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Reprinted from Proceedings of the N.Z. Ecological Society No. 10 1963.

LIMNOLOGICAL CONDITIONS AND GROWTH OF TROUT 
IN THREE LAKES NEAR ROTORUA 

G.R. FISH
Marine Department, Rotorua

Introduction

A small group of lakes near Rotorua has 
been the subject of research by the Marine 
Department for a number of years to deter
mine the rate of growth or the resident 
rainbow trout (Salmo gairdnerii) (Smith 
1959) and the effect of increasing these 
trout populations by artificial stocking 
with hatchery-reared fingerlings. As a re
sult, fish size in some lakes has been notice
ably reduced in recent years. It has been 
shown elsewhere that the quality of the 
water in a lake has an important effect 
upon the fish present (Hasler 1947). Some 
factors affecting water quality were there
fore examined during the summer of 1962 
in lakes Okataina, Ngapouri and Okaro. 
These data are correlated with others re
lating to those trout present which were 
over 20 cm. long (smaller fish are caught 
neither-by anglers nor by the gill nets 
used in research).

The shores and catchment of Lake Oka
taina have not yet been subject to any ex
tensive commercial development and are 
still covered by dense native bush. The 
lake is large (2450 acres, shoreline 17.5 
miles), deep (270 ft. maximum) and well 
known for the excellence of its trout 
fishery.

Lake Ngapouri is in the high country 
near the thermal region at Waiotapu. Al
though smaller than Okataina (54 acres, 
shoreline 1.5 miles), it is relatively deep (88 
ft. maximum). The clearing of the native 
bush from the area was begun in 1952 and 
the catchment is now wholly pasture land. 
During this period the fertility of the 
cleared land has been increased by regular 
aerial top-dressing. Although the lake has 
supported a large population of trout for 
many years, it is not popular with anglers 
because access is difficult.

Lake Okaro is similar to Ngapouri in 
size (80 acres, shoreline 1.5 miles) but

shallower (52 ft. maximum). Its catchment 
consists mainly of well developed farm
land and it is a popular resort for angling 
and water-skiing.

None of these lakes have large inflows 
or outflows, surface drainage and seepage 
being apparently the most important agents 
controlling the water level in the lakes.

Water Temperature

The temperature of the water at a fixed 
station in each lake was measured at fre
quent intervals from January until June, 
1962. The data are plotted in Figure 1.

All the lakes were thermally stratified 
in January. Although this stratification was 
retained for the greater part of the period, 
seasonal cooling is evident from the end 
of January. The progress of the increase 
in depth of the epilimnion is remarkably 
similar in all the lakes. Ngapouri is exposed 
to cold south winds and this may account for 
its cool waters compared with the others. 
It can be seen that the surface areas of the 
lakes largely determine the depths of their 
thermoclines and that their relative volumes 
influence the dates of overturn in the autumn. 
The data show that large masses of cool 
water are apparently isolated for long 
periods in the lower depths of the lakes. 
Up to the end of April, mixing was only 
evident down to a depth of about 24 m. 
in Okataina and to 11 m. in both Ngapouri 
and Okaro. Although 1962 was notable for 
gales and high rainfall, in none of the lakes 
was the water completely mixed before 
mid-June.

Dissolved Oxygen

In Okataina, the oxygen content of the 
water exceeded 7 p.p.m. at nearly all depths 
throughout the summer. The lowest con
centration recorded was 6.6 p.p.m. in the

Fisheries Laboratory Publication No. 58.
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Fi s h : Growth of Trout

bottom water for a brief period at the 
end of May. For the most part, the oxygen 
content at all depths was 8 to 10 p.p.m.

In Ngapouri, the only water with an 
oxygen content above 1 p.p.m. was the sur
face layer of 7 m. in January and 8 m. at 
the end of February (Fig. 1). Oxygenated 
water followed the thermocline which in
creased steadily in depth throughout the 
summer and by the middle of May there 
were about 13 m. of fairly well oxygenated 
water in the epilimnion. It is significant 
that, even in June, when thermal stratifi
cation was completely broken down, the 
oxygen content of the whole water column 
was less than 8 p.p.m.

Conditions were not as severe in Okaro 
although the hypolimnion became signific- 
cantly deoxygenated for 9 m. up from the 
bottom during the first three months of 
the year (Fig. 1). During this period, the 
bottom four metres of water contained less 
than 1.0 p.p.m. of oxygen.

Low levels of dissolved oxygen in the 
hypolimnion not only create a direct poten
tial danger to trout but also seriously limit 
the overall production of bottom food or
ganisms. Such conditions are associated 
with algal blooms, especially in summer. 
At these times, it is intensely dark even a 
few feet below the surface. This factor is 
likely to favour the demersal prey of the 
trout.

Primary Production

None of the lakes contained large 
growths of water weed, probably because, 
as a result of their volcanic origin, they 
are all relatively deep. Rooted aquatic 
plants did occur in shallow bays, especially 
in Okataina, but phytoplankton formed 
the main source of primary production in 
all the lakes. Some idea of the relative 
density of growth was obtained in January. 
The depth at which a Secchi disc disappeared 
from view was 13.0 m. in Okataina, 4.0 m. 
in Ngapouri and 3.6 m. in Okaro.

The diurnal fluctuations in total dissolved 
oxygen content of the water column in 
Okataina and Ngapouri on 15-17 January

12 6pm 12 6 a.m. 12

Figure 2. Diurnal fluctuations in total dis
solved oxygen per sq. metre in lakes 
Okataina and Ngapouri.

are shown in Figure 2. Unfortunately, the 
series for Okaro was interrupted after 
three readings had been taken. At this 
time, when the spring bloom of phyto
plankton was still active, the oxygen con
tent of the 42 m. water column in Okataina 
varied from about 370 to 387 g./sq. m. 
During the period of 24 hours, production 
in the entire water column was equivalent 
to 18 g. oxygen per sq. m. (Fish, 1958) or 
0.43 g./cu. m. The similar series in Nga
pouri showed a fluctuation in the 24 m. 
water column of 20 g. oxygen per sq. m. 
or 0.83 g./cu. m., which was nearly double 
that in the larger lake. As summer pro
gressed, the size of the standing crop of 
phytoplankon was expected to fall con
siderably and, during the period 12-20 
February, the daily production was found 
to be equivalent to only 0.19 g. oxygen/cu. 
m. in Okaro and 0.071 g./cu.m. in Okataina.

Trout Growth

A precise number of hatchery-reared 
trout fingerlings about 14 cm. long are 
stocked into these lakes each year. Before 
release, the fish are measured and tagged. 
When these tagged fish are recaptured
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later, their age is known and their growth 
serves as an index of the growth of the 
whole population of trout in that parti
cular lake. No evidence of any adverse ef
fect of the tags on the fish was found from 
an examination of the catches from lakes 
supporting both a natural and an intro
duced trout population. Satisfactory num
bers of tagged fish were recaptured by rou
tine gill-netting from Ngapouri (311) and 
Okaro (83). Since only 47 recaptures were 
made in this way from Okataina, a further 
48 tagged fish recorded by anglers have 
been studied. These data show that a de
finite and individual pattern of growth oc
curs in each lake.

Figure 3. The growth increment of tagged 
trout fingerlings during the period 1959-  
1962 in lakes Okataina, Okaro and Ngapouri.

In all the lakes, the trout continue to 
grow until maturity, after which growth 
rates diminish considerably. This trait 
seems particularly characteristic of rainbow 
trout (Allen 1962). The rate of growth is

slowest in Ngapouri and the total increase 
in growth was calculated from the data 
above for each of the three lakes. The 
growth curves can be reasonably well de
scribed by an equation of the von Berta- 
lanffy type as written by Beverton and Holt 
(1957), i.e. Lt = Loo (1 — e~Kt), where Lt, in 
the present instance, is the increment in 
growth after liberation, t is the time in 
in months and L00 is the asymptotic incre
ment. K was estimated by the first approxi
mation method given by Stevens (1951) and 
L00 was obtained from a linear regression 
through the origin between (1 — e“ Kt) and 
Lt. The equations obtained for the three 
lakes w ere:

Lt =  48.9 (1 — e—0 094t) for Okataina,
Lt = 31.0 (1 — e—0150t) for Okaro,
Lt = 23.2 (1 — e—0 094t) for Ngapouri.
The results are shown in Figure 3.

Distribution of Trout

A large proportion of the animals sought 
by trout for food are found in moderately 
shallow water and often near the shoreline. 
The winter spawning of trout is also 
limited, as far as is known, to shallow 
waters. It is here that angling for trout is 
most successful and the - routine* - nettings 
in the three lakes were made with one end 
of the net secured to the shore. On oc
casions, nets have been set some distance 
offshore but the catch was always much 
smaller. The inshore and offshore catches 
in Ngapouri, Okaro and Okataina during 
the 1961-62 summer were 35 and 4, 33 and 
1, and 54 and 7 respectively. The fish caught 
offshore were only in the surface nets in 
the two lakes with a deoxygenated hypo- 
limnion, whilst, of the 7 caught in Oka
taina, 6 were from bottom nets and only 
one from the surface. During the succeed
ing winter, proportionally more fish were 
found offshore. In Okataina, 6 nets offshore 
caught 25 fish and 3 nets inshore caught 
79; but all the offshore fish were caught 
in surface nets, none in nets set on the 
bottom. Similarly, negligible catches were 
made by bottom nets set in the deep 
waters of Ngapouri and Okaro although 
these waters were well oxygenated at this 
time. The deeper waters are probably of 
value to trout during the summer if cool 
and well oxygenated but the evidence here 
indicates that, at all times, the greatest



Fi s h : Growth of Trout

activity is in the shallower waters bound
ing the lakes.

This conclusion is supported by those 
of other limnologists. Rawson (1955) con
sidered the fish production in a number 
of Canadian lakes and showed that depth 
rather than area controlled production. 
Similar findings were made from lake and 
pond surveys by Benson (1961) and Newell 
(I960). These data show that the major 
contribution to the total fish production 
in a lake is made by its shallow littoral 
regions and this is particularly true for 
rainbow trout which is typically a fluvial 
species.

Relative Densities and N umbers of Trout

Netting operations during 1960 and 1961 
were carried out using the same fleet of 
gill nets, set for a single night at the same 
place in each of the three lakes. The total 
catch from these nets in each lake (Table 
1) shows that roughly equal numbers of 
fish were caught in Okataina and Ngapouri 
and about half as many in Okaro. Such data, 
from operations which are standardised as 
far as possible, can indicate the approximate 
density of the population in different lakes 
(e.g. Smith 1959). However, owing to 
certain changes in the netting operations 
during the last two years, further data

Table 1. Total fish catches from netting 
operations using the same gill net fleet at 

standard positions in each lake
Okataina Ngapouri Okaro

Winter 1960 w  63 61 29
Summer 1961 35 41 13
Winter 1961 —    92 65 33

concerning fish numbers are confined to 
the proportion of tagged fish in each catch. 
A crude calculation of proportionality, even 
if refined by a correction for the probable 
annual mortality rate in the population of 
33% (Smith 1959), is unlikely to produce 
a reliable quotient except within very wide 
limits. However, such figures are presented 
in Table 2, more to enable a rough com
parison to be made of densities of fish in 
the various lakes than for their absolute 
value. As indicated above, the length of 
shoreline rather than the total area or 
volume of water is likely to be the most

important factor controlling the density 
of fish supported by a deep lake. This 
conclusion was also reached by Smith 
(1959) from a study of gill net catches in 
these lakes over a number of years. He 
found that population estimates based on 
shoreline length formed a more reliable 
index than numbers per unit area. In Table 
2, therefore, the number of fish per mile 
of shoreline is used as the basis for com
parison. These figures show that the density 
of fish in Ngapouri and Okataina is of the 
same order whilst that in Okaro is rather 
smaller.

Fis h  S ize

Totals of 512, 401 and 146 fish have been 
caught and measured from lakes Ngapouri, 
Okataina and Okaro respectively. The 
length/weight relationship of all these fish 
was similar on the whole although those 
from the two more fertile lakes tended to 
be lighter for their length than those from 
the oligotrophic lake, Okataina. The approxi
mate average ratios between the weight 
(grams) and the cube of the length (cm.) 
were 0.0117, 0.0125 and 0.0132 for Ngapouri, 
Okaro and Okataina respectively. These 
correspond to condition factors in units of 
pounds and inches of 42, 44 and 49 respec
tively. These factors are in the reverse 
order to those of primary productivity.

The average weight of a fish caught in 
Ngapouri, Okaro and Okataina was 0.7, 1.6 
and 3.7 lbs. and these figures have been 
used in Table 3 in conjunction with the 
mean population estimates to discover the 
relative weight of the fish stock in these 
lakes. The weight of stock per acre is 
higher in Okataina than in Okaro but equiva
lent to that in Ngapouri. This conclusion 
is doubtful jn view of the similarity of the 
two smaller lakes both in their excessive 
fertility and growth rates of trout. How
ever, it has been shown above that the 
littoral regions of a lake are of major 
importance as far as the trout population 
are concerned. Therefore, the weight of 
fish is also expressed in terms of shoreline. 
These data now form a logical sequence 
according to the quality of the environment 
provided. Ngapouri and Okaro have a 
similar and low productivity. Both these 
lakes have poorly oxygenated water and it 
is probable that the weight of stock of 700-
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Table 2. Population and density estimates based on the recapture of tagged fish in gill
net catches made in each lake.

Da\[e Okatainaof
netting Population Fish/mile
April 1960 14,000
March 1961 
Sept. 1961 20,000
Feb. 1962 8,000
July 1962 13,000

800

1,140
500
740

Ngapouri
Population

2,400
1,600
1,800
1,600

600

Fish/mile
1,500
1,000
1,100
1,000

400

Okaro
Population Fish/mile 

1,200 800

600 440
400 270
630 420

N ote: In March 1961, only one tagged fish was found in the catch from Okataina and the 
whole catch only totalled 1J from Okaro. These data were insufficient for population 
estimation.

800 lbs. of fish per mile is near the maximum 
possible. As a result, the higher density 
of fish in Ngapouri is naturally balanced 
by their lower weight and smaller size. The 
environment for trout in Okataina is more 
suited to this species and so the stock in 
this lake is correspondingly higher.

Discussion

The biology of any lake is largely con
trolled by the rate of supply of nutrient 
material from its catchment. Drainage into 
Okataina passes through an area of un
disturbed and thick bush which is unlikely 
to supply more than a minimum of useful 
dissolved salts to the lake. The farmland 
surrounding Okaro and Ngapouri, on the 
other hand, undoubtedly supplies a con
siderable amount of fertilizing material to 
the lakes. Sewage from farm animals is 
far stronger than even domestic sewage 
(Anon. 1962) and extensive topdressing with 
superphosphates applied to the pastures 
ensures an ample supply of nutrients for 
utilization in these lakes. Regular analyses 
of these waters during 1962 showed the 
presence of up to 0.2 p.p.m. of free phos
phate, especially in the hypolimnion of the 
two lakes. The stimulating effect of phos
phate is well known (Mortimer 1954) and 
so the higher primary production in Nga
pouri and Okaro compared with Okataina 
is understandable.

Greater primary production may lead to 
an increased supply of bottom fauna and

other potential trout food (Brook and 
Holden 1952) but at the cost of increased 
oxygen consumption in the water. In deep 
lakes, this usually leads to suboptimal 
conditions of aeration for trout. Trout 
avoid severely reduced and lethal oxygen 
concentrations (Whitmore et al. 1960) but 
little is known about the effects of only 
moderate oxygen concentrations over long 
periods. These could hardly be favourable, 
however, for Davidson et al. (1959) found 
growth of certain Salmonidae was depressed 
when exposed to 6.0 p.p.m. of dissolved 
oxygen over a period of 20 days.

Although there is evidence that the 
environment for trout is somewhat more 
favourable in Okaro than Ngapouri, the 
difference in fish size between these two 
lakes is probably due to differences in popula
tion density (e.g. Allen 1962). But the 
difference in the trout population between 
these two lakes and Okataina is difficult to 
understand in terms of the concept of 
production per unit area. This concept 
is applicable where conditions are fairly 
uniform as in a shallow lake or fish pond 
but such cannot be so in a deep lake or even 
in a shallow one if deoxygenated water 
covers the bottom mud as in certain dys
trophic lakes with swampland inflows. How
ever, water conditions are usually uniform 
in the shallow littoral regions of lakes 
regardless of their depth, except for the 
short lengths where inflows or outflows 
exist. In the present instance, therefore,

Table 3. Estimates of the mean total population weight, and density per acre of total
area and per mile of shore.

Mean Population Total weight lbs. fish [acre lbs. fish/mile
Okataina ...... ...... 13,900 52,000 21.1 4,400
Okaro .............  720 1,150 14.5 771
Ngapouri ...... __ 1,500 1,050 20.8 700
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the data on trout are related to the length 
of shoreline for comparative purposes and 
it has been shown that, whilst the density 
of fish in Okataina is similar or higher than 
that in Ngapouri or Okaro, fish size and 
growth are much greater. The absolute 
sizes of the lakes concerned may be 
important in controlling the growth of the 
resident fish. However, fish culture experi
ments, using Tilapia reared in ponds similar 
in all respects except size, have shown that 
only ponds smaller than half an acre 
restrict the size of the fish (Anon. 1960). 
In addition, trout culture work generally 
has shown that large fish can be reared in 
relatively small ponds. Apparently, there
fore, thè size of the lakes in the present 
instance is unlikely to be important in 
controlling the growth of fish. The relative 
degree of eutrophication in these lakes, 
however, does explain the fact that the 
trout grow more rapidly in Okataina than 
in both Ngapouri and Okaro.

Acknowledgment

I am indebted to Mr. H. S. Fairbum 
(Forestry Research Institute, Rotorua) for 
the statistical treatment of the data which 
enabled figure 3 to be constructed.

Summary

Lakes Okaro and Ngapouri have a higher 
primary production and a lower dissolved 
oxygen content than Lake Okataina. In 
addition, the density of the trout population 
is approximately the same or lower than in 
Lake Okataina. On the other hand, the 
rate of growth is higher and the ultimate 
size of adult trout is considerably larger 
in Okataina than in Ngapouri or Okaro.

The observations are correlated to show 
that eutrophication, resulting from develop

ment of farmland in the catchment, has
produced an inferior environment for trout
in Lakes Okaro and Ngapouri.
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ABSTRACT

Groups of four trout (Salmo gairdneri Richardson) and four bluegills 

(Lepomis macrochirus Rafinesque) were acclimated at 15» 18» 20, 21, 22 

and 2b° C and feeding competition was assessed by two methods. One method 

involved feeding 3-5$ of the combined wet body weight for that group and 

recording the number of food units captured by each species. The percent 

food capture over time was plotted using an iterative best-fit probit
V,analysis and an estimate of the temperature at which both species captured 

50$ of the food was made at 22.5° C with 95$ confidence limits at 22.0 and 

23.1° C. The other method of testing involved feeding the group to satura

tion and recording which species captured which unit. A running tally was 

made and the percent of the total- units fed which were captured by trout 

was plotted over the percent of all units captured by both trout and 

bluegills. The resultant competition profile showed -fa&w the outcome of 

competition 4=&function of ration as well as of teirperature. This work 

demonstrated the potential altering effect of sublethal teirperature in a 

natural community and should therefore have considerable relevance to 

thermal water quality criteria which has heretofore -feBHri considered 

primarily lethal temperature.



INTRODUCTION

It is well recognized that while fish prefer a specific temperature, 

usually called the final preferendum (Ferguson, 1958), they can function 

with varying degrees of efficiency over a range of temperatures. At the 

limits of this range are the lethal temperatures at which fish are killed 

directly by the high or low temperature. Both final preferendum and range 

of tolerance are species specific. The less direct effect of sublethal 

doses of high temperature to a fish population' as mediated by predation 

has been demonstrated by Coutant (1970) in experiments where thermal 

shock constituting as little as 10# of the dose that causes loss of 

equilibrium in juvenile Chinook salmon resulted in selective predation 

on these thermally shocked fish. The purpose, of this investigation is to 

assess the possibility of a still less direct effect of temperature, the 

effect of temperature on feeding competition.

It is likely that the outcome of feeding competition does not normally 

c^foct a species success or failure in a community through starvation but 

rather by effecting the general fitness of the members of the species that 

enables them to resist disease and compete for feeding and spawning areas 

(Ivlev, 1961). Growth rate, which is dependent on food capture, is in 

most cases the factor which determines the time to sexual maturity anH 

thus the reproduction rate of the population. This is often the crucial 

factor in determining whether or not a species survives in a given com

munity» All of these possible effects occur over a long enough period of 

time that one might suspect that short-term variations in temperature 

might not be significant, but an overall shift in the temperature regime 

m*Sht well have an influence. Situations where long-term temperature



elevations commonly occur are in cooling ponds, lakes, or streams which 

receive heated effluents from power and other industries. The impound

ment of streams and rivers also causes a rise in temperature for many 

parts of the resultant body.

EXPERIMENTAL METHOD

To determine the effect of temperature acclimation on feeding com

petition between two fish species, a relative ̂ performance test was 

selected in which both species were fed simultaneously in the same tank.

The validity and significance of a test of absolute performance vs. 

a test of relative performance has been discussed very briefly by Bains 

(-̂967). • A test of absolute performance would compare experimental 

observation with a previously developed standard which has been defined 

in some specific, highly quantitative terms; for example, 0_ consumption 

rates or a specific protein ratio. Tests using this absolute method 

must be highly controlled and very exact. A test of relative performance 

is usually used when the experimental situation is complex enough that 

it permits neither the development of a single valid standard nor rigid 

control. Relative tests compare experimental observations at one value 

of the dependent variable relative to observation at a series of other 

dependent variable values. This relative method lends itself particularly 

to the investigation of groups taken as representative of species where 

intra species diversity often interferes with attempts' to develop a 

standard. With a sufficiently large sample, relative tests treat inter

species diversity as one of the factors tinder consideration. Because of 

the complexity and diversity of the experimental subject in respect to 

the phenomenon under investigation, the relative performance method was

used.



MATERIALS

Four Living Stream tanks manufactured by Frigid Units Inc., Toledo, 

Ohio, were used for the experiments. These, insulated fiberglass tanks 

measured I725 cm long x 5 5̂ cm wide x cm deep with the water standing 

at hOO cm, and were equipped with chiller units manufactured by the same. 

Each tank was heated with a 1,000 watt quartz rod heater and both heater 

and chiller were controlled by a YSI Controller model no. 71-A which 

permitted maintenance of a given temperature ± 0.2° C.

The tanks were constructed with false bottoms and equipped with pumps 

to create a flow of 2-cm/sec. at all depths in the tank (Fig. l). Water 

was supplied to the tanks from a nearby spring at a rate of k-51/min. and 

left the tank through a stand pipe. In the laboratory, the tanks stood in 

two groups of two and each group was surrounded by a curtain made of canvas 

which contained windows on the sides for viewing the tanks. Light was 

furnished by two bars of fluorescent lights over the ends of the tanks and 

a 12 hour light - 12 hour darkness regime.

The tanks were separated into three conpartments. Four bluegill 

(Lepomis macrochirus Rafinesque) and four rainbow trout (Salmo gairdneri 

Richardson) were put in each compartment. Two groups were used for testing 

and the third was kept for observation and to replace any of the test fish 

that died. Bluegills were seined from Swan Pond, a small pond directly in 

front of the Laboratory complex, and averaged 15.69 gm, o J . k  and 9.8 cm, 

0I.37. Trout were purchased from a local commercial trout farm (Crosseyed 

Cricket, Oak Ridge, Tennessee) and averaged 12 .89 gm, a 3.25 and 9.6 cm, 

o .97.

Experiments were conducted at 15, 18, 20, 21, 22, and 2k° C. The 

tanks were initially set at 15°, 18°, 20° and 21° C and the fish were



allowed to acclimate for 14 days. During acclimation, the fish were fed 

various kinds and amounts of food in an attempt to establish the combijia- 

tion that would give the best competitive situation. The first food tried, 

commercial food pellets, was eaten, but the fish showed an occasional 

tendency to capture it, reject it, and let it fall to the bottom where it 

may or may not have been eaten before it crumbled. The food eventually 

selected for the experiments was earthworm sections of approximately 1 cm 

long. A small apparatus was constructed usin§ razorblades to section the 

worm into pieces which averaged 0.23 gm, a 0.08 gm. These food units were 

captured very quickly and were retained by the fish. Both foods were fed 

by throwing one unit every 15 sec. through the window above a given 

compartment (Fig. 2). This procedure was used for all.tests. After the 

first series of tests, tanks previously at 20° and 21° C were raised to 

22 and 24 C, respectively, and allowed to acclimate for ten days after 

which tests were performed at these temperatures. The limits of the 

temperature range used represented the limits at which both species fed 

consistently.

