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FOREWORD

The provision of water of a quality suitable for each of its uses
is an important element of good water resource management. In most
cases such gquality is attained through the control of pollution. But
in order to specify correctly the degree of pollution control which is .
necessary to protect each use, it is essential to determlne the standards
of quality requlred for each use. ° .

One of these uses - the productlon of fish for food and sport - is
a major beneficial use of water, and in recent years many efforts have
been made to draw up water quality requirements for fish and fisheries.
Obv1ously there cannot be a universally appllcable set of requirements-
or "criteria" in view of the wide differences in the compOSLtlon of fish
fauna and the prevailing hydrological, limnological and socio-economic
conditions in different areas. It therefore follows that appropriate
criteria will necessarily vary depending upon the individual water .and -
the fish concerned as well as upon the status of fisheries in the partl—
cular region. - o ‘ : ) - .

The member nations have asked FAO to. l.ay adequate emphasis in its
work on steps towards the control of water pollution, including research
into and aid in achlev1ng better water quallty standards for fish. In
fact, one of FAO's regxonal flshery commissions, with the voluntary
assistance of selected sc1entlsts, has been making detailed critical re-
views of relevant literature in order to provide a scientific basis for
the derivation of water quality criteria by its member countries. The
Organization, recognizing the need to strengthen these efforts and to
assist the work of its other regional fishery bodies - and. through them
the FAO member nations - in the field of water pollution control, com-
missioned the study’ contained in this Technical Paper. As oxygen defi- .
ciency is one of the most common adverse effects of water pollution on
freshwater fisheries, the world-wide data. reviewed here should prove . -
valuable to both research workers and admlnlstrators alike in all our

-member countries. : :

WLlllam A. Dlll '
' Chief;" Inland Flshery Resources Branch
' Flshery Resources DlVlSlon, FAO -
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INTRODUCTION

Of the many pollutioﬁal chanées of water quality that can affect fx;eeh-
water‘ﬁsheriee ad&ersely, nonke ie éenerally believ’ed to be more common and
importent than is fhe »redu'ction of dissolved o#ygen (03). It occurs to somed
extent in all vwaters lfeceividg -dornesti,vc and induks’trial wastes 'tﬁat contain pu-
tresci—bie organic matter, Water pollution Ac;onfrol effor.ts have theifef'ore':been
yidireckted. largely towar,d the maintenance of O concentrations aBove_minima'
that are beheved to be reqmred by f1shes - The occurrence of abnormally ‘hxgh
conceritratmns of O, produced by plaet 1.1fe in tvhe\-cou‘r‘se of bhetosynthesxs in
Waters enrlched ;mth plant nutrients hae not generaliy been regad'ded as an
1mportant pl;eblem o N ' | | o o o ’

Theeffects on aquatw hfe of reduetlon of d;ssolved Oé have beee 1nv;est1‘-

» gated perheps ae thOroughiy as those of anAybother alteration of v}atei quahty.
'Sevex:al_ somewhat ske-tchy,v, .concise summaries of’ava'ila'ble information on

the OZ‘ d'equ1rements of f1shes, , together W1th brief d1scussmns of the praetxee‘l N
ks1gn1f1cance of these data, have been pubhshed durmg the lest decade (Fry, 1960;
_Jones, 1964 Doudoroff and Warren, 1965 Doudoroff and Shumwa.y, 1967)

Effects of OZ def1c1ency or;btlde‘metabollsmb, developmeet 'growth and locomof :
‘t1en of flehes recently' have beendstudled 1ntens1ve1y, » Yet the 1deas and tech-—li |

’mral cr1ter1a on wlnch the regulatlon of - d1scharges of the Oz-demandlng wastes |

is based have changed 11tt1e in- the last 30 years.
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In the ﬁnited‘States, the Subc"ommi-tte;'e on Fish, Other Aquatic Life and
Wildlife, National Technical Advisory C'omrhittee on Water Quality Criteria,
has recently formulatebd cfitéria or guid‘elines to bbe used in the est‘ablis‘l'n;n‘ent
of reg’ullator:y water tlaality standards for tha i:r‘otectihn of aquatic lifé through-
out the nation (Fedei‘al Watef i?ollution Cdnt»rolkAdxnin‘istr‘ation, 1968). The
recommendatmns af this gx;oup pertammg to dissolved O2 d1ffer only in mmor
details frorh widely'adoéted criteria prOposed earlier by other author:s (El_lis,, “
1937; tho Rivet Valléy’Wate‘x"- Sahita.tion Comrhissiqn, Aéuatic Life Adﬂséty
Conam"ittee; 1955, 1956; Tarvzwal‘l,, '1’957, '1958; Hue‘t 1952) Also, the klnds of
ev1dence or con31derat1ons on whlch the most recent recommendatmns and
those of Ellis.,(l93’7), rlplyxblishrecri m»ore'vthan'30 yéars earlier, were said to haye
beeh based are npt markedly different. Considerations prom{hently méhtidneti
in both reports Aar.e d‘issolvevci 0, ‘Alevels at which resﬁiratt)xy tcorhpenbsati.:on ih
fish was‘héléie‘.}"‘ec.i toibegin‘,: arAx“d”levells .o’bs>erved«invstraamé where tish faunas’
of notmal varle‘ty, 1nc1ud1hg game f1ah were or were not fouhd Other pertt; -
nent data that have .been recently publ1shed such as data on the growth of f1sh
-at chfferent Oé cohcentratlons 1n iaboratox"‘y“ te'sts,b are mehtloned in tha com--
',mitﬂtee rapott' There is vno e-v1dence | hc;\»:vever’ that the récommendatlohs ,

. presanted there derﬁe chtefiy ftorh the restﬂta af 1ntens1ve experltnental re;' |
sea:tc'h; of»t-he; pas’t»3Q‘ yeabrfs;. ,»‘-Perhaps tha',s"e f‘ilnidi_ngs_'wekre‘ fou_nd to»be;too dis— "
" crepant, fnconclusive, or irrelevant to be very useful, On the other

' ha.nd, the 'si.gn’ificahca 'a'ntl valua of the s.‘e:v'éatab,pgybl‘ha~ps ié, ‘nv'o't‘s.uffiAcibantly,uh‘d"e'z;—

- 'stood-or realized even by many specialists in water pollution biology, no
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comprehensive, detailed, and critical review and interpretation of the available
information having been published heretofore,

One does not need to study the literature very long to become convinced
that there is indeed little agreement of reported findings, Minim@ tolerable
or "threshold' levels of O, ;‘r‘eported by some investigators are by several
times .g»reyatevr than kthose re_ported by others for the same fish species, tested .

at about the same temperatures. Assertedly meaningful "critical' levels of O,

below Which._OZ'uptake rates of fish have been found to be reduced and dependent

on the dissolved O, 'céncentration are even more ‘variablé. They range from
values hear ;a.ir;-éatura.tion levels tq values little above the levels thét are lethal
for,thg fish. For Atlantic salmon, Salmo g_a;li_{ alevins 1 to 5 days old at 14°C,
values of 2.;> 3 ,afid 10 m’g/l have been repofte’d, for example. 'K Hv'atching of eggs

of different kﬁsh'hAaks been'r‘eporfied éometimes to i)e delayed and sometimes t_oik

be a.ccevlei‘at’ed by rebduction of OZ’ and .théir;~,sénsitiﬁty has ,b‘e-en repovrtevd._

sometimes to increase and sometimes to decrease with the progress of embry-

‘onic development and upon hatching. At normal temperatures, s-almonid fishes

have bgéh reported by some investigatbrs to be capable of successful develop-

ment at’OZz Ieiv,evl's‘.'a‘s low as 3v mg/1 orill'zess,. and ébmetimes even to be adverse-

: ly affected by qv_erabundaﬂ'p ce of O, at c'_;‘on‘ycentrati'onsﬂ ;n"eé rair- saturation levels..

But other authors have asserted that these fish réqui;re’ cqnceht‘rations near air-

saturation levels, ‘o'r_‘a:vtvléagsf‘ 7 of 8 mg/l, for successful development. G,r'owth:" ’

of juvgnile-Vsalrriior:x'ivdsih’aéi, ,b'ee'n.fguhd to be impéi'iéd by any Consi,defablé reduc- -

tion of O, from ‘,a‘ixf-ﬂ‘éatprnation levels; it has also been reported to be. quite
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unaffected by reduction tq 50% of air-saturation. Fish have been said by some
to be cépable and by others to be ciuite incapable of prompt detection and avoid-
ance of low Oz'concentra‘tions. Reducti’on of O, sometimes has been said to
depresé aétivity and sometimes to cause increases of the ‘activit’y‘-’of fish. Fish
faunas of normal variety have been authoritatively said not to occur in waters
wit_‘h O2 below 4 or 5 mg/1, but they haire‘ also been reported to persist in'kpollut-
ed K;vater‘s in which higher coﬁcentrations had ncf))t been observed('for long periods
a}nd‘m-ug:h lower levels occurred regularly, The réasons for these apparent
,c;yontradictidns have not been adequately explained.
It is no Wonder,‘ therefore, that pertinent, simple criteria proposed by

s¢ientists and adopted on their ad\}ice by regulatory agencies as water quality
A_Vstanda‘rds‘ha‘vefsbm‘etimes been said to héve“nof sound s;:ientific foundation.
Andkthe“r' source of difficulty in the formulationfof suitab‘le criteria or s~tavndax;ds,
namely; a‘lack of clear and kp‘reciser'd_efixiiti»c‘)n of ob'j'e-ctives of water polluti-on
vcontrol efforts, has been d1scu§sed by us elsewhere, along with 'the techmcal

. vvproblems (Doudoroff 1960 Doudoroff and Shumway, 1967). The ab‘é")e-rh'é’n—"

: ~tio‘.,nf3:d technical advi'sqry' commvitte’e;"vofﬁ'A‘me_rican -expe“frts has be“en‘ c.-fif:'»ic“ifz'éd
v'i'.",fo"rl vt:h'ei"is caﬁty 'dbcﬁniéﬁtAatién o’f.k*the as—ée“rti‘oﬁ's on -wh‘iéh’ri"‘cs' re cbn%m“endations '
o (Foderal Water Pollutxon Control Adm1mstrat10n, 1968) are based But what
'b'can be the ‘value: ofvsuch docurﬁentatwn when entxrely contradlctory assertmns

“or 'cO'n"‘c_lus‘i‘ofysf“ciafr(l';bé supported with equal’l‘y‘ imprés’s"ive_:d‘o,’cum‘entatioﬁbénd o
. a T ‘gxim ents ? VS:u",c:‘h a ;c: ontest békt"'w‘e en spOke sm eﬁv for : é’qﬁfli"cting' iﬂte‘i‘é sts: ha s

‘ been i‘n‘p'rogvr'e's"s»'f:o‘I"‘v‘_m,é-hy-vy’ear’s; The'b‘)‘iews that ’:hav.‘e' g'»ene"i‘ally'prEV'ai’led are -
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intermediate between extreme views or positions of the contending parties. As
such they are defensible (Doudoroff and Shumway, 1967), but a satisfying solu-
tion for a predominantly scientific problem is not attained by compromise or by ;
averaging conflicting findings and blending divergent opiﬁions impértially. The

need for a fresh, individual approach to the problem under consideration here,

_beginning with a careful re-evaluation of evidence and unhampered by reluctance

to depart far from precedents, seems to be indicated.

What reductions of dissolved O, concentration in waters receiving non-
toxic organic wastes can be reésonably deemed compatible with unimpaired oiﬁ
only moderately impaired production of valuable freshwater fishés? This is the
central problem to the sqlutit;n of which we have addressed ourselves, the queé-
tion that we must try to answer, at least tentatively, iaefore concluding. this

treatise. Obviously, we must concern ourselves primarily with the dissolved

' O, requirements of fishes under essentially natural conditions. Maost of our

knowle\dge and undervstanding of these requirements must derive from controlled

experimeﬁts, many of‘which can be performed only in the laboratory. Studies

in the"field have yielded few unequivocal answers to any of our questions, be-

' cause of the difficulty of -sepa»rating‘ the effects of many uncontrolled yariables. -

An abundaﬁce of éxact physiological data is essential to understanding and px;e- o
.di.ctianof the responses of aﬁimals to alterations of their naturalyenvironment.'
But determinétion of the xeqﬁireme}nts‘of fish confinéd in a respifometer or
léborat‘orjr aqui'rium. cannot be our final objective.. We must, therefore,

searchingly inquire into the relevance of each kind of information obtainable
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in the laboratory to the essentially ecological question posed above. Such a
critical evaluation of experimental approaches to an ecological problem can
help us to avoid much waste of time and effort in future research and perhaps
will be our most valuable contribution to water pollution biology iﬁ this treatise,
Although there have been investigations of the resistance of many kinds of
fish to rapidly lethal effects of O‘2 deficiency, whereas sublethal harmful effects
on relatively few species have been studied, most of our treatise is devoted to
consideration of the latter effects. Good fish production obviously is impossible
at nearly lethal level's.‘ Because O, conceﬁtrai:ions in moderately polluted
waters usually fluctuate widely, some biologists have supposed that adequate
protection of fish against chronic, sublethal injury can be ensgred merely by
permitting no reduction of O, below their tolerance thresholds at any time,
However, by appropriate waste disposal methods (e. g., storage of wastes
and their controlled dilution throughout the year), maintenance of low O, con';-
centré.j:ion‘s that are only Barely tolerable for adult and juvenile fishes in receiv~
ing waters sometimés is feasible. ’fh‘is practice should, of coursé, be dis-
couraged. Furthermore, the adverse effects on fishes of their repeated ex-
posure to nearly ,lethal 'OZ concentrations even for limited periodsk of time and
the great se’n_sitivitj of vfi'sh embryos and larvae to O, deficiency have been in-
greasingly realized. . Thei’efore', threshold levels folr lgthai effects are now al-
most 'univefsally régarded by régulator'y agenckies’as unacceptable criteria or
limits of water quality impairment, .'arid their very d‘etelliled;rep‘orting' and con-

- sideration here could not be very hélpf\jl.’

-
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tolerance thresholds, or they can be negligible. Therefore, for the protection
of the fish, limits of acceptable reduction of dissolvéd O2 and of acceptable |
thermal pollution should be defined first. Discharges of the various toxic poilut- |
ants then should be controlled so that they would not be unduly hai'mful at the
minimum expected and acceptable levels of OZ Criteria appropriate to the
definition of limits of safe concentration of these and other directly injurious
pollutants are, of course, entirely outside the scope of ’chis tréatise.

- This work is not a compendium or summary of ‘a’ll available data pertain-
ing to:di‘éfs'olved O, and fish life, nor is it a historical account of research ef-
forts. We ’have not attempted to cite, or even to consult, ‘every public‘ation
pertin’en’; ftd our subject to which a reference'c;ould be"f’ound. 4 No publica.tion‘s
are cited here that appeared before the year 1937, the year in which the erudite’
and»highly” influential report entitled "Détection and Measurement of Stream
Pbllution"' by M. M, Ellis (1937) appeared in the United »States. ’We are of the |

o | | - .
opinion that advances made much more than 30 years ago are adequately reflec~
ted in the »‘thinvking and i'esearch eff(\)rts'vof lead.i-ﬁg inves_tigatofs who have pub—.v |
lishec’l»tlrjxéiyfr findings and conclusions m_oré recenﬁly axyld’ have reviewed the ear-

i lief ~wo’r1‘<; -‘Impo‘rt'arr»xt» as they may have been in their déy, the eabrly publigations
vare'now» of hiétori’cé} infcerest‘only, because of récent'advanc'es of kﬁowledge '
and xf:e‘:fiﬁém'efn’cs Vof ‘experimental:and arialyti»c}al» me#hbdé. " This is not tbo s_a’j;‘

“that much of the researc

rve.porvted“during the vpa'st three decades is not shock-
ingly crude, superficial, or inept, reflecfing little of the wisdom énd experience.

' ovf’icareful,andthopghtfnl investigators of earlier years. We realize that recency’
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of publication is not a dependable measure of thereliability or worth of reéearch
results. However, some of the more penetrating recent studies have so much
increased our understanding of the problem under consideration here that a re-
view of much earlier literature could not be very helpful to the reader.

