and many industrial processes.
Reduced dissolved oxygen (D.O.) concentrations are often
associated with ammonia effluents because of other character-
istics of ammonia-containing wastes, e.g. high chemical and
biochemical oxygen demands and elevated temperature. The
interactive effect of ammonia and D.O. is, therefore, an im-
portant consideration with respect to the toxicity of ammonia
to aquatic life.

Severa)] researchers have reported that reduced D.O. con-
centration increases the toxicity of ammonia to fishes
(Wuhrmann 1952; Wuhrmann and Woker 1953; Allan 1955;
Downing and Merkens 1955; Herbert 1956; Merkens and
Downing 1957; Lloyd 1961; Danecker 1964; Vimos and
Tasnadi 1967; Selesi and Vamos 1976; Alabaster et al. 1979)
Results reported are that a decrease in D.O. concentration
(generally 30—50% below saturation) increases the toxicity of
ammonia, that at a given ammonia concentration the degree
of response is correlated to D.O. concentration, that rainbow
trout (Salmo gairdneri) are more sensitive to the combined
effect of reduced D.O. and ammonia than were the other
(nonsalmonid) fishes tested, and that salinity reduces the
acute toxicity of ammonia to rainbow trout under reduced
D.O. conditions. It has also been reported that the effect of
oxygen in increasing the survival time of rainbow trout finger-
lings is greater at low concentrations of ammonia than at high
(Downing and Merkens 1955; Merkens and Downing 1957).

In the present study we conducted a series of fifteen
96-h flow-through toxicity tests to examine the effects of
reduced D.O. concentrations on the acute toxicity of ammonia
to rainbow trout fingerlings. Ammonia toxicity was measured
at different concentrations of D.O. over the range 2.6-8.6
mg/L, and at different time periods. Such an approach has not
been used in previously reported studies. The data were ana-
lyzed to examine (1) the effect of different concentrations of
D.O. on the acute toxicity of ammonia, (2) whether such an
effect varied with time, and (3) whether such an effect was
greater at low than at high ammonia concentrations.

Methods — Test fish were Shasta—Manchester hybrid rain-
bow trout from a single lot of fish obtained from the Bozeman
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(Montana) Fish Cultural Development Center (FCDC), U.S.
Fish & Wildlife Service (F&WS). The tests were conducted
over a 2-mo period when the fish were 4 to 6 mo old. Prior
to testing, the fish were reared in water (Table 1) from a
ground spring located at FCDC: this same water was used for
the test dilution water. During rearing, the fish were fed a
F&WS hatchery production diet (Rangen Inc., Buhl, ID);
they were not fed 3 d prior to, or during, test. Two tests were
conducted at the normal D.O. concentration of the ground
spring water and 13 tests were conducted at reduced D.O.
concentrations. Reduced D.O. concentrations were achieved
by mixing water taken directly from the ground spring source
with water from the ground spring which had been passed
through a degassing system similar to that described by Mount
(1964).

Six tanks (water volume 60 L each) were used for each test,
five test tanks and one control tank. Test water was delivered
to the tanks by either of two methods. In the two tests at the
highest D.O. concenttation (8.6 mg/L), toxicant (reagent
grade ammonium chloride) solution was delivered to the tanks
at a flow rate of 500 mL at 2- to 3-min intervals from propor-
tional diluters having the basic design of Mount and Brungs
(1967); water replacement time in the tanks was ~5 h and full
test toxicant concentration in each tank was effectively reach-
ed within 18 h. In tests at reduced oxygen concentrations,
deoxygenated dilution water was delivered into the tanks

TaBLE 1. Chemical characteristics of the dilution water used in
bioassays (all values are milligrams per litre unless noted otherwise).

Al <1 Ni <0.005
As 0.0012 Pb <0.015
Ca 52 Se 0.00085
Cd <0.005 Zn 0.01
Cr <0.005 Cl- 0.16
Cu 0.007 F~ 0.35
Fe 0.004 PO, 0.05
Hg <0.00005 SO, 17