EXPERIMENT I.

Using the experimental situation described above, the fish were fed 

20 food units at each feeding and the number of units captured by each 

species was recorded. Twenty food units represented about 3-5$ of total 

body weight. The fish were fed in this fashion for ten days and the 

percent capture at each feeding was computed for each species (Table l).

EXPERIMENT II. '

After the completion of Experiment I, four new groups of fish, four 

trout and four bluegills each, were put in one compartment of each tank



and allowed to acclimate to 18 °, 20°, 21°, and 23° C for 14 days. These 

groups were then tested by feeding one food unit every 15 sec., or after 

the previous unit was captured if more than 15 sec. passed, until the 

last unit was left uneaten for 2 min. The species that captured each 

specific food unit was recorded from the first (#l) to the last unit 

eaten. The fish were tested every three days and not fed between tests.

In Experiment I., it was hoped that by feeding a fixed ration at a 

series of temperatures a quantitative indication of the effect of tempera

ture acclimation in a fixed competitive situation could be developed.

In Experiment II., it was hoped that a series of temperature-specific 

competition profiles could be developed for conditions of descending 

competitive intensity with increasing ration.

ANALYSIS OF DATA AND RESULTS

An iterative, best-fit Probit analysis was applied to the percentage 

of food capture in Experiment I. to estimate the temperature at which 

both species captured 50$ of the food units. Results of Probit analysis 

and data points for trout are shown in Figure 3. Confidence limits (95$) 

were placed at 22.0 and 23.1° C with the estimate of 50$ capture at 22.5°. 

Multiregression analysis was also applied to this data by generating a 

second power variable. This generated variable showed a high correlation 

(-.841(6) and the results were nearly identical to the Probit results.

The data from each individual test in Experiment II. was analyzed by 

plotting the percent capture by trout over the percent capture by both 

trout and bluegiUs. These two values were calculated at a percentage of 

the total saturation value that corresponded to the feeding of each unit 

(Fig. 4). Data from all tests at one temperature were combined by averaging



all the values for percent capture by trout over increments of 10 $ of the 

total. The results of this procedure and a linear regression analysis line 

for these points is shown in Figures 5, 6, and 7.

DISCUSSION

Experimental Assumptions

Two experimental assumptions have been made in using Experiment I. to 

establish the 50$ capture acclimation temperature for competition between 

rainbow trout and bluegills. These are that the experimental conditions 

did not vary with time to any extent that influenced the results, and 

that the ration fed was not sufficient to affect an appetite change that 

would in turn influence the intensity of competition during the test.

The performance of bluegills in Experiment I. as it varied over time 

is shown in Figure 8. Only during the tests at 21 C did there appear 

to be a continual change with time. This could have possibly represented 

a specific response to competition at 21 C, or could have been characteristic 

of only the experimental group. When the data from the first three days 

was excluded from the calculations of the 50$ capture acclimation tempera

ture, the estimate of this value was not significantly influenced.

The data from Experiment II. (Figs. l*-7> show that the appetite of the 

fish changed little during competition for food comprising up to 3$ of 

body weight or approximately 25 food units. This indicates that Experi

ment I. represents a static competitive situation and that appetite changes 

did not play a role in the estimation of the 50$ capture acclimation 

temperature. This is not to suggest that appetite only effects feeding 

competition beyond a threshold, but rather that the effects of appetite 

change were not significant at the low ration used for Experiment I. On



the basis of the above observations it was concluded that variation in 

performance was not significant and that the experimental assumptions 

were valid. ,

Fish Behavior

The feeding procedure used in Experiments I. and IX. undoubtedly 

gave an advantage to the trout. This advantage followed from the position 

that the trout assumed in the tank, and their characteristic manner of 

attack. During most of the experiments, the bluegills tended to stay in 

the corners of the compartments facing toward the center and stayed close 

to the bottom. The trout tended to swim in an occasional arbitrary 

pattern close to the surface and otherwise remain close to the surface 

and in the center of the tank. An attempt was always made to throw the 

food units where they would be an equal distance from several fish, but 

because the trout were close to the surface, the food was usually closest 

to them. The method of attack used by trout consisted of all trout making 

a dash for the food unit with open mouths, water passing through the 

opercula and the food unit being 'swept" up. Bluegills generally approached 

the food unit more deliberately, only one or two bluegills approaching a 

given unit. Bluegills came very close to the food and then sucked in water 

sufficient to carry the food into their mouths. The trout manner of attack 

is much faster but less accurate, an occasional failure resulting in an 

easy capture by a bluegill. It is likely that in a natural environment 

where the competitive area is not so limited as in the experimental situa

tion, simultaneous competition for the same food item is not as frequent 

and the bluegills, in the absence of direct interference by the trout, 

would capture a greater percentage of available food. In a natural environ

ment, relatively few of the available food items are on the surface. Flemer



and Woolcott (1966) found that bluegills in Tuckahoe Creek feed primarily 

on benthic dipteran larvae and benthic copepods. Feeding on the surface 

has probably caused our estimate of 50$ capture temperature to be higher 

than it might be for a natural environment.

Implications

This investigation clearly indicates that temperatures below those 

which ca.use death directly or selective predation from thermal shock 

can effect the success of a species in competition for food. This effect 

would be expected to influence the species composition and relative 

populations of a species capable of living in an environment. Because 

man prefers certain species compositions for recreational and commercial 

reasons, the result of increased water temperature may not be desirable.

The effect of temperature on feeding competition may also determine 

which species can successfully be stocked in impounded waters. The 

Tennessee State Game and Fish Commission has made extensive efforts to stock 

some of the TVA reservoirs with fingerling rainbow trout. Over a five year 

period, 500,000 fingerling rainbow trout were stocked in Watauga Lake with 

less than 1$ return. It is thought that predation was largely responsible 

for the failure of those efforts (Personal Communication), but feeding 

competition could well have been a factor. Price Wilkins of the Tennessee 

Game and Fish Commission reports that the aquatic insect populations 

in reservoirs with frequently changing water levels are usually unstable 

and frequently low. Mr. Wilkins also suggested that bluegills may be 

one of the primary competitors for food with these fingerling trout 

because they inhabit the same near-shore areas and often feed on the 

same organisms (Personal Communication). It should be noted that 

while those near-shore areas provide feeding areas and shelter for the



fingerling trout, they also have the highest temperature of the reservoir 

These temperatures usually reach their peak in August which is when the 

zooplankton populations are at the seasonal low. When this occurs, blue- 

gills are known to supplement their diet with algae and vascular plant 

material (Seaburg and Moyle, 196k), but this compensatory mechanism has 

not, to my knowledge, been observed in trout populations. It is probable 

that those trout fingerlings that escaped predation after their introduc

tion to the reservoir during the winter months had difficulty obtaining 

adequate food during the later part of the summer. To assess the effect 

of temperature in this situation, bluegill, trout and zooplankton 

'populations and their distributions through the near-shore areas would 

have had to have been investigated as well as the roles of the other 

species present.

These findings are perhaps most important in terms of their signifi

cance for water quality criteria. To date, attempts to establish 

appropriate thermal standards have used lethal temperatures as a guide

line and have tried to maintain a margin of safety by limiting tempera

tures to a few degrees below the lethal for the most sensitive species. 

But because temperatures well below the lethal can effect the ability 

of a species to survive in a community, lethal temperatures are likely . 

to be inadequate as a guideline. Before the temperature dependence of 

feeding competition can be used to develop thermal water quality criteria 

the effect of temperature on feeding competition of many species will 

have to be investigated as well as the influence of temperature on the 

population dynamics of the food organisms. To adequately integrate all 

these variables, a systems analysis approach will clearly be needed.
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Chemoreception

Chemoreception may be divided into three categories on the basis of location, structure, 
and central innervation: 1) olfaction (sense of smell), 2) gustation (sense of taste), 
and 3) a common or general chemical sense. Numerous free nerve endings in fish skin serve 
the latter sense, and its biological significance is uncertain.

Teleosts have paired olfactory pits on the dorsal side of the head. Water passes 
into an anterior opening and out a posterior one (Figure 1) passively (as the fish moves) 
and/or actively (through ciliary or muscle action). Olfactory epithelium (Figure 2) 
lines the nasal pit and is usually folded into a rosettelike structure. Receptor cells 
are bipolar neurons which send dendrites toward the epithelial surface and axons (from 
their bases) through the basement membrane. Axons are grouped in the submucosa and form 
olfactory nerve bundles which run posteriorly to the olfactory bulbs (Figure 3). Synapses 
with secondary neurons occur in the bulbs, and the olfactory tracts convey impulses from 
the bulbs to basal telencephalic areas.

Teleost taste buds occur in the mouth and pharynx, on gill rakers and arches, on 
appendages (e.g. barbels or fins), or on the entire body surface. They consist of 
elongated cells arranged like segments of an orange. Receptor cells are innervated by 
the palatine nerve or branches of the seventh (facial), ninth (glossopharyngeal) or 
tenth (vagus) cranial nerves, which terminate in enlarged vagal lobes.

Chemoreception is involved in perception of food, discrimination of body odors, and 
in orientation of migrating fishes. Pheromones are important*in fish communication, and 
chemical communication may be important in maintaining fish schools. Hara's (1971) 
generalization that the olfactory rather than the gustatory sense plays the main role in 
arousal of feeding activity seems contradicted by the work of Bardach and Todd (Todd, 1971) 
en  b u l lh w u d s y ~t v h  u b g  c u o i JL x u u -rvr A r-.,~ J *- 4
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communications. Electrical Activity of the olfactory bulbs of migrating salmon is 
higher than that of other parts of their brains (Figure 4) and that in the olfactory bulbs 

^®®“*®iS^-^tory species. Home water" infused into the nasal cavities of migrating adult 
salmon stimulated more bulbar electrical activity than, did water from other nearby sources 
(Figure 5). Hara (1972) considered responses to various odorous substances (Figures 6 and 
7). Many studies have proven the high acuity of the olfactory sense in fishes. Sex 
hormones may influence the sensitivity of olfactory receptors. The usual rapid adaptation 
of olfactory receptors was not seen in attraction of male catfish to pheromones released 
by ripe females of their species (Timms and Kleerekoper, 1972). Sutterlin and Sutterlin 
(1970) studied electrical activity in facial and palatine nerves after stimulation of
taste receptors by chloride salts, acids (Figures 8 and 9), and carbohydrates. Heavy 
metals may block chemosensation (Sutterlin and Sutterlin, 1970; Hara, 1972). Todd (1971) 
speculated on use of chemicals in marine farming as selective attactants, artificial 
baits, growth stimulators, inhibitors of aggression and cannibalism, and as repellents 
to deter predator attacks.

Temperature reception
Sensitivity of fishes to environmental temperature has been established experimentally 

(Figure 10). Thresholds for marine fishes are lower than those for freshwater fishes. 
Thermoreception in teleosts is. apparently mediated by general cutaneous innervation, but 
no specific thermoreceptor^ are known. There may be no specific thermoreceptors at all, 
but only mechanoreceptors/or electroreceptors whose responses vary according to skin 
temperature and its changes (Murray, 1971). Mechanical stimulation of teleost skin 
evokes a greater response “as temperature is decreased.

Electroreception
Many fishes have receptors specialized for detection of electric fields (Figure 11). 

Gymnotids of South America and mormyrids of Africa generate weak electric fields (in
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modified muscle tissue) and are sensitive to distortions of these fields (Figure 12) 
as well as to externally-applied fields. All electroreceptors are modified lateral 
line organs. Tonic receptors produce long-lasting responses to low-frequency or d.c. 
stimuli and are called Uampullary organs” because they have canals leading into their 
receptor cavities (Figure 13). Phasic receptors are sensitive to relatively high 
frequencies but are insensitive to maintained or d.c. stimuli. Phasic receptors are 
"tuberous", with no obvious channels from their receptor cavities to the outside; a 
connection by way of intercellular clefts is presumed (Figure 13). Phasic receptors 
are absent in nonelectric and marine fishes (Figure 11). Distribution of both types 
of electroreceptor in a gymnotid is shown in Figure 14. Fish obtain directional 
information by having many receptors with their canals oriented in different directions. 
A cerebellar role in electroreception is implied by enlarged cerebellums of fishes 
with electrosensory systems (Figure 15). Passive and active modes of detection and 
their two roles in biology of fishes are discussed by Bullock (1973; Figure 16).
Weakly electric fishes include wave species (which emit continuous high-frequency 
voltage) and pulse species (which discharge few low-frequency pulses irregularly).
Both types make social signals by modifying their electric organ discharges.
Frequency rises of different form, amount and duration, and amplitude modulations, 
correlate with social situations (perhaps signifying threat, warning, submission, or 
announcement of food or other objects of special interest). Skates and weakly electric 
fishes swim with their spines straight to keep their electrode systems aligned. In 
several species, a frequency shift (jamming avoidance response) occurs whenever another 
fish (or a stimulus stimulating one) with a frequency within 1 or 2% of that of their 
own discharge comes into range. Hopkins (1972) discovered different discharges from 
10 sympatric species of electric fish, and different electric discharges from males 
and females of Sternopygus were apparently used in courtship. Weakly electric fishes 
generally live in turbid water and/or are nocturnal. Electroreceptors and electric 
organs may have evolved concurrently, but electroreceptors probably came first.
Strong electric discharges for offense or defense evolved from weak ones used for 
electrosensory purposes (Bennett, 1971).

Communication by radio waves?
Moffler (1972) found fish have the ability to produce hydronic radio waves (not 

sonic or electric discharges) receivable on a submerged dipole antenna. No signals 
were recorded in the absense of fish, and each of 130 species examined (Figure 17) 
emitted a distinct signal. Signals differed in frequency and pulse duration. Fish 
investigating a strange object or environment emitted a characteristic "search signal" • 
(Figure 18). After an individual returned to a group of fish from an investigation 
of a new foreign object, a rapid interchange of "communication signals" (Figure 19) 
usually followed. Swimming motions and other observable muscular movements produced 
no signals. Possible mechanisms of signal production or reception were not mentioned. 
Consider use of such signals for species identification in ecological studies.
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Fig. 1.1.—Teleost olfactory capsules: a, head of typical bony fish showing intake and outlet 
vents of the nasal capsule; b, same head showing a cross section of the nasal capsule to-illus
trate' the shunting of water over the sensory tissues; cy head of adult male coho (silver 
salmon showing nares, inflow-opening (IX), outflow-opening (OX), and flap (F) for direct- 
ing waiter flow; d, same head with skin of nares (SN) folded back to reveal olfactory rosette 
(OR). Diagrams a and b from von Frisch (1941). >r;>

H a s l e r ,  1966

Fig. 2. Diagram of line structure of the olfactory epithelium of the eel, Anguilla 
anguilhi. 1, Receptor cells; 2, supporting cells; 3, ciliated cells; 4, basal cells; 5, goblet 
cells; 0, club-shaped secretory cells; and 7, olfactory knob with sensory hairs. From
noil (loor,). K a r a ,  1 9 7 1



Reports
Hypolimnetic Oxygen Deficits:
Their Prediction and Interpretation

Abstract. Rates o f hypolimnetic oxygen depletion can be predicted from a knowl
edge o f a lake s phosphorus retention, the average hypolimnetic temperature, and 
the mean thickness o f the hypolimnion. Areal oxygen deficits cannot be used to index 
lake trophic status because areal calculations do not eliminate the influence of hypo
limnetic morphometry.

Limnology, the study of inland waters, 
has traditionally been primarily n de
scriptive science concerned with docu
menting population fluctuations in time 
or the interactions between species. Re
cent lake studies have documented the 
overexploitation of many commercial 
fish stocks, reductions in water quality 
caused by excessive anthropogenic nu
trient enrichment, and the destruction of 
fish populations in some soft-water lakes 
by acid rain (/). These discoveries stimu
lated the development of empirical mod
els which predict the impact of human 
activity, both present and future, upon 
the quality of lake water. Using existing 
empirical models, limnologists can pre
dict sustainable fish harvest, algal bio
mass and clarity of surface waters, and 
the occurrence of blue-green algal 
blooms (2).

Oxygen is another important parame
ter in lakes. Although the surface waters 
of most lakes are well oxygenated, de
composition of organic matter in the 
deeper strata (hypolimnion) of a ther
mally stratified lake consumes significant 
amounts of oxygen. Hypolimnetic oxy
gen depletion appears to be accelerated 
by nutrient enrichment (5). Because 
anaerobiosis in the hypolimnion can re
lease nutrients from the sediments, elim
inate salmonid fisheries, and sometimes 
result in the production of hydrogen sul
fide (4 , 5), it would be desirable to be 
able to predict the relationship between 
nutrient loading to lakes and the mini
mum concentration of dissolved oxygen 
in the hypolimnion. We describe here a 
simple empirical method of accurately 
predicting the areal hypolimnetic oxygen 
deficit (AHOD), the first step toward the 
prediction of hypolimnetic oxygen con
centrations.

Earlier in this century, limnologists 
concluded that, all other factors being 
equal, the morphometry of a lake would 
affect the decrease in dissolved oxygen

in the hypolimnion. A lake with a thicker 
hypolimnion would suffer less from oxy
gen depletion than a lake with a thin 
hypolimnion. In an attempt to correct for 
differing morphometry of lakes, Hut
chinson (6), Strom (7), and Thienemann 
(8) proposed that the oxygen deficit be 
expressed in areal terms. They reasoned 
that, if two lakes were equally produc
tive but differed in hypolimnetic thick
ness, their oxygen deficits would be the 
same if expressed as the rate of oxygen 
depletion per square meter of surface 
area of the plane delimiting the upper 
boundary of the hypolimnion. From a 
study of only four lakes, Hutchinson 
seemed to demonstrate the promise of 
the AHOD in comparing the surface-wa
ter productivity and trophic status of 
lakes (6). However, subsequent studies 
(9, 10) failed to confirm his results. A 
simple proportionality between biomass 
in the epilimnion and AHOD does not 
appear to exist.

We have developed an alternative em
pirical model to predict AHOD as a func
tion of phosphorus retention, the mean

1000

Q-1—----- -*—   1----------1---- l____
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Rp (mg m~2 year“ 1).

Fig. 1. Relationship between the areal hypo
limnetic oxygen deficit (AHOD) and phos
phorus retention (Rp) in the study lakes.
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summer hypolimnetic temperature, and 
the mean thickness of the hypolimnion. 
Data for 12 lakes were gathered from the 
literature. We calculated the AHOD’s 
using the method developed by Lasenby 
(10). On each sampling date, we calcu
lated the mass of oxygen in the hypolim
nion by summing the product of the aver
age measured oxygen concentration in 
each stratum, Gt (in milligrams per cubic 
meter), multiplied by the volume of that 
stratum, V, (in cubic meters). Dividing 
the total mass of oxygen by the surface 
area of the plane delimiting the upper 
boundary of the hypolimnion, H (in 
square meters), produced the mass of 
oxygen per square meter of hypolimnetic 
surface area, M (in milligrams per square 
meter)

M =

These values were regressed against the 
sampling dates (in Julian days), during 
the period when hypolimnetic metabo
lism was not limited by low oxygen con
centrations, to determine the average 
areal rate of oxygen depletion (AHOD). 
We included only those data sets where 
the AHOD was measured by type I least- 
squares linear regression analysis with 
sufficient accuracy to define greater than 
65 percent of the variation in the mass of 
hypolimnetic oxygen during the period 
of calculation.

Hutchinson’s conceptual model of the 
AHOD (6) implies that the fraction of 
surface-water productivity sedimented 
into the hypolimnion is constant in all 
lakes. Patn presented by Rich and Wet
zel (11) npd Lastein (12) for Lawrence 
Lake and |-ake Esrom suggest that this 
assumption is false. The sediment trap 
catch in Lake Esrom was approximately 
47 percent of the annual areal pelagic 14C 
productivity; a similar comparison in 
Lawrence Lake yielded only 20 percent. 
To eliminate this erroneous assumption 
from the AHOD model, we must com
pare the AHOD to the rate of sedimenta
tion. Because sedimentation is difficult 
to measure, it has been estimated in 
phosphorus models by retention. Areal 
phosphorus retention, R p (in milligrams 
per square meter per year), can be calcu
lated for any lake, from the mass balance 
model tested by Dillon and Rigler (13) in 
which

RP = P Q  R/[A(\ -  R)]

where A is the lake surface area (in 
square meters), Q is the water discharge 
through the outflow (in cubic meters per 
year), and P is the phosphorus concen
tration in the lake (in milligrams per cub
ic meter). The fraction of the input mass
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ment containing unique primary data on 
a disease that although still common is 
rarely studied. The document belongs on 
the bookshelf of every scientist and phy
sician interested in nutrition. Should we 
not wait, however, until its senior au
thors are recognized on the cover and 
title page before purchasing it?

J e a n -P ie r r e  H a b ic h t  
Division o f Nutritional Sciences, Cornell 
University, Ithaca, New York 14853

Stellar Rotation
Theory of Rotating Stars. Je a n -L o u is  T a s- 
so u l . Princeton University Press, Princeton, 
N.J., 1979. xvi, 508 pp., illus. Cloth, $40; pa
per, $15. Princeton Series in Astrophysics.

Soon after the foundation of the theory 
of gravity, Newton as well as Huygens 
realized that the earth should be flat
tened near its poles as a consequence of 
rotation. This flattening, which was in
deed measured in the first half of the 18th 
century, gave rise to the brilliant work of 
Clairaut and Maclaurin on the shapes of 
rotating gravitating fluid bodies—later on 
perfected by Laplace, Legendre, Pois
son, Jacobi, and others. The theory of 
rotating stars finds a solid foundation in 
these works and forms one of the most 
beautiful applications of classical me
chanics and mathemathical physics in 
modem astrophysics.

It was not until our century that the 
great importance of rotation for the 
structure, shape, and evolution of celes
tial bodies of all kinds, ranging from 
planets to stars and galaxies, was fully 
realized. To paraphrase Kip Thorne’s 
words about the role of gravity, one 
might say that “ rotation plays the role of 
midwife as well as undertaker in the uni
verse.” At the birth of stars the large ex
cess of angular momentum of interstellar 
clouds causes contracting clouds to be
come rotationally unstable and to frag
ment, in a way still poorly understood, to 
form double and multiple systems of 
stars, which by far outnumber the single 
stars (if any such stars exist at all). The 
very existence of the planetary system 
and its harmonic structure are nowadays 
believed to be a direct consequence of 
the large excess of angular momentum in 
the nebula from which the solar system 
condensed. At the end of the life of a star 
a few times more massive than the sun, 
angular momentum conservation causes 
its collapsing core to become an ex
tremely rapidly rotating neutron star, 
spinning some 30 or more times a second

around its axis, like the Crab pulsar, and 
emitting some hundred thousand times 
the energy flux of the sun purely by the 
dissipation of rotational energy.

It is surprising to realize that, apart 
from a symposium volume published 
some ten years ago, there has been no 
book devoted to the subject of stellar 
rotation. Tassoul’s monograph fills this 
gap. Although, as the title shows, the 
book is largely theoretical, it begins with 
a clear and up-to-date review of the 
available observations, with a complete 
list of references. Similarly, in the sub
sequent theoretical chapters, where pos
sible full attention is given to the com
parison of theory with the observations. 
This makes the book valuable for ob
servers and theoreticians alike and also 
makes it very well suited as a basis for a 
graduate or advanced undergraduate 
course on the subject.