Some of the defective work and questionable results or conclusions that
have been published recently cannot be so lightly dismissed. Our simply ignor-
ing them could be mistaken for careless oversig}ﬂ:s, or at best viewed as arbi-
trafy dismissal by us of findings that wé cannot explain or reconcile with our
own. Our doubts concerning the Vvali.dity of results or conclusions reported in
the V1iter‘a'ture of the last 30 years'therefore must be explained, sometimes at
some length., Neither omission of all pubiished findings that we deem mistaken
or unreliable nor indiscriminate reporting of them without critical comment ap-
peared to us to be the best course; ‘ / )

We have not confined ’o‘urselves to the reporting of published data only,
Having found little or/n,é reliable, ’published‘ information on some important
- matters that needed to be considered here, we have decided to use unpublished
data -freely.‘ These( have been ogtained} from students' thesesv, from files of our
research organizat;on, and from colleagues who have been kindl)f williﬁg tg sup-
ply the des’ivre_adi iﬁfdrmati.on; Ouf objue_.ctive is‘fq’lly to inform our readers aboﬁt
. Fhe pfg.sent status of vkna)vblgdge'- of the dié»solvedvéz" requirements 'of:freshWater’
fishes , 'aﬁd we decided vtbhl’at }1 Convé,ntiohal, ' éopcise' reviéw of only the,'pvubli’shed .
l.ite'fature could not serve this purpose adeQuatgly. Very recentlf obtained in-

formation that is not generally available has 'materiallyi’nfluenced our evaluation
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A vast amount of»thsiological literature on the respiration of fishes, on
the Circulation‘Aand ‘gas‘transport capacity of their blood, and on their metabolism
is pertinent in some degree to the dissolved O, requirements of these animals.
In‘clusion in tvhis‘review of a complete summary of this literature >is deemed
n'ei£her feasible nor appropria‘ge to the purposes of th(e‘: review. Yet, this literaQ
ture cannot b’ey‘ éntirély ig.nored.‘, It has contributed much to our understanding
of the proglem under considéfation here and of the results of experiments on
the influence of dissolved O, on the performance by fish of functions of obvious :
ecological importance. f‘urthermore, cor?npetent investigatoi‘s have repeatedly
suggested or implied that the djssolve’d 0O, requivrements of fish can best be in-
f’.e’rr,ed from experimental data on the infl‘uéncé of dissolved OZ on respiratory
or Op uptake ?ates of fish in ,therlaboratory. - These suggestions certainly de--
serve carefu1 ’attenti;)n, and evaluation, and they m}uét' be explained even if they
are fina‘llyktob be Vlargelyvr di»smissed, as we a’rei‘nclin»ed to dismiés them. T.here:-
fokre‘b, one ,1argevsec'tion of this' 'r.epoi‘t deals With the influence of O, concentration’
on the vr:évyspbiration anci metabolic rai:es_ of fish and with other related matters,}
| b1‘1t by no rh'e.ah‘s fully ‘

v :NO"-‘-diAscbu_s'sﬁivpnA of/the .diss‘olved O2 requireineﬁts of fishes Hcan be complete
'c;>f‘ ,verryb“m‘é’ariin;‘bgfdl {f’v'it does vri‘ot’vinc‘lude some éonside«ration'of'the influence on .
:thveé_,’e“_vrg'quiAr.’erpe_rit-s; O_f two imp’o‘i"ta:ntv eﬁvircgmental,vériables,’ namely, tempefa_-
ture éﬁi‘d‘-ﬂ;e»cbric.é@lioﬁyc;f f;r_ée ca’rb’o:ni dio.xidé «(COZ). " The f.emperature of
the water cont;‘olzs‘the‘ »ra't}le.s Of,‘all“me‘tgbqli.c processes of cold-blooded aquatic

animals, v‘axjd't_here'_foi'e their need for Oz»éan vary widely with entirely n’ormal.
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variations in temperature of their medium. Concentrations of free COZ in
natural and polluted waters tend to vary inversely with the O, content, COZ
belng a product of oxidative decomposition of putrescible organic matter and
the resp1ratxon of plants and animals. Because of the well-known influence of
CO, on the affinity of bloo_d for O, COZ must be considered as a’ factor v‘that
may increase the O; requirements of fish when it is presenf in concentrations
that are not otherwise injurious to them. |
On the other hand, toxic water pollutants whose toxicity to fish is aggra-
vated at reduced OZ concentratlons should not be considered as factors influ-
encing O, requirements. Many;toxicants may become more effective with any
reduction ofVOZ chiefly or ent1re1y because of increased rates of their absorption
by flsh through g1ll surfaces, due to the necessary acceleration of gill irrigation
under hypoxic co_nditions (Lloyd, 1 961). In other cases, the nature of the mter~
actions rnay be such that nelther.OZ deficiency nor toxicity can be properly Tre-
garded as the pr\rjxartause of deb111ty or death which can result from cumu-
.1at1ve mJury referable to-two or more sxmultaneous phys1olog1cal stresses
" The mteractmn of hypox1a and extreme heat also rnay be of this nature. We do-
not beheve howeve.r th‘a‘t detaﬂeu cons1derat1on of mteractlons between O des—_’
f1c1ency and tox1c polltltauts (other than CO ) or other d1rect1y 1nJunous ’agent-s
»would be appropluate to the pu.rpose ofb the present Work The vanety of wster
bpollutants that can be d:rcct]y harmful to fxsh is Qast and the number of t‘oevn‘
‘posmble comb1‘nat1ons almoet endless Thelr concentratzons 1n well~ox$rgenated '

‘but more or Iess polluted waters that support fish hfe can be only slightly below
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and interprétation of published research results,

At the end of this Introduction will be found a list of common and sciéntific
names of all fish species whose common names are used repeatedly (i.e., in
more than three paragraphs) in the text of the following sections. To avoid ex-.
cessive and unnecessary repetition, the scientific names of these repeatedly ;
men‘tionevd species are not given in the text. They can be readily found in the
above-mentioned list, whelfe fhe common names are arranged in alphabe’tical
order. Scientific names are given in the text for species mentioned not more’
than three times, or f;yr those for which no acceptéble English or American
common names cvoulcvi be found. |

The second major aﬂ;ecﬁion of our treatise, following this Introdu'ctbion and
; the list of names "of fishes, is a section entitled "Summary of Conclusions''. ’
Such a summary kordinarilyy would be found at the end of a literature review or ‘
other ,treatise, FWebh‘a»ve chosen the unusual procedure of summarizing our
-pfincipgl conciusio.ns neaf #h'e beginning, however, because we believe that it )
will be helpful to éur readers in perusing the’more involved and ci:{fficult éécf
tions that folléw the summary, aAnd in‘_selecting matter that they wish to read.

Our detaiﬁl'e‘d presentatiAon and discussion of the vin‘formation on which our.
. conclusions are based was not .de sighed for easy reading. Much of the material

:présented can be ,inte‘rie’bs.ting and fully com;v)rehensibl‘e only t'o‘sp.eci'alis‘ts who
- hak;/'e céncérnéd th:er.arx.'sél.';/eé ”\.)vv’ith the éarticular prog_lems beyihg considered, or
. vv'to: thqggh»tful st\id’en‘ts \;n.deftaking peftinen't reseér_ch and wi_lliggvpatiently and

laboriously to follow our arguments.  Many readers may do well to pass over
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most of the details and difficult passages and to concentrate their attention on
reported data and our comments pertaining to those of our conclusions that they
find intriguing or qgestionable. Our summary of the conclusions will help them
to find the material of special interest to them under the'avpp_ropriate section

headings and subheads. Some readers may profitably choose to go directly from

this summary to our concluding general discussion and practical recommendations.

-Those who’ are interested only in our conclusions an’d are prepared to accept our
judgmentsv probably would find all of the detailed dqc_um'entation and explanations
tedious énd diffi(v:ullt to understand. But without the supporting data a.nd_e:tpla.na-
‘tions, our conclusions concerning highly controversial matters wouldﬂbe qf

little value to other inter_e_sf.ed scientists, and much o_f,the effort that went into

our critical review of literature and evaluation of data would be wasted.

?
%
|
%
%ﬁi

A
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COMMON AND SCIENTIFIC NAMES OF FISHES
REPEATEDLY MENTIONED IN TEXT

American shad
Atlantic salmon
| bluegill
bream
brook" trout
Brown bullhead
4brown trout
carp
channel cétfilsh
chinook éalmdn
coho salmon
fathead minnow
goldfish
1’arge£nouth bass
»mirr_or carp.
‘,mb‘s-ciﬁitbfi‘sh |
nofthe rn. pike
_ jpdei}c:h
'Apikeyf
fain‘b_oixf ',t‘rgut‘ :

‘roach

 sockeye salmon

: steélhead' trout .

"'»yellow perch’ .

zander

Alosa sapidissima

Salmo salar |

Lepomls macrochlrus ;

Abram1s brama

 Salvelinus f’ontvinalis

’ Ictalurus nebulosus

Salmo trutta

- Cyprinus carpio

Ictalurus punctatus

Oncorhynchus tshawytscha

Oncorhynchus k1sutch

leephales promelas

Carassms auratus ,

chropterus sa1m01de 8

v Cyprmus carplo -

Gambus1a affinis’

" Esox lucius’

‘Perca fluviatilis
Esox 'luc-iii's‘_ o

. Salmo gair'dne'ri:

Rutilus‘ -.'rutilusv .

:Oncorhynchus nerka ’

- Salmo galrdnerl (anadromous)

Pe rca ﬂave scens

' Lucmperca Iucmperca'




14 , FIRI/T86

SUMMARY OF CONCLUSIONS

Lethal levels of dissolved oxygen

Meaningful minimum levels of O, concentration at which fish can live are
‘not easily determined. Endurance limits that have been deterrﬁined in the labo-
ratory or field by various experimental methods can be much lower or higher
than the true thresholds of tolerance (incipient lethal levels) under natural con- ‘
‘ditions. Wide disagreement of "'threshold' levels of O, repo:;'teyd by different‘
invegtigators for the same species of fish doubtless are due largely to differen-
ces of experimental methods employed, some of which are obviously quite un-
reliable. |

| Diffe;ences in resistance to O, deficiency between different speéies or
populations of fish and between individuals from the same population undoubted-
ly aré great. NeverthAeless‘, reports of fully developed fresl;water fish being
killed within a day or two by reduction of O, concentration to -level.s above 3.0
mg/l in wa.ter“of otherwise favorable quality are unusual and ’should all be re-
gai‘ded,with some suspicion. ‘Théy canhot now be ’accepted as cdnvincing evi-
~dence that reduced ctm»centra,tion‘s not below 3.0 r.’ng»/l arebintolebrablle for some
fish;uhdér ordinary condition.s in nature. Sélﬁo_ni_ds are émo'ng the mbst sus-
cepﬁble _fis‘hes,’ but sorrieb othekr I;inds’of fish, includingvcertain sturgeons, have
not proved clearly mof’e _resistént thaﬁ.sglmohids in coinparable tests, and s‘or.ng
v Warmv&ater forms may bé much more susceptible at some eaﬂy Ali_fe—histovry,b

Stafg,e s,
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Low levels of'OZ endured by fish for 24 hours even at moderately high
temperatures are not necessarily tolerated thereafter (i.e., for longer periods) |
by most of the surviving individuals. It is not possiblé to specify a maximum
exposure pveriod within which death of fish ascribable to acute anoxia will almost
always occur if it Qill occur at all. Pertinent informaﬁon is very limited and
contra&ictbfy. | True thresholds of tolerance (incipient lethal levels) may or may ‘
not be demonstrable by eﬁcperiments of 7-day auration at moderate tem’peratures.

’ Youhg‘ﬁsh tend to be less resistant to reduction of O, concentration than
older and larger individuals, but the reported patterns of variation of resista'm'ce
With age, egpecially during the first month of life, are extremely variable.

Patterns of variation of the resistance of fish to O, deficiency with water
temype;'ature also abre highly variable, and no regular pattern of its isea‘sonal
Qariation independent of temperatdr_e has beenv conclusively demonstrated for any
'sp‘eci’ef’s. ,.‘The lowest O, levels endured i;y fish in comparable tests may increase

regularly with any rise of t'empeirature over a wide temperature range. They.

‘may also be constant over a wide range of temperatures, but probably always

“increase markedly at high_temperatures not far below the limits of thermal

tolerance of the fish.
High concentrations of free CO, likely to be encountered under aerobic
conditions in waters polluted with organic wastes have little or no effect on the

r’es’i,é,fa,n‘ce to Oy deficienc‘y of fish that are accustomed to COZ concentrations

not mu‘ch lower.. When exposure is sudden, even moderately elevated levels of

.frfeé_‘(_"}Ob2 togethei with re‘duced'but normally tolerable levels of O, can be rapidly
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fatal to some fish, because the dissolved O2 requirement of the fish increases
with increase of free CO,;. However, fish become very raprdly adjusted to high
CO, concentrations that they can tolerate, and this adjustment can be expected
usually to occur before the fish are subJected to critically low levels of O2
nature., The observed effects of free CO; on the dissolved O, requlrements of
fishe’s definitely are not ascribable to the decreases of pH that are normally as-
sociated with increases of free COZ but do not have the same effec,ts.,‘

Increases of the resistance to further reduction of dissolved ‘Oz of fish sub-.
jected for some time to.nonlethal_ low levels have _oeen convincingly derbnonstrated.
The acclirnation can be nearly complete in about ten days or sooner, but perhaps
is much slower or does not occur at ve'ry; low temperatures and under other un-
,favoraol-e_ circumstenceé. After eornf)lete acclimation of fish to the vlovcre)st toler-
able levels :of 02, their tolerance Athresholds,v can be’ aboutﬂ'hval,f the threehold
levels evalueted after’acclrimation to ai,r~seturation‘ 1evels of 02.

Large dlfferences in tolera.nce of O defic:.ency between i‘lsh of the seme species

‘_ natlve or acchmatized to dlfferent geograph:xc reg:Lons have been reported. They

: have been related to dlfferences of 02 concentrations to wh:Lch the f:Lsh are o

‘ 'exposed in then.r natural habltats. It is not knovm A however R how permanent

"'vthese dlfferences of tolerance are. and to what exbent they are genetic.

" ‘Death of f1sh resultmg apparently from toxu: effects of abnormally hlgh
' (supersaturatmn) levels of dissolved O, in laboratory tests has been reported by
some 1nvest1gators but has not been qbserved at higher levels of O by others,

Evidence concerning possuble tox1c1ty of excesswe concentrattons of Oz thus is
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curiously contradictory. Howe\}er, excessive production of O, by phytoplankton
during photosynthesis doubtless can'cause fatal gas bubble disease of fish on rare
~ occasions, presumably only when the total tension of all dissolved atmospheric

gases greatly exceeds the hydroétatic pressure.

Fecundity and embryonic development

~ Deficiency of O, evidently cép result in reduced fecundity of fish or prevent
their spawning, but there is no evidence yet that the adverse effect on egg pro-
ductién occurs at O, levels higher fhan those necé’ssary for successful hatching
of the eggs. Pertinent information is very limited, however.
‘bThe development and grow’;h of embryos of salmonid fishes are retarded,
» their size at the time of hatéhing‘ is rgduggd, and hatching is usuélly delayed By
any reduction .of O, concentration from the air-saturation level (or from a highef .
’Hlevel) even at favorable temperatuzfes and water velocitl:ies. Howe’ver, succvess»- ‘
ful hatching vofv‘rel’a_t’ivgly:small and ﬁnde’rdevelopedr but viable é.nd not deformed
»1ar$?aé of»n.-xos'tbsalmonidfspecies is possible at O, levels between 2 and 3 mg/1
" under -bthérwise favorable con&itions in the laboratory. "The sensitivity of thé
, erhbx_"jdé tg Oz'defi-c;iency increases with their age and is ‘greatest just be,fc;;r_e
hvatvchi,ng'.' . Increaées of the Jvelovcit-y o‘f wa‘..t,er 'moverﬁent aroﬁna the embryoé tend
to re}:diﬁc‘e.'t'he Véfﬁfe»ctvsb ’:of fxyp_oxia because; of acceleré.tio‘n of the delivery of O'Zyto'
.egg..’_caps‘ulg surf;ce_s.v "I“he' disbsoived 02 requirginents o‘f sélmonid embryqs fapparently
.ca‘n" bg g:"ieatl‘y ’inbcslb-eba’.,sevd by ‘ab.normal' elevation. of water témperatures, but not ~>

Z»;",ybmoderatfe ,inci‘ga‘s’e's'jbf free CO, iikely to occur in nature.
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‘Apparent inability of all or most salmonid embryos to survive at reduced
Oy concentrations below 8, 7, 6, or 5 mg/l in water percolating through stream-
bed gravels when the embryos were buried in the gravels where eggs are normal-

ly deposited has been reported repeatedly. It has been regarded by some as an

indication of very high dissolved O, requirements of the embryos, but has not
been adequately explained. In view of the wide range of apparently lethal OZ‘ )
levels reported, ‘the small differences of O, concentration that have been asso- - -
ciated with great differences of observed mortalities, and the results of labora-
tory experiments, death of the embryos cannot be generally ascribed to the re-
duc‘ed levels of O,. bThe variations of rr;éasured O, concentrations in sampled
water from the gravels were associated with differences in amdunt of silt de-
poéi'ted' in the gravels, A high degree of correllatio‘n‘between the O‘2 levels’ and
‘observed mortality rates is not prc;of. that deficiency of O, in t-hé sampled water
was the pri,rhary cause of death,

Embryos of some fish species can devélop a£ O2 concentrations less than

2.0 mg/l to successful .hatc'hing of viable larvae that are not deformed. Embryos

of other species, such as the stu'rgeoh Acipenser glildenstddti, the pike, Esox

" lucius, the bream, Abramis brama, the fathead minnow, Pimephales promelsas,

andﬁhe’lithvophilous ~¢yprinid Vimba vimba, apparently require O, concentrations
aboye ,4»mg/l or evén well above 5 mg/l at temperatures normavl for thém. At
lower levels, most of them have been found to perish or develop abnormally in
labo'ratory tests. . Embryos of phytophilous species that normally develop in

~ still'water and of lithophilous species that norinal-ly develop and have Been tested
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in the laboratory in rapidly moving water are among those that appear to be high-
1y -sehsiti.ve to O, deficiency. Under hypoxic conditions, hatching is often delayed,
but e’gg‘s ofvs‘ome speckies hatch' (premeturelyj earlier under these Aconditions than
they >do in well oxy;genated water; h'atAching size tends to be smailer than normalk‘
in either case.
'v_Some warmwater species‘evidently reqﬁife, for suecessful"development,,

Oy conee»ntfafions 'in their amiaient mediem 'higher thanA those reéuired- by ’the

» c.oldwatkelj selrnon‘ivds. " However, s,alh;xonid ergbrye’s bvuried.in s’tre»ambed g'ravels
kmay be exposed to'v Oz.c_oncentra‘tiyons far below those 1n the water flowing over

~ the gravels, Any reductio‘n of the latter concentrations by pollution of the weter
can result 1n reduced survival of the er‘nbryes, beeaese in some locations the OZ‘
"}'levels in water moving slowly through g'ra‘vel can be barely adequate or inade; :

‘quate even in streams receiving no organic wastes.