K 0.82 Total organic carbon 33
Mg 17 SEC, pS 25°C 340
Mn 0.002 Turbidity, NTU [.6
Na 2.5
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TABLE Toxicity of ammonia to rainbow trout under different conditions of dissolved oxygen® (10 fish per tank
in all tests).
Mean fish size D.O. Temp. 96-h LC50 (95% C.1)
Test (mg/L) pH (°C)
No. Wt (g) Length (cm) (range) (range) (range) mg NH;—N/L mg NH,/L
397 1.7 5.7 8.6l 7.79 12.4 42. 0.696
(8.40-8.95) (7.75-7.85) (12.1-12.7) -t —
404 2.3 6.1 8.58 7.80 12.4 47.9 0.812
(8.40-8.90) (7.77-7.87) (11.8-13.1)  (43.3-53.0)  (0.734-0.899)
436 5.7 8.4 7.7 7.80 13.3 42.0 0.763
(7.5-7.9)  (7.76-7.86) (12.9-13.8)  (37.9-46.6)  (0.689-0.846)
444 4.0 7.2 7.57 7.83 12.8 36.5 0.683
(7.40-7.75) (7.76-7.96) (12.6-13.0)  (31.2-42.7)  (0.584-0.800)
437 5.7 8.0 7.37 7.79 12.9 40.9 0.704
(7.10~7.65) (7.75-7.85) (12.7-13.2)  (36.9-45.3)  (0.636-0.780)
430 5.7 8.0 6.60 7.75 12.5 37.0 0.564
(6.50-6.90) (7.70-7.82) (12.3-12.7)  (33.4-40.9)  (0.510-0.624)
426 5.0 7.6 6.57 7.76 12.5 39.1 0.610
(6.35-6.75) (7.73-7.79) (12.2-12.9)  (35.6-42.9)  (0.555-0.670)
420 4.6 7.3 5.66 7.75 12.7 321 0.497
(5.50~5.90) (7.72-7.79) (12.4-13.1)  (30.2-34.0)  (0.468-0.527)
414 3.2 6.5 5.47 7.75 13.0 40.6 0.643
(5.10-5.80) (7.71-7.79) (12.6-13.2) — —
398 1.7 5.6 4.40 7.76 12.5 33.1 0.517
(4.25-4.60) (7.70-7.83) (12.4-12.7)  (30.4-36.1)  (0.474-0.564)
405 2.3 6.2 4.37 7.78 12.4 334 0.541
(4.25-4.55) (7.74-7.84) (12.0-13.0)  (31.8=35.0)  (0.516-0.567)
450 9.4 9.6 3.56 7.87 12.6 23.9 0.482
(3.30-3.95) (7.80-7.95) (12.5-12.7)  (21.6=26.6)  (0.436-0.536)
452 10.1 9.7 3.21 7.79 12.6 23.7 0.399
(2.65-3.45) (7.75-7.86) (12.4-12.9) — —
464 8.8 9.1 2.65 7.92 12.8 4.4 0.330
(2.50-2.85) (7.89-7.96) (12.7-13.0)  (11.8-17.5)  (0.271-0.401)
457 8.2 8.7 2.64 7.89 12.5 15.1 0.316
(2.40-2.95) (7.85-7.95) (12.2-12.9)  (13.3-17.1)  (0.280-0.358)

‘Averages and range of values in all tanks for all tests for other measured water chemistry variables (in milligrams
per litre) were alkalinity (as CaCOs;), 172 (169-176); hardness (as CaCO,), 205 (203-210); NO,-N, 0.00
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(0.00-0.01); and NOs—N, 0.14 (0.06-0.19).

®Confidence intervals not calculable from statistical method used.

under constant pressure through flowmeters (Dwyer Instru-
ment Corp.) at the rate of 100 mL/min. In these tests, toxicant
solution was premixed into the difution water at different rates
for each tank by means of fixed-speed metering pumps
(Barnant Corp.) and water replacement time in the tanks was
~10 h: full test toxicant concentration in each tank was effec-
tively reached within 36 h.

Fish for a given test were selected at random 2-2.5 d prior
to the start of the test, weighed collectively, and distributed
(10 per tank) at random among the tanks. The D.O. concen-
tration of the tank water into which the fish were placed was
8-9 mg/L. This water was then gradually replaced by water
at the test D.O. concentration over the next 18—36 h: test
D.O. concentration was effectively reached 0.5—1 d before
introduction of toxicant. D.O. and flow rates for each tank
were measured at least twice each day thereafter and flow
rates were adjusted if needed. The lowest D.O. test completed
was 2.6 mg/L, this being the lowest concentration at which
90% or more of the control fish survived. Measurements of
fish for total length were taken as dead fish were removed
from the tanks during each test or at the conclusion of each
test.