The theoretical part of the book leads 
from the basic hydrodynamical equa
tions for rotating fluid bodies and the 
techniques for solving them to the most 
advanced aspects of the subject, such as 
fission theories and the formation of bi
naries. It covers the theories concerning 
meridional circulation, differential rota
tion, the effects of rotation on the posi
tions of stars in the Hertzsprung-Russell 
diagram and on stellar evolution, oscilla
tions and stability of rotating stars, rota
tion of white dwarfs and neutron stars, 
and the effects of rotation and tidal inter
action in close binaries and dynamo the
ories for the generation of stellar magnet
ic fields. Each chapter is followed by a 
list of key references. Author and sub
ject indexes together with five appen
dixes complete the book. The appen
dixes list basic constants and equations 
and tabulate functions that are useful to 
have at hand, such as the shapes of 
Maclaurin spheroids and Jacobi ellip
soids.

The clarity of the presentation—even 
of the most complicated topics—demon
strates the didactic skills of the author as 
well as his love for the subject, a love 
that he knows how to convey to his read
ers. I expect this beautiful book to be
come a classic, useful for many genera
tions to come. Apart from astronomers 
and astrophysicists, planetary scientists, 
meteorologists, and geophysicists will 
find here much of interest to them, nota
bly in the chapters on differential rota
tion, tidal interaction, dynamo theories, 
and basic hydrodynamics.

E d w a r d  P. J. v a n  d e n  H e u v e l  
Astronomical Institute,
University o f Amsterdam,
Amsterdam 1018WB, Netherlands
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of phosphorus retained by the lake (R) 
was defined by an empirical relation to 
the lake’s areal water load (14), which, if 
not measured, was calculated from mete
orological data and the lake’s catchment 
defined by topographic maps.

Figure 1 shows that Rp is highly corre
lated with AHOD and accounts for 55 
percent of the variation in AHOD. Of 
other variables tested, we found that the 
mean volume-weighted temperature of 
the hypolimnion, TH (in degrees Celsius), 
and the mean thickness of the hypolim
nion, ZH (in meters), were most effective 
in reducing the residual variation. A 
least-squares multiple regression analy
sis (Table 1) showed that AHOD can be 
predicted from

AHOD = -277 + 0.5/?p + 
5 .0 V -74 + 1501n(ZH)

To test the ability of this model to predict 
AHOD’s, we applied the model to a sec
ond set of lakes for which the necessary 
data were acquired after the model was 
constructed. The measured and predict
ed AHOD’s are highly correlated (Fig. 
2).

Of the three variables found to be use
ful in predicting AHOD’s, the only sur
prising parameter was ZH. Because tem
perature affects all biological processes, 
we would expect higher temperatures to 
increase system respiration in the range 
of hypolimnetic temperatures included in 
this analysis (4.5° to 12°C). It is more sur
prising that Stewart (15) is the only lim- 
nologist that we know of who investi
gated Thienemann’s postulated relation
ship between AHOD and temperature, 
which was proposed more than half a 
century ago. We did not observe a 
stronger temperature effect because 
hypolimnetic temperature and thickness 
were very strongly correlated in this 
small sample of lakes (Table 1).

This AHOD model and our prelimi
nary testing emphasize the influence of a 
lake’s hydrology upon its AHOD. Since 
most phosphorus in lake water is associ
ated with plankton and is carried to the 
sediments in fecal pellets or dead orga
nisms, there must be a strong correlation 
between the amount of decomposable 
organic matter and the phosphorus sedi
mented into the hypolimnion. However, 
lakes with high areal water loads retain 
very little of their phosphorus load or or
ganic production (16).

We did not expect to observe that, all 
other factors being equal, a lake with a 
thick hypolimnion would have a higher 
AHOD than a lake with a thin hypolim
nion. In fact, this is inconsistent with the 
original objective and assumptions that 
Hutchinson used to justify the use of the

Table 1. Results of the multiple regression 
analysis including a simple correlation matrix 
(top half of table), partial regression coeffi
cient (prc), Student t value of the partial re
gression coefficient (T) and probability (P), 
and total amount of variation explained by 
stepwise addition of variables to regression by 
order in which they are listed (R2). Other vari
ables and units are as in the text.

Param
eter

AHOD R p ln(ZH) T  1.74 ■* H

AHOD 1.00 0.74 0.62 -0 .1 0
Rp 1.00 0.34 0.07
ln(ZH) 1.00 -0 .6 9
T  1.74  
1  H 1.00

prc 0.50 150 5.03
T 3.14 3.38 1.83
P <  .01 <.01 0.08
R2 0.54 0.69 0.75

AHOD. The objective of expressing the 
rate of hypolimnetic oxygen depletion on 
an areal basis was to eliminate the effects 
of hypolimnetic morphometry. Hutchin
son thought he eliminated morphometric 
influences by assuming that the same 
percentage of the organic matter loaded 
into the hypolimnion was respired in 
hypolimnia of differing thickness. We 
cannot persist in assuming that a con
stant fraction of sedimenting organic 
matter is respired in the hypolimnion. 
One obvious way of interpreting the ef
fects of ZH is to postulate that respiration 
by the sediments is limited, perhaps by 
diffusion of oxygen, and that deep lakes 
respire more efficiently than shallow 
lakes because more of their hypolimnetic 
respiration is associated with decompo
sition of organic matter in the thicker wa
ter column. More attention must be di
rected toward this phenomenon and to 
the question of whether the hypolimnetic

Fig. 2. Comparison of predicted and observed 
AHOD’s in 20 oligotrophic lakes not included 
in the data set used to generate the prediction 
equation; X, AHOD measured by Lasenby 
(10); # ,  present study.

oxygen deficit is, in fact, determined 
solely by respiration.

In addition, this model demonstrates 
that Hutchinson’s (17) and Mortimer’s 
(5) method of classifying lakes into tro
phic categories according to AHOD’s 
cannot be used unless a factor is includ
ed to compensate for the thickness of the 
hypolimnion. If AHOD’s are used as the 
criteria, lakes with thick hypolimnia may 
be classified as eutrophic solely because 
of their morphometry and not because of 
their productivity. Current indices of tro
phic status as indicated by AHOD are 
biased and cannot be used to compare 
lakes of differing morphometry.

Now that it is possible to predict the 
rate of oxygen consumption in a restrict
ed range of lakes, this model should be 
tested under conditions not found in the 
original data set. Measurements of 
AHOD in highly eutrophic lakes and in 
lakes with changing trophic status will be 
particularly useful and will strengthen 
our confidence in this predictive equa
tion.

R. Jack Cornett
Frank H. Rigler 

Department of Biology,
McGill University, Montreal,
Quebec, Canada H3A 1B1
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Photooxidation of Anthracene on Atmospheric Particulate Matter
Abstract. Anthracene that has been dispersed into atmospheric particulate matter 

is photooxidized to an array o f products reminiscent of oxidation by singlet oxygen in 
the solution phase. Photooxidation is a more important degradative pathway under 
ambient conditions than ozonation. Significant disappearance o f anthracene also 
occurs by pathways not involving oxygenation.

Although the nearly ubiquitous pres
ence of polycyclic aromatic hydrocar
bons (PAH) in atmospheric particulate 
matter is well established (/), the chem
ical details of their fate remain unknown. 
The reported sensitivity of organics in 
particulate samples to ultraviolet light (?) 
suggests that photooxidation may pro
vide a significant decomposition path
way for such compounds. Oxygenated 
compounds have been shown, from solu
bility considerations, to account for ma
jor fractions (50 to 90 percent) of the to
tal organics present in particulate matter 
(3), and these fractions have been shown 
to possess significant carcinogenicity in 
biological testing id). Thus, if photooxi
dation can be shown to contribute signif
icantly to the disappearance of PAH un
der conditions typically encountered by 
atmospheric particulate matter, then the 
common indices of potential danger (for 
example, the determination of PAH or 
benzo[a]pyrene concentrations in col
lected particulate) may seriously under
estimate the potential carcinogenicity of 
such matter.

The complexity of the mixtures of 
compounds in neutral fractions (5) is 
multiplied when one analyzes the polar, 
oxygenated fractions. As a result, only a 
few oxygenated PAH derivatives have 
been identified (6). We felt that the best 
approach to characterizing possible 
photooxidation products in atmospheric 
samples would be to study the enrich
ment of a typical atmospheric sample 
with one or more PAH whose oxidative 
photochemistry is understood. Such en
richment would greatly simplify the de
termination of possible products formed 
under ambient photooxidative condi
tions. Accordingly, we have studied the 
photooxidation of anthracene (1) in en
riched atmospheric particulate matter 
and have found that simple photooxida
tion is an important, but not exclusive, 
decomposition route.

Atmospheric particulate samples col
lected on glass-fiber filters from about 
1500 m3 of air from two locations in Tex
as were enriched with anthracene by 
subliming a small sample (about 100 p%) 
of anthracene onto the collected particu
late matter. Anthracene, in the enriched 
samples, accounted for about 5 percent 
of the total benzene-soluble fraction. 
Each sample was divided into three

equal sections: the first section, the con
trol, was stored in the dark at 0°C; the 
second, mounted in a secure support 
held approximately 3 m from ground lev
el at a suburban location remote from 
heavy traffic or industry, was exposed to 
bright Texas sunshine for 4 days; and the 
third, similarly mounted, was shielded 
from light but exposed to atmospheric 
gases for the 4-day test period. The sam
ples were extracted overnight with dry 
tetrahydrofuran and analyzed by re
verse-phase, high-pressure liquid chro
matography on /¿Bondapak-C18, as de
scribed elsewhere (5, 7). The effluent 
stream was simultaneously monitored at 
280 and 340 nm by ultraviolet detectors 
and by a fluorescence detector (ex
citation at 290 nm; emission at 390 nm). 
The eluting peaks were identified by ob
serving the relative absorption at the two 
ultraviolet monitoring wavelengths, by 
interrupting the column flow while a 
fraction was in the detector cell to quick
ly obtain a fluorescence spectrum or 
by coinjection of a standard sample of 
the suspected compound. Duplicate in
jections were reproducible to ± 3 per
cent.

By comparison with the control 
sample, the samples exposed to the air 
but not to light remained essentially un-

hw 
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matter

0

* 0 O 0  *' 
0 
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0
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0 
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2 to 5 percent 
Equation 1

changed over the test period. A trace 
peak corresponding in relative retention 
time to anthraquinone was discernible, 
but its small quantity precluded firm 
identification. The samples exposed to 
sunlight were dramatically altered. The 
anthracene peak was reduced to about 10 
percent of its original (control) size. 
Nonenriched PAH also disappeared; 
that is, only about 15 percent of the origi
nal benz[a]pyrene peak remained after 
exposure to sunlight. The products in 
highest yield identified in the photooxi
dation extract are shown in Eq. 1, where 
the cited yields are based on the amounts 
of anthracene that disappeared. The list
ed ranges indicate fair reproducibility in 
the four samples examined. In addition, 
trace peaks corresponding in relative re
tention time to alizarin, anthrone, and 
bianthryl or the anthracene photodimer 
were detected but could not be unambig
uously identified. At least four addition
al, unidentified (s* 10 percent yield) 
products were also present.

Identification of products 2 ,3 , and 4 in 
the photooxidation mixture is suggestive 
of the participation of singlet oxygen in 
the photoconversion. Endoperoxide (2) 
has long been recognized as the product 
of solution-phase cycloaddition of 1 with 
singlet oxygen (8), and more detailed 
studies have shown that continued irra
diation of 1 and 2 in solution ultimately 
leads to diones (3 and 4) (9). Although 3 
can also be formed by ozonation of 1 
(10), this dark reaction of anthracene is 
presumably a minor route to 3 under our 
atmospheric conditions since only a 
trace of 3 was detected in samples ex
posed to air but not to light. There is evi
dence for the formation of more highly 
oxidized anthraquinones by photooxida
tion ( //) , although 5 was not isolated in 
the earlier studies. Alternate photochem
ical routes to 2, 3, 4, and 5 are possible, 
the capture of triplet 1 by ground-state 
oxygen being an attractive one. Other 
mechanisms that use other oxidants are 
also conceivable routes to at least some 
of these photooxidized products. Pitts 
and his co-workers, for example, have 
shown that attack by N 0 2 on 1 can lead 
to nitro derivatives (12), which can be 
photochemically converted to quinones 
(13).

Although mechanistic details are diffi
cult to sort out in such a complex sys
tem, the adoption of PAH as potential 
sensitizers for singlet-oxygen formation 
is precedented (14), as is the possibility 
of heterogeneous, possibly catalyzed, 
gas-phase reactions and the sufficiency 
of ambient light interception in finely di
vided atmospheric particulates (15). Our 
results show that photooxidation of 1 can

582 0036-8075/79/0810-0582$00.50/0 Copyright © 1979 AAAS SCIENCE, VOL. 205, 10 AUGUST 1979
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INTRODUCTION

The relationship between environmental temt̂ raWre
and the respiratory metabolism of fish« has been 
extensively documented (e.g. Fry and Hochachka, 
1971 Fry 1971; Alderdice, 1976). Although some 
consideration has been given to the effects of abrupt 
temperature changes, interest has largely 
the consequences of relatively long-term acclimation
£  p S ,  controlled » » f ? S « r  stance is normally encountered in the freshwater 
environment. Many species are, however, exposed to 
reasonably regular temperature fluctuations as a con
sequence of vertical or horizontal feeding and other 
movements, or because of the thermal charactenst.es

°f Retatively'lUtle is known with respect to the effects 
of these more ecologically realistic temperature con
ditions* Duthie and Houlihan (1982) have, however 
recently examined oxygen consumption in flounder, 
T S S S S  accUmated to constant temperature 
conditions or to 24 hr modified square-wave cycles. 
Similarly, Vondracek el at., (1982) have compared the 
m S a to ^  metabolism of the Tahoe sucker, Ca - S - lahoenis,maintained atconstanUempcratu« 
with that of animals exposed to a diurnal Qicle 
mimicking conditions in their natural habitat. In 
neither study was ..there evidence of 
cycling conditions. This lSTmexpected. Earlier studies 
have correlated exposure to regular temperatur 
fluctuations with significant, alterations in Unctions 

& S 2 from toennal . o l e t o  V g " * * * »  
(Heath, 1 9 6 3 ; Feldmeth el a/., 5?74, Otto, 97 
Houston and, Rupert. 1976; Koss and Houston, 981 
Beaumont h a t ,  1981; Houston and Koss, 1982 
Threader add Houston,. 1983)4

Accordingly, in the present study we have exam- 
inedoxygen consumption and selected ventilatory 
and cardiac activities in rainbow trout, Sa'mogm 
neri. Consideration has been given to the effects ot 
relatively long-term acclimation to constant tein- 
rcrature conditions (2“, 10“, 18“C) and to a diurnal 
shicwavc temperature cycle (10 ±  4°C). In addition, 
•he resoonses of trout previously acclimated to con- 
L K £ . » r - t o . Ppi»«tol ±4°C cycle have also
been evaluated.

MATERIALS AND METHODS 

Origin and maintenance o f animals

t o t o i y  t o  inflow.
ments daily. Each tank was equipped with a hght tî rt 
hood and a 12 hr light-12 hr darkness photopenod regime 
initiated at 08:30 hr was maintained throughout acclimation 

Sriods The dechlorinated St
5  varied little in total hardness (140-145mgl . «

\ total alkalinily (95-100 mg l“1, as CaCOj) or pH

levels were inversely related to 

thereafter.
Temperature conditions |

Upon arrival in the laboratory, trout were weighed and 
distributed among the animation tanks « J  
differences in mean weights and comparable weight r a g .

, ,  i' • f . n W
:(»■

i V
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FISH BIOENERGETICS AND GROWTH IN AQUACULTURE PONDS: 
II. EFFECTS OF INTERACTIONS AMONG SIZE, TEMPERATURE, 
DISSOLVED OXYGEN, UNIONIZED AMMONIA AND FOOD ON 
GROWTH OF INDIVIDUAL FISH

MICHAEL L. CUENCO *, ROBERT R. ST1CKNEY ** and WILLIAM E. GRANT
Department of Wildlife and Fisheries Sciences, Texas A & M University, College Station, TX 
77843 (U.S.A.)

(Accepted 10 December 1984)

ABSTRACT

Cuenco, M.L., Stickney, R.R. and Grant, W.E., 1985. Fish bioenergetics and growth in 
aquaculture ponds: II. Effects of interactions among size, temperature, dissolved oxygen, 
unionized ammonia and food on growth of individual fish. Ecot. Modelling, 27: 191-206.

In a previous paper, predictions of the individual effects of size, temperature, dissolved 
oxygen, unionized ammonia and food on fish growth from an organismal model of fish 
bioenergetics and growth agreed well with available data. Model predictions of the combined 
effects of size and temperature, size and food, temperature and food, and dissolved oxygen 
and food on growth also agreed well with available data. Model predictions of six undocu
mented two-factor interactions were consistent with other known interactions and general 
principles of fish energetics. The model was also used to predict maximum, optimum, and 
maintenance rations under controlled environments.

INTRODUCTION

This paper assesses validity of a simulation model developed for pond 
aquaculture systems (Cuenco et al., 1985) through comparison of predicted 
and observed effects of interactions among fish size (W), water temperature 
(TP), oxygen concentration (DO), unionized ammonia level (AM), and food 
(FD) on relative growth rate (GR) of individual fish. The model also was

* Present address: Computer Technology Unit, Texas Agricultural Extension Service, College 
Station, TX 77843 (U.S.A.)
** Present address: Fisheries Research Laboratory, Southern Illinois University, Carbondale, 
IL 62901 (U.S.A.)

0304-3800/85/503.30 €) 1985 Elsevier Science Publishers B.V.
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available. Then, 
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Andrews et

Fig. 1. Individual effects of key factors on the relative growth rate of fish: (A) fish weight — 
data on bluegill from McComish (1971); (B) temperature — data on tilapia from Suffem et 
al. (1978); (C) dissolved oxygen — data on coho salmon from Herrmann et al. (1962); (D) 
amount of food available — data on sockeye salmon from Brett et al. (1969). All curves were 
generated from the individual fish model described in Cuenco et al. (1985).
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Phosphorus, nitrogen, and carbon cycling by fish populations in two small lowland rivers /zc> 
in Poland
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Keywords: phosphorus, nitrogen, carbon, cycling, pools, utilization, fish populations, small river

Abstract

Amounts of C, P, and N consumed by all fish populations were estimated at 9 sites in two small lowland 
rivers. They mainly depended on fish density and were: 151.8 (27.9-453.3) kg C ha-1 a-1,3.1 (0.5-8.8) kg P ha-1 
a 1, and 30.3 (5.3-89.9) kg N ha-1 a-1. To build one kg of each of these elements into their body the fish 
consumed 7.9 ±  1.7 (x ±  S.D .) kg of C, 3.1 ±  0.8 kg of P, and 6.6 ±  1.3 kg of N. Thus, phosphorus was 
assimilated twice more efficiently than carbon and nitrogen. Pools of the three elements, calculated as mean 
biomass, are: 12.7 (1.2-42.1) kg C h a 1, 0.7 (0.1-2.2) kgP ha-1, and 3.0 (0.3-9.7) kgN ha-1. The elements were 
assimilated especially effectively by young stages of fish.

Introduction

Phosphorus, nitrogen, and carbon, are the most 
important elements in the eutrophication of water 
ecosystems (Colby et a l ,  1972; Collier et al., 1973; 
Kajak, 1979, and others). Contrary to other orga
nisms, the part of riverine fish in the cycling of these 
elements has not, so far, been investigated. Hence, 
the aims of this paper are to estimate 1) the uptake 
of these elements by fish populations in small low
land rivers, 2) the quantities used in fish growth 
over a year, 3) the quantities stocked as mean fish 
biomass.

This study was preceded by assessments of densi
ty, growth, fecundity, and catch efficiency of all fish 
populations present in both rivers in question 
(Penczak et al., 1981). Later, the production (Penc
zak, 1981), diet, and quantity of food consumed 
were also assessed (Penczak et al., 1984).

Material and methods

Fish were caught at 6 sites in the Utrata River, a 

H ydrobiologia 120, 159 165 (1985).
© D r W. Ju n k  Publishers, D ordrecht. Printed in the Netherlands.

tributary of the Bzura River in the Vistula drainage 
basin, and 3 sites in the Zalewka Brook, a tributary 
of the Ner River in the Warta drainage basin. Maps 
showing the localities of both rivers and all the sites, 
tables with chemical and physical characteristics of 
the sites, methods of fish capture, estimates of den
sity, and all information necessary for production 
estimates at the time of annulus formation may be 
found in Penczak (1981) and Penczak et a l.(  1981). 
These studies were expressed in units of weight and 
energy assessments of the diet and food consump
tion of the fish populations (Penczak et al., 1984).

Carbon (C) was estimated gravimetrically after 
combustion of 10 mg of dry homogenate to C 0 2 
and H20  (Binkowski & Vecera, 1965). Total nitro
gen (N) was estimated using the modified Dumas 
method (Binkowski, 1972). Total phosphorus (P), 
after mineralization of tissues, was determined by 
the phosphomolibdene blue method (Binkowski & 
Gizinski, 1977).

Cycling of C, P, and N through fish populations, 
and the amounts stocked in standing crop of fish 
biomass, were analysed using coefficients of ecolog
ical effectiveness (Grodzinski et al., 1975): LH =
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Table I. Percentages of C, P, and N in the dry and wet weight of 
dominant species. Means, or means and S.D., were calculated 
on the basis of 5 ±  10 analyses.

Elements The Utrata River The Zalewka Brook

Dry wt 
(x ±  S.D.)

Wet wt
X

Dry wt 
(x ±  S.D.)

Wet wt
X

Loach

C 44.04 ± 2.23 10.62 41.85 ±2.20 10.09
P 2.25 ±  0.34 0.54 1.81 ±0.46 0.44
N 10.11 ± 0.50 2.44 9.91 ±0.78 2.39

Gudgeon

C 43.25 ± 1.61 10.68 43.16 ±1.76 10.66
P 2.55 ±0.31 0.63 2.17 ±0.44 0.54
N 10.34 ±  1.31 2.55 10.39 ±0.61 2.56

Roach

C 42.61 ±2.42 11.38
P 2.28 ±0.44 0.61
N 10.25 ±0.53 2.74

Three-spined Stickleback

C
P
N

42.10 ±4.32  
2.41 ±0.87  
8.76 ± 1.82

10.47
0.60
2.18

Nine-spined Stickleback

C 44.78 ± 3.90 10.14
P 2.21 ±0.57 0.50
N 8.70 ±1.92 1.97

Averages calculated for loach, gudgeon, and roach from the 
Utrata River and Zalewka Brook

C 42.98 ±  2.04 10.69
P 2.21 ±0.40 0.55
N 10.20 ±0.75 2.54

A K _  Prod. 
Cons.’ 1 Cons.’

K2 =  (A =  Prod. +  2R)./\

Results

The percentages of carbon, phosphorus, and nit
rogen per dry and wet weight of the dominant fish 
species are shown in Table 1. Only the mean values 
for each species are included because in loach, gud
geon, and roach there were no statistically signifi
cant differences (p >  0.05) in the levels of C, P, and 
N with relation to body length, sex, and season. 
Because of small number of analyses and variation

in the observed results, the same applies to differen
ces in mean values between all the species exam
ined.

The percentages of C, P, and N in the dry and wet 
weight of most of the diet components were also 
examined (Table 2).

Data from Table 1 were used to estimate the 
shares of C, P, and N in the mean biomass and total 
production of the fish species (Table 3).

Then, the food consumption of the fish popula
tions, expressed in the amount of C, P, and N eaten 
in kg h a 1 a-1 (Table 4), was calculated using data 
from Table 2 and Penczak et al., (1984, Fig. 1).

Data from Table 3 and 4 enabled the author to 
answer the three questions put forward in the ‘In
troduction’:

1) the amounts of C, P, and N consumed by fish 
populations at the 9 sites depended mainly on fish 
density and fish diet (Table 2), and were: 151.78 
(27.92-453.34) kg C h a 1 a 1, 3.07 (0.52-8.78) kg P 
ha-1 a 1, and 30.28 (5.30-89.89) kg N h a 1 a 1.

2) In production processes (growth) in the exam
ined rivers, fish populations used on an average 
22.68 (3.38-89.74) kg C h a 1 a 1, 1.20 (0.18-4.49) kg 
P ha-1 a 1, and 5.23 (0.81-20.13) kg N har1 a 1.

3) Reserves (pools) of the three elements stocked 
as mean biomass at the sites of both rivers were, on 
average: 12.67 (1.15-42.13) kg C h a 1, 0.67 
(0.06-2.15) kg P h a 1, and 2.95 (0.27-9.67) kg N 
h a 1.