Larval grkowth

Great depresswn of the growth ratee of salrﬁonid alevins by reductlon of
’ OZ coneentfatlons to about 5 or 6. mg/l E/been reported, but results of recent
.'thorough 1nv;est1gat10ns 1nd1cate that this is not a normal response, Unde:f ~other-
wise favorable conchtwns,' reductlon of d1ssolved 02 to. these levels apparently
- has httle or no effectbon growth rates of those salmomd alevms whose responses
‘ have been carefully stuched and descrlbed and on the eff1c1ency of their utlhza-
\’:tion of yoik for’ growth> Moderately wide d;urnal fluctuatlon of 02 concentratien
"about these levels also hae httle effect on growth ’ ‘Even at constant concentra-

‘tmns as low as 3 mg/l the' ‘_rate ‘of,growthvis‘reduced' iny moderately, ‘and ‘the
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size of the fry at the time when absorption of yolk is complete is reduced by no
more than 25%, except at very low water velocities (e.g., 10 em/hr) and perhaps
at unfavorable, high temperatures. ‘When embryonic and larval development

both occur at a moderately reduced O2 concentration, the consequent delay of

completion of yolk absorption is ascribable in much larger degree to retardation

of embryonic growth than to the retardation of larval growth,

e

Detailed information on the influence of O, concentration on larval growth

of fish other than salmonids is lacking. In view of the relatively short duration

AT

of the larval life of most fishes, moderate retardation of larval growth at re-

duced O, concentrations probably is not usually as important as is similar re-

N

tardation of postlarval (juvenile) growth. However, O, concentrations in water

considerable period of time before emergence are often much lower than concen-
: ' . ——— . . o .
trations in the water above the gravels. The ecological significance of effects

_on growth of the alevins is uncertain,

~ Juvenile growth

‘ Feod bconsumptlon‘and growth rates of Juvemle f1shes receang unrestnc-
,ted or abundant food Tations and growing rapidly at favorable temperatures in
’lab‘oratory aquaria can be hrmted by the. O concentration at levels near the
:al‘:rvk satu;'atmn level Tﬁey are then depressed by any. con51derable reductxon
of Oz from sateratlon levels Lack of : dependence of growth rates of abundantly fed
flsh'onAoz ievels well below satura‘hon levels has been observed but perhaps

is always assoc1ated wn;h relatwely slow growth for which a low temperature
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or nutritionally deficient or unattractive food may be responsible. The maxi-
mum limiting 02’ concentration apparently can increase sharply from a vF«ery lovw;
level to near the saturatioﬁ level with»at_ small increase of temperature beyond

a critical point, which is between 1.5;0’ and 20°C in the case of the largemouth

bass, Micropterus salmoides, a warmwater species. Appetlte and growth rates

are depressed. but only moderafely, at very high OZ concentrations up to three -
times the air- saturatmn levels; they may be 1ncreased or depresséd slightly by :
OZ supersaturatioﬁ that is not so’ great.

The gross efficiency of conversion of food to body tissue as a rule is not
markedly impaired at a reduced Op level if food‘cons‘umption is not depressed .
gfeatly at that O, level and the O, level is not very low. ‘ Therefofe, conside;'ablg
impairment of gross food conversion efficiency of fish kept on unrestricted or
abundant food rations in aquar’ig genérally aoes not occur at reduced O2 ievels :
much above 4 mg/l, even when temperatures are moderately high. When food
rations are reséricted so that equal amounts'of food ‘az_'é cénsumed~a'f all testéd’ )
O, 1evels, reduction of the OZ coﬁcentratmn ‘even to much lower levels (3 mg/l :
or less) apparently has 11ttle or no effect on food converswn and growth Obser- :
vations conﬂlcting with these findiﬁgs have beén reported but are dgemed unre- .
liable v01v' inéonclusive. |

When food rations are unrestricted, ‘gx;bwth éf ju_venilte fish in laborato;y~ -
aquaria is impaired by lar'ge diurnal fluctﬁé.ti.ons of OZ’ as compared with growth
at constant O, concentratlons eciual to the rﬁean levels (arlthmetlc or geometrlc
means) in the aquarla with ﬂuctuatmg bconcentratxons Spch diurnal flukctuations
of O, between very high and low O, levels »sor_nevtir‘n'es can impair the appétité

“and growth df fish at moderately high temperatures almost as much as does
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continuous exposure to the low O, levels.

Under natural conditions, food intake is not rigidly fixed or restricted,
Eut gro\;vth apparently is usuallsr limited by the availability of food; increased
exploitation of av_ailai:le food resourcés may require excessive energy expendi-
tures. Neither in ordinary laboratory’ (aquarium) experiments in which rations:
are unrestricted nor in similar experiments with restricted rations are condi-
tions that are natural from a bioenergetic standpoigt approached. Limiting O2
levels at which food consumption and growth become Q, -dependent under natural
»cond‘itions therefore cannot be established through such simple laboratory experi-
‘ments alone. They may, hov&ever, prove not very different from those concen-
‘ trations at which’ growth begins to beAre stricted in laboratory tests with unrestric-

ted rations,

wimming abilit

Fish may continue to swim at méderate» speeds at O, concentrations not far
above lethal levels. However, the maximum long-susté.inable swimming speeds
of salmonid fishes at moderate 4temi)eratures,norma11y decline with any con-
siderable rc;duction of O, concéhtfation below air-saturation levels. Those.of
some warmwater ﬁshes become ciearly limited by dissolved OZ only at lower
concentrations, neér or belbw 5 mg/l.

Concentrations of free CCZ likely to be associated with low O, concentra-
fiops do not material,ly»increasg the effect of O, deficiency on maximum sus-

. tained swimming speeds. Even much higher concentrations of CO, which at
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high levels of O, have a pronounced effect on the sustained swimming speeds of

coho salmon, Oncorhynchus kisutch, are ineffective at very l.ow levels o‘f 02‘

Acclimation of goldfish, Carassius auratus, to O, deficiency has no influence

on maximum speeds sustainable‘ bgr them at Jow levels of 02.
Very rapid swimming probably is more often required in nature than is
prolonged swimming a?: ma#:.imum sustainablé’ speeds. Effects éf reduced levels of 0, ofx
"burst' speeds that‘are rjnain'tainable only for fractions of a minute, and ‘a'l;so
effects on the frequency with which short-term swimming at maximum speeds

can be repeated, apparently have not yet been investigated.

‘Respiration, blood, and metabolism

Fish probably respond to any change of O, conceﬂtrat’ion by reépiratory
of cardiovascular compensat‘ions. ‘These responses, including'changes of
respiratory rhyt}:zm (opercular rate), are adaptive and.not i‘ndicative'of'impairment
.of any functiogS‘ of~ecoloéica1 import. J’udg.fnentrs concerning the dissolvedi Oé
re’quiremehts of fishes cannot be soundly based on rgai)orted observations of in-
cipient respiratory corﬁpensation, Other apparently adaptive responseé of fiéh
to reduc;tions of fOZ concentration, such as increases of the erythrocyte count
“and »ihemoigllo_bin content of their blood, .have been descriﬁéd but p.robaﬁlj névei‘
’c‘onb‘siv,dered 12.'5 'evid.enée‘or indices of injury. ; An increase of the rate of red blood
c'ell'vfc;rm.ati.c_n may n'ot:'qccur in fish subjectedito égfious hypdxic strévss‘;baﬁ in~
",cfeased erythrocyte and hetﬁoglobin content of the blood then ai)parently is nﬁaihe .

tained for a long time at the expense of reserves in the spleen.
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Critical (limiting) O, concentrations below which the rates of O, censump-
tion by fish are depressed and ’dependent on thev O, concentration are highly vari-
able. They tend to increase or deex_‘eese 'with the level of O;-independent meta-
bolism maintained at higher O, _le{}els. - They may al'so shift markedlyﬁwith con-
tinued eprsu:e of the fish to tested ‘OZ ievels and consequent acclimation the're-—
to. The Oz-independent metabolic ;rate‘s fer which these concentrations are 1li-

» miting depend on the temperature, the level of a'ctivity of the fish, their nutri-
‘tional state, and other factors. The critical,leyels of O, pertaining to maximum
sustainable O, uptake rates of active fish ("'active”»rate’s) are comrﬁonly above
’ai‘r;- saturatien levels of Oy and difficulfv‘to eetermine precisely, even at moderate
temperatu:}‘ee.‘ Those for "seandarci" rates of res,ti’ng, fish in the postabsorptive
state _niajr be,  but are ‘nqt ne‘ceeeea_rily, | \fefy neer the incipient lethal levels of
023 orvthreshoids of tolerance. Those for,veriously-def;nee‘"routine"‘fates
can‘beAany intermediete values depehding.on‘teeteconditione, on levels:of
sponteeedusvof other<non~enf0rCed actieity of the fish on recency of feeding, ete,
_Sometimes, even relatively low 02 uptake rates either "routine" or "standard" are
;not independent of 02 concentration at mcderately reduced levele of 02. They may
 1ncrease markedly and then decrease as the 02 concentration 1s reduced, and
. be maximaleetboz;levels;far above'lethal»levels;: Proper definition'of critical

level'e the'n becomes a problem.: But in any case, the physiological signifi- '

cance of a crit:ical level that is well above the minimum tolerable level cf 02

'yis uncertain. Some activities must be suppressed or. some functions impaired

‘at 02 1evele below the critical level but these effect:s of reduction of 02
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concentration presumably begin atklevels above the critical level.

Only fairly pe'rmenent critical levels of O, below which the still virtually
unknown metabolic rates maintained by fish under natural conditions are limited
can be ecologically meaningful. Such stable critical O2 concentrations pertain-

ing to truly ordinary metabolic rates. of fish normally feeding in nature are not

“known to have been determined.

Some conclusions concerning dependence of metabolic rates of fish larvae

- and embryos on the concéntration of 'OZ that have been based on determinations
.of OZ' uptake rates may be meaningful. However, such conclusions'h‘ave, for

' reasons not fully understood, disagreed seriously with each other or with probably

more reliable and useful co_nclu'sions based on studies of growth.
Critical levels of OZ’ as well asg the rates of Ozlyuptake by fish, ean'be

expected generally to increase with rise of temperature and after consumption

of food. Moderately elevated concentrations of free CO, tend to depress ;'active"
‘and perhaps some .“r'outine'b" (but not '"resting') O, uptake rates, but_: the little
-studied effects on critical levels of O, probably are variable and not very pre.‘.

, nou’nc_éd."

Acchmatmn of fish to reduced OZ levels can result in gradual depre551on

of "routlne" and "restlng” Oz uptake rates, Fishes that have been held for long

- penods at a reduced Oa level usually have lower resting' and "routme” OZ uptake

rates after transfer to. hxgh or 1ntermed1ate levels than do fish that had been accli-
mated to the hlgher levels of OZ At low levels of O,, the fish acclimated to a -

low level may ha‘ve th‘e higher O, uptake rate, because of a downward shift of '
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the critical level of O, with acclimation to low OZ levels, or there may be no

difference. The "active'' rates of O; uptake of brook trout, Salvelinus fontinalis,

acclimated to a low Oy level are h1gher at low 0O, levels, but not at high levels,
‘than those of f1sh acclimated to a high Oy level,

Reported lasting increases of the re.spiratory quotients for some fish to
values above unity at reduced O, coecentrations indicate partially anaerobic
metabolism. The O, uptake rates of fish determined at low levels of O, there-
fore may be unreliable measures of total metabohsm. - Long- sustained, entirely
anaerobic metabohstn of fish has been reported.

The diffe»rence between the "active'" or maximum sustainable 02 uptake rate
of fish and the ""'standard" or nearly basalb rate has been termed the ""'scope for
activity'’, However, the active rAate varies widely with the nature or degree of
st1mu1at1on of the fish and is dlfflcult to determine prec1sely Also, there is
msufﬁment ‘agreernent as to the proper definition of the "staodard" rate, which,
as it has been variously determined, is not necessex;ily a nearly minimum sus-

tainable rate. The fraction of the full scope for activity required for unimpaired

feeding and other activities and for entirely normal growth of fish under natural
conditions has not yet been shown to be generally independent of the availability
" of food and rate of growth It may not be a nearly constant fraction. . Any decision -
v;‘as to the fraction of the full scope that should be generally accepted for regulatory

‘purposes  as an adequate fraction would be premature and almost entirely arbitrary,

Rates of OZ uptake cannot be determmed under nearly natural conchtlons

‘The "energy balance" method of metabohc rate evaluatxon appears to be a_
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promising approach to the estimation of average natural metabolic rates of feed-
ing fish. It can be used in studies on fish under experimental conditions corres-
ponding to natural conditions with respect to major bioenergetic : considerations.
Results of preliminary experiments with largemouth bass indicate that the aver-
age metabolic rate of a predaceous fish at a temperature favorable for growth
may be nearly independent of the abundance of prey in its natural environment, .
Such stability of the average metabolic rate would indicate thaj: the dissolAv‘ed O,
requiremént of the fish in nature is not a functich of food consumption and growth

rates, which tend to increase with increasing prey density. ‘Foraging and other

. activity may decrease as prey density and food consumption increase. The very

limited and inconclusive data now available suggest that for truly ordinary, natural

metabolic rates, and for rates of growth in nature, critical or limiting O, con-

. centrations may be near air-saturation levels at moderately high temperatures,

Behavior and avoidance reactions

Activity of fish can increase or decrease at reduced O, concentrations;
the first one of these effects probably is usually followed by the second one.

Increased random rriovement elicited by hypoxia and more tranquil behavior in

- well-oxygenated water can result in some avoidance of low O, concentrations.
" The ability of fish promptly to detect ihtolerably low 02 concentrations and to
avoid them by predominantly appropriate, rather than random, changes in direc-

tion of swimming has been denied. Evidence supporting the view that such avoid-

ance reactions are p'ossible,, at léavst in the laborato,ry,v seems to be preponderant,
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however. Under né.ﬁ;ral conditions, many species of fish occur at low O, con-
centrations only slightly above lethal levelys, showing no strong tendency to avoid
them. Hdwever, fish often seerﬁ to avoid lethal levels successfully when better
oxygenafed water is éccessible{. Concentrations below 4 or 5 mg/l apparently
ha.vé:.igte:féred'ﬁWi’th'\ips‘;t‘:.ream migration >>of adult salmonid fishes, but migration
'ofﬁtjﬁ‘e"ﬁse, agd other ~ka1“ria'"drpmogsi-’fbbrmsb through waters of lower O, content (2 or 3

_ m«g.f/ i)" has bée»n r,eij_‘or'tgd., '

Vavr’ie'ty:f‘of fishes irn»pbll.ﬁte'd waters

: The widely accepted conclusion of.kElli‘s (1937) that good, mixed fish faunas
do nct; o_écur jin waters iﬁ‘which- ‘OZ falls bel«q;xr 4 or 5 mg/1.is »basec:i én i;nrelialile>
evidence and‘ is bc'ontbradicted by more‘ relia',blé’observations. Lazl'ge,nurnbei's of
fish species, including game fishes, Ahav’e been collected in polluted waters wher.e
much lower concéntrations v'/erév: occui‘ring »re_gula.»rly ;é.nd even where concentré-
tions :nét exc’:éédi:#’g‘ 4 mg/l éé?a;rentij‘ hav.d' pe‘rsiét_e‘c} for along time. Although
v s’borhkék,‘-i‘asi)lec'ie’é.;n»afBé ehmmated, rﬁd'st Wa‘;r;n»v}atefv spééies{e\}ideﬁtly will con-

' tmuetomhabxtsuchOz-deflmentwate r’suif the y}a’.ie,r imality is not otherwisybe too

~‘unfavorable., .

Food resources . .« . - ..ol

Sqmé ‘species idf*ﬁﬁshk{f"‘c’)cd‘ grganisﬁis may Se' harmed by reduction of OZ
to levels not m1m1ca1 to the fish. Howewver, more tolerant species are likely to

becomg more abu’nda'ntbi'n waters that are enrichediWi,th putresciblei organic
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-
matter. When O, deficits are not great enough to retard the growth of fish
directly, over-all food resources of fish are not likely to be impaired by organic
did - :
wastes having no harmful effects other than reduction of Oz. The evaluation of
I . .
O; requirements of fish-food ’orgafxisms therefore is not essential to the estima-
tion of O, levels that must be maintained for protection of fisheries,
iz : » ’
" General
There is evidently no concentration level or percentage of saturation to
- which the O, content of natural fresh waters can be reduced without causing or
risking some adverse effects on the reproduction or growth and production of
1ias ) ' .
fishes inhabiting these waters. Yet, large reductions are not incompatible with
b :
: the continued existence of some valuable fisheries.
f '
- Water quality criteria on which regulatory standards designed for protec-
ere ' v .
, . tion of fisheries in waters receiving wastes are to be based cannot be properly
Y :

formulated without reference to the pertinent naturai charactex_'istics or condi-
Vtion of the waters and to desired levels of protection of fisheries. Theée leQels
of protection must be deterfnined or; the basis of socio-economic consideratioﬁs.
Attention to differences of waters in natural properties, such as O2 corntent, ‘that
vary over a wide range, is essential because of associated differences of fish

faunas inhabiting the waters and differences in natural productivity of the

waters.

te
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LETHAL LEVELS OF DISSOLVED OXYGEN

We have already remarked that the ranges of Ozv concentration suitable
for the maintenance of fishery resources in waters receiving organic wastes
are not defined by concentration levels that are barely tolerable for the fishes
to be protected. Indices of injury more sensitive than death of the fish must
be relied upon in deciding what concentrations are acceptable. 'Not only are |
true tolerance thresholds (i.e., incipient lethal levels, or mi;limal concentra-
tions tolerated indefinitely by 50% of the animals tested) of limited value ag cri-
teria, but they also have not often been determmed reliably. Table 1 is a sum-~
mary of.selected information on lethal or miqimum tolerable levels of O, tlaa.t
we have abstracted from numerous publicatiens and believe to be sufficiently
comprehensive and representative of the available data. Before d1scussxoxa of

the tabulated material, the various methods that have been employed by the -

cited authors must be explamed Some reports of lethal effects of excesswe

O, concentrations far above air- saturatmn levels will be cons1dered only

bneﬂy and after the dlscussmn of tethal low levels.
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Methods of evaluation of tolerance limits

Published lower limits of O, concentration tolerated by fish can be separa-
ted into two major classes according to the methods employed for their determina-
tion, One of these categories includes all values déterrnined by exposing fish to
continuously declining OZ concentrations until the fish succumb. The other in-
cludes all values determined by exposing fish to a number of constant O, concen-
Vtration.s after more or less rapid reduction of the dissolved O, from the level to
which the fish were accustomed.