Chemical analyses were performed on water in the test
tanks using the following methods. Total ammonia—nitrogen
(NH3—N) was determined three or four times in each tank for
each test (beginning on day 2) using the nesslerization method
from APHA et al. (1976). Un-ionized ammonia (NH;) con-
centrations were calculated from total ammonia concen-
trations in the individual test tanks using the formulas of
Emerson et al. (1975) and the table of Thurston et al. (1979).
Oxygen was measured using a Yellow Springs Instrument
model 54 D.O. meter, temperature using a calibrated mercury
thermometer, and pH with a Beckman Phasar-1 digital meter.
These measurements were taken each time total ammonia was
measured. Average pH values were obtained by use of a
computer program which converted each measurement to
the hydrogen ion concentration, averaged these, then recon-
verted the average to pH units. Alkalinity, hardness,
nitrate—nitrogen (NO;—~N), and nitrite—nitrogen (NO,-N)
were determined at least once in each tank for each test
according to standard analytical procedures (APHA et al.
1976. U.S. EPA 1974). Colorimetric measurements were
made using a Varian 635 ultraviolet—visible spectrophoto-
meter.
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Fig. 1. Ammonia toxicity curves for 96-h bioassays on rainbow trout at different concentrations of

dissolved oxygen.

Mortality observations were made at 4- to 8-h intervals
during the first 24 h of each test and at 6- to 12-h intervals
during the next 72 h. The median lethal concentrations
(LC50) and their 95% confidence intervals were calculated for
each test from the average NH;—~N and NH; values for each
tank using the trimmed Spearman—Karber method (Hamilton
et al. 1977). Toxicity curves were computer-generated using
LC50 and time values for each time of mortality observation
(=12 per test).

The 96-h LC50 (as milligrams NH- per litre) and D.O.
(milligrams per litre) data were subjected to statistical cor-
relation calculations. LC50 and In (LC50) were both exam-
ined for possible correlations with D.O. concentration (in-
cluding In (D.O.) and (D.0.)"). Because weight and length
are always highly correlated (estimated correlation >0.95),
and because weight is usually more highly correlated with
LC50 than is length, we considered only weight as a possible
covariable and calculated partial correlations for the 96-h
LC50/D.0. data, holding fish weight constant. The cor-
relations of D.0. vs. LC50 for the time periods of 12, 24, 48,
72, and 96 h were also compared to examine whether the
effect of reduced oxygen concentration on ammonia toxicity
was affected by duration of exposure. Finally, we examined
our data to determine whether there was any evidence in our
experiments of a greater effect of D.O. on survival time at low
than at high concentrations of NH;. For each test (each differ-
ent D.O. concentration), the number of mortalities at 96 h for
each of the five ammonia test tank concentrations was tabu-
lated. The following linear relationship was assumed:

p = Bot BiIn(NHz) + B 1n(D.OY
+ Bz In (NH3) In (D.O))

where p = proportion mortality at 96 h, NH; = concentration

of un-ionized ammonia in milligrams per litre, and D.O. =
concentration of dissolved oxygen in milligrams per litre. The
term B, In (NH5) In (D.0.) is the interaction effect between
NH; and D.O.

The hypothesis that D.O. concentration has a greater effect
at low NH; concentration than at high can be restated as the
hypothesis that B2, the coefficient on the interaction term, is
strictly positive; one expects {3, to be negative. Therefore, the
procedure used was to run a weighted linear regression of
pon In (NH5), In (D.0.), and the product In (NH.) In (D.O.}.
test whether the coefficient . is significantly different from
zero, and. if so, if it is positive. For completeness two other
models to equalize variance were used (Snedecor and Cochran
1967); one of these involved arcsin transformation and the
other logit transformation.

Results and discussion — Ninety-six-hour LCS0 values
(with 95% confidence intervals) under different conditions of
D.O. are reported (Table 2) in terms of both NH;—N and NH;,
Fish size and water measurements for D.O.. pH, and tem-
perature for each test are also reported (Table 2), as are
summaries of the measured water chemistry variables consid-
ered not to have affected test results. There was one control
mortality during one of the tests at the lowest D.O. level
tested (test 464); there were no contro] mortalities in the other
tests. Toxicity curves in terms of NH; are presented in Fig. L.
Most of the toxicity curves plateau by 4 d, giving asymptotic
LC50 values ranging from 0.32 to 0.81 mg NH; per litre.

There was a strong positive correlation between D.O.
(milligrams per litre) and LCS0 (milligrams NH; per litre); as
D.O. concentration decreased, NH; toxicity increased. The
linear relationship between 96-h LC50 and D.O. concen-
tration is illustrated in Fig. 2. The estimated correlation coef-
ficient is 0.9346 (P = 0.00001; the estimated regression line
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is LC50 = 0.1903 + 0.06712 (D.O.)). The highest estimated
correlation of those calculated was between In (LC50) and In
(D.O.) and equalled 0.9471 (P = 0.00001). The estimated
partial correlation between In (LC50) and In (D.O.) holding
weight fixed was 0.9064 (P < 0.01).