The final results (Table 3 & 4) imply that fish 
populations are important in the cycling of the 
examined elements. On average, the fish consumed 
7.9 ±  1.7 (x ±  S.D .) kg of carbon, 3.1 ±  0.8 kg of 
phosphorus, and 6.6 ±  1.3 kg of nitrogen to assimi
late one kg of each of these elements into their body.

The efficiency of the absorption of the elements 
for growth and assimilation processes is indicated 
in Table 5 by the coefficients of ecological efficien
cy, which are counted separately and together for 
the dominant species. For three-spined stickleback, 
the values of carbon were calculated on the basis of 
data from the only three sites (Ui,  h y  L2) at which 
all the age-groups of this species were represented. 
For sites U3_6, where three-spined stickleback from 
only the 0+  age-group were present, the coefficients 
were counted separately, and the results put below 
the table; there are also there data for the 0+  roach. 
For phosphorus, coefficient Kj was counted for 
only these sites where three-spined stickleback was
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FOREWORD

Section 304(a)(1) of the Clean Water Act of 1977 (PL 95-217) requires the 
Administrator of the Environmental Protection Agency to publish water quality 
criteria that accurately reflect the latest scientific knowledge on the kind 
and extent of all identifiable effects on health and welfare that might be 
expected from the presence of pollutants in any body of water, including 
groundwater.. This document is a revision of proposed criteria based upon a 
consideration of comments received from other Federal agencies, State 
agencies, special interest groups, and individual scientists. Criteria 
contained in this document replace any previously published EPA aquatic life 
criteria for the same pollutant(s).

. The term "water quality criteria" is used in two sections of the Clean 
Water Act, Section 304(a)(1) and Section 303(c)(2). This term has a different 
program impact in each section. In Section 304, the term represents a non- 
regulatory, scientific assessment of ecological effects. Criteria presented 
in this document are such scientific assessments. If water quality criteria 
associated with specific stream uses are adopted by a State as water quality 
standards under Section 303, they become enforceable maximum acceptable 
pollutant concentrations in ambient waters within that State. Water quality 
criteria adopted in State water quality standards could have the same numer
ical values as criteria developed under Section 304. However, in many 
situations States might want to adjust water quality criteria developed under 
Section 304 to reflect local environmental conditions and human exposure 
patterns before incorporation into water quality standards. It is not until 
their adoption as part of State water quality standards that criteria become 
regulatory.

Guidelines to assist States in the modification of criteria presented in 
this document, in the development of water quality standards* and in other 
water-related programs of this agency, have been developed by EPA.

William A. Whittington 
Director
Office of Water Regulations and Standards
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Ambient Water Quality Criteria for Dissolved Oxygen 

FRESHWATER AQUATIC LIFE

I. Introduction

A sizable body of literature on the oxygen requirements of freshwater 
aquatic life has been thoroughly summarized (Doudoroff and Shumway, 1967, 
1970; Warren et al., 1973; Davis, 1975a,b; and Alabaster and Lloyd, 1980). 
These reviews and other documents describing the dissolved oxygen requirements 
of aquatic organisms (U.S. Environmental Protection Agency, 1976; Inter
national Joint Commission, 1976; Minnesota Pollution Control Agency, 1980) and 
more recent data were considered in the preparation of this document. The 
references cited below are limited to those considered to be the most defin
itive and most representative of the preponderance of scientific evidence 
concerning the dissolved oxygen requirements of freshwater organisms. The 
guidelines used in deriving aquatic life criteria for toxicants (Federal 
Register, 45 FR 79318, November 28, 1980) are not applicable because of the 
different nature of the data bases. Chemical toxicity data bases rely on 
standard 96-h LC50 tests and standard chronic tests; there are very few data 
of either type on dissolved oxygen.

Over the last 10 years the dissolved oxygen criteria proposed by various 
agencies and researchers have generally reflected two basic schools of 
thought. One maintained that a dynamic approach should be used so that the 
criteria would vary with natural ambient dissolved oxygen minima in the waters 
of concern (Doudoroff and Shumway, 1970) or with dissolved oxygen requirements 
of fish expressed in terms of percent saturation (Davis, 1975a,b). The other 
maintained that, while not ideal, a single minimum allowable concentration 
should adequately protect the diversity of aquatic life in fresh waters (U.S. 
Environmental Protection Agency, 1976). Both approaches relied on a simple 
minimum allowable dissolvod oxygen concentration as the basis for their 
criteria. A simple minimum dissolved oxygen concentration was also the most 
practicable approach in waste load allocation models of the time.

Expressing the criteria in terms of the actual amount of dissolved oxygen 
available to aquatic organisms in milligrams per liter (mg/1) is considered 
more direct and easier to administer compared to expressing the criteria in 
terms of percent saturation. Dissolved oxygen criteria expressed as percent 
saturation, such as discussed by Davis (1975a,b), are more complex and could 
often result in unnecessarily stringent criteria in the cold months and 
potentially unprotective criteria during periods of high ambient temperature 
or at high elevations. Oxygen partial pressure is subject to the same 
temperature problems as percent saturation.

1



The approach recommended by Doudoroff and Shumway (1970), in which the 
criteria vary seasonally with the natural minimum dissolved oxygen concentra- 
tions in the waters of concern, was adopted by the National Academy of 
Sciences and National Academy of Engineering (NAS/NAE, 1973). This approach 
has some merit, but the lack of data (natural minimum concentrations) makes 
its application difficult, and it can also produce unnecessarily stringent or 
unprotective criteria during periods of extreme temperature.

The more simplistic approach to dissolved oxygen criteria has been 
supported by the findings of a select committee of scientists specifically 
established by the Research Advisory Board of the International Joint 
Commission to review the dissolved oxygen criterion for the Great Lakes 
(Magnuson et al., 1979). The committee concluded that a simple criterion (an 
average criterion of 6.5 mg/1 and a minimum criterion of 5.5 mg/1) was 
preferable to one based on percent saturation (or oxygen partial pressure) and 
was scientifically sound because the rate of oxygen transfer across fish gills 
is directly dependent on the mean difference in oxygen partial pressure across 
the gill. Also, the total amount of oxygen delivered to the gills is a more 
specific limiting factor than is oxygen partial pressure per se. The format 
of this otherwise simple criterion was more sophisticated” than earlier 
criteria with the introduction of a two-concentration criterion comprised of 
both a mean and a minimum. This two-concentration criteria structure is 
similar to that currently used for toxicants (Federal Register, 45 FR 79318, 
November 28, 1980). EPA agrees with the International Joint Commission's 
conclusions and will recommend a two-number criterion for dissolved oxygen.

The national criteria presented herein represent the best estimates, 
based on the data available, of dissolved oxygen concentrations necessary to 
protect aquatic life and its uses. Previous water quality criteria have 
either emphasized (Federal Water Pollution Control Administration, 1968) or 
rejected (National Academy of Sciences and National Academy of Engineering, 
1972) separate dissolved oxygen criteria for coldwater and warmwater biota. A 
warmwater-coldwater dichotomy is made in this criterion. To simplify discus
sion, however, the text of the document is split into salmonid and non- 
salmonid sections. The salmonid-nonsalmonid dichotomy is predicated on the 
much greater knowledge regarding the dissolved oxygen requirements of 
salmonids and on the critical influence of intergravel dissolved oxygen 
concentration on salmonid embryonic and larval development. Nonsalmonid fish 
include many other coldwater and coolwater fish plus all warmwater fish. Some 
of these species are known to be less sensitive than salmonids to low dis
solved oxygen concentrations. Some other nonsalmonids may prove to be at 
least as sensitive to low dissolved oxygen concentrations as the salmonids; 
among the nonsalmonids of likely sensitivity are the herrings (Clupeidae), the 
smelts (Osmeridae), the pikes (Esocidae), and the sculpins (Cottidae). 
Although there is little published data regarding the dissolved oxygen 
requirements of most nonsalmonid species, there is apparently enough anecdotal 
information to suggest that many coolwater species are more sensitive to 
dissolved oxygen depletion than are warmwater species. According to the 
American Fisheries Society (1978), the term "coolwater fishes" is not vigor
ously defined, but it refers generally to those species which are distributed 
by temperature preference between the "coldwater" salmonid communities to the 
north and the more diverse, often centrarchid-dominated "warmwater" assem-
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biages to the south. Many states have more stringent- dissolved oxygen 
standards for colder waters, waters that contain either salmonids, nonsalmonid 
coolwater fish, or the sensitive centrarchid, the smallmouth bass.

The research and sociological emphasis for dissolved oxygen has been 
biased towards fish, especially the more economically important species in the 
family Salmonidae. Several authors (Doudoroff and Shumway, 1970; Davis, 
1975a,b) have discussed this bias in considerable detail and have drawn 
similar conclusions regarding the effects of low dissolved oxygen on fresh
water invertebrates. Doudoroff and Shumway (1970) stated that although some 
invertebrate species are about as sensitive as the moderately susceptible 
fishes, all invertebrate species need not be protected in order to protect the 
food source for fisheries because many invertebrate species, inherently more 
tolerant than fish, would increase in abundance. Davis (1975a,b) also 
concluded that invertebrate species would probably be adequately protected if 
the fish populations are protected. He stated that the composition of 
invertebrate communities may shift to more tolerant forms selected from the 
resident community or recruited from outside the community. In general, 
stream invertebrates that are requisite riffle-dwellers probably have a higher 
dissolved oxygen requirement than other aquatic invertebrates. The riffle 
habitat maximizes the potential dissolved oxygen flux to organisms living in 
the high water velocity by rapidly replacing the water in the immediate 
vicinity of the organisms. This may be especially important for organisms 
that exist clinging to submerged substrate in the riffles. In the absence of 
data to the contrary, EPA will follow the assumption that a dissolved oxygen 
criterion protective of fish will be adequate.

One of the most difficult problems faced during this attempt to gather, 
interpret, assimilate, and generalize the scientific data base for dissolved 
oxygen effects on fish has been the variability in test conditions used by 
investigators. Some toxicological methods for measuring the effects of 
chemicals on aquatic life have been standardized for nearly 40 years; this has 
not been true of dissolved oxygen research. Acute lethality tests with 
dissolved oxygen vary in the extreme with respect to types of exposure 
(constant vs. declining), duration of exposure (a few hours vs. a week or 
more), type of endpoint (death vs. loss of eguilibrium)-, type of oxygen 
control (nitrogen stripping vs. vacuum degassing), and type of exposure 
chamber (open to the atmosphere vs. sealed). In addition there are the normal 
sources of variability that influence standardized toxicity tests, including 
seasonal differences in the condition of test fish, acclimation or lack of 
acclimation to test conditions, type and level of feeding, test temperature, 
age of test fish, and stresses due to test conditions. Chronic toxicity tests 
are typically of two types, full life cycle tests or early life stage tests. 
These have come to be rather rigorously standardized and are essential to the 
toxic chemical criteria established by EPA. These tests routinely are assumed 
to include the most sensitive life stage, and the criteria then presume to 
protect all life stages. With dissolved oxygen research, very few tests would 
be considered legitimate chronic tests; either they fail to include a full 
life cycle, they fail to include both embryo and larval stages, or they fail 
to include an adequate period of post-larval feeding and growth.
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Instead of establishing year-round criteria to protect all life stages, 
it may be possible to establish seasonal criteria based on the life stages 
present. Thus, special early life stage criteria are routinely accepted for 
salmonid early life stages because of their usual intergravel environment. 
The same concept may be extended to any species that appear to have more 
stringent dissolved oxygen requirements during one period of their life 
history. The flexibility afforded by such a dichotomy in criteria carries 
with it the responsibility to accurately determine the presence or absence of 
the more sensitive stages prior to invocation of the less stringent criteria. 
Such presence/absence data must be more site-specific than national in scope, 
so that temperature, habitat, or calendar specifications are not possible in 
this document. In the absence of such site-specific determinations the 
default criteria would be those that would protect all life stages year-round; 
this is consistent with the present format for toxic chemical criteria.

II. Salmonids

The effects of various dissolved oxygen concentrations on the well-being 
of aquatic organisms have been studied more extensively for fish of the family 
Salmonidae (which includes the genera Coregonus, Oncqrhynchus, Prosopium, 
Salmo, Salvelinus, Stenodus, and Thymallus) than for any other family of 
organisms. Nearly all these studies have been conducted under laboratory 
conditions, simplifying cause and effect analysis, but minimizing or eliminat
ing potentially important environmental factors, such as physical and chemical 
stresses associated with suboptimal water quality, as well as competition, 
behavior, and other related activities. Most laboratory studies on the
effects of dissolved oxygen concentrations on salmonids have emphasized 
growth, physiology, or embryonic development. OTher studies have described 
acute lethality or the effects of dissolved oxygen concentration on swimming 
performance.

A. Physiology

Many studies have reported a wide variety of physiological responses to 
low dissolved oxygen concentrations. Usually, these investigations were of 
short duration, measuring cardiovascular and metabolic alterations resulting 
from hypoxic exposures of relatively rapid onset. While theso data provide 
only minimal guidance for establishing environmentally acceptable dissolved 
oxygen concentrations, they do provide considerable insight into the mechan
isms responsible for the overall effects observed in the entire organism. For 
example, a good correlation exists between oxygen dissociation curves for 
rainbow trout blood (Cameron, 1971) and curves depicting the reduction in 
growth of salmonids (Brett and Blackburn, 1981; Warren et al., 1973) and the 
reduction in swimming ability of salmonids (Davis et al., 1963). These 
correlations indicate that the blood's reduced oxygen loading capacity at 
lower dissolved oxygen concentrations limits the amount of oxygen delivered to 
the tissues, restricting the ability of fish to maximize metabolic perform
ance.

In general, the significance of metabolic and physiological studies on 
the establishment of dissolved oxygen criteria must be indirect, because their 
applicability to environmentally acceptable dissolved oxygen concentrations 
requires greater extrapolation and more assumptions than those required for 
data on growth, swimming, and survival.
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B. Acute Lethal Concentrations

Doudoroff and Shumway (1970) summarized studies on lethal concentrations 
of dissolved oxygen for salmonids; analysis of these data indicates that the 
test procedures were highly variable, differing in duration, exposure regime, 
and reported endpoints. Only in a few cases could a 96-hr LC50 be calculated. 
Mortality or loss of equilibrium usually occurred at concentrations between 1 
and 3 mg/1.

Mortality of brook trout has occurred in less than one hour at 10°C at 
dissolved oxygen concentrations below 1.2 mg/1, and no fish survived exposure 
at or below 1.5 mg/1 for 10 hours (Shepard, 1955). Lethal dissolved oxygen 
concentrations increase at higher water temperatures and longer exposures. A 
3.5 hr exposure killed all trout at 1.1 and 1.6 mg/1 at 10 and 20°C, respec
tively (Downing and Merkens, 1957). A 3.5-day exposure killed all trout at 
1.3 and 2.4 mg/1 at 10 and 20°C, respectively. The corresponding no-mortality 
levels were 1.9 and 2.7 mg/i. The difference between dissolved oxygen 
concentrations causing total mortality and those allowing complete survival 
was about 0.5 mg/1 when exposure duration was less than one week. If the 
period of exposure to low dissolved oxygen concentrations is limited to less 
than 3.5 days, concentrations of dissolved oxygen of 3 mg/1 or higher should 
produce no direct mortality of salmonids.

More recent studies confirm these lethal levels in chronic tests with 
early life stages of salmonids (Siefert et al., 1974; Siefert and Spoor, 1973; 
Brooke and Colby, 1980); although studies with lake trout (Carlson and 
Siefert, 1974) indicate that 4.5 mg/1 is lethal at 10°C (perhaps a marginally 
acceptable temperature for embryonic lake trout).

C. Growth
t*-

Growth of salmonids is most susceptible to the effects of low dissolved 
oxygen concentrations when the metabolic demands or opportunities are great
est. This is demonstrated by the greater sensitivity of growth to low 
dissolved oxygen concentrations when temperatures are high and food most 
plentiful (Warren et al., 1973). A total of more than 30 growth tests have 
been reported by Herrmann et al. (1962), Fisher (1963), Warren et al. (1973), 
Brett and Blackburn (1981), and Spoor (1981). Results of these tests are not 
easily compared because the tests encompass a wide range of species, tempera
tures, food types, and fish sizes. These factors produced a variety of 
control growth rates which, when combined with a wide range of test durations 
and fish numbers, resulted in an array of statistically diverse test results.

The results from most of these 30-plus tests were converted to growth 
rate data for fish exposed to low dissolved oxygen concentrations and were 
compared to control growth rates by curve-fitting procedures (JRB Associates, 
1984). Estimates of growth rate reductions were similar regardless of the 
type of curve employed, but the quadratic model was judged to be superior and 
was used in the growth rate analyses contained in this document. The apparent 
relative sensitivity of each species to dissolved oxygen depletion may be 
influenced by fish size, test duration, temperature, and diet. Growth rate 
data (Table 1) from these tests with salmon and trout fed unrestricted rations 
indicated median growth rate reductions of 7, 14, and 25 percent for fish held
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at 6, 5, and 4 mg/1, respectively (JRB Associates, 1984). However, median 
growth rate reductions for the various species ranged from 4 to 9 percent at 6 
mg/1, 11 to 17 percent at 5 mg/1, and 21 to 29 percent at 4 mg/1.

Table 1. Percent reduction in growth rate of salmonids at various dissolved 
oxygen concentrations expressed as the median value from n tests 
with each species (calculated from JRB Associates, 1984).

Dissolved
Oxygen

Species (number of tests)

Chinook Coho Sockeye Rainbow Brown Lake
(mg/1) Salmon (6) Salmon (12) Salmon (1) Trout (2) Trout (1) Trout (2)

9 0 0 0 0 0 0
8 0 0 0 1 0 0
7 1 1 2 5 1 2
6 7 4 6 9 6 7
5 16 11 12 17 13 16
4 29 21 22 25 23 29
3 47 37 33 37 36 47

Median
Temp. (°C) 15 18 15 12 12 12

Considering the variability inherent in growth studies, the apparent 
reductions in growth rate sometimes seen above 6 mg/1 are not usually statist
ically significant. The reductions in growth rate occurring at dissolved 
oxygen concentrations below about 4 mg/1 should be considered severe; between 
4 mg/1 and the threshold of effect, which variably appears to be between 6 and 
10 mg/1 in individual tests, the effect on growth rate is moderate to slight 
if the exposures are sufficiently long.

Within the growth data presented by Warren et al. (1973), the greatest 
effects and highest thresholds of effect occurred at high temperatures (17.8 
to 21.7°C). In two tests conducted at about 8.5°C, the growth rate reduction 
at 4 mg/1 of dissolved oxygen averaged 12 percent. Thus, even at the maximum 
feeding levels in these tests, dissolved oxygen levels down to 5 mg/1 probably 
have little effect on growth rate at temperatures below 10°C.

Growth data from Warren et al. (1973) included chioook salmon tests 
conducted at various temperatures. These data (Table 2) indicated that growth 
tests conducted at 10-15°C would underestimate the effects of low dissolved 
oxygen concentrations at higher temperatures by a significant margin, for 
example, at 5 mg/1 growth was not affected at 13°C but was reduced by 34 
percent if temperatures were as high as 20°C. Examination of the test 
temperatures associated with the growth rate reductions listed in Table 1 
shows that most data represent temperatures between 12 and 15°C. At the 
higher temperatures often associated with low dissolved oxygen concentrations, 
the growth rate reductions would have been greater if the generalizations of
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the Chinook salmon data are applicable to salmonids in general. Coho salmon 
growth studies (Warren et al., 1973) showed a similar result over a range of 
temperatures from 9 to 18°C, but the trend was reversed in two tests near 22°C 
(Table 3). Except for the 22°C coho tests, the coho and Chinook salmon 
results support the idea that effects of low dissolved oxygen become more 
severe at higher temperatures. This conclusion is supported by data on 
largemouth bass (to be discussed later) and by the increase in metabolic rate 
produced by high temperatures.

Table 2. Influence of temperature on growth rate of Chinook salmon held at 
various dissolved oxygen concentrations (calculated from Warren et 
al., 1973; JRB Associates, 1984).

Dissolved
Oxygen
(mg/1)

Percent Reduction in Growth Rate at

8.4°C 13.0°C 13.2°C 17.8°C 18.6°C 21.7°C

9 0 0 0 0 0 0
8 0 0 0 0 2 0
7 0 0 4 0 8 2
6 0 0 8 5 19 14
5 0 0 16 16 34 34
4 7 4 25 33 53 65
3 26 22 36 57 77 100

Table 3. Influence of temperature on growth rate of coho salmon held at 
various dissolved oxygen concentrations (calculated from Warren et 
al., 1973; JRB Associates, 1984).

Dissolved Percent Reduction in Growth Rate at
Oxygen
(mg/1) 8.6°C 12.9°C 13.0°C 18.0°C 21.6°C 21.8°C

10 0 0 0 0 0 0
9 0 0 0 5 0 0
8 0 1 2 10 0 0
7 1 4 6 17 0 6
6 A 10 13 27 O 1
5 9 18 23 38 0 7
4 17 29 36 51 4 19
3 28 42 51 67 6 37

Effects of dissolved oxygen concentration on the growth rate of salmonids 
fed restricted rations have been less intensively investigated. Thatcher 
(1974) conducted a series of tests with coho salmon at 15°C over a wide range 
of food consumption rates at 3, 5, and 8 mg/1 of dissolved oxygen. The only 
significant reduction in growth rate was observed at 3 mg/1 and food consump-
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tion rates greater than about 70 percent of maximum. In these studies, 
Thatcher noted that fish at 5 mg/1 appeared to expend less energy in swimming 
activity than those at 8 mg/1. In natural conditions, where fish may be 
rewarded for energy expended defending preferred territory or searching for 
food, a dissolved oxygen concentration of 5 mg/1 may restrict these activ
ities.

The effect of forced activity and dissolved oxygen concentration on the 
growth of coho salmon was studied by Hutchins (1974). The growth rates of 
salmon fed to repletion at a dissolved oxygen concentration of 3 mg/1 and held 
at current velocities of 8.5 and 20 cm/sec were reduced by 20 and 65 percent, 
respectively. At 5 mg/1, no reduction of growth rate was seen at the slower 
velocity, but a 15 percent decrease occurred at the higher velocity.

The effects of various dissolved oxygen concentrations on the growth rate 
of coho salmon 5 cm long) in laboratory streams with an average current 
velocity of 12 cm/sec have been reported by Warren et al. (1973). In this 
series of nine tests, salmon consumed aquatic invertebrates living in the 
streams. Results at temperatures from 9.5° to 15.5°C supported the results of 
earlier laboratory studies; at higher growth rates (40 to 50 mg/g/day), 
dissolved oxygen levels below 5 mg/T reduced growth rate, but at lower growth 
rates (0 to 20 mg/g/day), no effects were seen at concentrations down to 3 
mg/1.

The applicability of these growth data from laboratory tests depends on 
the available food and required activity in natural situations. Obviously, 
these factors will be highly variable depending on duration of exposure, 
growth rate, species, habitat, season,-: and size of fish. However, unless 
effects of these variables are examined for the site in question, the labora
tory results should be used. The attainment of critical size is vital to the 
smolting of anadromous salmonids and may be important for all salmonids if 
size-related transition to feeding on larger or more diverse food organisms is 

advantage. - In the absence of more definitive site—specific, species- 
specific growth data, the data summary in Tables 1, 2, and 3 represent the 
best estimates of the effects of dissolved oxygen concentration on the 
potential growth of salmonid fish.

D. Reproducti on

No studies were found that described the effects of low dissolved oxygen 
on the reproduction, fertility, or fecundity of salmonid fish.

€, Early Life Stages

Determining the dissolved oxygen requirements for salmonids, many of 
which have embryonic and larval stages that develop while buried in the gravel 
of streams and lakes, is complicated by complex relationships between the 
dissolved oxygen supplies in the gravel and the overlying water. The dis
solved oxygen supply of embryos and larvae can be depleted even when the 
dissolved oxygen concentration in the overlying body of water is otherwise 
acceptable. Intergravel dissolved oxygen is dependent upon the balance 
between the combined respiration of gravel-dwelling organisms, from bacteria
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to fish embryos, and the rate of dissolved oxygen supply, which is dependent 
upon rates of water percolation and convection, and dissolved oxygen dif- 
fusion.