The first method mentioned has been used{extensively because of itg relative
simplicity. The simplest and most commeon procedure is to place one or more
fish in standing water in a suitable container, usually a stoppered bottle or other

sealed vessel full of water, but sometimes an open jar or aquarium. As O,

is withdrawn from the water by the respiring fish, the animals are observed,

and as soon as possible after their apparent death (i,e. cessation of respiratory

and other movements), the 02 concentration is determined, If several fish are
placed in each sealed vessel and the 02 concentration 1s determined Aonly after
all '(~or most) have died, the values so obtained are, of course, the 02 levels that
proved lethal to the most (or more) resistant individuals in the groups, Thé
lethal 02 concentrations determined by this. method are sometimes referred to as

residual levels_, but probably more often have been called "thresholds', somewhat

- inappropriateiy.

One variant or modification of the above procedure 1s the determination of

rémaining dissolved 02 at the time of permanent loss of equilibrium or
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"overturning'' of the fish, rather than their complete i’mmobiliza'tion. This O,
level is higher, of course, than that attained when respiratory movements cease
and the fish obviously cannot remain alive much longer. However, investigators
have assumed, probably correctly, ‘that the O2 level at whicﬁ equilibrAium is lost
would invariably prove lethal if it were maintained by somehow preventing further
reduction of the dissolved O,. Accordingly, some authors have referred to such
levels as lethal levels in reporting test results, even though nothing resembling
death had actually been observed at the time of their détermination. Sampling of
the water for determination of dissolved O, at the time of immobilization or overf
turning of the first one, or of somé fixed percentage (e. g. k, '50%), or of each of
several fish confined together in a ';fessel i»s a common modification of the first’
procedure described, ér of the above x‘/ariant. When repeated O, determinations
are made, the water re;ﬁo*&ed for each sample from a sealed vessel can be re-
placed and the veésel then sealed again.

‘ Fpr subjecting fish to progressively declining O, concentrations, some in-
vesf:igators have resorted to meané o.f 07 reduction other than the'respiration of
the test animals. For exémple_, the watér in test chambers has. bée'n graduélly
replaced with .deoxygenated water. The rate of reduction of 02 thus could be .
better controlled and a large increase of the free COZ cbntent of the \;vater avoided.
Watef aeoxygenated by bubbling nitrogen (N>) through it, ior by Boiling,' and
naturélly O; -deficient waters have been used in such-experiments and in experi-
ments 1n which const}vér:lt O, levels ila;v‘e been_maintained.
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Fish sometimes have been exposed to fairly constant O, levels by confining
them in cages which were then suspended at varying depths in lakes with vertical
O, gradients. The apparent unreliabﬂity of some results obtained by this method
will be discussed later. Usually, exposure of fish to constant O, levels has been
accomplished by holding the test animals in continuously renewed (flowing) water
with O, content adjusted to the desired levels, most often by means of N5. The
fish have been subjected to the reduced O, levels suddenly, by transfer from
well-oxygenated to O, -deficient water, or énly after gradual replacement of 
their initially well-oxygenated medium with water whose O2 content had been re-
duced to the desired, constant level.

~ The results of tests at coﬁstan’c O2 levels have been variously reported.

From recorded individual survival times of the fish at several 0O, levels, some -
investigators have computed mean or median survival times, which could then

be plotted against O, concentrations in 'grgphs. bOthel s have determined percent-
ages of fish survivifxg for one or mo;’ce fixed expOsgre periods (often 24 hours) at‘
different O2 levels that proyed léthal within thése periods tb more than '50% anbd
less thaﬁ 50% of the test animéls. Fi‘o'rn thé se "d‘a’ca, 'median tolerance limits of
Oz concent}r’atioh:f-ovr the fixed exposvure"per‘iods have been derived by’ interpolatioﬂ.
True‘_thly‘evshoklds of tolerance, 61‘ in;ip‘ientA,'llethgl.leve'lsv of OZ”' levels thaﬁt‘vCan beA .
: f‘,olerated indefinitely By only .5'0% of the te st animals, hévei not usﬁaily beeﬁ-ée S
.ltermined’vor reliabliy estimated. The ré‘sults of some 'of'l‘th‘e laboratory studies
that ha\}e been reported ére difficult to :,csur‘nAnﬂarizvé, because of complexity or

faulty design of the experiments.
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The Oy concentrations at which death occurs when fish aré subjected to pro-
gressively and fairly rapidly declining concentrations doubtless can be much
lower than the true thresholds of tolerance of the fish. Tolerance limits deter-
mined by exposing fish for about a day to constant O2 concentrations certainly
can be more meaningful, for fish can continue to live and extract OZ from their
medium for some time after a lethal level has been reached. However, minimum
tolerable levels determined by either method can be lower or higher than the true
thresholds, we believe. As will be seen later, even 24-hour exposures to re-
duced O2 levels may not be sufficient to produce maximal e‘ffects. But fish that
have been recently captured. or handled and confined in test chambers to which
they are not accﬁstoﬁed, or subjected to a sudden or rapid reduction of'OZ, can
be reasonably expected to have abnormally high metabolic rates and O, require-
ments. The different sources of error mentioned cannot be expected always to
- cancel each other, but they can be mutually compensating. Precautions taken to
eliminate a source of pos}sible error therefore can sometimes increase the in-
accuracy of an cbserved threshold value. ‘Numerou's variables, such as the rate

qf reduction of O, concentration, the size of test véssels, the e};tent to which the
teét animals are accustdmed to the test conditions, ‘and their excitability, prAe-
sumably can influence the outcome of a lethality test. The rate of decline of Oy .
in sealed vessels itself depends on the volume of the vessels, the size and number
' vof ’fish piaced in each veséel, and the metabolic rate of the fish, which varies with
the temperature. A’I’li_ue .publvished rvesullts‘ of lethality ‘tests thus are not often entirely

comparable, and the practical significance of most of them is questionable.
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The effects of recent handling and confinement of fish on their resistance
to O, deficiency have not been thoroughly investigated, but there is evidence that
these effects can be important. Hoff, Chittenden,and Westman (1966) reported

some pertinent results of laboratory experiments in which young American shad,

Alosa sapidissima, taken from large hqlding tanks, were exposed to‘ cieclining O,
concentrations in glas’s aquaria, and the levels at which individual fish died we re
recorded. These authbrs observed a tendency of the highly variable letha;d levels
to decrease with increase of the durgtion.of ”acéiirhation“ or holding of the fish
in the test vessels before the beginning of 'Withdrawal of O,. Thé hi‘ghg it lethal
level, 3.6 mg[l, was recorded whén fhe preliminary acclimation period was only
two hours and the O, concentration was reduced thereafter (by means of‘. Nz)
quite rapidly. The lowest lethal level, 0.6 mg/l, was recorded when fhe pre-
liminary acclimation period was »20 hours and O, was Wit:hdrawn‘ (by means of
sodium sulfite) much less rapidly. "Unforttbma.tely,k these interesting experiments
were not numerous enough and not sufficiently uniform .to establish defiﬁitely the -
indicated relation between preliminary a‘cclimation tirﬁe and lethal Oy levels. | In- -
deed, in thé only’,'experi:me.nt (with few fish)bttha't appare\ntlir was specially -designed
‘to test the.’influekrvl,cve -éf;a;,éélimation tinﬁe, which ranged from 2 to 48 hours, no
' materialdiff‘erénce Qf mean le‘tha’llOZA le"\reiis‘s wés _obserﬁed: Still; we think.that
it is reasdnable,to c,onclu’del that tﬁé ’gréat gﬁscepﬁibility to OZ deficiency of sh'éd
that died at’:OZ»‘le\:rels»»f‘ive to six times’ as bgreat és ‘those at which the‘_n'lorev resis-
. tant i'ndiViduéls ‘su;?:uxfnbed was.uﬂnatu;‘él.'., f‘ré-quently,f one or fwo vof the e;c’— ‘

citable fish'dieid in the te‘étvaquabria:SOQn after their transfer to the test aquaria |
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and before their subjection to reduced Oj levels. Certainly many or all of the »
fish, an»d not only those that died during the acclimation periods, were under
great stress for some time after their introduction into the test aquaria. Ellis
et al. (1947) reported that some deaths of juvenile American shad occurred even
at Oy levels above 5 mg/1 when the fish were subjected to rather rapid reduction
of the O, concentration at temperatures ranging from 16° to 20°C. Yet, in tests
at somewhat higﬁer temperatures and with somewhat slower reduction of O, con-
centration, Tagatz (1961) observed no deaths at O, levels above 1.8 mg/l.
‘Another soui‘ce of possible error in laboratory tests is undetected contami-
nation qf Wa£er with some toxic substances, sruch'as those that r;xay come from
pipes and fittings made of toxic metals or from rubber tubing cofnmoniy used ih
1aborétoﬁ-es (Herrmgnn, ‘Warren, and Doudoroff, 1962). At a given temperature,
fish are unlikely to tolerate in the laBoratory O, levels -that are intolerable under

natural conditions in the absence of toxic pollutants. They may often die in the

‘1aboi‘atory, ,h'o‘weve»r,’ at 02: levels that would be tolerated under the natural con- ‘

ditioﬁs; Uniu'suallyﬂ high leﬁhal‘threshoids reported in the iite_rature must there- -
fore a»l‘ways-.'be rg'gar'd'e_d,\‘x(ith suspiciér’i until t'hey have, been fully verified,

| When tﬁe O, content of water '?'.n‘,aqu'a_fria or in nature approaches a level
that is leth_a'l» for ﬁéh, fiéh,,.dftén r‘iise‘;fié.thé .watieri‘surfgicie ‘and bkgulp air. In mpsf
éxperifﬁentgs designed for ‘rtﬁe‘déte?m‘ination of mlmmum tc‘>1evr‘ab‘1e' levels of Oy,
: fiskhvha‘v'e be'gan perénte’d from f_éacﬁigg an a'i:ri-#Wateriiihtgr:fa’cé, but in others fhey
‘have éot, In coﬁr‘xpa’r‘-é.tiv,e bex‘pverimerjxts}i,n .\yhiéh 02 c‘c‘ihcent.ratibris‘ were pro’gre.é_

isively»"red_uCed, fish that had access to such an interface at the water surface

YRR
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lived longer than those that did not, and so they died at lower O2 levels (Baker,
1941). In nature, some fish are kno’wo to inhabit waters in which they would very
soon perish of anoxia if prevented from reaching the surface. Minimum O, levels
tolerated by fish that are not permitted to gulp air are not meaningless. They
should be distinguished, however, fr'om the lowest measured‘,OZ vlevels in water
in which fish survived by gulping air or remaining most of the time just below
the surface film. -

The manner of evaluation of repofted tolerance ''thresholds' has not always
been adequately described. Some authofs have neglected to pfo’vide 'any: information

about the methods employed, and not,meny have provided complete information

‘about the experimental conditions and material. In Table 1 we have briefly sum-

marized the most important ava11able 1nformat1on of this nature, but all of 1t
obviously could not be included. Although data that ha.ve been. pubhshed w1th very

little or no such 1nforrnat10n are of httle:value ’th’eyfhave been included in”Table l

so as to reveal adequately the var1ety of data to be found in recent hterature

Data on OZ concentratmns found to be lethal for f1sh embryos are not 1ncluded

These are to be found in the sectmn of thls trea.t1se that deals \mth embryomc

development

General survey of reported tolerance limits - -

The extremely dxverse data presented m Table l are not easy to: mterpret

'They show that freshwater f1sh species dlffer w1dely in tolerance of 02 def1c1ency '

. in'their medmm One can also see however, that f1shes cannot be read1ly
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classified, on the basis of the a'vz.iilable information, according to their relative
resistance to low levels of O,. Such b‘classification is difficult because the data
are not sufficiently comparable and because of frequent, serious disagreement
of data pertaining to the same species.

,Resvul,ts of expériments iﬁ which fish have been exposed for about 1 day ;
or longer’ to constant O, concentrations would appear to be more instructive and
reliable, as a general rule, than those of tests of relatively brief duration in

which 02, concentfatiqns‘declined .continugusly. For reasons already explained,
proper use of the forme’r} method usua»lly shoul»d result in less underestimation of 02
>1evels'requ‘ir‘¢d by‘ ﬁvg.;h for prdlqnged survival in nature than does reliance on

the latter method.

Data from experiments with 40 species of fish that have been exposed to
more or less constant reduced O2 c»on,cérAxt.ratvions for 18 hours or longer to test
their abiliﬁy to spryivevat these levels are included in Table 1. Thirteen of these
40 species were tes"ged Ln thi.s»man.rier by Mo‘ore (1}942), and only two of the 13
have b'ee‘n4so tesfed Aail‘sc')"by other cited authcvnis. Moo‘re‘s results have been
\x}idel'y cited ’és dat:aiindb"icatinig hf.gb dissolved O, requireménts of fishes for sur-
vival under field con&itions {at least 35 mg/i' at summer temperature s), but
they‘, a%éi c-l’eaflyﬂ;imis';le'ading, ‘LevelAs éf 02 reported by him té be lethal to fish at
'mo'derraté bte.mperatiir%e’s"within 24 hours can be ‘s;'éid, definitely tc; be unreliable, or
" much too ’high..‘” . | | o
Mdoré_ p;i‘aclzve’dv/}}lls“.ﬁsb 1n .cag’esiwhich Qere thvenA suspended ip water of _varrya

‘ing Oy coﬁtent'atvdiffe»r.ent_d’epths‘Wit‘hix} or below the thermocline of a lake.
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Although summer temperatures there were moderate, fish died in the cages with- -

in 24 hours at O2 levels now well known to be easily tolerated by the same species

for long periods even at much higher temperatures, For example, Moore reported that

largemouth bass and bluegills, Lepomis macrochirus, all died within 24 hours

at'ao O2 level of 3.1 mg/l in water with temperature of 15°C. We have worked

much with juvenile largemouth bass and have found them to be very tolerant of

; 02 deficiency. They not only survived for weeks but also grew, and they swam‘con-'-

’ tinuously for 24 hoors at a fairly high speed in soﬁzmer, at 02 levels near 2 mg/ll
and temperatures near ZSOC. Moss and Scott (1961), in their well-designed labo- -
ratory te sts‘, found the levels lethal in 24 hours for both largemouth bass and blue--
gills at 250(:» to be below 1 mg/l1, eveo' when the reciuction of ‘Ozlconcentration was '
fairly rapid. As we shall see later, the lirhi'ts of tolerance gener:ellyv tena to in;. .
ci'e"ase,,‘ n’ot’to’ decrease, '\&ith rise of‘temperéture,‘ aod Moore's owh,data ‘a‘gree
\x}if;h this generoiizétioh. Moore'éi'resuits ob‘taine& in winter, when the Iavkesb 'w‘ex;e; :
covei;ed witl{ioe and water temperatufee dld not‘exceed 4°C7, elso a,'re not in gooov _'
agreement with obserQaﬁons such asb th,o-sev‘of Coope.t" and Washbur_ﬁ' (.1949) on O, -
levels and sorvival and naturel rholb'»’t‘alitie's of 'fish:in :lake’s under. ic_ev and s'bnvow' "
.co«}er. Especially n'ota.ble are the oon'clus‘ions of C.oop'er ari>dvaa;éshburn that fhe-

’ threshold level for largemouth bass in nature is. about 0. 6 mg/l and those for

'Anorthern pike and yellow perch Perca ﬂavescens, are about 0 4 to’ O 3 mg/l
under the natural cond1t1ons in w1nter. In contrast w1nter lethaI levels reported
- by Moore for these three species are 2. 3 2.3, and 1. 5 mg/l, respect1ve1y " We

' reahze, however, thatMoore s f1.‘sh Wereviexposed to low O con'cenrtrvations n'ou'chfg .
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more suddenly and probably at a slightly higher temperature than were the fish

in their natural environments just.beneath the ice, where O, levels decline slew~
ly. The influence of prolonged acclimation to low levels of O, on the resistance

of fish to lower levels will be discussed later. Moore's findings are not unique.

He lists some lethal levels of Oy derived by recalculation from previously pub- '
lished data which were obtained by essentially the same method as his and are

shown to be in general agreement with his. Some of these values, namely,

3.7 mg/1 for the yellow perch at 11°C, and 3.4 mg/1 for the black bullhead,

Ictalurus melas, at 16°C are even higher than Moore's. However, these daté,
supporting Moore's findings, only indicate to us the unreliability of his »méthod. Ve
cannot explain his results and we do not khow just what was wrong with‘his experi-
ments. In ‘viewb of all the contradictory evidence, however, we cannot accept as
valid Moore's ‘conclusions céncerning dz concentrations necessary for survival
of the species tested. Reported fre.e CO;, levels in the lake waters ‘vwe‘reAhot high_.