Analysis of the data to compare the D.O. vs. LC50 cor-
relations at 12, 24, 48, 72, and 96 h showed a very clear trend
(Fig. 3); the shorter the time period, the more pronounced the
positive relationship between LCS50 and D.O. concentration
(P < 0.0001). This trend suggests at least two possibilities:
either individual fish that require higher oxygen concen-
trations succumb early in the tests and/or those fish that do
survive become increasingly acclimated to the ammonia and
oxygen test conditions as time progresses.
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To test the hypothesis that the magnitude of the effect of
reduced D.O. on ammonia toxicity is greater at low than at
high concentrations of NH;, we used both complete and trun-
cated data sets. Analyzing the complete data set, using
weighted linear regression, gives the following estimated
model:

p = 1.86 + 0.734 In (NH;) ~ 0.493 In (D.O.)
+ 0.031 In (NH3) In (D.O.).

The estimated coefficient of the interaction term is then
B,z =0.031. The coefficients on In (NH;) and In (D.O.) are
both significant (with P values of 0.000 and 0.002, re-
spectively) but the coefficient for the interaction is not signifi-
cantly different from zero (P = 0.818). Therefore, there is no
evidence of any interaction between NH; concentration and
D.O.

The truncated set consisted of only those treatments in
which mortality was greater than 0% and less than 100%. The
reasoning behind this truncation is that if no fish die at a low
concentration of NH; coupled with a low level of D.O., no
fish should die as the level of D.O. increases. Similarly, if all
fish die at a high concentration of NH; coupled with a high
level of D.O., there should still be 100% mortality as the level
of D.O. decreases. When the truncated data set was used to
run a weighted regression of p vs. In (NHs), In (D.O.). and
the product, all three coefficients were significant; there was
a significant positive interaction (P = 0.006) and the hypoth-
esis is accepted. This is a contradiction of the previous result.
The analyses using arcsin transformation and logit trans-
formation also yielded results that were not conclusive.

The discrepancy in results between using a complete data
set and a truncated data set may be due to the inadequacy of
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Effect of dissolved oxygen on the acute toxicity of ammonia to rainbow trout: LC50 vs. D.O.
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the model to describe mortality behavior at the extreme values
of p (0 or 1). The model may be more appropriate for the
truncated data set, because this set was limited to those data
covering the range wherein a change in concentration of D.O.
and/or NH; had an effect on mortality. It would be unwise to
draw any conclusions about interaction between NH; concen-
tration and D.O. from only these data; future research should
further address the question of interaction and a more com-
plete model should be considered. one which might better
handle the method of determining the region of D.O. and NH;
values of interest.

Independent of conclusions from the preceding data anal-
ysis, the 96-h LCS50 values are more often reached earlier in
the tests at low D.O. concentrations than at high. This point
is illustrated both by the 96-h toxicity curves (Fig. 1) and by
the differences in slope of the regression lines (Fig. 3); the
longer the time period, the less the slope.

The U.S. Environmental Protection Agency (1977) has
recommended a minimum concentration of 5.0 mg D.O. per
litre to maintain good freshwater fish populations. Our results
show that any reduction in D.O., below the highest tested,
reduced the tolerance of rainbow trout fingerlings to acutely
toxic concentrations of ammonia; the estimated tolerance at
5.0 mg D.O. per litre is 30% less than that at 8.5 mg D.O. per
litre. We recommend that water quality standards for D.O. in
cold-water fish environments take into consideration back-
ground concentrations of ammonia which may be present and
the likelihood of temporary increases in those concentrations.

Acknowledgments — This research was funded by the U.S. Envi-
ronmental Protection Agency, Environmental Research Laboratory-
Duluth, Research grants No. R800861 and R803950. Charles
Chakoumakos and Kenneth Wang assisted with water chemistry
analyses. Special thanks are due Larry Herman for assistance in the
design of the degassing system and Georgia J. Ziemba for confirming
certain of the data analyses. Kenneth E. F. Hokanson and Donald 1.
Mount offered helpful comments during the course of this research
and David J. Randall and William A. Spoor during preparation of the
manuscript.

ALABASTER, J. S.. D. G. SHurBeN, AND G. KNowLES. 1979, The
effect of dissolved oxygen and salinity on the toxicity of ammo-
nia to smolts of salmon, Salmo salar 1.. }. Fish Biol.
15: 705-712.

ALLAN, R. H. 1955, Effects of pollution on fisheries. Verh. Int.
Verein. Limnol. 12: 804-810.