Water flow past salmonid eggs influences the dissolved oxygen supply to 
the microenvironment surrounding each egg. Regardless of dissolved oxygen 
concentration in the gravel, flow rates below 100 cm/hr directly influence the 
oxygen supply in the microenvironment and hence the size at hatch of salmonid 
fish. At dissolved oxygen levels below 6 mg/1 the time from fertilization to 
hatch is longer as water flow decreases (Silver et al., 1963; Shumway et al., 
1964).

The dissolved oxygen requirements for growth of salmonid embryos and 
larvae have not been shown to differ appreciably from those of older sal- 
monids. Under conditions of adequate water flow (£100 cm/hr), the weight 
attained by salmon and trout larvae prior to feeding (swimup) is decreased 
less than 10 percent by continuous exposure to concentrations down to 3 mg/1 
(Brannon, 1965; Chapman and Shumway, 1978). The considerable developmental 
delay which occurs at low dissolved oxygen conditions could have survival and 
growth implications if the time of emergence from gravel, or first feeding, is 
critically related to the presence of specific food organisms, stream flow, or 
other factors (Carlson and Siefert, 1974; Siefert and Spoor, 1974). Effects 
of low dissolved oxygen on early life stages are probably most significant 
during later embryonic development when critical dissolved oxygen concentra
tions are highest (Alderdice et al., 1958) and during the first few months 
post-hatch when growth rates are usually highest. The latter authors studied 
the effects of 7-day exposure of embryos- to low dissolved oxygen at various 
stages during incubation at otherwise high dissolved oxygen concentrations. 
They found no effect of 7-day exposure at concentrations above 2 mg/1 (at a 
water flow of 85 cm/hr).

Embryos of mountain whitefish suffered severe mortality at a mean 
dissolved oxygen concentration of 3.3 mg/1 (2.8 mg/1 minimum) and some 
reduction in survival was noted at 4.6 mg/1 (3.8 mg/T minimum); at 4.6 mg/1, 
hatching was delayed by 1 to 2 weeks (Sieffert et al., 1974). Delayed 
hatching resulted in poorer growth at the end of the test, even at dissolved 
oxygen concentrations of 6 mg/1.

Evaluating intergravel dissolved oxygen concentrations is difficult 
because of the great spatial and temporal variability produced by differences 
in stream flow,, bottom topography, and gravel composition. Even within the 
same redd, dissolved oxygen concentrations can vary by 5 or 6 mg/1 at a given 
time (Koski, 1965). Over several months, Koski repeatedly measured the 
dissolved oxygen concentrations in over 30 coho salmon redds and the overlying 
stream water in three small, forested (unlogged) watersheds. The results of 
these measurements indicated that the average intraredd dissolved oxygen 
concentration was about 2 mg/1 below that of the overlying water. The minimum 
concentrations measured in the redds averaged about 3 mg/1 below those of the 
overlying water and probably occurred during the latter period of intergravel 
development when water temperatures were warmer, larvae larger, and overlying 
dissolved oxygen concentrations lower.
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Coble (1961) buried steel head trout eggs in streambed gravel, monitored 
nearby intergravel dissolved oxygen and water velocity, and noted embryo 
survival. There was a positive correlation between dissolved oxygen concen- 
tration, water velocity, and embryo survival. Survival ranged from 16 to 26 
percent whenever mean intergravel dissolved oxygen concentrations were below 6 
mg/1 or velocities were below 20 cm/hr; at dissolved oxygen concentrations 
above 6 mg/1 and velocities over 20 cm/hr, survival ranged from 36 to 62 
percent. Mean reductions in dissolved oxygen concentration between stream and 
intergravel waters averaged about 5 mg/1 as compared to the 2 mg/1 average 
reduction observed by Koski (196S) in the same stream. One explanation for 
the different results is that the intergravel water flow may have been higher 
in the natural redds studied by Koski (not determined) than in the artificial 
redds of Coble's investigation. Also, the density of eggs near the sampling 
point may have been greater in Coble's simulated redds.

A study of dissolved oxygen concentrations in brook trout redds was 
conducted in Pennsylvania (Hollander, 1981). Brook trout generally prefer 
areas of groundwater upwelling for spawning sites (Witzel and MacCrimmon, 
1983). Dissolved oxygen and temperature data offer no indication of ground- 
water flow in Hoi lender's study areas, however, so that differences between 
water column and intergravel dissolved oxygen concentrations probably repre
sent intergravel dissolved oxygen depletion. Mean dissolved oxygen concentra
tions in redds averaged 2.1, 2.8, and 3.7 mg/liter less than the surface water 
in the three portions of the study. Considerable variation of intergravel 
dissolved oxygen concentration was observed between redds and within a single 
redd. Variation from one year to another suggested that dissolved oxygen 
concentrations will show greater intergravel depletion during years of low 
water flow.

Until more data are available, the dissolved oxygen concentration in the 
intergravel environment should be considered to be at least 3 mg/1 lower than 
the oxygen concentration in the overlying water. The 3 mg/1 differential is 
assumed in ’the criteria, since it reasonably represents the only two available 
studies based on observations in natural redds (Koski, 1965; Hollender, -1981). 
When siltation loads are high, such as in logged or agricultural watersheds, 
lower water velocity within the gravel could additionally reduce dissolved 
oxygen concentrations around the eggs. If either greater or lesser differen
tials are known or expected, the criteria should he altered accordingly.

F. Behavior

Ability of Chinook and coho salmon to detect and avoid abrupt differences 
in dissolved oxygen concentrations was demonstrated by Whitmore et al. (1960). 
In laboratory troughs, both species showed strong preference for oxygen levels 
of 9 mg/1 or higher over those near 1.5 mg/1; moderate selection against 3.0 
mg/1 was common and selection against 4.5 and 6.0 mg/1 was sometimes detected.

The response of young Atlantic salmon and brown trout to low dissolved 
oxygen depended on their age; larvae were apparently unable to detect and 
avoid water of low dissolved oxygen concentration, but fry 6-16 weeks of age 
showed a marked avoidance of concentrations up to 4 mg/1 (Bishai, 1962). 
Older fry (26 weeks of age) showed avoidance of concentrations up to 3 mg/1.
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In a recent study of the rainbow trout sport fishery of lake Taneycomo 
Missouri, Weithman and Haas (1984) have reported that reductions in minimum 
daily dissolved oxygen concentrations below 6 mg/1 are related to a decrease 
in the harvest rate of rainbow trout from the lake. Their data suggest that 
lowering the daily minimum from 6 mg/1 to 5, 4, and 3 mg/1 reduces the harvest 
rate by 20, 40, and 60 percent, respectively. The authors hypothesized that 
the reduced catch was a result of reduction in feeding activity. This mechan
ism of action is consistent with Thatcher's (1974) observation of lower 
activity of coho salmon at 5 mg/1 in laboratory growth studies and the finding 
of Warren et al. (1973) that growth impairment produced by low dissolved 
oxygen appears to be primarily a function of lower food intake.

A three-year study of a fishery on planted rainbow trout was published by 
Heimer (1984). This study found that the catch of planted trout increased 
during periods of low dissolved oxygen in American Falls reservoir, on the 
Snake River in Idaho. The author concluded that the fish avoided areas of low 
dissolved oxygen and high temperature and the increased catch rate was a 
result of the fish concentrating in areas of more suitable oxygen supply and 
temperature.

G. Swi mmi no

Effects of dissolved oxygen concentrations on swimming have been demon
strated by Davis et al. (1963). In their studies, the maximum sustained 
swimming speeds (in the range of 30 to 45 cm/sec) of juvenile coho salmon were 
reduced by 8.4, 12.7, and 19.9 percent at dissolved oxygen concentrations of 
6, 5, and 4 mg/1, respectively. Over a temperature range from 10 to 20°C, 
effects were slightly more severe at cooler temperatures. Jones (1971) 
reported 30 and 43 percent reductions of maximal swimming speed of rainbow 
trout at dissolved oxygen concentrations of 5.1 (14°C) and 3.8 (22°C) mg/1, 
respectively. At lower swimming speeds (2 to 4 cm/sec), coho and Chinook 
salmon at 20°C were generally able to swim for 24 hours at dissolved oxygen 
concentrations of 3 mg/1 and above (Katz et al., 1958). Thus, the signif
icance of lower dissolved oxygen concentrations on swimming depends on the 
level of swimming performance required for the survival, growth, and reproduc
tion of salmonids. Failure to escape from predation or to negotiate a swift 
portion of a spawning migration route may be considered an indirect lethal 
effect and, in this regard, reductions of maximum swimming performance can be 
very important. With these exceptions, moderate levels of swimming activity 
required by salmonids are apparently little affected by concentrations of 
dissolved oxygen that are otherwise acceptable for growth and reproduction.

H. Field Studies

Field studies of salmonid populations are almost non-existent with 
respect to effects of dissolved oxygen concentrations. Some of the systems 
studied by Ellis (1937) contained trout, but of those river systems in which 
trout or other salmonids were most likely (Columbia River and Upper Missouri 
River) no stations were reported with dissolved oxygen concentrations below 5 
mg/1, and 90 percent of the values exceeded 7 mg/1.
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111. Non-Salmonids

The amount of data describing effects of low dissolved oxygen on non- 
salmonid fish is more limited than that for salmonids, yet must cover a group 
of fish with much greater taxonomic and physiological variability. Salmonid 
criteria must provide for the protection and propagation of 38 species in 7 
closely related genera; the non-salmonid criteria must provide for the protec
tion and propagation of some 600 freshwater species in over 40 diverse 
taxonomic families. Consequently, the need for subjective technical judgment 
is greater for the non-salmonids.

Many of the recent, most pertinent data have been obtained for several 
species of Centrarchidae (sunfish), northern pike, channel catfish, and the 
fathead minnow. These data demonstrate that the larval stage is generally the 
most sensitive life stage. Lethal effects on larvae have been observed at 
dissolved oxygen concentrations that may only slightly affect growth of 
juveniles of the same species.

A. Physiology

Several studies of the relationship between low dissolved oxygen concen
trations and resting oxygen consumption rate constitute the bulk of the 
physiological data relating to the effect of hypoxia on nonsalmonid fish. A 
reduction in the resting metabolic rate of fish is generally believed to 
represent a marked decrease in the scope for growth and activity, a net 
decrease in the supply of oxygen to the tissues, and perhaps a partial shift 
to anaerobic energy sources. The dissolved oxygen concentration at which 
reduction in resting metabolic rate first appears is termed the critical 
oxygen concentration.

Studies with brown bullhead (Grigg, 1969), largemouth bass (Cech et al., 
1979), and goldfish and carp (Beamish, 1964), produced estimates of critical 
dissolved oxygen concentrations for these species. For largemouth bass, the 
critical dissolved oxygen concentrations were 2.8 mg/1 at 30°C, < 2.6 mg/1 at 
25°C, and < 2 . 3  mg/1 at 20°C. For brown bullheads the critical concentration 
was about 4 mg/1. Carp displayed critical oxygen concentrations near 3.4 and 
2.9 mg/1 at 10 and 20°C, respectively* and goldfish critical concentrations of 
dissolved oxygen were about 1.8 and 3.5 mg/1 at 10 and 20°C, respectively. A 
general summary of these data suggest critical dissolved oxygen concentrations 
between 2 and 4 mg/1, with higher temperatures usually causing higher critical 
concentrations.

Critical evaluation of the data of Beamish (1364) suggest that the first 
sign of hypoxic stress is not the decrease in oxygen consumption, but rather 
an increase, perhaps as a result of metabolic cost of passing an increased 
ventilation volume over the gills. These increases were seen in carp at 5.8 
mg/1 at 20°C and at 4.2 mg/1 at 10°C.

B. Acute Lethal Concentrations

Based on the sparse data base describing acute effects of low dissolved 
oxygen concentrations on nonsalmonids, many non-salmonids appear to be 
considerably less sensitive than salmonids. Except for larval forms, no
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non-salmonids appear to be more sensitive than salmonids! Spoor (1977) 
observed lethality of largemouth bass larvae at a dissolved oxygen concentra
tion of 2.5 mg/1 after only a 3-hr exposure. Generally, adults and juveniles 
of all species studied survive for at least a few hours at concentrations of 
dissolved oxygen as low as 3 mg/1. In most cases, no mortality results from 
acute exposures to 3 mg/1 for the 24- to 96-h duration of the acute tests. 
Some non-salmonid fish appear to be able to survive a several-day exposure to 
concentrations below 1 mg/1 (Moss and Scott, 1961; Downing and Merkens, 1957), 
but so little is known about the latent effects of such exposure that short
term survival cannot now be used as an indication of acceptable dissolved 
oxygen concentrations. In addition to the unknown latent effects of exposure 
to very low dissolved oxygen concentrations, there are no data on the effects 
of repeated short-term exposures. Most importantly, data on the tolerance to 
low dissolved oxygen concentrations are available for only a few of the 
numerous species of non-salmonid fish.

C. Growth

Stewart et al. (1967) conducted several growth studies with juvenile 
largemouth bass and observed reduced growth at 5.9 mg/1 and lower concentra
tions. Five of six experiments included dissolved oxygen concentrations 
between 5 and 6 mg/1; dissolved oxygen concentrations of 5.1 and 5.4 mg/1 
produced reductions in growth rate of 20 and 14 percent, respectively, but 
concentrations of 5.8 and 5.9 mg/1 had essentially no effect on growth. The 
efficiency of food conversion was not reduced until dissolved oxygen concen
trations were much lower, indicating that decreased food consumption was the 
primary cause of reduced growth.

When channel catfish fingerlings held at 8, 5, and 3 mg/1 were fed as 
much as they could eat in three daily feedings, there were significant 
reductions in feeding and weight gain (22 percent) after a 6 week exposure to 
5 mg/1 (Andrews et al., 1973). At a lower feeding rate, growth after 14 weeks 
was reduced only at 3 mg/1. Fish exposed to 3 mg/1 swam lethargically, fed 
poorly and had reduced response to loud noises. Raible (1975) exposed channel 
catfish to several dissolved oxygen concentrations for up to 177 days and 
observed a graded reduction in growth at each concentration below 6 mg/1. 
However, the growth pattern for 6.8 mg/1 was comparable to that at 5.4 mg/1. 
He concluded that each mg/1 increase in dissolved oxygen concentrations 
between 3 and 6 mg/1 increased growth by 10 to 13 percent.

Carlson et al. (1980) studied the effect of dissolved oxygen concentra
tion on the growth of juvenile channel catfish and yellow perch. Over periods 
of about 10 weeks, weight gain of channel catfish was lower than that of 
control fish by 14, 39, and 54 percent at dissolved oxygen concentrations of 
5.0, 3.4, and 2.1 mg/1, respectively. These differences were produced by 
decreases in growth rate of 5, 18, and 23 percent (JRB Associates, 1984), 
pointing out the importance of differentiating between effects on weight gain 
and effects on growth rate. When of sufficient duration, small reductions in 
growth rate can have large effects on relative weight gain. Conversely, large 
effects on growth rate may have little effect on annual weight gain if they 
occur only over a small proportion of the annual growth period. Yellow perch 
appeared to be more tolerant to low dissolved oxygen concentrations, with 
reductions in weight gain of 2, 4, and 30 percent at dissolved oxygen concen
trations of 4.9, 3.5, and 2.1 mg/1, respectively.
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The data of Stewart et al. (1967), Carlson et al. (1980), and Adelman and 
Smith (1972) were analyzed to determine the relationship between growth rate 
and dissolved oxygen concentration (JRB Associates, 1984). Yellow perch 
appeared to be very resistant to influences of low dissolved oxygen concentra- 
tions, northern pike may be about as sensitive as salmonids, while largemouth 
bass and channel catfish are intermediate in their response (Table 4). The 
growth rate relations modeled from Adelman and Smith are based on only four 
data points, with none in the critical dissolved oxygen region from 3 to 5 
mg/1. Nevertheless, these growth data for northern pike are the best avail
able for nonsalmonid coldwater fish. Adelman and Smith observed about a 65 
percent reduction in growth of juvenile northern pike after 6-7 weeks at 
dissolved oxygen concentrations of 1.7 and 2.6 mg/1. At the next higher 
concentration (5.4 mg/1), growth was reduced 5 percent.

Table 4. Percent reduction in growth rate of some nonsalmonid fish held at 
various dissolved oxygen concentrations expressed as the median 
value from n tests with each species (calculated from JRB 
Associates, 1984).

Dissolved
Oxygen
(mg/1)

Species (number of tests)

Northern 
Pike (1)

Largemouth 
Bass (6)

Channel 
Catfish (1)

Yellow 
Perch (1)

9 0 0 0 0
8 1 0 0 0
7 4 0 1 0
6 9 0 3 0
5 16 1 7 0
4 25 9 13 0
3 35 17 20 7
2 •• 51 29 22

Median
Temp (°C) 19 26 25 20

Brake (1972) conducted a series of studies on juvenile largemouth bass in 
two artificial ponds to determine the effect of reduced dissolved oxygen 
concentration on consumption of mosquitofish and growth during 10 2-week 
exposures. The dissolved oxygen in the control pond was maintained near 
air-saturation (8.3 to 10.4 mg/1) and the other pond contained mean dissolved 
oxygen concentrations from 4.0 to 6.0 mg/1 depending upon the individual test. 
The temperature, held near the same level in both ponds for each test, ranged 
from 13 to 27°C. Food consumption and growth rates of the juvenile bass, 
maintained on moderate densities of forage fish, increased with temperature 
and decreased at the reduced dissolved oxygen concentrations except at 13°C. 
Exposure to that temperature probably slowed metabolic processes of the bass 
so much that their total metabolic rates were not limited by dissolved oxygen 
except at very low concentrations. These largemouth bass studies clearly 
support the idea that higher temperatures exacerbate the adverse effects of
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low dissolved oxygen on the growth rate of fish (Table 5). Comparisons of 
Brake's' pond studies with the laboratory growth studies of Stewart et al. 
(1967) suggest that laboratory growth studies may significantly underestimate 
the adverse effect of low dissolved oxygen on fish growth. Stewart's six 
studies with largemouth bass are summarized in Table 4 and Brake's data are 
presented in Table 5. All of Stewart's tests were conducted at 26°C, about 
the highest temperature in Brake's studies, but comparison of the data show 
convincingly that at dissolved oxygen concentrations between 4 and 6 mg/1 the 
growth rate of bass in ponds was reduced 17 to 34 percent rather than the 1 to 
9 percent seen in the laboratory studies. These results suggest that the ease 
of food capture in laboratory studies may result in underestimating effects of 
low dissolved oxygen on growth rates in nature.

Table 5. Effect of temperature on the percent reduction in growth rate of 
largemouth bass exposed to various dissolved oxygen concentrations 
in ponds (after Brake, 1972; JRB Associates, 1984).

Temperature
(°C)

Percent Reduction in Growth Rate at

4.2 ± 0.2 mg/1 4.9 ± 0.2 mg/1 5.8 ± 0.2 mg/1

13.3 0
13.6 — 7
16.3 — 18
16.7 — -- 15
18.1 — 19
18.6 34
18.7 18 •-
23.3 26 -•
26.7 — -- 17
27.4 31

Brett and Blackburn (1981) reanalyzed the growth data previously pub
lished by other authors for largemouth bass, carp, and coho salmon in addition 
to their own results for young coho and sockeye salmon. They concluded for 
all species that above a critical level ranging from 4.0 to 4.5 mg/1, 
decreases in growth rate and food conversion efficiency were not statistically 
significant in these tests of relatively short duration (6 to 8 weeks) under 
the pristine conditions of laboratory testing. EPA believes that a more 
accurate estimate of the dissolved oxygen concentrations that have no effect 
on growth and a better estimate of concentration:effect relationships can be 
obtained by curve-fitting procedures (JCB Associates, 1984) and by examining 
these results from a large number of studies. Brett and Blackburn added an 
additional qualifying statement that it was not the purpose of their study to 
seek evidence on the acceptable level of dissolved oxygen in nature because of 
the problems of environmental complexity involving all life stages and 
functions, the necessary levels of activity to survive in a competitive world, 
and the interaction of water quality (or lack of it) with varying dissolved
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oxygen concentrations. Their cautious concern regarding the extrapolation to 
the real world of results obtained under laboratory conditions is consistent 
with that of numerous investigators.

D. Reproduction

A life-cycle exposure of the fathead minnow beginning with 1- to 2-month 
old juveniles was conducted and effects of continuous low dissolved oxygen 
concentrations on various life stages indicated that the most sensitive stage 
was the larval stage (Brungs, 1971). No spawning occurred at 1 mg/1, and the 
number of eggs produced per female was reduced at 2 mg/1 but not at higher 
concentrations. Where spawning occurred, the percentage hatch of embryos 
(61-89 percent) was not affected when the embryos were exposed to the same 
concentrations as their parents. Hatching time varied with temperature, which 
was not controlled, but with decreasing dissolved oxygen concentration the 
average incubation time increased gradually from the normal 5 to nearly 8 
days. Mean larval survival was 6 percent at 3 mg/1 and 25 percent at 4 mg/1. 
Mean survival of larvae at 5 mg/1 was 66 percent as compared to 50 percent at 
control dissolved oxygen concentrations. However, mean growth of surviving 
larvae at 5 mg/1 was about 20 percent lower than control larval growth. 
Siefert and Herman (1977) exposed mature black crappies to constant dissolved 
oxygen concentrations from 2.5 mg/1 to saturation and temperatures of 13-20°C. 
Number of spawnings, embryo viability, hatching success, and survival through 
swim-up were similar at all exposures.

E. Early Life Stages

Larval and juvenile non-salmonids áre frequently more sensitive to 
exposures to low dissolved oxygen than are other life stages. Peterka and 
Kent (1976) conducted semi-controlled experiments at natural spawning sites of 
northern pike, bluegill, pumpkinseed, and smallmouth bass in Minnesota. 
Dissolved oxygen concentrations were measured 1 and 10 cm from the bottom, 
with observations being made on hatching success and survival of embryos, sac 
larvae, and, in some instances, larvae. Controlled exposure for up to 8 hours 
was performed i_n situ in small chambers with the dissolved oxygen controlled 
by nitrogen stripping. For all species tested, tolerance to short-term 
exposure to low concentrations decreased from embryonic to larval stages. 
Eight-hour exposure of embryos and larvae of northern pike to dissolved oxygen 
concentrations caused no mortality of embryos at 0.6 mg/1 but was 100 percent 
lethal to sac-larvae and larvae. The most sensitive stage, the larval stage, 
suffered complete mortality following 8 hours at 1.6 mg/1; the next higher 
concentration, 4 mg/1, produced no mortality. Smallmouth bass were at least 
as sensitive, with nearly complete mortality of sac-larvae resulting from 
6-hour exposure to 2.2 mg/1, but no mortality occurred after exposure to 4.2 
mg/1. Early life stages of bluegill were more hardy, with embryos tolerating 
4-hour exposure to 0.5 mg/1, a concentration lethal to sac-larvae; sac-larvae 
survived similar exposure to 1.8 mg/1, however. Because the most sensitive 
stage of northern pike was the later larval stage, and because the younger 
sac-larval stages of smallmouth bass and bluegill were the oldest stages 
tested, the tests with these latter species may not have included the most 
sensitive stage. Based on these tests, 4 mg/1 is tolerated, at least briefly, 
by northern pike and may be tolerated by smallmouth bass, but concentrations 
as high as 2.2 mg/1 are lethal.
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Several studies have provided evidence of mortality or other significant 
damage to young non-salmonids as a result of a few weeks exposure to dissolved 
oxygen concentrations in the 3 to 6 mg/1 range. Siefert et al. (1973) exposed 
larval northern pike to various dissolved oxygen concentrations at 15 and 19°C 
and observed reduced survival at concentrations as high as 2.9 and 3.4 mg/1. 
Most of the mortality at these concentrations occurred at the time the larvae 
initiated feeding. Apparently the added stress of activity at that time or a 
greater oxygen requirement for that life stage was the determining factor. 
There was a marked decrease in growth at concentrations below 3 mg/1. In a 
similar study lasting 20 days, survival of walleye embryos and larvae was 
reduced at 3.4 mg/1 (Siefert and Spoor, 1974), and none survived at lower 
concentrations. A 20 percent reduction in the survival of smallmouth bass 
embryos and larvae occurred at a concentration of 4.4 mg/1 (Siefert et al., 
1974) and at 2.5 mg/1 all larvae died in the first 5 days after hatching. At 
4.4 mg/1 hatching occurred earlier than in the controls and growth among 
survivors was reduced. Carlson and Siefert (1974) concluded that concentra
tions from 1.7 to 6.3 mg/1 reduced the growth of early stages of the large- 
mouth bass by 10 to 20 percent. At concentrations as high as 4.5 mg/1, 
hatching was premature and feeding was delayed; both factors could indirectly 
influence survival, especially if other stresses were to occur simultaneously. 
Carlson et al. (1974) also observed that embryos and larvae of channel catfish 
are sensitive to low dissolved oxygen during 2- or 3-week exposures. Survival 
at 25°C was slightly reduced at 5 mg/1 and significantly reduced at 4.2 mg/1. 
At 28°C survival was slightly reduced at 3.8, 4.6, and 5.4 mg/1; total 
mortality occurred at 2.3 mg/1. At all reduced dissolved oxygen concentra
tions at both temperatures, embryo pigmentation was lighter, incubation period 
was extended, feeding was delayed, and growth was reduced. No effect of 
dissolved oxygen concentrations as low. as 2.5 mg/1 was seen on survival of 
embryonic and larval black crappie (Sieffert and Herman, 1977). Other 
tolerant species are the white bass and the white sucker, both of which 
evidenced adverse effect to embryo larval exposure only at dissolved oxygen 
concentrations of 1.8 and 1.2 mg/1, respectively (Sieffert et al., 1974; 
Sieffert and Spoor, 1974).