; Receﬁt ‘capture and handling dﬁ thé fish before their‘perl.laps too. ‘suddenv expo‘sﬁre
to -tésted OZ 1evvelvs‘ may havevﬁevenv largelsr responsible foi" ;cheir'low resistance‘.»
Preé,svu_r'e' ch’angies may have had ,some’ effect on the fi‘sh, but Burdick (.1958) was -

able to demonstrate ho‘eff’ect’ of increased hydrostatic pressure on asphyxial

levels of O, fdr. ’brow.n t.;éut, Sallmé‘t'rutt_a.i ,

»Tvaf‘bl'e ’1_.‘_?‘shows_‘th"a;c'toieraﬁf:e tests in which fish were. exposed fbbbr 18 Bouré
Qr‘ lbngef to 'c’oristar';'t 0, 'coﬁéentrafions under controlled lgbora’gdry c,dnditions
‘have been pbrevrform,e'd by _éited é.uthrs with 29 dif'ferenﬂ: species bo‘_fb fish. | Wlth

only one possible exception noted below, eithér- the indicated median
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tolerance limits of 0'2 for exposure periods of about 1 day (18 to 24 hoﬂrs)'

did not exceed 2.0 mg/1l, or the reduced‘()2 concentrations necessary
to kill any of the fish within a vday were found to be less than 3. 0 mg/l. Tests

with rainbow trout, Salmo gairdneri, at a high concentration of free CO,

(30 mg/1) to which th’e fish Wére exposed suddenly (Alabastér, Herbert, and
Hemens, 1957) must be excepted. The 24-hour median tolerance limits obtained
in these tests were‘ 2.6-2.7 mg/l, and the lowest O, level at which no deaths

were observed is unknown. We can conclude »fvrom the.results of the laboratory :
tests at constant l_evels of OZ v&ith 29 species of fish that O, concentrations lethal ‘
for fish withir_i' 1 day are gene'ralllyb, well below 3. 0 mg/1, gxceeding this Vélue
énly rarely, if ever, and'then orﬂy slightly.

Results of_ some 7—dkay testsv with rainbow troﬁt and mirror carp", CX‘ prinus
carpie, éerfornjgd by DoWning and Meyrkens (1957) ‘indicate that reduced O3
1efvéis above 3._0,rnvg/1 can be lethal to these fish'wheh they ;re exposed to the
low levels ,fdr l'oﬂg Iv)ek;)v:ipds bat'mod‘érate températ,ures. However, the significance

of these results is uncertain and will be considered.more fully later, in discus- »

Sing the relation of lethzil levelstb’exposure time. The 7-day median tolerancé;
' limits‘indiéated by the d;ata ova,owrlxing’ z;md Me"rkens' .for- othé.r. species of fish
tested ‘b’y‘them‘a.re all wén b}elvfow 2.0 mg/1,
.Many -pf. the 1mportant Aspécies of;‘ani‘fsh lli_bsbted in ’i;é;ble 1 have not Béén tested
:eft vconstaﬁt-O‘zv éon;:entrétio»ns__. ,qu.t: of“t'he’bre‘sx’lltsn pf l‘abOra;tory teéts summarized
" there were Lo.bfaingia' Qtimer“ris.é.". ."vl"'herefc‘?r.e', »vs'/‘e rh_ﬁst I:;Aow‘;Asee what can be léarned

by careful exarnination of all of these ‘dafa, inc‘lﬁbd‘ing' the results of the numerous
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tests in which O, concentrations were. continuously declining. Again disregarding
Moore's (1942) obviously misleading results obtained in the field, we find that 86 i
of the 90 species listed in Table 1 have been tested by others, and that levels of
O, exceeding 2.2 mg/l have been reported at least once to have proved lethal

for 18 of these 86 species. However, the lethal levels above 2.2 mg/1 given in

Table 1 for four of these 18 species, namely, the sturgeon, Acipenser ruthenus,

the Ladoga whitefish, Coregonus. lavaretus, the common shiner, Notropis cornu-

tus - and the burbot, Lota lota, are only O; levels at which first deaths were

recorded. These values are not very instructive, because the first deaths
observed may not actually have been due primarily to OZ deficiency; perhaps
no other deaths occurred at levels above 2. 2 mg/l. Cooper (1960) recorded

first deaths of the common shiners, Notropis cornutus, at O, levels ranging

widely from 1.4 to 6.2 mg/l, whereas the median lethal levels determined by
him ranged from 0.5 to 1.0 mg/l. Surely, the death observed at the 6. 2 mg/l
level cannot be reasonably attributed to O, deficiency as a primary cause.

Saxena's (1960) observations on the tropical, air-breathing fish Clarias batrachus

are hé.rdly pertinent to the present discussion. - The reported lethal levels of Oy
. were said (Perhaps erroneously) to have been associated with exceedingly high
ievels of COa,.

Of the remaining 13 épecies for which lethal levels of O, above 2.2 mg/1

© nave been reported, 10 are either sturgeons (two speciés)or salmonids (eight species).

Threshold levels above 2.2 mg/1 for young Acipenser glldenstddti (2. 7-2.8 mg/1)

were obtained only in tests at the rather high temperature of 28°C; at temperatures .




FIRI/T86 59

not above 25°C, the thresholds were less than 2.2 mg/1 (Lozinov, 1952}, Young

Acipenser stellatus appear to be somewhat more sensitive, but only Konovalov,
(i961) reported threshold levels above 2.5 mg/1 for this species at temperatures.
not exceeding 25°C. His values range from 2.2 to 5.3 mg/l. It is not clear why
his threshold values for fish less than 1 month old are so ﬁuch higher than
those reported by Korzhuev (1941), whose method and test temperatures
were much like his. Kono&al_o_v's values for older fish are not much differen__t
from those reported by othe‘r invegtigator_s.

Lethal levels of OZ above Z 2 mg/l other than those at which only, the first

deaths (or single deaths) were observed have been reported for the_ whitefish,

Coregonué albula, adult sockeye salmon, Oncorhynchus nerka, adult (but not

fingerling) chinook salmon, Oncorhynchus tshawytscha, young Atlantic salmon,

rainbow trout, brown trout, brook ti‘out, and the inconnu,‘ Stenodus leucichthys.

These relatively high values, except some of those that have been reported for

the first-named species, for Atla,,ntic salmbn’, and for rainbow a;id brown trout,

‘do not exceed 2.7 .rngv/l, hdwever_, and were deterinined at tempera.ture‘s which
are rather high for salmonid fishes (mostly above 20°C) or at a high level of
 free GO, (about 30 mg/1) to which the fish were not accustomed. The only re- o

. ’pbrted observation of death of brown trout, other than the first death, at Oy levels

above 3.0 mg/l (King, 1943) was made at a high ,térripefa-.ture‘ (near 24°C)and-

perhaps a high 1ev¢l of free COy; the ‘rgpor_ted'fré_e CO2 level of_v26 r.ng‘/‘l is -

’dke'emedxunreli_ablle (Doud.or‘qff and Katz, 1:950). We.can offer no satisfactory

explanation for the unusually high thresholdsb, well above 3.0 mg/l, ' re_pbrted, by
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Downing and Merkens (1957) for rainbow trout (at 16°C), by Privolnev (1947) for

~ Atlantic salmon 36 days old, and by Streltsova (1964) for Coregonus albula from

some lakes. Likewise, we can point to no apparent reason for the great suscep-

tibility to O, deficiency of the very young zander, Lucioperca lucioperca, tested

by Kuznetsova (1958). - The observation of Downing and Merkens that youing
mirror carp d’iéd aftér.};rolon‘ged exposure at 20°C to‘O2 concentrations far

above fhose that wereltolerated'fk'o»'rj 1-day already has been mentioned and will
be diécussed léter. The data pe.érta‘ining to the American shad reported by Hoff, '
Chittenden, and Wesﬁn’an (1966) ha\;'é been céns‘ider‘ed in connection with general
discussion of experimental methéds. |

We can conclude that reports of fish having been soon killed by exposure -

to reduced levels of Oz not lower than 3.0 mg/l under otherwise apparently more
or less favor,‘ablrle ekperimehtal conditions (temperatures, etc.)are somewhat
-unusual, and that all of them should be regarded with suspicion. The possibilities
that the experiméntal animals were abnormally excited :and that their death was
~due llarg'ely or“entirely to some ‘Caus,e other than the Op .deficienbcy certainly
shoul& be borne in mmd We are strongly. in‘élin'ed fo doubt that any fully de-
veioﬁed ‘fréshwater fish are evér kilied in nature solely by such O, deficiency
{i.e. o 03 levels_'ﬁ:b,t_*be},éw 3.0 mg/1) 'p.érsikstvi‘ng for a period of moderate duration.-
" This ?\)i'eﬁ'r‘ ".ibls“’bas:e-d'f:la;r‘géiyfdﬁ the ‘sénior éuthér'é personal experience in the field,
in cormectxon\mthmany i.bnvesti-gé}ttions‘ of x:x/at:er poll#tior’r’énd fish mbrtélities. We
must admiti,‘: vhoix}ve;rér,A’ that it has béep ~qo,ntradic£ed by c’o’mp‘eteht' invgstigators

whose experience in the field probably was more extensive than ours.
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Ellis EE.a_l: (194‘7) stated that it was their expgrience that,under stream or
lake conditions, the reduction of dissolved O, to 3.5-3. 0 mg/l at summer water
temperatures and to 2. 0 mg/1 at winter tei’nperatures '"is lethal for. many species
of fish in 48 hours or less". Ellis' field experience unquestionably was extensive.
In an gffort to explain the difference of his view from ours, we can only point out
that some field observations can be misleading. Unless ﬁsh are seen actually |
dying at a reliably determined O, level and there is assurance that no toxic water
pollutants are present that could be lethal at the reduced level of O3, a fish mor-
tality should not be attributed to a reduced Oo. lgvel observed where dead_fish'are.
found. Fish that apparently have died recently are oftenlpbserved in water with
O, content well above the minimum level to which the fish >had been subjected for
a short period and which caused their death before the observation. Putfescible‘
organic wastes are often themselvgs toxic or are associated with‘ toxic ‘pollutgnts
in receiving waters in which fish morﬁalities occur. Very thorough and prolionged-v
investiéaﬁon often has proved necessary, b’chevr‘efoire, to establish the true cause of
deafh o‘f’fish in waters in which recurrgnt fish »mortyalitie»s associated with reduced .
0, c}oncentrrat‘;on‘s have been obser;red. Survival of fish under pérticgla: water
qué.lifcy conditions in nature often is more easily derhonstrated.

‘ ‘Our opinivon that Ellis was mistiaken is ﬁased not only on personal }expe;ievnc’:e
and-the‘ expérimenta’l ’resublt’s presehte‘d’here, but also on a numbér Aof pubiished
reports of s»ufvival of fish at very ,JOW ‘Oznclonc‘entra»tions in nature, vanlvl of which

" jcannot,be‘rn”en}tion‘ed here. Jé.hod; (1947), 'for_ example, found young Brook.trogt

evidently in some distress but survivihg in shallow water at Op levels well below
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2.0 mg/l that apparently persisted for more than two weeks, and at a minimum
obs?:rved le‘vel of 1.1 mg/l; temperatures were near and above 11°C. Trout that
v}ere not desffoyed by predatofs during the p,eriod of drouth and interrupted
stream flow duriﬁg which the obs’érva‘ti‘oﬁs were made recovered when the bstream
flow a’ﬁd OZ c'oncent‘rat‘ion ihcreaéed. FC»oo>per>‘and Washburn (1949) concluded that
hgévy fndrtélitie_s of fish vin"winte,r, in ﬁfr'oz»en and snow-covered lakes that they
’vs'tudied, occurred only when thev‘OZ content of tile water decreased to abéut 0.6
mg/1 orless.. Many fisﬁ of a numbgr of species survived even in lakes wheré
the 62 level was reduced to 0.3 ér 0.2 mg/l. A nﬁmber'of other publi_shed ré-:
'por’cs of 'pe_rtinént qbservatidgs made ‘.in _tI;e field wﬂl be citédelSeWhei‘e in 't‘hivs.

. _.treatisv.c.a‘.:' Mény:,:additio.rxal c'),,n.e‘s ‘thaﬁF‘-é:érlszqméwhat iéss ih:sti'uctiire vtha»r:l ‘,t}‘x'o sev “
menuoned here but neverthelesspe rt1nent tothe pre sént dis cussxon, suchas
thatof Schneller(l‘)SS),couldbe cxtedlnsupportofour v1ew Butunt11 cunous, ‘
contradu:tory experxmentalresuitssuch és: ‘t_hc:)‘se‘f.’rvéi)o'rbte_dA by ~M°;?.I;e'~(, _lv:v9.42,‘) canbe -
fully explalnedand many controlledexperu-nentspe rformed 1n wh1ch naturalcon - ;

BERY

’ “‘.':.:‘:difi"on_sﬁa.‘ire‘-"cybl"éséftly‘i s1mu1ated, our }Ak?xd\x;iedge »6fl toierance li‘mi't_‘s w111rema1n

ey incomplets, 0

The salmonids, certainly are among the fishes that are most sensitive to Oy - -

fi sh larvae f‘ap‘p;eari_tp be notably more susceptible to ’gh@;é&i’a:.i‘han""s’é;hﬁ&i;ii’d lars
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We must next consider how the tolerance limits are related to exposure

time and to other variables generally believed to be important.

Variation of resistance with exposure time

We have indicated that a major source of error of estimates of tolerance
thresholds obtained by the sealed-vessel or other declinin-g—O2 method can be the
ebility of fish to survive for some time at OZ concentrations well below the ‘true
thresholds. Tolerance limits obtained by exposing fish to constant 02 concen-
trations also can be mxsleadlng if much higher levels are letharl after more pro-
longed exposure. Moss and Scott (1961) stated that blueg1lls, largemouth bass,

,andvchannel catfish, Ictalurus punctatus, that survived for 24 hours at nea.rly

lethal le\‘rels. of O, appérrently were z?.ble to continue living at thes}e levels for "at
least severai days",,‘ but supportingriata were not presented.

In their expe‘rimenfs with coho'salmon, 'Da\(ison-g_t__e_l: (1959) observea few
| deaths of the,arximals’ after their exposure for more than 24 hours to O, concen-
trations that proved blethal to some of the fish in less than 1 day, or to lower
levels. 'Their ’ce_sts, were uéually _continuedvf,or 5 days afte-r gradual reduction'

: o‘f.OAZ .tolc_onstanf_levels 1n 6 to 8 hours. - They concluded that estrmates of 5~ day

tolerance 11m1ts would not have differed markedly from the ir es tlma te s of
e

‘ 24 hour tolerance 11m1ts In 5 -day tests with ret1cula.te sculpms Cottus per‘plexus,"
however, a’ number of deaths occurred after more than 1 day of exposure ‘In-~
4 asmuch as mortahnee were recorded daily for exposure penods rangxng from

1 to 5 days only, the . relanonshlp of survival time to OZ concentratlon was
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not fully explored, and the true threshold of tolerance was not
established. It was suggested ‘that the sculpin rﬁay have relatively limited
acclimativon capacity,as compared with coho salmon. |
Shepard (1955) concluded that the "immediate' (acute) lethal effects of low
oxyge‘n stress in gréék trout probably occurred always within an experimental
: ’period of 5000 minutes (3.5 days). » His data indicate that even a much shorter
e;cpos_ufe periéd, less than 2000 minutes, usually was sufficient for satisfactory
estimation of incipient lethal levels of 02, or thre_sbolds for acute lethality. The
relation between median resistance time and Oy concentrations below the inci-
pient lethal levels has “been thorougmy discussed by Shepard; data of other ,i‘n-
‘ve’stigators, as v;en as his bwn, \;vere considéred. . This mattér cannot be con-
siderédiullyhére. Shepard found that wheﬁ a "minimum resistance timé" of
about 15 minutes was subtracted from Aobéérved mecdian resistance times, thé
.log#rithms of the resulting values were linearly 'felated to’Oz concentra’tAions.
"There ié'good' évidénce, to be considered later, ofv fairly rabid aQCciim_ation
of fish to iow O, levels, resulting in inbcre‘ased resistance to lethai levels.,r‘ There-~
A foré-, ‘it seems reasonable to éxpect,verjr-lkong‘ delabyed‘_devath of fish a‘t'a‘co’n_‘stant_»
e lvevefl to »océgr only when chronic hypox1a ,prod‘izée‘s some ;elzventually lethé.l
physioldgic‘gl divstur.b‘.émc_e tﬁat is .;iif‘férrehtv ‘fr;)m. ti'xe' cauge o‘f‘death'at‘ ra?idly.
- ‘leth‘al (0} levelsb. Therem ;som‘e evi.(ie:rice',."to be '-pres'ented élsewhe're in this"
= réview,f ofllétﬁal'effects of chroh_ivc.l‘iy'poxié t};at' ai‘le 1d:i‘s‘tinct f'i'om't‘he effeé’ts’_ﬁf.»

acute hypoxia, but these delayed effects have not be.eﬁ.adequa;tély inve’.sti’g'ated. .
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E Curiously, ‘ the comprehensive data of Downing and Merkens (1957), unlike

those of Shepard (1955), do not reveal the existence of any tolerance thresholds

E demonstrable by tests lasting as long as 7 days; they also indicate no difference

E of rapid’and delayed lethal effects. Downing and Merkens observed in almost:
every one of their experiments with '\‘farious fishes, tested atb 3 different tempera-

E tures, an unbrok'en. nearly linear relationship between logarithms of median

E tolerance limits of O, tension and logarithms of exposure time, ranging mostiy
from about 2 hours to 7 days. }The'rslopes of the lines for different species were

E markedly different, and they varigd also, in a somewhat irregular fashion, 'Wiﬂ")

temperature. Those for rainbow trout and perch, Perca fluviatilis, tested at

TR

16°C indicate median lethal levels of O, for 7-day exposure that are higher by
E. about 30% than the coi‘responding values for 24-hour exposure. - The other lines

fitted to the data indicate smaller and larger differences between the 1-day and

- 7-day median tolerance limits,

The Astraight lines fitted by» DoWnihgi and Merkens to their data pertaining

to the mirror carp show a progresswe change in slope with increase of tempera-

ture from 1o. 60 to 160 and to 20°C. The slope of the 20° line is quite distinc-

L tive. ;T}h,‘sklinevindicates} a more'thari threefold (about 330%) increase of the :

median tolerance: limit with increase of e_icpo_sure time from.1 day to 7 days.