AMERICAN PUBLIC HEALTH ASSOCIATION, AMERICAN WATER WORKS
ASSOCIATION, AND WATER POLLUTION CONTROL FEDERATION.
1976. Standard methods for the examination of water and waste-
water. 14th ed. American Public Health Association, Washing-
ton, DC. 1193 p.

DaNECKER, E. 1964. Die Jauchevergiftung von Fischen — eine Am-
moniakvergiftung. [ The jauche poisoning of fish — an ammonia
poisoning.] Osterreichs Fisch. 3/4: 55-68. (In English trans-
lation)

CAN. J. FISH. AQUAT. SCI., VOL. 38, 198!

DownING, K. M.. aNp J. C. MERKENS. 1955. The influence of
dissolved-oxygen concentration on the toxicity of un-ionized
ammonia to rainbow trout (Sa/mo gairdnerii Richardson). Ann.
Appl. Biol. 43: 243-246.

EMersoN, K., R. C. Russo, R. E. LunD, AND R. V. THURSTON.
1975. Aqueous ammonia equilibrium calculations: effect of pH
and temperature. J. Fish. Res. Board Can. 32: 2379-2383.

HAMILTON, M. A.. R. C. Russo, aND R. V. THURSTON. 1977.
Trimmed Spearman—Karber method for estimating median le-
thal concentrations in toxicity bioassays. Environ. Sci. Technol.
{1: 714—719. Correction — Environ. Sci. Technol. 12: 417
(1978).

HERBERT, D. W. M. 1956. La toxicité d’un effluent d’eau d’¢gout.
[Toxicity of a sewage effluent.] Bull. Cent. Belge Etud. Doc.
Eaux 32: 115-120. (In English translation)

LLovyp, R. 1961. Effects of dissolved oxygen concentrations on the
toxicity of several poisons to rainbow trout (Salmo gairdnerii
Richardson). J. Exp. Biol. 38: 447-455.

MERKENS. J. C., aND K, M. DowNING. 1957. The effect of tension
of dissolved oxygen on the toxicity of un-ionized ammonia to
several species of fish. Ann. Appl. Biol. 45: 521--527.

MounTt, D. 1. 1964. Additional information on a system for control-
ling the dissolved oxygen content of water. Trans. Am. Fish.
Soc. 93: 100-103.

MounT, D. L., AND W. A. BRUNGS. 1967. A simplified dosing appa-
ratus for fish toxicology studies. Water Res. 1: 21-29.

SELESE, D., aND R. VAMOS. 1976, Faktori koji uticu na letalnu kon-
centraciju amonijaka u ribnjacima. [Factors affecting the lethal
concentration of ammonia in fish ponds.] Ichthyologia
(Sarajeva) 8: 115—121. (In English translation)

SNEDECOR, G. W., AND W. G. COCHRAN. 1967. Statistical methods.
fowa State University Press, Ames, IA. 593 p.

THursTON, R. V.. R. C. Russo, anDp K. EMERsON. 1979, Aqueous
ammonia equilibrium—tabulation of percent un-ionized ammo-
nia. EPA Ecol. Res. Ser. EPA-600/3-79-091. U.S. Environ-
mental Protection Agency, Office of Research and Devel-
opment, Environmental Research Laboratory-Duluth, Duluth,
MN. 427 p.

U.S. ENVIRONMENTAL PROTECTION AGENCY (U.S. EPA). 1974. Meth-
ods for chemical analysis of water and wastes. EPA-625/6-74-
003. U.S. Environmental Protection Agency, Washington, DC.

1977. Quality criteria for water. Office of Water and
Hazardous Materials, U.S. Environmental Protection Agency.
Washington, DC. 256 p.

VAMos, R.. AND R. TASNADI. 1967. Ammonia poisoning in carp. 3.
The oxygen content as a factor influencing the toxic limit of
ammonia. Acta Biol. (Szeged) 13(3—4): 99-105.

WUHRMANN, K. 1952. Sur quelques principes de la toxicologie du
poisson. [Concerning some principles of the toxicology of fish. ]
Bull. Cent. Belge Etud. Doc. Eaux 15: 49—60. (In English
translation)

WUHRMANN, K., aND H. WokER. 1953. Uber die Giftwirkungen von
Ammoniak- und Zyanidldsungen mit verschiedener Sau-
erstoffspannung und Temperatur auf Fische. [On the toxic ef-
fects of ammonia and cyanide solutions on fish at different
oxygen tensions and temperatures.] Schweiz. Z. Hydrol. 15:
235-260. (In English translation)