Data (Figure 1) on the effects of dissolved oxygen on the survival of 
embryonic and larval nonsalmonid fish show some species to be tolerant 
(largemouth bass, white sucker, black crappie, and white bass) and others 
nontolerant (channel catfish, walleye, northern pike, smallmouth bass). The 
latter three species are often included with salmonids in a grouping of 
sensitive coldwater fish; these data tend to support that placement.

F. Behavior

Largemouth bass in laboratory studies (Whitmore et al., 1960) showed a 
slight tendency to avoid concentrations of dissolved oxygen of 3.0 and 4.6 
mg/1 and a definite avoidance of 1.5 mg/1. Bluegills avoided a concentration 
of 1.5 mg/1 but not higher concentrations. The environmental significance of 
such a response is unknown, but if large areas are deficient in dissolved 
oxygen this avoidance would probably not greatly enhance survival. Spoor 
(1977) exposed largemouth bass embryos and larvae to low dissolved oxygen for 
brief exposures of a few hours. At 23 to 24°C and 4 to 5 mg/1, the normally 
quiescent, bottom-dwelling yolk-sac larvae became very active and swam
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vertically to a few inches above the substrate. Such behavior in natural 
systems would probably cause significant losses due to predation and simple 
displacement from the nesting area.

6. Swimming

Effects of low dissolved oxygen on the swimming performance of largemouth 
bass were studied by Katz et al. (1959) and Dahlberg et al. (1968). The 
results in the former study were highly dependent upon season and temperature, 
with summer tests at 25°C finding no effect on continuous swimming for 24 hrs 
at 0.8 ft/sec unless dissolved oxygen concentrations fell below 2 mg/1. In 
the fall, at 20°C, no fish were able to swim for a day at 2.8 mg/1, and in the 
winter and 16° no fish swam for 24 hours at 5 mg/1. These results are 
consistent with those seen in salmonids in that swimming performance appears 
to be more sensitive to low dissolved oxygen at lower temperatures.

Dahlberg et al. (1968) looked at the effect of dissolved oxygen on 
maximum swimming speed at temperatures near 25°C. They reported slight 
effects (less than 10% reduction in maximum swimming speed) at concentrations 
between 3 and 4.5 mg/1, moderate reduction (16-20%) between 2 and 3 mg/1 and 
severe reduction (30-50%) at 1 to 1.5 mg/1.

H. Field Studies

Ellis (1937) reported results of field studies conducted at 982 stations 
on freshwater streams and rivers during the months of June through September, 
1930-1935. During this time, numerous determinations of dissolved oxygen 
concentrations were made. He concluded that 5 mg/1 appeared to be the lowest 
concentration which may reasonably be expected to maintain varied warmwater 
fish species in good condition in inland streams. Ellis (1944) restated his 
earlier conclusion and also added that his study had included the measurement 
of dissolved pxygen concentrations at night and various seasons. He did not 
specify the frequency or proportion of diurnal or seasonal sampling, but the 
mean number of samples over the 5-year study was about seven samples per 
station.

Brinley (1944) discussed a 2-year biological survey of the Ohio River 
Basin. He concluded that in the zone where dissolved oxygen is between 3 and 
5 mg/1 the fish are more abundant than at lower concentrations, but show a 
tendency to sickness, deformity, and parasitization. The field results show 
that the concentration of 5 mg/1 seems to represent a general dividing line 
between good and bad conditions for fisb.

A three-year study of fish populations in the Wisconsin River indicated 
that sport fish (percids and centrarchids) constituted a significantly greater 
proportion of the fish population at sites having mean summer dissolved oxygen 
concentrations greater than 5 mg/1 than at sites averaging below & mg/1 
(Coble, 1982). The differences could not be related to any observed habitat 
variables other than dissolved oxygen concentration.

These three field studies all indicate that increases in dissolved oxygen 
concentrations above 5 mg/1 do not produce noteworthy improvements in the 
composition, abundance, or condition of non-salmonid fish populations, but
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that sites with dissolved oxygen concentrations below 5 mg/1 have fish 
assemblages with increasingly poorer population characteristics as the 
dissolved oxygen concentrations become lower. It cannot be stressed too 
strongly that these field studies lack definition with respect to the actual 
exposure conditions experienced by the resident populations and the lack of 
good estimates for mean and minimum exposure concentrations over various 
periods precludes the establishment of numerical criteria based on these 
studies. The results of these semi-quantitative field studies are consistent 
with the criteria derived later in this document.

IV. Invertebrates

As stated earlier, there is a general paucity of information on the 
tolerance of the many forms of freshwater invertebrates to low dissolved 
oxygen. Most available data describe the relationship between oxygen concen
tration and oxygen consumption or short-term survival of aquatic larvae of 
insects. These data are further restricted by their emphasis on species
representative of relatively fast-flowing mountain streams.

One rather startling feature of these data is the apparently high 
dissolved oxygen requirement for the survival of some species. Before 
extrapolating from these data one should be cautious in evaluating the 
respiratory mode(s) of the species, its natural environment, and the test 
environment. Thus, many nongilled species respire over their entire body 
surface while many other species are gilled. Either form is dependent upon 
the gradient of oxygen across the respiratory surface, a gradient at least 
partially dependent upon the rate of replacement of the water immediately 
surrounding the organism. Some insects, such as some members of the mayfly 
genus, Baetis, are found on rocks in extremely swift currents; testing their 
tolerance to low dissolved oxygen in laboratory apparatus at slower flow rats 
may contribute to their inability to survive at high dissolved oxygen concen
trations. In addition, species of insects that utilize gaseous oxygen, either 
from bubbles or surface atmosphere, may not be reasonably tested for tolerance 
of hypoxia if their source of gaseous oxygen is deprived in the laboratory 
tests.

Irr spite of these potential problems, the dissolved oxygen requirements 
for the survival of many species of aquatic insects are almost certainly 
greater than those of most fish species. Early indication of the high
dissolved oxygen requirements of some aquatic insects appeared in the research 
of Fox et al. (1937) who reported critical dissolved oxygen concentrations for 
mayfly nymphs in a static test system. Critical concentrations for six 
species ranged from 2.2 mg/1 to 17 mg/1; three of the species had critical 
concentrations in excess of air saturation. These data suggest possible 
extreme sensitivity of some species and also the probability of unrealistic 
conditions of water flow. More recent studies in water flowing at 10 cm/sec 
indicate critical dissolved oxygen concentrations for four species of stonefly 
are between 7.3 and 4.8 mg/1 (Benedetto, 1970).

In a recent study of 22 species of aquatic insects, Jacob et al. (1984) 
reported 2-5 hour LC50 values at unspecified "low to moderate" flows in a 
stirred exposure chamber, but apparently with no flow of replacement water. 
Tests were run at one or more of five temperatures from 12 to 30°C; some
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species were tested at only one temperature, others at as many as four. The 
median of the 22 species mean LC50s was about 3 mg/1, with eight species 
having an average LC50 below 1 mg/1 and four in excess of 7 mg/1. The four 
most sensitive species were two mayfly species and two caddisfly species. The 
studies of Fox et al. (1937), Benedetto (1970), and Jacob et al. (1984) were 
all conducted with European species, but probably have general relevance to 
North American habitats. A similar oxygen consumption study of a North 
American stonefly (Kapoor and Griffiths, 1975) indicated a possible critical 
dissolved oxygen concentration of about 7 mg/1 at a flow rate of 0.32 cm/sec 
and a temperature of 20°C.

One type of behavioral observation provides evidence of hypoxic stress in 
aquatic insects. As dissolved oxygen concentrations decrease, many species of 
aquatic insects can be seen to increase their respiratory movements, movements 
that provide for increased water flow over the respiratory surfaces. Fox and 
Sidney (1953) reported caddisfly respiratory movements over a range of 
dissolved oxygen from 9 to 1 mg/1. A dissolved oxygen decrease to 5 mg/1 
doubled the number of movements and at 1 to 2 mg/1 the increase was 3- to 
4-fold.

Similar data were published by Knight and Gaufin (1963) who studied a 
stonefly common in the western United States. Significant increases occurred 
below 5 mg/1 at 16°C and below 2 mg/1 at 10°C. Increases in movements 
occurred at higher dissolved oxygen concentrations when water flow was 1.5 
cm/sec than 7.6 cm/sec, again indicating the importance of water flow rate on 
the respiration of aquatic insects. A subsequent paper by Knight and Gaufin 
(1965) indicated that species of stonefly. lacking gills are more sensitive to 
low dissolved oxygen than are gilled forms.

Two studies that provide the preponderance of the current data on the 
acute effects of low dissolved oxygen concentrations on aquatic insects are 
those of Gaufin (1973) and Nebeker (1972) which together provide reasonable 
96-hr LC50 dissolved oxygen concentrations for 26 species of aquatic insects 
(Table 6). The two studies contain variables that make them difficult to 
compare or evaluate fully. Test temperatures were 6.4°C in Gaufin's study and 
18.5°C in Nebeker's. Gaufin used a vacuum degasser while Nebeker used a 
30-foot stripping column that probably produced an unknown degree of super
saturation with nitrogen. The water velocity is not given in either paper, 
although flow rates are given but test chamber dimensions are not clearly 
specified. The overall similarity of the test results suggests that potential 
supersaturation and lower flow volume in Nebeker's tests did not have a 
significant effect on the results.

Because half of the insect species tested had 96-h LC50 dissolved oxygen 
concentrations between 3 and 4 mg/1 it appears that these species (collected 
in Montana and Minnesota) would require at least 4 mg/1 dissolved oxygen to 
ensure their survival. The two most sensitive species represent surprisingly 
diverse habitats, Ephemerella doddsi is found in swift rocky streams and has 
an LC50 of 5.2 mg/1 while the pond mayfly, Callibaetis montanus, has an LC50 
of 4.4 mg/1. It is possible that the test conditions represented too slow a 
flow for E. doddsi and too stressful flow conditions for C. montanus.
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Table 6. Acutely lethal concentrations 
insects.

of dissolved oxygen to aquatii

Species
96-h LC50 
(mg/1) Source:

Stonefly
Acroneuria pacifica 1.6 (H)** G
Àcroneuria lycorias 3.6 N
Aerynopteryx aurea 3.3 (H) G
Àrcynopteryx parallela < 2 (H) G
Diura knowltoni 3.6 (L) G
Nemoura cinctipes 3.3 (H) G
Pteronarcys cali fornica 3.9 (L) G
Pteronarcys cali fornica 3.2 (H) G
Pteronarcys dorsata 2.2 N
Pteronarcella badia 2.4 (H) G

Mayfly
Baetisca 1aurentina 3.5 N
Éaìlibaetis montanus 4.4 (L) G
Ephemeren a doddsi 5.2 (L) G
Ephemerella grandis 3.0 (H) G
Éphemerella subvaria 3.9 N
Hexagenia limbata 1.8 (H) G
Hexagenia limbata 1.4 N
Leptophlebia nebulosa 2.2 N

Caddisfly
Brachycentrus occidental is < 2 (L) G
Drusinus sp. 1.8 (H) G
Hydropsyche sp* 3.6 (L) G
Hydropsyche betteri 2.9 (21°C) N
Hydropsyche betteri 2.6 (18.5°C) N
Hydropsyche betteri 2.3 (17°C) N
Hydropsyche betteri 1.0 (10°C) N
Lepidostoma sp. < 3 m G
Limnophilus ornatus 3.4 (L) G
Neophylax sp. 3.8 (L) G
Neothremma alieia 1.7 (L) G

Diptera
Simuli um vittatum 3.2 (L) G
Tanytarsus dissimilis < 0.6 N

* G = Gaufin (1973) —  all tests at 6.4°C.
N = Nebeker (1972) —  all tests at 18.5°C except as noted/flow 125 ml/min.

** H = high flow (1000 ml/min); L - low flow (500 ml/min).
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Other freshwater invertebrates have been subjected to acute hypoxic 
stress and their LC50 values determined. Gaufin (1973) reported a 96-h LC50 
for the amphipod Gammarus limnaeus of < 3 mg/1. Four other crustaceans were 
studied by Sprague (1963) who reported the following 24-h LC50s: 0.03 mg/1, 
Asellus intermedius; 0.7 mg/1, Hyalella azteca; 2.2 mg/1, Gammarus pseudo- 
limnaeus; and 4.3 mg/1. Gammarus fasciatus! The range of acute sensitivities 
of these species appears similar to that reported for aquatic insects.

There are few long-term studies of freshwater invertebrate tolerance to 
low dissolved oxygen concentrations. Both Gaufin (1973) and Nebeker (1972) 
conducted long-term survival studies with insects, but both are questioned 
because of starvation and potential nitrogen supersaturation, respectively. 
Gaufin1s data for eight Montana species and 17 Utah species suggest that 4.9 
mg/1 and 3.3 mg/1, respectively, would provide for 50 percent survival for 
from 10 to 92 days. Nebeker lists 30-d LC50 values for five species, four 
between 4.4 and 5.0 mg/1 and one < 0 . 5  mg/1. Overall, these data indicate 
that prolonged exposure to dissolved oxygen concentrations below 5 mg/1 would 
have deterimental effects on a large proportion of the aquatic insects common 
in areas like Minnesota, Montana, and Utah. Information from other habitat 
types and geographic locations would provide a broader picture of invertebrate 
dissolved oxygen requirements.

A more classic toxicological protocol was used by Homer and Waller (1983) 
in a study of the effects of low dissolved oxygen on Daphna magna. In a 26-d 
chronic exposure test, they reported that 1.8 mg/1 significantly reduced 
fecundity and 2.7 mg/1 caused a 17 percent reduction in final weight of 
adults. No effect was seen at 3.7 mg/1.

In summarizing the state of knowledge regarding the relative sensitivity 
of fish and invertebrates to low dissolved oxygen, it seems that some species 
of insects and other crustaceans are killed at concentrations survived by all 
species of fish tested. Thus, while most fish will survive exposure to 3 
mg/1, many species of invertebrates are killed by concentrations as high as 4 
mg/1. The extreme sensitivity of a few species of aquatic inects may be ao 
artifact of the testing environment. Those sensitive species common to swift 
flowing, coldwater streams may require very high concentrations of dissolved 
oxygen. On the other hand, those stream habitats are probably among the least 
likely to suffer significant dissolved oxygen depletion.

Long-term impacts of hypoxia are less well known for invertebrates than 
for fish. Concentrations adequate to avoid impairment of fish production 
probably will provide reasonable protection for invertebrates as long as 
lethal concentrations are avoided.

V. Other Considerations

A. Effects of Fluctuations

Natural dissolved oxygen concentrations fluctuate on a seasonal and daily 
basis, while in most laboratory studies the oxygen levels are held essentially 
constant. In two studies on the effects of daily oxygen cycles the authors 
concluded that growth of fish fed unrestricted rations was markedly less than 
would be estimated from the daily mean dissolved oxygen concentrations
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(Fisher, 1963; Whitworth, 1968). The growth of these fish was only slightly 
above that attainable during constant exposure to the minimum concentrations 
of the daily cycles. A diurnal dissolved oxygen pulse to 3 mg/1 for 8 hours 
per day for 9 days, with a concentration of 8.3 mg/1 for the remainder of the 
time, produced a significant stress pattern in the serum protein fractions of 
bluegill and largemouth bass but not yellow bullhead (Bouck and Ball, 1965). 
During periods of low dissolved oxygen the fish lost their natural color, 
increased their ventilation rate, and remained very quiet. At these times 
food was ignored. Several times, during the low dissolved oxygen concentra
tion part of the cycle, the fish vomited food which they had eaten as much as 
12 hours earlier. After comparable exposure of the rock bass, Bouck (1972) 
observed similar results on electrophoretic patterns and feeding behavior.

Stewart et al. (1967) exposed juvenile largemouth bass to patterns of 
diurnally-variable dissolved oxygen concentrations with daily minima near 2 
mg/1 and daily maxima from 4 to 17 mg/1. Growth under any fluctuation pattern 
was almost always less than the growth that presumably would have occurred had 
the fish been held at a constant concentration equal to the mean concentra
tion.

Carlson et al. (1980) conducted constant and diurnally fluctuating 
exposures with juvenile channel catfish and yellow perch. At mean constant 
concentrations of 3.5 mg/1 or less, channel catfish consumed less food and 
growth was significantly reduced. Growth of this species was not reduced at 
fluctuations from about 6.2 to 3.6 and 4.9 to 2 mg/1, but was significantly 
impaired at a fluctuation from about 3.1 to 1 mg/1. Similarly, at mean 
constant concentrations near 3.5 mg/1,. yellow perch consumed less food but 
growth was not impaired until concentrations were near 2 mg/1. Growth was not 
affected by fluctuations from about 3.8 to 1.4 mg/1. No dissolved oxygen- 
related mortalities were observed. In both the channel catfish and the yellow 
perch experiments, growth rates during the tests with fluctuating dissolved 
oxygen were considerably below the rate attained in the constant exposure 
tests. As a result, the fluctuating and constant exposures could not be 
compared. Growth would presumably have been more sensitive in the fluctuating 
tests if there had been higher rates of control growth.

Mature black crappies were exposed to constant and fluctuating dissolved 
oxygen concentrations (Carlson and Herman, 1978). Constant concentrations 
were near 2.5, 4, 5.5, and 7 mg/1 and fluctuating concentrations ranged from 
0.8 to 1.9 mg/1 above and below these original concentrations. Successful 
spawning occurred at all exposures except the fluctuation between 1.8 and 4.1 
mg/1.

In considering daily or longer-term cyclic exposures to low dissolved 
oxygen concentrations, the minimum values may be more important than the mean 
levels. The importance of the daily minimum as a determinant of growth rate 
is common to the results of Fisher (1963), Stewart (1967), and Whitworth 
(1968). Since annual low dissolved oxygen concentrations normally occur 
during warmer months, the significance of reduced growth rates during the 
period in question must be considered. If growth rates are normally low, then 
the effects of low dissolved oxygen concentration on growth could be minimal; 
if normal growth rates are high, the effects could be significant, especially 
if the majority of the annual growth occurs during the period in question.
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B. Temperature and Chemical Stress

When fish were exposed to lethal temperatures, their survival times were 
reduced when the dissolved oxygen concentration was lowered from 7.4 to 3.8 
mg/1 (Alabaster and Welcomme, 1962). Since high temperature and low dissolved 
oxygen commonly occur together in natural environments, this likelihood of 
additive or synergistic effects of these two potential stresses is a most 
important consideration.

High temperatures almost certainly increase the adverse effects of low 
dissolved oxygen concentrations. However, the spotty, irregular acute 
lethality data base provides little basis for quantitative, predictive 
analysis. Probably the most complete study is that on rainbow trout, perch, 
and roach conducted by Downing and Merkens (1957). Because their study was 
spread over an 18-month period, seasonal effects could have influenced the 
effects at the various test temperatures. Over a range from approximately 10 
to 20°C, the lethal dissolved oxygen concentrations increased by an average 
factor of about 2.6, ranging from 1.4 to 4.1 depending on fish species tested 
and test duration. The influence of temperature on chronic effects of low 
dissolved oxygen concentrations are not well known, but requirements for 
dissolved oxygen probably increase to some degree with increasing temperature. 
This generalization is supported by analysis of salmon studies reported by 
Warren et al. (1973) and the largemouth bass studies of Brake (1972).

Because most laboratory tests are conducted at temperatures near the 
mid-range of a species temperature tolerance, criteria based on these test 
data will tend to be under-protective at higher temperatures and over- 
protective at lower temperatures. Concern for this temperature effect was a 
consideration in establishing these criteria, especially in the establishing 
of those criteria intended to prevent short-term lethal effects.

A detailed discussion and model for evaluating interactions among 
temperature, dissolved oxygen, ammonia, fish size, and ration on the resulting 
growth of individual fish (Cuenco et al., 1985a,b,c) provides an excellent, 
in-depth evaluation of potential effects of dissolved oxygen on fish growth.

Several laboratory studies evaluated the effect of reduced dissolved 
oxygen concentrations on the toxicity of various chemicals, some of which 
occur commonly in oxygen-demanding wastes. Lloyd (1961) observed that the 
toxicity of zinc, lead, copper, and monohydric phenols was increased at 
dissolved oxygen concentrations as high as approximately 6.2 mg/1 as compared 
to 9.1 mg/1. At 3.8 mg/1, the toxic effect of these chemicals was even 
greater. The toxicity of ammonia was enhanced by low dissolved oxygen more 
than that of other toxicants. Lloyd theorized that the increases in toxicity 
of the chemicals were due to increased ventilation at low dissolved oxygen 
concentrations; as a consequence of increased ventilation, more water, and 
therefore more toxicant, passes the fish's gills. Downing and Merkens (1955) 
reported that survival times of rainbow trout at lethal ammonia concentrations 
increased markedly over a range of dissolved oxygen concentrations from 1.5 to
8.5 mg/1. Ninety-six-hr LC50 values for rainbow trout indicate that ammonia 
became more toxic with decreasing dissolved oxygen concentrations from 8.6 to
2.6 mg/1 (Thurston et al., 1981). The maximum increase in toxicity was by 
about a factor of 2. They also compared ammonia LC50 values at reduced
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dissolved oxygen concentrations after 12, 24, 48, and 72 hrs. The shorter the 
time period, the more pronounced the positive relationship between the LC50 
and dissolved oxygen concentration. The authors recommended that dissolved 
oxygen standards for the protection of salmonids should reflect background 
concentrations of ammonia which may be present and the likelihood of temporary 
increases in those concentrations. Adelman and Smith (1972) observed that 
decreasing dissolved oxygen concentrations increased the toxicity of hydrogen 
sulfide to goldfish. When the goldfish were acclimated to the reduced 
dissolved oxygen concentration before the exposure to hydrogen sulfide began, 
mean 96-hr LC50 values were 0.062 and 0.048 mg/1 at dissolved oxygen concen
trations of 6 and 1.5 mg/1, respectively. When there was no prior acclima
tion, the LC50 values were 0.071 and 0.053 mg/1 at the same dissolved oxygen 
concentrations. These results demonstrated a less than doubling in toxicity 
of hydrogen sulfide and little difference with regard to prior acclimation to 
reduced dissolved oxygen concentrations. Cairns and Scheier (1957) observed 
that bluegills were less tolerant to zinc, naphthenic acid, and potassium 
cyanide at periodic low dissolved oxygen concentrations. Pickering (1968) 
reported that an increased mortality of bluegills exposed to zinc resulted 
from the added stress of low dissolved oxygen concentrations. The difference 
in mean LC50 values between low (1.8 mg/1) and high (5.6 mg/1) dissolved 
oxygen concentrations was a factor of 1.5.