‘Exti‘a,polationbflrom thése data of ‘Downing and Merkens would lead to the ini-; ‘
‘possiblefcon‘clusion» that at 20 C the - ca.rp should die of 02 def1c1ency w1th1n N

v about a month at the air- saturatlon level of OZ It would also lead to the con-

k:lusion» that at a temperature som'ewhat,above ZOOC, the Carp should die_ of
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hypoxia at the air-saturation level of O, within a few days., The validity of any
such extrapolatioo may not be assumed, of course. A true threshold of O, toler-
ance perhaps coold have been established by exposing the carp to rectuced 0O,
levels for periods longer than 7 days. We strongly suspect, however, that
somethiog is seriously wrong here. It,is' possible, for examole, that the‘ experi-
mental.l‘water’contaioed some slowly acting, 'undetected toxic substance tokwhic‘h
the o,a‘l'p‘Awerev especially susceptible and whose toxicbity increased with reduction
‘of the 'Ozlooneentration and’ increase of temperature. Interactions resulting in
ir‘xcreas}es»- of toxicity of chemicals at reduced O, leyeie are common, ka»r'xd in-
creases of tetnperature'are likely to inc'r‘ease the influence of Oé eoncentration.
The carp tnay not really have been dying of OZ deficiency alone If another lethal »
agent was 1ndeed the true cause of death of the carp, other tested species of fish
also may have‘ been affec,ted. ‘,We are merely epe'culattng here, of cour’se’,"and
' ’.our:supp:osition may be entirely wroné. | |

,inaoy vo.a.ee»,; '} the data ovao\lsvningb an.d .Mea'hens do n'ot define "the doration of
exposore_he;cessar).f for deteifminat_ioo of t~r{ie threshoids 'of toleranee of any of
v the spec1es tested“ Therefore, th1sl matter neede further 1nvest1ga.t1on It is
'poss1b1e that at no effectzvevaccltmatlon to Oy def1c1ency usually occurs at very lotv
"ano{ evantually lethal OZ levels Fallure to: accltmate could explaln the absence .

“ofa demonstrable true threshold Brett (1946) reported that acchmatlon of the

7 orown bullhead Ictalurus nebulosus, toa hlgher temperature, as mdlcat ed by
mcrease of res1sta.nce to lethal heat was almost totally mh1b1ted for at least 23

hours when the 02 content of the water in the acchmatmn tank was contlnuously
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low. When O, was abundant, the thermal acclimation was riearly corhplete within

the same period.

Variation of resistance with age and size

Comprehepsive stddies 'of the relations between minirﬁ'di’n tolerable levels
of O2 and the age or size of fish have not been reported. Y‘Corn‘p.arative data that
we have found are often contradictory. |

Privonev (1947) reported that the ”threshold” ;concenﬁratiOns for yodng
Atlantic salmon, deterrrnned by the sealed.vessel method at 15° C decreased from
about 3. 4 mg/l to about 1.25 mg/l with increase of age from 36 to 107 days.
Bishai (1960), on the other hand, reported that the minimum tOIe'r.abl'e levels of
O, for Atlya‘.ntiic salm"on exposed to c.ons‘ta:d't.concenti'ations‘; for 2 to 5 days .

at 59 to 9°C increased with 1ncrea31ng age cof the fish. These levels were. re-

’ ported to be about 0. 3 mg/l for newly: hatched fry, 0. 7 mg/l for fry 40 days old A

and 2. 8 mg/l for fry 80 days old (Tdble 1. S1m11ar obsﬂervatmns were made on

‘brown trout (';[‘able 1). Bishai also found that at 12 4°C, the minimum foler_able

'level-‘for the A»tléntic sa;lm'o'n ,incréaSed considerably with incréasé‘ in age from 82

daysjto 117 ddys Thus,. h1s f1nd1ng is qu1te the reverse of Prlvolnev s (1947)
Bxshal reported that all newly hatched salmon alev1ns and some newly hatched
brown trout alevins vmthstood total lackvof OZ for 20 houi‘s 'atA‘SOC.’

Korzhuev ’(191&1)'“f‘ourbzd that the .""t:hréshold"' 0, concentration for youh’g’i'sturgeone,, ’

Acipenser gilldenstidti and A. stellatus, d_etei‘mi'ned'by_ the's'eayled—ve_sselvi’n’ethodi

at 20°C, remained virtually constant as their age i‘ncrea‘eed from 1 day to 30 days.
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A. stellatus more than 10 days old appeared to be slightly more resistant to O,
deficiency than were the youoger ‘fry, but the small variation of the reported
"thresholds" for fry of different ages evidently was largely fortuitous. Konovalov
(1961), on the other ha}nd, reported large va:,_riations of the '""'threshold' values for
A. stellatus (Table i), | determined by a method apparently qeite like Kofzhuev‘s
Konovalov found that these values increased with the age of the fish from 2.7 mg/i
to a maximum of 5.3 mg/l in the first 4 days afterdhatchlng. They then apparently
decreased to 2.2 mg/l 1n the next 6 days, increased again to 3 9 mg/1l in the
.followir;g 10 days, and declinea irregularly thereafter to 2.2 mg/»l, the value
reported for fish 2 months old. TerAnpez;a.tures at w}tich the determinations were
made were not very cotxstaht, varAying,from. 18° bto 24.5°C. Dates of the experi-
ments show that the fry did not all hatch from eggs at the same time, and so
cduldn'ot have come from a single lot of young of identica.l pai'entage and history.
‘It is dtffu:ult to beheve that their tolerance limit at 180 19°C actually decreased
from 4.3 rng/l to 2.2 mg/l OZ in 2 days between the exghth and tenth days after

: hatchmg Both of these values Were obtamed in tests done on the same day

Chevmkova (1964) reported “threshold” concentratmns of 1 9 and 1.5 mg/l

| for young wh1tef1sh Coregonus nasus, 1 and 121 days old respectlvely, both
of these values weredetermmed at 12°C |
Kuznetsova (1958) reported that the ”thresltold" CZ concentratmns at wh1ch
’ young carp. bream and zander lost equ1l1br1um and ceased reeplratory movetneots

were h1ghest for the earhest tested stages of postembryomc development (1 €.,
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after hatching). The values reported for young of these species 0.7 to. 12 mg

in weight average about two tovthree times the values reported for those weighing
107 to 1725Vmg'(Tab1e 1). Values reported for still smaller, newly hatched fry
of the zander are even higher,

Young fiéh generally are believed to be less resistant to O, defi-cien_cy_ than
older and Iarger’ individuals, beca.u‘(ée of their generally higher metabolic rates..
Such ‘diffe’renc’es in resistance of fish of different size and age have been observed
often (Moore, 1942; Shepard, 19555 Opulszi»rilskiv, 1967; Kuznetsova, 1958; Lozinov,
1952). quever_, in comparing brook tréut 2, 5, and 10 to 11 months old,
Shepard (1955) found that only the length of time that they could Withsténd a lethal
O, level increased with »the age énd size of the fish, The incipient lethal levels

» for the three kgrv_o.'ups," that is, the levels that could be tolerated vby.SO%‘ of the test
. anii{r’xra_IS indefini#ely, ‘Vdid not di:f.fér a‘ppre;iably.
,Incidenﬁtravl'ly; th_e relat_ive?y low Ijlesi;svta.r‘lce to O, v_d}efic_ie»ncy of heavily‘fed
and _exc‘essbivel"); "f}at c‘hannekl caffish, as vc':k__obrnparedA wifh thatbof nor»fnal fish, ‘that

“has been reported by Moss and Scott_(1.961) can be nofed (Table 1).

Variation of resistance with temperature and season

- _The.mahngf o'f'v'a_ri‘ati‘(j)h:w’i»fhbtér#?eratpre of Vth“e lowe’f limifslof lfesi»stanc,e‘
of Afishbvto reduced (’)grh'vaS béén“fqu'n_di,'—tvé bé 'e‘xtrem'e':lly Yzbt’riéblve'.fk"rrhve‘ lethal level
S lll'aé ‘,b-‘“"?nlireip‘?.f?"id t’c.J‘i_ir»ic’,:r{eavse Sometlmes ::eguié’rly and'f,sgméti‘x"ﬁe?s: 'iﬂr:végﬁléz;ly;. :
o_brvan.;;)_vt:at ail»‘wifh i“n'c:r.eévsies. of ,femperafuré' withix;l Fhe r'angeé of temperatures to‘_._v

. _‘xyuhi'ch_‘the fish are noflnélly exposed in naﬁure.‘ "Unforvtunately‘,'”t,e'gts at different -
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temperatures have not‘ always been done in the same season of the year or in
random oxder.

Burdick et al. (1954), using the sealed-vessel technique, found that the
logarithrﬁs of OZ concentrations at which three species of trout {brook, rainbow,
and brown trout) lést equilibrium increased linearly with increase of temperature
up to the highes't témpératurgs tested {about 21°C). These "lethal 1éve15"»inc‘reased
by at least 40% to .’morejth'a’n 50% with ihci‘ease of temperétu‘re from 12° to 20°C.
Graham's (1949) data, “f'rorvnble‘xperiments with very few brook trout exposed to
constant ‘02 cénCentirétior‘is in coﬂtinuously renewed water, suggest a similaf
relatioﬁship of le’tha.l leveié‘ of O, to temperature over a wide tempe.rature range,
from 3. 5° to 23°C.

'Da'vison etal. (1959)‘,fouﬁd that t‘he‘ 24-hour tolerance limits for juvenile
coho salm,on»exposéd to VcOnstan»t O2 c"oncenfratipns in autumn ‘did‘ not increase at
all with rise of tempgratufe from’l‘2,° t‘o‘ 16°C aha increased by only about 10%
to 15% at most w1th iﬁcreéﬁ"se éf temp'eré.tufe to 20°C. At higher temperatures,
however, espyec"ia‘lvly a"pove ZZOC‘, 't'he ‘1ethél!‘ ‘leVellwxorée‘stéepl‘A}f. ’

bowrﬁng and Merkens ‘ (‘1'?157) ;ejp:iorAted vefy'd{ffétent ’resulgt.s of tes.tsl in which
'ra.iqbow trout were gxixdsed t§ vconsta‘.nit 62~Aéoncéntvratic‘)ns‘ in continuously renewed
, 5(flo\£}ing) Watei'.for‘"k.l_.;)’x'}‘g,‘pelf’ibdg _:up"to «>"7','déj”rs.: : Théi‘rvérout‘ withstood for 7
days som’ewhét lowevr"‘ o, cbﬁc,ie;g‘tre;ti:c;ns'é.tn 19 909 tl"xainbaAt 16. 4éC andcert;inlyy
were ‘p.ot‘bmo rAe' 'to_i.ei'ant at the lowe r te‘;ﬁp’¢;x€atnr'é . The .méXimum Oz level tolera-
tedvfor 3.5 daysi at 10 60(;; (17‘ 5 mg/l)was, 'hb{fvéﬁrgi'; ’d'ecidedly lowe? than the

correéponding'value‘(2.;5 r.ng/l)obtainedlayt the 'next"}'li‘gher temperature of 16, 4°C.
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The tests at the different temperatures apparently were not nearly simultaneous
and were done with fish from different stocks. Seasonal and other differences of
the trout used may have been involved for these reasons.

Thus, we see that very diffe;‘ent relationships of lethal O; levels to tem—A
perature have been observed in experiments with different salmonid species and
even with the same species, the rainbow trout,

_Alinear relation between temperature and logarithms of O, concentrations
at which loss of equilibrium occurred in sealedvessels has been reported by

Burdick g_E_a_l_. (1954) for smallmouth bass, Micropterus_dolomiéui , as well as for

- trout; by Burdick, Dean, and Harris (1957) for the yellow perch; and by Cooper

(1960) for the common shiner,- Notropis cornutus. The test temperatures ranged

from about 12° to 21°C in the experiments with yellow perch, and from about 12°
to 279C in the experiments with smallmouth bass and the common shiner. | The
mgdian'”leth‘al levels'' of O, for the yellow perch and smallmouth bass increased
by ébout one-half (40% to 62%) with increase of temperature from the lowest to
the highest levels tested, and that for the éommo.n shine:.increased by 100%.
| Shkorbatov (1965} feportevd widely varying relations between temperature
and mean lethal levels of Oy for three species of fish, determingd by gradually
- replacing well-okygenated water with deoxygenated water until the fish (20-40
specimens) died. The repbrted lethal levels increased by as little as 25% and 1
,as'hjuch .as 300% with rise of temperature from 15° to 256C. Even the relations
’ bétweeh the lyve_thall levels and témpg,rature reported fo‘r fish of the same species:

- from different geographic regions were not uniform. Thus, in experiments with
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samples of three éopulations of the roach, Rutilus rutilus, increases of the as-
phyxial level of Ozyw‘ith rise of temperature "from 20° to 25°C were nearly equal
to, much greater than, and less than thoée observed with rise of temperaturce
from 159 to 20°C. One poPulaLtibnproved less resistant than another at 159 and £
but much more resijs’téht th‘an‘the other at Z'SOC, and a third’proved much less re-
sistanf than the others at all the three test temperaturesn‘. A similar result was
obtained &ith sam:plbebs‘of threé p’ofpulations of pike. ‘One shovwed’ an increase of the
asphyxial level by',s;)mefz 5% anﬁ another a 250% increase with rise of temperature
from ilv5° to 25°C. 1Itis difficuit to beliéve that the rélationships of O, require-
ments to temperature gnder ‘na'i;tv.i,ral conditions are so variable. In three of four
experiments with bArvefabm,' fﬁe asph‘&xial levelé were nearly the same at 15° and 20°
but decidedly higher at 25°C,

ALozino‘} (1952), u’sir»xgbthev séal‘ed-vessel rrneb'tho'd, dbse'r\}»ed that thé O, levels
at which 'perchkliost equilibrium were about twice as high at 23.24°C as at 11°C.-
Howe';rer_, thehlgher tgr:np;era‘tures were said to bé near the li'rnit of tolerance of

these fié_;_h,_ Which.ha{d_ been acélimated to low temperatures.‘ Fry of the sturgeons

Acipénseiv' 'stélllégus‘aabnd*é.' gllldenstddti, on the other hanc‘l,’ showed very smali
~increases (7% and '2_5%)‘ of thé "'thresi}old" concentrafions of O, With increase ot
Lempei;atx.l»r:e‘ from 110 to ~'_253°C;’ at higher ter;')p.eratures there was a considerable
,inc‘reaée of thés"e‘l_ethaly ie,\.(eisi ,'I‘;exich; mw, sho{wed',xﬁp change. of the very
'>1>0>w‘v"thxi";aéﬂ.o‘lvd"b'f(v:.o,zic‘eﬁt‘ration“wibt,hbkrrkis'e ‘,df'iémpe’rature from 11° to _18‘,{,’)‘C, but a
large in’é’re;_sé at 310C, a jf.eti'mpe-rat‘ixré riéar :thé limit ‘df‘_;cbler,axigé of the fish. .

Accordi‘ng to Lozih’ov‘;]l‘vley‘ (1938) pbseryéd very .little. chahge of the O threshcm
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for fingerling carp with inerease of temperature from about 1° to 25-30°C, but
the threshold increased markedly at higher temperatures. Yet, Downing and
Merkens (1957) reported an increase by more than 400% of 3. 5-day median

| tolerance limits of O, concentration for mirror carp with rise of temperature
from 10.6° to 19.9°C. In similar tests, the tolerance of other fish species was
found by these authors to increase progressively but les’s markedly withk rise of
temperature; however, that of the perch,as well as the rainbow trout, showed no
increase of the 7-day tolerance limit with increase of temperatures froqm ]169 vto
20°C, As net_ed earlier, seasonal and other differences between the fish they
tested at the different temperatures evidently were net exclucéed, as the tests

| were not simulteneous, etc.

Moss and Scott (1961) found that the n)inimum O, levels tolerated by blue-~
gills, 'largemeuth bass, end channel ‘catfish elmest invariably increased pro-
gressively with rise of temperature frorri 25° to 30° and to 35°C. The total in-

: crease with the 10° tereperature Tise ranged from 14% to 64%. Tests in which'.

‘the fish were exposed rather suddenly to constant, ion levels of QZ and obser‘ved»'

for 24 hours, and tests in which flSh were subjected to progressive, da11y reductlons
~of O, over long periods until they d1ed were performed with all three species. The

largemouth bass showed no decrease of tolerance w1th increase of temperature from

25 to 30°%C in the latter tests only.- Seasonal differences of the fish may have

‘been involved
Privolnev and Koroleva {1953) determined 0O, .”threshold” cckm‘centr»ations‘,'
for six species of fi.sh’(l’aream,i zand'erv,» pereh, pike, roach, and ruffe, Acerina

- cernua) at different temperatures in winter and summer.. Their data seem to show
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that the threshold levels decreased much more often than they increased with
rise ofternperatﬁre. Sealea vessels were used in these experinients. 'Thg 1ethai
levels reported are all very low (0. 8 mg/1 or less), and the aufhors stated that
the temperature dﬁfereﬁces within the ranges of test temperatures (0° to 10°C
in winter and 4° to 20°C in summer) resulted in no appreciahle differeﬁces of
the thresholds. They also stated, without presenting supporting data, that at |
higher temperatures (25° to 28°C) thevthreshc‘)lds increase materially. However;
their data show thresholds increasing by as much as_ldO%;mdth decrease of
temperature from 20° to 10°C in summe}r and by 200% to 300% with decrease of
temperature from 10° to‘4°C in winter. Inasmuch és we are aware of no 6ther
evidence of such large increases of O, requirements of fishes with decreases of
temperature, we must conclude that the method used‘ in this study was pfob’ably
inappropriate or the technique somehow defective.

On £he basis ofﬁthe same dgta, Privolnev and Koroleva (1953) conclude'd'
~ that the lethal O; thi‘esholdsusually were significantly higher in summer than in
winter, but the ’evidevnce presented is not irnkpress;ive. With but one exceptifm,
the differences ‘bétween thresholds detérm‘i’ned at common temperaturés 1n winfer
and summer were s?naller {mostly no greater than 0. 1mg/l) ithar-x the differences
between thresholds determined at diffeirient'tempAeratures in the same s_ea,son,Z

which were dismissed by the authors as being insignificanﬁ. Actually, the threshold
value obtained for each fish species at the highest temperature tested in summer for
each fish species was at least as low as, or lower than, the highest value obtained

for the same species at a lower temperature in winter, Thus, the fishAapparently

.,
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were about as tolerant of O, deficiency at summer temperatures in summer as

they were at low winter temp’veraturers in winter, Howéver, we do npt believe that
any deﬁnité conclusion can be based on the da.ta presented.

Moore (1942) teéted the resistance ofba‘large variety of fishes to O, de-
ficiéncyin winter af\d inbsu‘mmer by cénfiﬁing» them :for 24 or 48 hours in cages '
suspended in lakes. He found the léthal levgls'of O to be decidédly hbig'hef’a-t
moderate summer temp‘eraturestﬁér’x at winter temperatures. However, as we
have already indicated, Ievels that he reported to be lethal are, for some reason,
obviously too high,

We kndw of no reports of very satisfactory, comprehensive studies of‘p_os--
sible variations of the resistance of freshwat‘er fi»shes!to Oy deficiency with season
of the year, independent of ambienﬁ t'emperature; Conclusive demonstration of
‘sea.»s onal vchange,s in susceptibility of fish to lethal agents at uniform tempefature‘s
ibs difficult, Thorough acclim_atiop of fhf;’ animals to test terﬁperatures and «sfrict
uniformity of all other experimental conditions, perhaps excepting.'photopér»iogl, ’
is esseh}tibal. Our owﬁ observ'ations on appérently seasonal, but not ?etvrelia..bly

predictable, variations in susceptibility of underyearling coho salmon to growth-

depressing and lethal effects of chronic hynoxia are reported in the section of
" this ‘trea'tise that deals with gféwth of juvenile fish. Curiously, these fish appéér

" to be least tbla‘rant‘ofv; O 'déﬁc‘ie_néy. in late summer, Whé’n low O, concentrations

are most likely to occur in their natural environments and one could réasonably.
expect their tolerance to be high. " Careful inve stigation of such phenomena is

needed, but, »a:sA noted above,. it is not easy. .
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Somewhat similar observations made in the course of studies of the influence
of hypoxia and acclimation to O, deficiency on the metabolism of the bluegill have
been reported to us by A. W. Pritchard of Oregon State University (personal
gommunication). He experienced =0 much difficulty in attempting to work with
bluegills in the months of August and September, because of excessive mortalities
of fish being held at low O, concentrations in the laboratory, that the studies wers
discor}tinued during these months. Moss and Scott {(1961), however, reported no
increase of the susceptibility of bluegills and other tested species of fish to re-
duction of O, in summer that cannot be réadily ascribed to the relatively high
temperatures at which the summer tests were performed. After gradual, step-
wise reduction of the o, COncentx;atic')n, their bluegills were able to withstand
for 24 hours Op levels not far above 1 mg/l at 35°C in August.

We can summarize the above information by stating that no definite pattern

_of variation of the resistance of fishes to O, deficivency with temperature or with
season of the year has béen established. Generally, the minimum tolerable O;
concentrations and tenéions {(or percentages of ai;-saturation) tend to increase
as temperature increases, ibu’c the increases mafc;‘ may not be. regular. Itis

' impossible té determine to what extent the difference of reported patterns of varia-
tioﬁ o}f lethal levels with tempei‘ature are real differences between species and to
what exténf they are :;ttribxitable to differences of experimental methods and con-
ditioﬁs. Inasmuch as very different pétterns have been reported by different in-
ye‘stigat'o‘rs for the same species, ‘and some investigators have c_onsistenﬂy ob-

served the same pattern in experiments with a variety of fishes, differencées of

St
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experimental bmethod certainly cannot be said to be unimportant; However, some
investigators have_folbtained very different results when testing. di‘fferen‘t»spkecies
by the same method, o,t similar results when testing the ‘s’ame matell‘vibal.”byb very‘:
different.m'ethods. The stated problem eVidently can be solved only through a
very intensive and comprehensive investigation iinvolving the. uee of different

methods and different test animals in strictly comparable ’tests.,

Influence of carbon dioxide and pH

The influence of free CO, on lethal levels of dissolved 02' b(usually residual
levels) for many species of fisl'_f has been determined by a 'oumber of‘in'v_estigat.ors
Doudoroff and Katz (1950) have briefly reviewed early literature on this subject. ‘

The concentra.tions of free COy that app‘reciably_, impaired the ability of the fish

to extract O, from the water in sealed vessels generally have"befen a‘bové levels

likely to be found even ih polluted waters. .For example of ten freshwater flsh

spec1es tested by Hart (1945), only one or two, the g1zzard shad Dorosoma

: cepedlanum and perhaps the bluegxll, showed any consuierable effect of free .

'COZ at a level as hlgh as 60 mg/l At this and lowervlevels ,bf CQz», A‘rnos't spéclje;’ss

of flSh extracted the. OZ from the water almost completely

McNe11 (1956) found v1rtually no effect of free COZ levels as h1gh as 40

‘mg/l on the minimum levels of OZ tolerated by coho salmon for 24 hours in

contmuously renewed (flowmg) Water whose 02 and COZ concentratlons were v

: changed gradually (reduced and mcreased respectlvely) in about 6 hours and Co

then kept, constant, This result was obta;ned at temperatures 'nea_r ;20. SQC’When '
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using water of low total al.kalinity with pH near 6 after the addition of the COZ;

In water whose total alkalinity was increased, by addition of sodium bicarbonate, to
about 300 mg/l as calcium carbonate, concentrations of CO2 up to about 80 mg/l (et pH
near 7) had very little effect on the resistance of these fish to 0, deficiency. In a

few preliminary tests ‘with steelhead trout, at about 17'°C,‘ the 24-hour tolerance

limit of O, apparently was not increased by more t.han 0 2 mg/l (about 12%51 b
the addition of more than 40 mg/1 COZ, even in the water »of low elkaliqity.

In some of McNeil's (1956) experiments with eoho salmon (at 20°C), sealed
vessels were usec'l< and initiellevels of O, end of free CO.2 were varied. When
the initial Op 1evels Qere 5. 8 mg./l or mox;ea, the resAidual'l»evelvs to wh{ch the O,
was reduced before the death of all ef three test ammals 1ncreased only very
slightly with increase of ’che final free COé concenfratlon ch> about 70 mg/l They
did not exceed 1. 6 mg/l ‘Howe\.rer when the initial OZ coneentratlons were only
3.0 to 3 4 mg/l and’ the fmal free COZ concentra.tmns were 35> to 45 rng/l the
fish all d1ed at OZ concentratmns above 2 5 mg/l that is, before they ‘could
extracf; much 02. from the \x}ater _ Under the same cond1t1ons .but at relatwely
low levels of COZ (17 mg/l or less) the O2 was. reduced to 1evels below 1.8 mg/l
7 in most tests At 1ntermed1ate COZ concentratlons, OZ. was reduced little inb |
some tests and ﬁuch more (to 1.8 mg/l or iees) in others | Rap1d acclimation
of the flSh to the high (“‘O levels 1s’ 1nd1ca‘ced by the results of these expernﬁents.
-‘Those ﬁsh that were not ‘asphymated soon by sudden e:;cposure to a low level of OZ
_comblﬁed w1th a h;gh coneentljatlon of free‘CCé were able'to withstand much

lower levels of OZ’ hav1ng ev1dent1y adjusted themselves to the h1gh COZ level
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Alabaster, Herbert, and Hemens (1957) reported an approximately linear
relation between concentrations of free ’COZ and levels of O, lethal to 50% of r'e.in-’
bow trout fingerlings in 24 hours at each of three test temperatures (12, 5° to
19. 5°9C). ‘The lethal level of O; was found to increase twofold or more with
increase of CO, fro;n nearly O to 40. mg/1 and up to threefold with ipcreese of
Cdz to 60 mg/l. However, the fish evidently were exposed suedenly to the ad-
verse conditions tested, which remaised constant throughout the tests. The lack
of any opportunit‘y for the fish to become acclimated to the high CO, levels before

exposure to extreme O, concentrations in all probability explains the striking dif-

ference between these results ’ahdbﬂthese of McNeivl's(l956) flowing water experiments
with coho salmon. In natural situations, fish are not likely to be ‘exposed suddenly to
1ethal conditions that they cannot avoild, and the ability of fish to avoid high (‘02 con-

centrations 1s well known, Speedy acclimation of fish to C()2 was noted long ago by

Powers et al {1938), who evaluated changes in alkah reserve of the blood and
recently by several other 1nvest1gators. For example Haskell and Davies (1958)

found that effects of COZ vary markedly with the rate of its increase. In expe‘m«

:ments in wh1ch sea.led vessels have been used to determine 'the inﬂuence'of COZ
on res1stance to OZ defunency, ﬁsh usuallv have been umntentwnally glven some

: opportunzty to adJust themselves to ‘high COZ levels at 1n1t1a11y adequate O, con- .

centratmns. .

‘I‘here has been nduch mlsunderstand1ng about the 1nf1uence -of pH on the

ab1hty of flshes to w1thstand OZ def1c1ency (Doudoroff and Katz, 1959 Doudoroff

- '1957 Doudoroff and Warren, 1965) Great 1mpa1rment of the ablhty of f1sh to



82 , FIRI/T86

the increase of their resistance to acute O, deficiency. This could account, at
least partly, for the increase of resistance. Shepard noted that trout tested in

darkness were somewhat more resistant to lethal levels of O, than were those

tested in illuminated flasks, and he suggested that their greater resistance may
be attributable to their presumably-lower metabolic rate,

Streltsova (1964) reported results of various, less elaborate but nevertheless
interesting experiments with rainbow trout, brown trout, and carp. These fish
were acclimated for varying periods to both low (3. 0 mg/1) and very high (18. 6
to 22 mg/1) levels of O,. Lethal "thresholds'" were determined by confining |
the fish in sealed vessels and measuring the O, concentrg‘tions at which death
occurred; they cannot be regarded as true thresholds. Rainbow trout 1 and
2 years old and yearling brown trou?,all acclimated for 22 to 28 days to- the
low level of Oy at very low temperatures (1. 0° to 1. 9°C) in March, showed little
or no gain of resistance to 02. deficiency. Only yearling rkainbow trout prove&
somewhat more resistant after acclimativon than controls, and the small difference
of res.istance was observed only after acclimation for 13'days or more to the low
Oz _1e{fel. At 159C in June, rainbow trout 2‘ye ar s bold and akcclimated for 13
k dayé to the low O, level showed a large increase of"resisbtaince ‘(Vdecreasre of the
"fhreéhpld" from 1.42 to 0.154 mg/1), whereas ac‘climati&n to the very high O,
lévgl seemed to have’no,éffe‘ﬂct. Rainbow trout fry (88 t0’235 mg in weight) that
~had been acclimated to ‘the‘ reciuced and elevated OZ levels for 6 day s'diffefed
markedly in resistance ’t,o,‘O,Z deficiency. Acclimé‘ti‘on to the Av‘ery high O, levei

seemed to have the greater effect, but unexplained fluctuations of the resistance
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of bofh groups of fry rendered interpretation of the results difficult.

Streltsova found thatAcarp 2years old, and also relative large under-
yearlings, showed pronouncéd effects of acclirn‘ation to different O, levels in the
fall at temperatures ranging from 2. SO;lto 7.8°C. Acclimation to a low OZ level
(2 mg/1) for 8 to 12 days and longer resulted in marked incréases of resistance
to O, deficiency, and acclimation to a \}ery high O, level (about 20 mg/1) reduce:!

. the resistance. With undersized young of the year, negative results were obtained,
‘ho;;vever. Indeed, thf: result obtained with one group of these fish was the'reverse
of the expected result,. Defects of the exi)erimental methods may well have Been
responsible for.some Qf Streltsova's apparently erratic reéults.

Nikiforov (1953) reported>that lethal levels of O2 for youﬁg Atlantic salmon
reared in a pond at 5,0 to 5,5 mg/l D2 were decidedly lower than those of salmon of tt;e
Sanie size that had been reared in a pond at 10 to 12. 5mg/1 O,. The means of
the lethal levels :'ceportéd for indiﬁdual fish (nine fronﬁ eacﬁ pond), without de-
s'kcription of the method of their determin_a»tion, were 0. 88 and 1.37 mg/1, re--
spectively. Davison 919_1_ (1959) found that juvenile coho sa,lmdn that had been

‘held for 5 days at2 fng/lkOZ Fiied‘ at concentrations averaging 0.2 mg/1 low;r
At}Axan those that proved lethal to unacclimated controls upon gradual reduction of
0, to lethal levels, The lgthal 'level; foir the acclimated fish and unacclimated |
" controls were 0.9 to 0.7 mg/l and 1,1 to 0.9 mg/1, respectively; those at which the

_controls died were attained within 8 to 10 hours after the beginning of reduction

. of Qz.
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Moss and Scott (1961) determined lethal levels of O2 for bluegills, large-
mouth bass, and channel catfish at @hree test temperatures (25° to 35°C). Some
of the lethal levels were determined by reducing the O, concentrations gradually,
over periods of many days, and more slowly as the lethal levels were approached,
until the fish died. Lethal levels,also were determined by sﬁbjecting the fish
within-only 1 to 2 hours aftez the beginning of a test to tested lethal or
‘nearly lethal levels, which remained constant thereafter. The lethal levels
determined by the former mgthod were always lower than those determi‘ned by
the latter mgthod, presumably because of acclimation of the fish to the low O
levels as well as to other test conditions, during very slow reduction of OZ'-

Tagatz placed groups of .10 Arﬂerican shad in aquaria with 30 gallons of .
water with the surface either covered with wax paper or exposed to the atmosphere,
Water temperatgres were 210~23°C. The shéd began dying at O; levels of 1,6-1.8
mg/l, and 50% were dead at the 1.4 mg/1 level in the covered aquaria, where the
rate of reduction of O, from the 7.0 mg/1 .level‘ was 1 mg/l per 3-hour period.
The corresponding lethal l‘evels were 1.0-1.1 mg/l and 0.9 mg/l in the open |
aquaria., whgre the rate of reductibn of O‘2 was 1 mgb/l in 9 5o0r 11 h‘ours. Some
' of the evident._édvantagé displayed by the fish that experienced the slower decline -
of Oy concentration may have fi:)‘een- due» to their becoming more accustomed to
théir ph?éical su‘rroundir%gé beforé the concéntrati'oﬁ became critically low.
’More:prkovlongeid é.cciimation to 1§w levels of O, also presumably rendered them
‘»more .rérsiétant than Wei'é the fish that had little time to become a;cclirn'ated.