Interactions between other stresses and low dissolved oxygen concentra
tions can greatly increase mortality of trout larvae. For example, sublethal 
concentrations of pentachlorophenol and oxygen combined to produce 100 percent 
mortality of trout larvae held at an oxygen concentration of 3 mg/1 (Chapman 
and Shumway, 1978). The survival of Chinook salmon embryos and larvae reared 
at marginally high temperatures was „reduced by any reduction in dissolved 
oxygen, especially at concentrations below 7 mg/1 (Eddy, 1972).

In general, the occurrence of toxicants,in the water mass, in combination 
with low dissolved oxygen concentration, may lead to a potentiation of stress 
responses on the part of aquatic organisms (Davis, 1975a,b). Doudoroff and 
Shumway (1970) recommended that the disposal of toxic pollutants must be 
controlled so that their concentrations would not be unduly harmful at 
prescribed, acceptable concentrations of dissolved oxygen, and these accept
able dissolved oxygen concentrations should he independent of existing or 
highest permitted concentrations of toxic wastes.

C. Disease Stress

In a study of 5 years of case records at fish farms, Meyer (1970) 
observed that incidence of infection with Aeromonas 1iquefasciens (a common 
bacterial pathogen of fish) was most prevalent during June, July, and August. 
He considered low oxygen stress to be a major factor in outbreaks of Aeromonas 
disease during summer months. Haley et al. (1967) concluded that a kill of 
American and threadfin shad in the San Joaquin River occurred as a result of 
Aeromonas infection the day after the dissolved oxygen was between 1.2 and 2.6 
mg/1. In this kill the lethal agent was Aeromonas but the additional stress 
of the low dissolved oxygen may have been a significant factor.

26



Wedemeyer (1974) reviewed the role of stress as a predisposing factor in 
fish diseases and concluded that facultative fish pathogens are continuously 
present in most waters. Oisease problems seldom occur, however, unless 
environmental quality and the host defense systems of the fish also deter
iorate. He listed furunculosis, Aeromonad and Pseudomonad hemorrhagic 
septicemia, and vibriosis as diseases for which low dissolved oxygen is one 
environmental factor predisposing fish to epizootics. He stated that to 
optimize fish health, dissolved oxygen concentrations should be 6.9 mg/1 or 
higher. Snieszko (1974) also stated that outbreaks of diseases are probably 
more likely if the occurrence of stress coincides with the presence of 
pathogenic microorganisms.

VI. Conclusions

The primary determinant for the criteria is laboratory data describing 
effect on growth, with developmental rate and survival included in embryo and 
larval production levels. For the purpose of deriving criteria, growth in the 
laboratory and production in nature are considered equally sensitive to low 
dissolved oxygen. Fish production in natural communities actually may be ^ 
significantly more, or less, sensitive than growth in the laboratory, which 
represents only one simplified facet of production.

The dissolved oxygen criteria are based primarily on data developed in 
the laboratory under conditions which are usually artificial in several ' 
important respects. First, they routinely preclude or minimize most environ
mental stresses and biological interactions that under natural conditions are 
likely to increase, to a variable and unknown extent, the effect of low 
dissolved oxygen concentrations. Second, organisms are usually given no 
opportunity to acclimate to low dissolved oxygen concentrations prior to tests * 
nor can they avoid the test exposure. Third, food availability is unnatural 
because the fish have easy, often unlimited, access to food without signif
icant energy expenditure for search and capture. Fourth, dissolved oxygen 
concentrations are kept nearly constant so that each exposure represents bothf 
a minimum and an average concentration. This circumstance complicates
application of the data to natural systems with fluctuating dissolved oxygen 
concentrations.

Considering the latter problem only, if the laboratory data are applied / 
directly as minimum allowable criteria, the criteria will presumably be higher 
than necessary because the mean dissolved oxygen concentration will often be j 
significantly higher than the criteria. If applied as a mean, the criteria 1 
could allow complete anoxia and total mortality during brief periods of very 
low dissolved oxygen or could allow too many consecutive daily minima near the 
lethal threshold. If only a minimum or a mean can be given as a general 
criterion, the minimum must be chosen because averages are too independent of 
the extremes.

Obviously, biological effects of low dissolved oxygen concentrations \ 
depend upon means, minima, the duration and frequency of the minima, and the 
period of averaging. In many respects, the effects appear to be independent 
of the maxima; for example, including Supersaturated dissolved oxygen values 
in the average may produce mean dissolved oxygen concentrations that are 
misleadingly high and unrepresentative of the true biological stress of the 
dissolved oxygen minima.
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Because most experimental exposures have been constant, data on the 
effect of exposure to fluctuating dissolved oxygen concentrations is sketchy. 
The few fluctuating exposure studies have used regular, repeating daily cycles 
of an on-off nature with 8 to 16 hours at low dissolved oxygen and the 
remainder of the 24 hr period at intermediate or high dissolved oxygen. This 
is an uncharacteristic exposure pattern, since most daily dissolved oxygen 
cycles are of a sinusoidal curve shape and not a square-wave variety.

The existing data allow a tentative theoretical dosing model for fluctu
ating dissolved oxygen only as applied to fish growth. The EPA believes that 
the data of Stewart et al. (1967) suggest that effects on growth are reason
ably represented by calculating the mean of the daily cycle using as a maximum 
value the dissolved oxygen concentration which represents the threshold effect 
concentration during continuous exposure tests. For example, with an effect 
threshold of 6 mg/1, all values in excess of 6 mg/1 should be averaged as 
though they were 6 mg/1. Using this procedure, the growth effects appear to 
be a reasonable function of the mean, as long as the minimum is not lethal. 
Lethal thresholds are highly dependent upon exposure duration, species, age, 
life stage, temperature, and a wide variety of other factors. Generally the 
threshold is between 1 and 3 mg/1.

A most critical and poorly documented aspect of a dissolved oxygen cri
terion is the question of acceptable and unacceptable minima during dissolved 
oxygen cycles of varying periodicity. Current ability to predict effects of 
exposure to a constant dissolved oxygen level is only fair; the effects of 
regular, daily dissolved oxygen cycles can only be poorly estimated; and 
predicting the effects of more stochastic patterns of dissolved oxygen 
fluctuations requires an ability to integrate constant and cycling effects.

Several general conclusions result from the synthesis of available field 
and laboratory data. Some of these conclusions differ from earlier ones in 
the literature, but the recent data discussed in this document have provided 
additional detail and perspective.

Naturally-occurring dissolved oxygen concentrations may occasionally fall 
below target criteria levels due to a combination of low flow, high 
temperature, and natural oxygen demand. These naturally-occurring 
conditions represent a normal situation in which the productivity of fish 
or other aquatic organisms may not be the maximum possible under ideal 
circumstances, but which represent the maximum productivity under the 
particular set of natural conditions. Under these circumstances the 
numerical criteria should be considered unattainable, but naturally- 
occurring conditions which fail to meet criteria should not be inter
preted as violations of criteria. Although further reductions in dis
solved oxygen may be inadvisable, affects of any reductions should be 
compared to natural ambient conditions and not to ideal conditions.

Situations during which attainment of appropriate criteria is most 
critical include periods when attainment of high fish growth rates is a 
priority, when temperatures approach upper-lethal levels, when pollutants 
are present in near-toxic quantities, or when other significant stresses 
are suspected.
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° Reductions in growth rate produced by a given low dissolved oxygen
concentration are probably more severe as temperature increases. Even 
during periods when growth rates are normally low, high temperature 
stress increases the sensitivity of aquatic organisms to disease and 
toxic pollutants, making the attainment of proper dissolved oxygen 
criteria particularly important. For these reasons, periods of highest 
temperature represent a critical portion of the year with respect to 
dissolved oxygen requirements.

° In salmonid spawning habitats, intergravel dissolved oxygen concentra
tions are significantly reduced by respiration of fish embryos and other 
organisms. Higher water column concentrations of dissolved oxygen are 
required to provide protection of fish embryos and larvae which develop 
in the intergravel environment. A 3 mg/1 difference is used in the 
criteria to account for this factor.

° The early life stages, especially the larval stage, of non-salmonid fish 
are usually most sensitive to reduced dissolved oxygen stress. Delayed 
development, reduced larval survival, and reduced larval and post-larval 
growth are the observed effects. A separate early life stage criterion 
for non-salmonids is established to protect these more sensitive stages 
and is to apply from spawning through 30 days after hatching.

° Other life stages of salmonids appear to be somewhat more sensitive than 
other life stages of the non-salmonids, but this difference, resulting in 
a 1.0 mg/1 difference in the criteria for other life stages, may be due 
to a more complete and precise data base for salmonids. Also, this 
difference is at least partially due to the colder water temperatures at 
which salmonid tests are conducted and the resultant higher dissolved 
oxygen concentration in oxygen-saturated control water.

° Few appropriate data are available on the effects of reduced dissolved 
oxygen on freshwater invertebrates. However, historical concensus states 
that, if all life stages of fish are protected, the invertebrate commu
nities, although not necessarily unchanged, should be adequately pro
tected. This is a generalization to which there may be exceptions of 
environmental significance. Acutely lethal concentrations of dissolved 
oxygen appear to be higher for many aquatic insects than for fish.

Any dissolved oxygen criteria should include absolute minima to prevent 
mortality due to the direct effects of hypoxia, but such minima alone may 
not be sufficient protection for the long-term persistence of sensitive 
populations under natural conditions. Therefore, the criteria minimum 
must also provide reasonable assurance that regularly repeated or 
prolonged exposure for days or weeks at the allowable minimum will avoid 
significant physiological stress of sensitive organisms.

Several earlier dissolved oxygen criteria were presented in the form of a 
family of curves (Doudoroff and Shumway, 1970) or equations (NAS/NAE, 1973) 
which yielded various dissolved oxygen requirements depending on the quali
tative degree of fishery protection or risk deemed suitable at a given site. 
Although dissolved oxygen concentrations that risk significant loss of fishery 
production are not consistent with the intent of water quality criteria, a
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qualitative protect ion/risk assessment for a range of dissolved oxygen 
concentrations has considerable value to resource managers. Using qualitative 
descriptions similar to those presented in earlier criteria of Doudoroff and 
Shumway (1970) and Water Quality Criteria 1972 (NAS/NAE, 1973), four levels of 
risk are listed below:

No Production Impairment. Representing nearly maximal protection of fishery 
resources.

Slight Production Impairment. Representing a high level of protection of 
important fishery resources, risking only slight impairment of production 
in most cases.

Moderate Production Impairment. Protecting the persistence of existing fish 
populations but causing considerable loss of production.

Severe Production Impairment. For low level protection of fisheries of some 
value but whose protection in comparison with other water uses cannot be 
a major objective of pollution control.

Selection of dissolved oxygen concentrations equivalent to each of these 
levels of effect requires some degree of judgment based largely upon examina
tion of growth and survival data, generalization of response curve shape, and 
assumed applicability of laboratory responses to natural populations. Because 
nearly all data on the effects of low dissolved oxygen on aquatic organisms 
relate to continuous exposure for relatively short duration (hours to weeks), 
the resultant dissolved oxygen concentration-biological effect estimates are 
most applicable to essentially constant exposure levels, although they may 
adequately represent mean concentrations as well.

The production impairment values are necessarily subjective, and the 
definitions taken from Doudoroff and Shumway (1970) are more descriptive than 
the accompanying terms "slight,41 "moderate," and "severe." The impairment 
values for other life stages are derived predominantly from the growth data 
summarized in the text and tables in Sections II and III. In general, slight, 
moderate, and severe impairment are equivalent to 10, 20, and 40 percent 
growth impairment,^ respectively. Growth impairment of 50 percent or greater 
is often accompanied by mortality, and conditions allowing a combination of 
severe growth impairment and mortality are considered as no protection.

Production impairment levels for early life stages are quite subjective 
and should be viewed as convenient divisions of the range of dissolved oxygen 
concentrations between the acute mortality limit and the no production 
impairment concentrations.

Production impairment values for invertebrates are based on survival in 
both long-term and short-term studies. There are no studies of warmwater 
species and few of lacustrine species.

The following is a summary of the dissolved oxygen concentrations (mg/1) 
judged to be equivalent to the various qualitative levels of effect described 
earlier; the value cited as the acute mortality limit is the minimum dissolved 
oxygen concentration deemed not to risk direct mortality of sensitive 
organisms:

30



1. Salmonid Waters

a. Embryo and Larval Stages

° No Production Impairment - 11* (8) 
° Slight Production Impairment » 9* (6) 
° Moderate Production Impairment = 8* (5) 
° Severe Production Impairment = 7* (4) 
° Limit to Avoid Acute Mortality = 6* (3)

(* Note: These are water column concentrations recommended to achieve the 
required interqravel dissolved oxygen concentrations shown in 
parentheses. The 3 mg/1 difference is discussed in the criteria 
document.)

b. Other Life Stages

° No Production Impairment = 8 
° Slight Production Impairment = 6 
° Moderate Production Impairment - 5 
° Severe Production Impairment - 4 
° Limit to Avoid Acute Mortality = 3

2. Nonsalmonid Waters

a. Early Life Stages

° No Production Impairment \ =6.5
° Slight Production Impairment = 5.5
° Moderate Production Impairment = 5
° Severe Production Impairment =4 .5
° Limit to Avoid Acute Mortality = 4

b. Other Life Stages

° No Production Impairment = 6
° Slight Production Impairment = 5

*  Moderate Production Impairment = 4
Severe Production Impairment =3 .5

° Limit to Avoid Acute Mortality = 3

3. Invertebrates

° No Production Impairment = 8
° Some Production Impairment = 5
° Acute Mortality Limit = 4

Added Note

Just prior to final publication of this criteria document, a paper 
appeared (Sowden and Power, 1985) that provided an interesting field valida
tion of the salmonid early life stage criterion and production impairment 
estimates. A total of 19 rainbow trout redds were observed for a number of
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parameters including percent survival of embryos, dissolved oxygen concentra* 
tion, and calculated intergravel water velocity. The results cannot be 
considered a rigorous evaluation of the criteria because of the paucity of 
dissolved oxygen determinations per redd (2-5) and possible inaccuracies in 
determining percent survival and velocity. Nevertheless, the qualitative 
validation is striking.

The generalization drawn from Coble's (1961) study that good survival 
occurred when mean intergravel dissolved oxygen concentrations exceeded 6 0 
mg/1 and velocity exceeded 20 cm/hr was confirmed; 3 of the 19 redds met this 
criterion and averaged 29 percent embryo survival. The survival in the other 
16 redds averaged only 3.6 percent. The data from the study are summarized in 
Table 7. The critical intergravel water velocity from this study appears to 
be about 15 cm/hr. Below this velocity even apparently good dissolved oxygen

Table 7. Survival of rainbow trout embryos as a function of intergravel 
dissolved oxygen concentration and water velocity (Sowden and Power, 
1985) as compared to dissolved oxygen concentrations established as 
criteria or estimated as producing various levels of production 
impairment.

Criteria Estimates

Dissolved Oxygen 
Concentrati on 

mg/1

Mean Minimum ;
Percent
Survival

Water
Velocity,

cm/hr

Mean
Survival

(Flow
> 15 cm/hr)

Exceeded Criteria 8.9 8.0 22.1 53.7
7.7 7.0 43.5 83.2 29.0
7.0 6.4 1.1 9.8
6.9 5.4 21.3 20.6

Slight Production 7.4 4.1 0.5 7.2
Impairment 7.1 4.3 21.5 16.3

6.7 4.5 4.3 5.4 15.6
6.4 4.2 0.3 7.9
6.0 4.2 9.6 17.4

Moderate Production 5.8 3.1 13.4 21.6
Impairment 5.3 3.6 5.6 16.8 6.5

5,2 3.9 0.4 71.4

Severe Production 4.6 4.1 0.9 18.3 0.9
Impai rment 4.2 3.3 0.0 0.4

Acute Mortality 3.9 2.9 0.0 111.4
3.6 2.1 0.0 2.6
2.7 1.2 0.0 4.2 0.0
2.4 0.8 0.0 1.1
2.0 0.8 0.0 192.0
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characteristics do not produce reasonable survival. At water velocities in 
excess of 15 cm/hr the average percent survival in the redds that had 
dissolved oxygen concentrations that met the criteria was 29.0 percent. There 
was no survival in redds that had dissolved oxygen minima below the acute 
mortality limit. Percent survival in redds with greater than 15 cm/hr flow 
averaged 15.6, 6.5, and 0.9 percent for redds meeting slight, moderate, and 
severe production impairment levels, respectively.

Based on an average redd of 1000 eggs, these mean percent survivals would 
be equivalent to 290, 156, 65, 9, and 0 viable larvae entering the environment 
to produce food for other fish, catch for fishermen, and eventually a new 
generation of spawners to replace the parents of the embryos in the redd. 
Whether or not these survival numbers ultimately represent the impairment 
definitions is moot in the light of further survival and growth uncertainties, 
but the quantitative field results and the qualitative and quantitative 
impairment and criteria values are surprisingly similar.

VII. National Criterion

The national criteria for ambient dissolved oxygen concentrations for the 
protection of freshwater aquatic life are presented in Table 8. The criteria 
are derived from the production impairment estimates on the preceding page 
which are in turn based primarily upon growth data and information on tempera
ture, disease, and pollutant stresses. The average dissolved oxygen concen
trations selected are values 0.5 mg/1 above the slight production impairment 
values and represent values between no production impairment and slight 
production impairment. Each criterion may thus be viewed as an estimate of 
the threshold concentration below which detrimental effects are expected.

Criteria for coldwater fish are intended to apply to waters containing a 
population of one or more species in the family Salmonidae (Bailey et al., 
1970) or to waters containing other coldwater or coolwater fish deemed by the 
user to be closer to salmonids in sensitivity than to most warmwater species. 
Although the acute lethal limit for salmonids is at or below 3 mg/1, the 
coldwater minimum has been established at 4 mg/1 because a significant 
proportion of the insect species common to salmonid habitats are less tolerant 
of acute exposures to low dissolved oxygen than are salmonids. Some coolwater 
species may require more protection than that afforded by the other life stage 
criteria for warmwater fish and it may be desirable to protect sensitive 
coolwater species with the coldwater criteria. Many states have more 
stringent dissolved oxygen standards for cooler waters, waters that contain 
either salmonids, nonsalmonid coolwater fish, or the sensitive centrarchid, 
the smallmouth bass. The warmwater criteria are necessary to protect early 
life stages of warmwater fish as sensitive as channel catfish and to protect 
other life stages of fish as sensitive as largemouth bass. Criteria for early 
life stages are intended to apply only where and when these stages occur. 
These criteria represent dissolved oxygen concentrations which EPA believes 
provide a reasonable and adequate degree of protection for freshwater aquatic 
life.

The criteria do not represent assured no-effect levels. However, because 
the criteria represent worst case conditions (i.e., for wasteload allocation 
and waste treatment plan design), conditions will be better than the criteria

33



Table 8. Water quality criteria for ambient dissolved oxygen concentration.

Coldwater Criteria Warmwater Cri teri a

Early Life Other Life Early Life Other Life
Stages1’2 Stages Stages2 Stages

30 Day Mean NA3 6.5 NA 5.5

7 Day Mean 9.5 (6.5) NA 6.0 NA

7 Day Mean 
Minimum

NA 5.0 NA 4.0

1 Day Minimum4’5 8.0 (5.0) 4.0 5.0 3.0

1 These are water column concentrations recommended to achieve the required 
intergravel dissolved oxygen concentrations shown in parentheses. The 3 
mg/1 differential is discussed in the criteria document. For species that 
have early life stages exposed directly to the water column, the figures in 
parentheses apply.

2 Includes all embryonic and larval stages and all juvenile forms to 30-days 
following hatching.

3 NA (not applicable).

4 For highly manipulatable discharges, further restrictions apply (see page

5 All minima should be considered as instantaneous concentrations to be 
achieved at all times.

nearly all the time at most sites. In situations where criteria conditions 
are just maintained for considerable periods, the criteria represent some risk 
of production impairment. This impairment would probably be slight, but would 
depend on innumerable other factors. If slight production impairment or a 
small but indefinable risk of moderate production impairment is unacceptable, 
then continuous exposure conditions should use the no production impairment 
values as means and the slight production impairment values as minima.

The criteria represent annual worst case dissolved oxygen concentrations 
believed to protect the more sensitive populations of organisms against 
potentially damaging production impairment. The dissolved oxygen concentra
tions in the criteria are intended to be protective at typically high seasonal 
environmental temperatures for the appropriate taxonomic and life stage 
classifications, temperatures which are often higher than those used in the 
research from which the criteria were generated, especially for other than 
early life stages.
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Where natural conditions alone create dissolved oxygen concentrations 
less than 110 percent of the applicable criteria means or minima or both, the 
minimum acceptable concentration is 90 percent of the natural concentration. 
These values are similar to those presented graphically by Doudoroff and 
Shumway (1970) and those calculated from Water Quality Criteria 1972 (NAS/NAE, 
1973). Absolutely no anthropogenic dissolved oxygen depression in the 
potentially lethal area below the 1-day minima should be allowed unless 
special care is taken to ascertain the tolerance of resident species to low 
dissolved oxygen.

If daily cycles of dissolved oxygen are essentially sinusoidal, a 
reasonable daily average is calculated from the day's high and low dissolved 
oxygen values. A time-weighted average may be required if the dissolved 
oxygen cycles are decidedly non-sinusoidal. Determining the magnitude of 
daily dissolved oxygen cycles requires at least two appropriately timed 
measurements daily, and characterizing the shape of the cycle requires several 
more appropriately spaced measurements.

Once a series of daily mean dissolved oxygen concentrations are calcu
lated, an average of these daily means can be calculated (Table 9). For 
embryonic, larval, and early life stages, the averaging period should not 
exceed 7 days. This short time is needed to adequately protect these often

Table 9. Sample calculations for determining daily means and 7-day mean 
dissolved oxygen concentrations (30-day averages are calculated in a 
similar fashion using 30 days data).

Dissolved Oxygen (mg/1)

Day Daily Max. Daily Min. Daily Mean

1 9.0 7.0 8.0
2 10.0 7.0 8.5
3 11.0- 8.0 9.5b
4 12.0a 8.0 9.5b
5 10-0 8.0 9.0
6 n . o a 9.0 1 0 .  or
7 12.0a 10.0 10.5C

I 57.0 65.0

1-day Minimum 7.0

7-day Mean Minimum 8.1

7-day Mean 9.3

a

b
c

Above air saturation concentration 
example).
(11.0 + 8.0) -r 2.
(11.0 +10.0) r 2.

(assumed to be 11.0 mg/1 for this
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short duration, most sensitive life stages. Other life stages can probably be 
adequately protected by 30-day averages. Regardless of the averaging period, 
the average should be considered a moving average rather than a calendar-week 
or calendar-month average.

The criteria have been established on the basis that the maximum dis
solved oxygen value actually used in calculating any daily mean should not 
exceed the air saturation value. This consideration is based primarily on 
analysis of studies of cycling dissolved oxygen and the growth of largemouth 
bass (Stewart et al., 1967), which indicated that high dissolved oxygen levels 
(> 6 mg/1) had no beneficial effect on growth.

During periodic cycles of dissolved oxygen concentrations, minima lower 
than acceptable constant exposure levels are tolerable so long as:

1. the average concentration attained meets or exceeds the criterion;

2. the average dissolved oxygen concentration is calculated as recommended
in Table 9; and

3. the minima are not unduly stressful and clearly are not lethal.

A daily minimum has been included to make certain that no acute mortality 
of sensitive species occurs as a result of lack of oxygen. Because repeated 
exposure to dissolved oxygen concentrations at or near the acute lethal 
threshold will be stressful and because stress can indirectly produce mortal
ity or other adverse effects (e.g., through disease), the criteria are 
designed to prevent significant episodes of continuous or regularly recurring 
exposures to dissolved oxygen concentrations at or near the lethal threshold. 
This protection has been achieved by setting the daily minimum for early life 
stages at the subacute lethality threshold, by the use of a 7-day averaging 
period for early life stages, by stipulating a 7-day mean minimum value for 
other life stages, and by recommending additional limits for manipulatable 
discharges.

The previous EPA criterion for dissolved oxygen published in Quality 
Criteria for Water (USEPA, 1976) was a minimum of 5 mg/1 (usually applied as a 
7Q10) which is similar to the current criterion minimum except for other life 
stages of warmwater fish which now allows a 7-day mean minimum of 4 mg/1. The 
new criteria are similar to those contained in the 1968 "Green Book" of the 
Federal Water Pollution Control Federation (FWPCA, 1968).

A. The Criteria and Monitoring and Design Conditions

The acceptable mean concentrations, should be attained most of the time, 
but some deviation below these values would probably not cause significant 
harm. Deviations below the mean will probably be serially correlated and 
hence apt to occur on consecutive days. The significance of deviations below 
the mean will depend on whether they occur continuously or in daily cycles, 
the former being more adverse than the latter. Current knowledge regarding 
such deviations is limited primarily to laboratory growth experiments and by 
extrapolation to other activity-related phenomena.
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Under conditions where large daily cycles of dissolved oxygen occur, it 
is possible to meet the criteria mean values and consistently violate the mean 
minimum criteria. Under these conditions the mean minimum criteria will 
clearly be the limiting regulation unless alternatives such as nutrient 
control can dampen the daily cycles.

The significance of conditions which fail to meet the recommended 
dissolved oxygen criteria depend largely upon five factors: (1) the duration 
of the event; (2) the magnitude of the dissolved oxygen depression; (3) the 
frequency of recurrence; (4) the proportional area of the site failing to meet 
the criteria; and (5) the biological significance of the site where the event 
occurs. Evaluation of an event's significance must be largely case- and 
site-specific. Common sense would dictate that the magnitude of the depres
sion would be the single most important factor in general, especially if the 
acute value is violated. A logical extension of these considerations is that 
the event must be considered in the context of the level of resolution of the 
monitoring or modeling effort. Evaluating the extent, duration, and magnitude 
of an event must be a function of the spatial and temporal frequency of the 
data. Thus, a single deviation below the criterion takes on considerably less 
significance where continuous monitoring occurs than where sampling is 
comprised of once-a-week grab samples. This is so because based on continuous 
monitoring the event is provably small, but with the much less frequent 
sampling the event is not provably small and can be considerably worse than 
indicated by the sample.

The frequency of recurrence is of considerable interest to those modeling 
dissolved oxygen concentrations because the return period, or period between 
recurrences, is a primary modeling consideration contingent upon probabilities 
of receiving water volumes, waste loads, temperatures, etc. It should be 
apparent that return period cannot be isolated from the other four factors 
discussed above. Ultimately, the question of return period may be decided on 
a site-specific basis taking into account the other factors (duration, 
magnitude, areal extent, and biological significance) mentioned above. Future 
studies of temporal patterns of dissolved oxygen concentrations, both within 
and between years, must be conducted to provide a better basis for selection 
of the appropriate return period.

In conducting waste load allocation and treatment plant design computa
tions, the choice of temperature in the models will be important. Probably 
the best option would be to use temperatures consistent with those expected in 
the receiving water over the critical dissolved oxygen period for the biota.

B. The Criteria and Manipulatable Discharges

If daily minimum dissolved oxygen concentrations are perfectly serially 
correlated, i.e., if the annual lowest daily minimum dissolved oxygen concen
tration is adjacent in time to the next lower daily minimum dissolved oxygen 
concentration and one of these two minima is adjacent to the third lowest 
daily minimum dissolved oxygen concentration, etc., then in order to meet the 
7-day mean minimum criterion it is unlikely that there will be more than three 
or four consecutive daily minimum values below the acceptable 7-day mean 
minimum. Unless the dissolved oxygen pattern is extremely erratic, it is also 
unlikely that the lowest dissolved oxygen concentration will be appreciably
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below the acceptable 7-day mean minimum or that daily minimum values below the 
7-day mean minimum will occur in more than one or two weeks each year. For 
some discharges, the distribution of dissolved oxygen concentrations can be 
manipulated to varying degrees. Applying the daily minimum to manipulatable 
discharges would allow repeated weekly cycles of minimum acutely acceptable 
dissolved oxygen values, a condition of probable stress and possible adverse 
biological effect. If risk of protection impairment is to be minimized, the 
application of the one day minimum criterion to manipulatable discharges 
should either limit the frequency of occurrence of values below the acceptable 
7-day mean minimum or impose further limits on the extent of excursions below 
the 7-day mean minimum. For such controlled discharges, it is recommended 
that the occurrence of daily minima below the acceptable 7-day mean minimum be 
limited to 3 weeks per year or that the acceptable one-day minimum be 
increased to 4.5 mg/1 for coldwater fish and 3.5 mg/1 for warmwater fish. 
Such decisions could be site-specific based upon the extent of control, serial 
correlation, and the resource at risk.
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Abstract — Very few ecological studies have attempted to fully test the integrative role o f abiotic 
and biotic factors in interspecific interactions. There is little if any dispute about the value of  
such an approach in community ecology. However, there is great disagreement over the present 
direction of the field; we advocate a reemphasis of the integrative role o f abiotic and biotic 
factors By using literature examples and data on the role of salinity in reversing the competitive 
relations between fish o f the genus Lucania. we have suggested a reemphasis on these interac
tions. This represents a blend of the traditional fields of ecology, physiology, and toxicology 
and could facilitate progress in community ecology. As such it could also be a significant part 
of the new direction sought for the field of physiological ecology. Finally, we are not arguing 
that abiotic parameters are necessarily more important than any of a group of multiple factors 
that may be involved in regulating community structure, only that they must be included as 
possible controlling variables in any complete study.

Ecologists have abandoned the notion that community organization is governed 
by a single monolithic process. Most reviews of this topic conclude that multiple 
processes must be invoked in order to explain the structure of communities, and 
the roster of candidate processes is a long one: competition, predation, distur
bance, resource heterogeneity and other types of patchiness, symbiosis, parasit
ism and disease, among others (see, e.g ., Armstrong and McGehee 1976; Toft 
1985; Brown et al. 1986; Chesson 1986; Schoener 1986a. 19866; Holt and Kotler 
1987; Naeem 1988; Jaeger and Walls 1989). Most of these authors envision a 
major biotic force (e.g., competition or predation) that is complemented by one 
or more other forces. We would like to focus attention on what we feel is the 

“least appreciated of-the mechanisms that interact with biotic factors in structuring 
organismic associations. We find too little appreciation of abiotic influences and 
physiological tolerances on patterns of habitat segregation, especially among 
closely related species. The neglect of abiotic influences may be due to the “ cul
tural gap” between community ecologists and physiologists, the view that abiotic 
factors merely determine which species are eligible to participate in biotic interac- 

-tions, or the serise4hat-abiotic-factors are important onlyJnJiistoricaLtime_and_ 
that they play minor roles at present.

The original definition of the niche included both biotic and abiotic components.

Am. Nat. 1991. Vol. 138, pp. 1067-1091.
© 1991 by The University o f Chicago. 0003-O147/91/38Q5-O00IS02.00. All rights reserved. -
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INTRODTCTION AND JUSTIFICATION

Hatchery production  o f  f is h e s  i s  recogn ized  as an e s s e n t ia l  part o f  
any commercial f i s h  rea r in g  o p era tion , p a r t ic u la r ly  so w ith  the salm onids. 
Hatchery production  o f  young f is h e s  i s  becoming more and more a needed and 
much used to o l in  e s ta b lis h in g  new f i s h e r ie s  and in  m aintain ing e x is t in g  
f i s h e r i e s ,  due to  the d estr u c tio n  o f  n atu ra l spawning areas by dam 
c o n str u c tio n , p o llu t io n , s i l t a t i o n ,  etc* These hatchery op eration s are  
very c o s t ly ,  and to  be run e f f i c i e n t l y ,  should id e a l ly  be producing only  
f i s h  which are most f i t  to  su rv ive  under th e environm ental co n d itio n s  to  
which they w i l l  be exposed*

In our presen t f i s h e r i e s ,  n atu ra l s e le c t io n  a c ts  by e lim in a tin g  a 
la rg e  percentage o f  the in d iv id u a ls  between the tim e o f  f e r t i l i z a t i o n  o f  
th e eggs and the tim e the su rv ivors are caught* By proper m anipulation  
i t  i s  f e a s ib le  th a t s e le c t io n  could  be used advantageously to  b u ild  up a 
f i s h  p opulation  o f  the most f i t  in d iv id u a ls*  Higher su rv iv a l to  the time 
o f  h arvest would r e s u lt  in  g rea ter  numbers o f  f i s h  a v a ila b le  and pre
sumably in  a g rea ter  y ie ld  to  the fish ery*

Throughout the U nited S ta te s  salm onids are o f  major importance in  
commercial and sport f is h e r ie s*  In s p it e  o f  the importance o f  salm onids 
in  commercial f i s h e r i e s ,  com paratively l i t t l e  research  has been done to  
determ ine the g e n e tic  c o n s t itu t io n  o f  the numerous s tr a in s  a v a ila b le*
This i s  not to  say th a t b a s ic  in form ation  i s  la c k in g , but th a t most 
workers have not concentrated  th e ir  e f f o r t s  on o b ta in in g  r e s u lt s  which 
may be u t i l i z e d  d ir e c t ly  in  management and research  programs.

N atural p op u lation s and s tr a in s  o f  salm onids have evolved  in  environ
ments o f  d if f e r e n t  pH v a lu e s , a l k a l i n i t i e s ,  s a l i n i t i e s  and temperatures*
The adaptive mechanisms enab ling  the f i s h  to  su rv ive  in  th ese  environ
ments i s  not p resen tly  w e ll understood. D escr ip tio n s  o f  g e n e tic  v a r ia b i l i t y  
and p h y s io lo g ic a l responses o f  salm onids to  a v a r ie ty  o f  environm ental 
parameters should form the b a s is  for  understanding th ese  ad ap tive mech
anism s. Once th ese  ad ap tive mechanisms are understood and the in h er ita n c e  
o f  key v a r ia n ts  are describ ed  the f i s h  c u l t u r is t  would be ab le  to  s e le c t  
the genes which would enable h is  stock  to  b e s t  perform in  any g iven  
environm ent.

To examine g e n e t ic  v a r ia t io n s  among s tr a in s  o f  a s p e c ie s ,  a technique  
i s  necessary  th a t w i l l  d e te c t  m ost, i f  not a l l  minute d if fe r e n c e s  or 
v a r ia t io n s  a t  a g iven  gene locu s and provide a c le a r ,  rep rod u cib le  pheno
ty p ic  p ic tu re  o f  th a t v a r ia tio n *  I d e a lly ,  the techn ique should a llow  
d ir e c t  tr a n s la t io n  between the system  being  analyzed and the r e s u lt in g  
phenotype.

One approach to  the problem o f  determ ining g e n e tic  v a r ia t io n  w ith in  
a sp e c ie s  th a t s a t i s f i e d  most requirem ents i s  e le c tr o p h o r e t ic  a n a ly s is  
o f  the p ro te in  components and polymorphic enzyme system s in  various  
t is s u e s  o f  f is h e s  (Markert and Faulhaber, 1965; Morrison and W right, 1966; 
Hodgins, Ames and U tter , 1969). The stren gth  o f  t h is  approach i s  i t s  
cap a city  to  v is u a l iz e  enzymes and other p ro te in s  d ir e c t ly .  This a llow s  
for  the d e te c t io n  o f  m u ltip le  gene products in vo lved  w ith  or c a ta ly z in g  
the same r e a c t io n s . I t  a ls o  a llo w s fo r  the d e te c t io n  o f  g e n e t ic  v a r ia t io n  
ir r e s p e c t iv e  o f  the e f f e c t  o f  m utation on q u a n tita t iv e  a c t iv i t y .
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Stim ulus for  research  o f  t h is  nature has come from a number o f  
d is c ip l in e s .  However, much o f  the c r e d it  fo r  the o r ig in a l work must be 
given  to  the g e n e t ic is t s  and b io ch em ists . A cornerstone o f  thought in  
the area o f  b iochem ical g e n e t ic s  i s  th e  one-gene:one-enzym e h y p o th e sis .  
According to  t h i s ,  "the amino a c id  sequence o f  each enzyme i s  a d ir e c t  
tr a n s la t io n  o f  the n u c le o tid e  sequence in  a segment o f  g e n e tic  m a te r ia l.
To compare enzyme stru ctu re  i s ,  th e r e fo r e , to  compare g e n e t ic  s tru ctu re" .

Hubby and Lewontin (1966, p 579) s ta te d :  "Since enzymes and p ro te in s  
in  gen era l a re , as fa r  as we know, made up o f  p o ly p ep tid es , from one or 
sometimes two d if f e r e n t  s tr u c tu r a l g en es, then we can expect th a t e le c t r o 
p h o retic  d if fe r e n c e s  in  enzyme p ro te in  w i l l  segrega te  as s in g le  M endelizing  
g en es. Thus i f  we survey a large  number o f  enzymes and other p ro te in s  and 
i f  we determ ine the e le c tr o p h o r e t ic  m o b ility  o f  such p ro te in s  from s in g le  
in d iv id u a ls , i t  should be p o s s ib le  to  d e te c t  v a r ia b i l i t y  from in d iv id u a l  
to  in d iv id u a l a t  s in g le  lo c i" .

In our previous research  an e le c tr o p h o r e t ic  a n a ly s is  o f  the la c ta te  
dehydrogenase enzyme system  has been ca rr ied  out on se v e r a l s tr a in s  o f  
rainbow tr o u t . From t h is  survey an isoenzyme p a ttern  has been id e n t i f ie d  
(unpublished) th a t has very d if f e r e n t  e le c tr o p h o r e t ic  m igration  than the  
ty p ic a l  rainbow tro u t p a ttern . Subsequent t e s t  c r o sse s  r e v e a l th a t the  
d if fe r e n t  p a ttern  i s  the r e s u lt  o f  a new monomer combining w ith  the  
Bz (U tter  and Hodgins, 1972) or normal monomer. T herefore, the e le c t r o 
p h o re tic  p a ttern  o f  the LDH system  y ie ld s  th ree  phenotypes (a ls o  genotypes) 
each w ith  f iv e  isoenzym es but e v id e n tly  in v o lv in g  d if f e r e n t  m olecular  
su b u n its . C rosses have been made to  y ie ld  adequate numbers o f  the th ree  
phenotypes for  k in e t ic  a n a ly s is  by the b iochem istry  departm ent.

Environmental A daptation  

Temperature

The c e l lu la r  demand for  energy su pp lied  by m etabolism  v a r ie s  in  a 
l iv in g  organism depending on the a c t iv i t y  le v e l  o f  th a t organism . There
fo r e , th e  co n tr ib u tio n  o f  a g iven  m etabolic  pathway depends on the  
c e l lu la r  need for  the products o f  th a t pathway. The a c t iv i t y  o f  any 
given  m etabolic  pathway i s  c o n tr o lle d  by a c t iv a t io n  o f  enzymes in  the  
pathway. An enzyme ca ta ly zed  r e a c t io n , l ik e  any chem ical r e a c t io n , i s  
s e n s i t iv e  to  tem perature changes. A b a s ic  problem o f m etabolic  co n tro l  
for co ld -b lood ed  anim als a r is e s  from the e f f e c t  o f  tem perature on regu la tory  
enzymes. In  a survey o f  lak e tr o u t , brook tr o u t , the South American 
lu n g f ish , an a n ta r c t ic  f i s h  (Trematomus b orch grev in k i) and b lu e f in  tuna, 
Hochachka and Somero (1968) found th at LDH a f f in i t y  for  su b stra te  v a r ie s  
w ith  tem perature and approaches a maximum va lu e (minimum Km) a t  the optim al 
h a b ita t  temperature* They suggested  an adaptive mechanism o f  enzyme 
a f f in i t y  to  tem perature. Hochachka (1971) a ls o  su g g ests  th a t a cc lim a tio n  
o f  an organism to  d if f e r e n t  tem peratures induces enzymes w ith  optimum 
k in e t ic s  a t  the a cc lim a tio n  tem perature. The tem perature in d u ctio n  o f
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enzymes may operate through the isoenzyme system. In other words, one 
isoenzyme or set of isoenzymes may have minimum Km values at low temper
atures while a second isoenzyme or set of isoenzymes may have a minimum 
Km at high temperatures. Environmental adaptations could then be hypothe
sized from the temperature dependence of isoenzymes.

pH and Alkalinity

Waters in  s ta te s  o f  the interm ountain w est range from n eu tra l pH to  
h ig h ly  a lk a lin e  pH ( 1 0 -1 1 ). The h ig h ly  a lk a lin e  w aters are o fte n
accompanied by h igh  t o t a l  d is so lv e d  s o l id s .  Pyramid Lake, Nevada has 
4700 ppm t o t a l  d is so lv e d  s o l id s ,  75% o f  which i s  NaCl, and a pH o f 9 .1  
to  10 .5  (La R iv ers , 1962). The Lahontan cu tth ro a t tro u t l i v e s ,  reproduces 
and grows very  w e ll  under th ese  c o n d it io n s . I t  i s  l ik e ly  th ese  f i s h  have 
evolved  adaptive mechanisms to  compensate for  the r igorou s environm ent.

Numerical v a lu es  for  pH in  good tro u t h a b ita t  can be e s ta b lish e d .
Most authors agree th a t water pH should not f a l l  below 5 or r i s e  above 
8 .5 .  E icher (1946) reported  the death o f  tro u t p lan ted  in to  a lake w ith  
a pH-of 1 0 ,2 . In laboratory  s tu d ie s  Lloyd and Jordan (1964 a & b) d es
crib ed  the r e s is ta n c e  o f  rainbow tro u t to  a c id  and a lk a lin e  w aters. They 
found a low ering o f  the b lood pH in  tro u t su b jected  to  w aters o f  pH 3 .15  
and 4 .5 0  and suggested  th a t acidem ia was the l ik e ly  cause o f  death (1964a). 
They a ls o  found th a t tro u t acclim ated  to  water pH v a lu es  o f  6 .5 5 , 7 .5 0  and 
8 .4 0  had le th a l  l im it s  o f 9 .8 6 , 9 .91  and 10.13 r e s p e c t iv e ly .  No measure
ments o f  b lood pH were taken in  t h is  experim ent (1964b). Packer and 
Dunson (1970) reported  th a t brook tro u t exposed to  low environm ental pH 
( 3 .0 - 3 .5 )  showed a drop in  blood pH from 7.39 to  6 .9 7  w ith  a lo s s  o f  50% 
o f  the t o t a l  body sodium. Hochochka and Somero (1971, p 148) su g g ests  
th a t the in f lu e n c e  o f  the environment on in tr a c e l lu la r  pH i s  a su b jec t  
th a t needs fu rth er  in v e s t ig a t io n  w ith  re sp e c t to  environm ental a d a p ta tio n s.

E icher (1946) in  re feren ce  s ta te d :  "The cheapest and only p r a c t ic a l  
method i s  to  f i t  the f i s h  to  the w ater ra th er than the water to  the f i s h ,  
and t h is  can be brought about on ly  by breeding or d isco v er in g  to le r a n t  
sp e c ie s" . I f  adaptive mechanisms are p resen t in  the Lahontan cu tth roa t 
or other is o la t e d  tro u t p op u lation s they could  be s e le c te d  for  or bred in to  
other tro u t s p e c ie s .

C02 and 0 a f f in i t y

Carbon d io x id e  i s  a product o f  r e s p ir a t io n . At th e c e l lu la r  le v e l  
CO i s  converted  to  b icarbonate by the enzyme carbonic anhydrase. B icar
bonate i s  transported  by the blood to  the g i l l  where i t  i s  converted  to  
C0o by the same enzyme. R egu lation  o f  t h is  mechanism serv es  to  b u ffer  
blood pH changes. R egu lation s o f  carbonic anhydrase a c t iv i t y  or g e n e tic  
v a r ia t io n  in  carbonic anhydrase could  be a p o s s ib le  adaptation  to  pH. ^  

Hemoglobin a f f in i t y  for  oxygen i s  dependent upon pH. Tan e t  a l  (1972) 
reported  th a t the a f f in i t y  o f  carp hemoglobin for  oxygen a t a lk a lin e  pH 
i s  160 tim es th a t a t a c id  pH. The dependence o f  hemoglobin a f f in i t y  for  
oxygen upon the pH and p C02 i s  termed the Bohr e f f e c t .  Numerous authors
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(S ick , 1961; S ick , e t  s ly  1962; Manwell e t  s ly  1963; Sinderman snd Honeyy 
1963 snd Frydenberg e t  s i ,  1965) hsve reported  hemoglobin polymorphism in  
f i s h e s .  Hemoglobin polymorphism i s  under g e n e t ic  co n tro l snd csn  be 
d is t in g u ish e d  e le c tr o p h o r e t ic a lly  much the ssme s s  enzyme polymorphism. 
R iggs (1970, p 216) s ta te s*  "The alm ost u n iv ersa l occurrence o f  m u ltip le  
components in  f i s h ,  r e p t i l e s ,  and amphibians but th e r e la t iv e  absence from 
b ird s and mammals su g g ests  th a t some im portant p h y s io lo g ic a l fa c to r  may 
favor m u lt ip l ic i t y  and th a t the p o sse ss io n  o f  m u ltip le  hemoglobins co n fers  
an advantage."  R iggs (1970, p 217) a ls o  s t a t e s :  "The e x is te n c e  o f  two 
d if fe r e n t  oxygen tran sport p ro p er tie s  su g g ests  th at one o f  th ese  pigments 
may be o f  p h y s io lo g ic a l s ig n if ic a n c e  under one s e t  o f  c o n d it io n s , and the  
oth er under a d if f e r e n t  s e t ."  Polymorphisms o f  hemoglobin i s  another 
p o ss ib le  adaptation  to  a lk a lin e  environm ents.

The e f f e c t  o f  a lk a lin e  environm ental pH on blood pH, carbonic anhydrase 
a c t iv i t y ,  serum sodium balance and hemoglobin 0 ,  a f f in i t y  should be d e te r 
mined in  the lab oratory  and co r r e la te d  to  e x is t in g  n a tu ra l p op u la tion s  
adapted to  w aters o f  d if f e r e n t  pH and a l k a l i n i t i e s .

OBJECTIVES

Determine the v a r ia b i l i t y  o f  serum enzyme and hemoglobin p a ttern s  
w ith in  and among s tr a in s  o f  tr o u t .

2 . Determine hemoglobin a f f in i t y  for 0 and C0o w ith in  and among 
tro u t s t r a in s .  z l

Determine the e f f e c t s  o f  e x ter n a l environm ental tem perature and pH 
upon the in te r n a l environment o f  the f i s h .

PROCEDURES

I .  G enetic a n a ly s is  o f  tro u t s tr a in s
a . I so la te d  p op u la tion s o f  trou t e x is t in g  in  environm ents rep resen tin g  

a v a r ie ty  o f  pH v a lu e s , s a l i n i t i e s  and a lk a l i n i t i e s  w i l l  be sampled 
and examined for  v a r ia t io n s  in  blood ch em istry .

b . Whole b lood w i l l  be taken by card iac puncture, plasma and RBC 
hem olysate w i l l  be ap p lied  to  a polyacrylam ide medium and 
e lectrop h oresed  in  a v e r t i c a l  g e l  chamber a t  cu rrents and pH 
le v e l s  appropriate to  the p ro te in  system  in  q u estio n .

c .  H istochem ical s ta in in g  fo r  carbonic anhydrase, la c ta te  dehydro
genase, hemoglobin and o th er appropriate fr a c t io n s  w i l l  be 
ca rr ied  out by standard methods such as found in  Brewer (1 9 7 0 ).

d. Permanent records will be kept on Polaroid transparency film.
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II* F ish  from is o la t e d  p op u lation s w i l l  be transported  to  the lab where 
hemoglobin a f f in i t y  for 02 and CO2 w i l l  be determ ined w ith  a physio
lo g ic a l  b lood -gas a n a lyzer .

Ill«, Environmental Influences
a . B iochem ical k in e t ic  s tu d ie s  on LDH isoenzym es w i l l  be undertaken  

by a graduate student in  b iochem istry  concurrent w ith  t h is  
p r o je c t .

b. As isoenzyme dependencies are determined, laboratory acclimation 
experiments will be conducted to assess in vivo blood chemistry at 
various environmental temperatures and pH values.
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