Tagatz stated that M.’ M. Ellis reported in an unpublished mé.nus‘cript that about
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49% of young American shad placed in groups of five in 4-liter flasks at tempera-
tures ranging from 20. 29 to 22.5°C died when the O, content of the water had been
reduced from 5.0 to 3.0 mg/l. The rates of decline of the O; level were said to
have been 1.0 mg/1 in 10 to 40 minutes. Comparison of the results with those .
that Tagatz obtained when using covered aquaria reveals a sfriking difference,
but one can only supposé that this :dvivfference was due in cqnsiderable »part. to the
difference in duration of acclima,tibn' to low 02 levels. It was prdbably‘ kdue largely
to the other differences of expervimen’tal conditions.
Shkorbatov {1965) reportec'l:pronov.la.nced intraspecific differences of resis-
‘tance to low OZ concentrations at different temperatures of fish of several bslpecies
(bream, roach, pike) from different geographic regions. He presented evidence
in support of his view that the observed differenées between f:hé different.popula'-
tions of the same species resulted from adaptation of these populations specifically
to differeﬁces of O, content of the waters inhabited by them. Fish from popﬁla- :
tionstnot widely separated from each other geograéhically appeared to differ more
in resistance to loﬁv O, than did fish from widely separated pqpuAlatio'ns. f Thé,relé*. :
tivé ;;esistapce seemed to‘cor'relatg' be,tﬁerb with diséol%/ed 0'2 cénditions' in the ﬁét;i— -
: f’c;at»s of these pq’pulafions than ‘wifh othg‘fpossiﬁle factors éonéidé‘réd, including
environmental temperatures.
Streltsova et al. (1964) repdrted large differences in resistance, tov OZV defi- .
ciency and to Bigh‘ temperatures of two populations of each of two ‘species of t};e'
genus Coregonus inhabiting different lakes, and they also crited some simiia¥ ob-

servations of Shkorbatov on dissolved O, requirements. Specimens of both species
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Stewart, Shumway, and Doudoroff {(1967) observed some"depression of growth
rates but no mortality or evident distress of largemouth bass held continuously for
15 days af O, levels as high as 24 mg/l, or about 290% of the air-saturation level at
the test temperature of nearly 26°C. Fisher (1963)‘ réporﬁed similar results obtained
in 18-day experiments with juvenile (underyearling) coho salmon exposed to 0O,
levels of about 30 and 35. 5 mg/l, or about 315% and 370% of‘air—saturation at the
test temperature of 18°C. - On the other hand, Streltsova (1969) reported that at
the low temperature of 1. 0-1. 4°C, 0O, concentrations'of 28-30 mg/1 (210% of
saturation), produced by bubbling O2 through the water,. killed yearling rainbow
trout after 3-day exposure. Rainbow trout 2 years old, however, were not.
killed even after exposure fo‘r 14 da..ys to this level of O,, although 'tﬁey did show
a characteristic change of behavior suggeétive of serious injury. The abnormal
behavior was noted also when yearliﬁgs were exposed to a level of Oy of only 24
mg/l, or about 170% air-saturation. Death of the trout exposed to»"‘chis level
for 2 weeks also is mentioned by the author in her concludinglis;lmmary;( but not
in the preceding text, Perh‘aps‘the very low temperature somehow interacted
with the ele\_rat;,ed' Ozvconcenvtration in producing the obs‘er‘ved mortality of trout
‘in Streltsova's experiments. Observations similar to hebrs' to be found m the
jiterature habve not been conﬁnéd to experiments at very low temperatures, how-
ever, so that all the conﬂiéting reports of poor and good survival or condition
of fish held at abnoxfmgllyh_igh 02 levels are not easily reconciled,

. Exceedingly‘ high,concen‘trat‘ionbs ong occur under natural conditions as a

result of the ph‘otosynthet'ikc' activity of green plants, and so do not persist for'ver»y

ra—
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long periods; at night the concentrations usually decline rapidly. Also, lethal
toxic effects of O2 concentrations no higher than §hose likely to occur under na-
tural conditions evidently are not produced very rapidly, even if they are indeed
sometimes convincingly demonstrable in the laboratory. Therefore, these effects
are not likely to be of practical importahce in connection with water pollution
problems. We afe not éware of any reliable report of lethal intoxication of

fish with O, under natural or field 'conditions.

Toxic effects of OZ should' not be cqnfused, however, with the well-known
lethal effect of supersaturation of water with atmospheric gases,v of which O; is
but one; that can produce so-called gas bubble disease of fish. As explained by
Doudoroff {(1957), this diseasg occurs when thé sum of the individual tensions of
dissolved gases (chiefly N, and QZ) greatly exceeds the hydrostatic pressure,
including the pressure of fhe atmosphere. Su;h a condition of the water evidently
can result from intense photosynthetida’ctivity of phytoplankton, whereby much O,
is vﬂintroduced into the medium without rapi'd removal of Np. It does not ‘ocbcur, at
-least under equilibrium con‘dit‘ioﬂs, when O, is bubbled through standing water in
an open aquarium, » even ifb{he OZ concentration rises to nearly 500% of the air-
saturation level and the coﬁcgﬂtration of NZ’ which is ciriven out by the O,, ‘there-
fore falls virtﬁally to zero. The occurrence of fatal gés bubble disease of fresh-
water ‘fis’h ascribable to pho’cosyﬁthetic pfoduction‘ of O, has been described by
Woodbury (1942), Aar.xd a similar mortality of marine fish by Renfro (1963). As
Déudoi‘off and I{atz: (1950)- have poihte%&. gut; Wopdburyfs supposition that the

bubbles found in the tissues of fish found dying at Oy levels of 30-32 mg/l were
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bubbles of O, only is without sound theoretical or other foundation. Doubtless Nj
was an important and more lasting component. This conclusion, based on theory,
is supported by the observations of Engelhorn (1943) on fish with gas bubble dis-

ease produced artificially in the laboratory.
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FECUNDITY AND EMBRYONIC DEVELOPMENT

Fecunditv

Some successful reproduction is, of course, essential to good fish‘produc-
éioq, and whenever circumstahces;happen to be already unfavorable, any additional
interference with reproduction by impairment of water quality can have a lasting
adverée effect on production, The poséible influence of 02 concentration on the
fecundity of figh apparehtly has receivéd almost no attention in the past.‘AIn the.
course of some recent, long-term experiments performed at the Newtoﬁn Fish Toxiéolog?

Laboratory of the Federal Water Pollution Control Administration at C‘incinna_ti,'

thio, U.S.A., W. A, Brungs (pérsonal communication) made some interesting observa-

tions on the spawning of fathead minnows. He found that minnows reared in aéuaria
at re'duced 0, concentratioﬁs near 2 mg/1 for 11 months spawned only about one-
half as often, on the average, és d1d those reared at higher concentrations (3 t:o |

. 8 mg/l). The number of vebgg's deposited per spawning was not reducéd; but the -

" total nﬁmber bof eggs produced {x}as less by about éne: half. Femaleé r‘earéd at .
' conc;entré.tions avex"éf.gingAzi.béut.i mg/1 did nét spawn at all. ‘There was no frv;arkedvb
differénce in fecuﬁ‘dvi’ty»befween.tho‘se _rs':ared,a-t i'about 3 mg/‘l tOZ and ‘th'o'se ré»a}b_re’d'
at higher coﬁcén’ycvra‘tibn.sb.' nThe> ffv"eéluen.c“}v‘rvcv)f spgwrixi'bh‘g‘ér;d tofgl humber of eggs " ‘f‘

' p'erdu’ceAd were gréafcest‘, ,. p,e‘f_hap‘us fortuitously, ‘at“‘tAh‘e’ 5 ’nig/i’l'e‘vvel. of the ‘ffy o
hatch1ng éifhé 3 mg/ylk‘levebl', ,On:ly  5% Sgir§ivéd f_of >3"0‘ days,»uaixéxdv’ﬁo:r;e of thése’ |
‘hatching at the 2',k1’rng/1 level survived. __The~ﬁighest per cent survival of fry (66%.k)x

occurred‘ at the 5 mg/1 level; th_af at the 4 ,ing/l level was 2'5%. The inﬁuencé of
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O2 deficiency on the embryonic development of fish has been studied bv a number of

investigators, but we are aware of no other information about its effects on fecundity.

Brungs' data suggest that the reduction of fecundity probably is not as important

as the effect on embryo survival, in the case of the fathead minnow.

Embryonic development of salmonid fishes in the laboratory

‘The embryonic de\}elopment’of various salmonid fishes has been shown to be
retarded at reduced o, concentrations that did not prove lethal to the embryos.

Development of chum salmon, Oncorhynchus keta, for example, was markedly

retarded or arrested during exposures of limited duration (e.g., 7 days), at
YIOOC, tp concentrations of less than 1.0 to 1.8 mg/l at different developmental:
stages {Alderdice, Wickett, and Bretf, 1958). Yet, upon return of the embryos
to W‘ell—oxygenated water, their devélopment proceeded to successful hatching of
) nofmal larvae, Exposure of thé embryos to some of the lowest tested levels_ of
O, at an early developmental stage resulted in'the production of structural ab-
,.noz;malitigs,. but less extreme levels apparently only impeded development.
Léth}all Qz le\iels incréa:se»d with i.nc_'reasing age of the énﬂbryoé. Garside (1959)

:eporvted that lake trout, Sal&elinus namaycush, that hatched after exposure

‘phr"(,ugho.gt their”aeyel,opmen‘t to ,re,duced' 0, lev’els were ffequently deforme_d.
__»’I»‘khe inci_denég of the develdp;ﬁentél abno;‘malities_ i-ncréased with increa’s‘e of the
»b"iAnc_xllbationb fémpgra..tuf“e. : A;c,iQOC, which apparently is a high temperature for
. emb"rycvasbo.f' ﬁhis spe‘c'_i‘e’vs,”alinc})‘st» all embryoé exposed tq réduced OZ concentra-

" tions (up to 4.2 mg/1) failed to hatch.
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Gottwald (1965) exposed rainbow frout embryos for varying time intervals
to different O, levels at different stages of théir development, beginning with clo-
sure of the blastopore, Exper_imental‘temperatures were about 1Fto 12°C. Not
only some delays of hatching, but also mortalities ranging from 16% to 76% were
observed after exposure of the embl{yos_ of varying age for 3 déys to a low O,
level of 0.75 to 1. 10 mg/1. ’i‘he mortalities increased érogressively with in-
creasing age of the embryos at the ’cimeb of their exposure to fhe low O3 level.
Exposure for 3 days to 1.50-1.85 rhg/l or for 6 days (but not3 days )
to concentrations ranging fromb 2.10 to 3. 25 mg/l at a late stage ‘of dbevelo‘prr‘)ke’nt
just prior to hatching also resulted in high mortalities:  89% and 29%, respecfively.
Exposure for 18 or 72 hours to cotxcentraﬁons between 1.50 and 1. 35 mg/1 at all
"tested stages of developmentvbbe.)kce_pt tlvmev‘ea‘rliest one i'esult'ea in S‘omewhaf in-
creased mortaliti_es (up to 20%). It 1s apparent that embryq mortalities increased
both with decreése ofFOZ levels to w:hibclh the enﬁbryos were exposed a>nd with in-
crease of exposure timé.» F'F'e’w:cc;nt'rol's ‘;iied. ,Mortal’i’ties‘ of hatched larvae re-
corded up to complete absorpfion of. yqllk‘ wer‘e n}ot_grea't (1 e., well under 10% -
witﬁ one minor exception)tandj ;x/ere not clbearbly v_revlbated to th‘g earlier treatment 7 "
and mortaliﬁies of the .embryos.." .‘GAdttiwajlditnzéhciudeAd that OZ concéntratioﬁs Belgjw
5 rﬁg/l evidently are. dangerou'é or. l}zla'rmf‘ulby fo:l'; dAeF.V;IIIc_V)I‘)ing :féin'bdw trout eggs, )

i but'the,’_ba\'sis for this. sta.,temé‘nt i.si_xvxot ‘cl'eélr;’ ',bi,hjurby'l.a’t conc_;‘ent-r’avti.or;s ab§§e'
| 3. ZS‘fng"/I.’a.ppar.e‘nt‘ly was not actually demonstrated by h1s tc_baf.st's‘.' :
o In ;‘é‘ome iabdratbxfy »'exf:ebi'ivm‘éx‘it's; ‘;fhpr.talitvi:es:;’)‘f ra_ivnb‘ov»vi ’tr,;cn.it- and :choh_ov

salmon embryos were greater at mean O, concentrations between 4.5 and 6. 0. mg/1
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than at higher concentrations (Gottwald, 1960; Hamdorf, ~1961; Mason, 1969;
Chapman, 1969). However, in none of the experiments did OZ deficiency appear
to be the primary cause of death at these concentrations. Most of the embryos
survived at these and much lower concentrations, and when mortalities exceeded
15% at concentrations between 4,5 and 6 mg/l, mortalities of controls reared at
higher concentrations were also fairly high (i.e., about half as great to nearly as
great). In experiments in which Hamdorf (1961) observed considerably increased
mortalities of rainbow trout embryos at the moderately reduced concen;crations
(especially at 5.9 mg/1), the mortality was much less at a still lower concentra-

| tion (3. 0 mg/1).

Good survival under laboratory conditions of embryos of various salmomnid
fishes (rainbow and steelhead trout, and coho, chinook, and sockeye salmon)
often has been observed when eggs were exposed, continuously frqm the time of
their fertilization until hatching, to mean ;32 concentrations as lowas 2.1 to 3.0
mg/l at temperatures of 8%o 11°C (Hamdorf, 1961; Silver, Warren, and Doudoroff,
1963; Shumway, Warren, and Doudoroff, 1964; Brannon, 1965;2 Chapman, 1969).
Embryo mortalities were often greater and deformities tended to occur more
freciuent_ly at these low Oy concentrations than at higher concentrations, but
hatching proved irr;‘poSsible only at tested concentrations below 2. 0 mg/1, and
fish hatching at highér levels usually were not deformed, Silver, Warren, and

" Doudoroff (1963) reported that survival of chinook svalrnon and steelhead trout -
embryos at'concenitl;vativoﬂs averaging 2.6 and 2.5 mg/l was equal to that of con-

trols, and 100% success in hatching chinook salmon eggs (at 11°C) was observed

Sy
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at concentrations averaging 3.9 mg/l.
Any considerable reduction frofn airnsaturation levels (i.e., even to levels
- as high as 8kcy)r 9 mg/1) of the 02 content of water in which the embryos were reared
at various water velocities has Iv’esb’uited,thowever, in some reduction in size of the
newly hatched larvae (alevins). The volumes and wet or dry weights of the lafvae,
determined after removal of tiie y‘ol’k,' were reduced more markedly than were
their -lengths.' Mean weights (dry -or: wet) or»volﬁrnes of coho salmon, chinook sai-_
mon, aad steelhead or rainbow 't;rout.'alevins at the time of hatching at O, levels of v
2.5 to 3.0 mg/l were aBout one ;flqurt}‘x to one half those of controls reared at level§
ne:ar air-.saturation‘(Shpmway,'lWa_rren, and Doudoroff, 1964; Silver, Warren and
rkl")oudo:r'off,- 1963; Mason, 19695 Chapman, 1969; Hamdorf, 1961). The dry weights
of coho salmon alevins (with Srolk sacA removed) hatching at O2 concentxv'at.iAons ﬂaat
averaged 2.8, 3 8, 4.9, 6.5 and8 6mg/1 in an experiment 'at 10°C were less ’
’than those of the controls (at 11, 2 mg/l) by about 70%, 59%, 40%, 2.0%, and 5%,
respectlvely (Shumway, Warren, and Doudoroff 1964) These percent_ages are :
means. of values obtamed at four d1fferent water veloc1t1es The weights of the
embryos hatching at each coﬁcentratmn decreased markedly and regularly as the
-accurateiy controlled water velocxty was reduced from 800 to 3 cm/hr Mean' dry
weight_;s’ of steelhead trout alevins hatching at O, rconcentrati..ons that averaged 2. 9
1,75, 75, and 8.0 mg/l were‘ less than those of controls (at 11. 4 mg/l) by about
: 56%, 36%, 21%, and 7%, . respectlvely, on the average, in two 11ke experlments

at IOOC ‘and 300 crn/hr water velomty
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In laboratory experiments with coho salmon, chinook salmon, steelhead or
rainbow trout, ‘brook trout, and lake trout, hatching was markedly delayed by
rearing embryos at reduced O, concentrations (Shumway, Warren, and Doudoroff,
1964; Silver, Warren,and Doudoroff, 1963; Hamdorf, 1961; Garside, 1959, 1966;
Chapman, 1969). On the other hand, no such delay of hatching of sockeye salmon
was observed by Brannon (1965) even at an O, level as low as 3. 0 mg/1; the newly
hatched larvae were, however, much smaller than controls reared at a high con-
centration.

Hamdorf (1961) reported results of some very interesting éxperiments in
which rainbow trout embryos were first exposed to various reduced O, levels at
different stages of their developmeni and were reared thereaffer at these levels.
With good reason, he concluded that the hatching size of the embryos depends on
the recently prevailing O, level; it was independent of conditions under which they
were reared during the first half of their development. He further ’concluded that
bfor each O2 lével (at a-givén temperature) there is a specific hatching size, or
 stage of development, at Which the young fish will hatch soon if exposed to that
szlé;/el. 1f the specific hatching size has not yet-been attained when the embryo
is subjected to a low O, level, the embryo continues to grow at a reduced rate
until that size is attained. If the spéciﬁc hatching size élready has been much
Qxceeded at the time of gxposuré to the low 02 level, the embryo is unable to hatch
and soon dié's of suffbcatioﬁn. ~ Thus, death of advanced embryos may occur at an
’kOZI,‘lev‘el (2.1-3. 0 mg/l at 10°C) that is tolerated by embryos exposed to it at an

earlier deve’lopmental stage and until their somewhat premature but successful
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hatching. If hatching is successful, the time to hatching may decrease, instead

of increasing, with reduction of the O, level.

These conclusions of Hamdorf (1961) are in agreement with those of Buznikov
(1957, 1964) concerning the role of reduced 02 tension (inside the egg capsule) in
the initiation of the normal hatching process, which involves secretion of a hatching
~ enzyme, The onget of hatching ap’parently is triggered when the embryo grows large
enough and its 02 consumption rate increases to a point where‘ the 02 tension in the
perivitelline fluid is sufficiently reduced. Hamdorf reasoned that this happens at an
earlier stage of developmenf when the O2 in the ambient medium is low than it does at a
high 02 level, The result is that the hatching larva 1s smaller and less developed than
one hatching at a high 02 level, and it cdmpletes a larger part‘of its development out-
side the egg capsule, where 02 is8 more available, Hamdorf found thaAt the retarding
action o,fr hypoxia on early diev,elopment or differentiation of the embryo is as vgreat
kas the effect on more.advanced development. Sorrié compensating acceleration of
development apparently occurs, hdwever, when the O, is increasied after retarda-
: tiori of early developmgnt by hypoxia; ’_Avlthot‘;»gh the sequence of differentiation of
organs is altei‘ed sldmewhat at ve.ry‘iovbaf O, levels, suﬁsequent growth of larvae in

Well-oxygenéted water évidently can be normal,

We have already note:d that increases Aof'the' velocity of water around salmonid
embryos, embryjc;s resting séparately on porous plates through which the water was
forced, had an effect or; the size of newly hatchebd 1ar§ae like that of increases of

- dissolved O, {Silver, War;en, and Doudoroff, 1963; Shumway, Wai‘ren, and Dou-

doroff, 1964). Rearing of embryos in entirely stagnant water'has' effects on their





