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ANIMAL ACTIVITY

INTRODUCTION

es that life has existed upon this planet adaptation has
now some particular form is able to live under almost
tion of physical and chemical conditions to be found in

nt. This phenomenon of the diversity of living organ-
eat deal of the study which comprises the science
Morphology describes the manifold structures of
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This work has been carried out in the Ontario Fisheries Researd function. By and large the functions that are of
Laboratory of the Department of Zoology, University of Toronte t are those activities that enable the animal to cope
My thanks are due to the Director of the Laboratory, Profess nanimate environment or its fellow organisms.
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ology, Annals of Applied Biology, The Biological Bulletin, Jourm 0 his hand, or the more convenient portions of it
of the Fisheries Research Board of Canada, and The Journal 1 some museum. There is no doubt then, while
General Physiology. 1€ Species can be crystallized by the phrase that it is
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Present method that our descriptions of species
thing but a catalogue of diagnostic portions of

R

'ha*.ve now in many cases, particularly in the study
% ;On‘ShlpS, nearly reached the end of our morpho-
- 5-0n:1€ years past, more and more effort has been
: Oi}.-Oglcal_description of animals. At the present
~F INCreasing activity in this field, there does not
' Unified approach to this problem. Nor does it
- =" @Pproach can be borrowed in its entirety from

o
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those branches of the science that are devoted exclusively ¢ ¢

2 : N < h of)
of function, for the purely physiological approach has be‘e?] 1

o from misnaming the activities but from considering
ity as equivalent to measures of metabolism. To

rightly so, to analyse the processes that go on within the orga h alogy of the machine, t%’lie :Ct“”fYI_OI 'tk'lte" {ﬂ(t)t:r Z‘-;

rather than to classify the organism in the light of the activigeg 3 e activity of the r_nachfne e I PR - T

it exhibits. . " leo is the activity of the animal.

Since there does not appear to be a ready-made approach = of activity as distinct ‘tr.om metz‘Lb.ohsm and télel.concepltl
physiological description of organisms that may be taken oye, onment influences activity by BERE On metabolism Wi
the physiologists, an attempt has been made here to provide the p, - oractically all the ensuing discussion.
for one. To provide this foundation, the inanimate factors of :
environment have been classified according to their relation tg -
metabolism of the organism and hence to its activity, and the e
sequences of these relationships have been treated with partig
reference to one group of organisms, the fish,

The Concept of Activity

The study of the functioning of organisms embraces two

-/

- T B » |
divisions which do not always appear to have been clearly defi /

- . ° T
although they are in general universally recognized. These are | 1/ - : | | i
everyday language, how the organism works and what the organ 53 i S LRl T gl

does. The first of these groups of functions we define as metabol
Hence the term metabolism embraces those processes which
ply the energy whereby the organism continues to exist
gain energy. with which to respond to its surroundings. The s
bolic processes are of course all those thousand and one reatt
that go on within the living organism and are the dynam&
protoplasm is the physical, basis of life. It is not ‘-‘&'Of_f-h
enumerating any of them as examples, but one might here int
the analogy of the machine. You might say that the comb f
of gasoline and the production of the electric spark are the metss
processes of the motor car. )
Following common practice we shall term those things
the organism does, activities. Thus activities are such proce
running and fighting and other manifestations of the energy o
released by metabolism. These manifestations are not all Fnti
cal, growth is an activity and so is excretion. The dif
between activity and metabolism may perhaps ap{_)ear o
laboured here, but much confusion in thought exists
literature. The confusion between activity and metabolis™

ion in the upper lethal temperature of the fish Ameiurus nebulo-
)peongo, Ontario, 1940 and 1941. (Brett 1944, figure 3.) The
e temperatures which are fatal to 50 per cent of the sample
osure of 12 hours.

@)

iples concerning activities, which have long been recog-
always applied in investigation, may be stated here.
from the fact that activities are the result of
sm. The first of these is that since activity of the
e is the result of integrated metabolism, it follows
from which the activity results is not the total
1€ Organism at that time, but is the difference between
Polism and the metabolism required for the organism’s
for the support of the ancillary activities which
Y out the activity under consideration.
* Principle is that previous experience of the organism
P -f:&dor of the environment under consideration must
Into account. When studying the organism as a
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whole some assessment of this previous experience will alwayg o . from operating on the organism to the extent that
required before any measurement will have a precise Meaning | e masking factor were not present.

an example, the familiar and sometimes great difference in t}, uwl -t of evaporation rate on th_e body temperat_ure of the
lethal limit of temperature which is to be found in animals S mals is a familiar example of the operation of a masking
same species with different thermal histories may be citeq e the degree of humidity and air movement are masking
illustration of such variation is given in figure 1 where the seaq,. . fying as they do the effect of the dry bulb temperature
change in the upper lethal temperature of bullheads taken from 1
Opeongo, Ontario, is shown. tors :— Lhese allow or require a response on the part
directed in some relation to a gradient of the factor.
factors elicit the well-known forced movements.

vide for the animal’s guidance in moving about in the

A Classification of the Environment

Of the two fundamental bases for a classification of the envirg
ment which might be used, that of classifying the elements accordin
to their identities such as light, heat, gravity and so on, "
that of classifying the identities according to the manner in which
they may influence the organisms, the second has Dbeen chosen
The word “factor” has been commonly employed to designa
such a category of effect. It is tentatively proposed that
effects of the environment on organisms may be grouped int
six categories for which names have been proposed here or adopte

i
factors :—These comprise one of two categories which

etabolic rate. They may be defined as those identities
the metabolic rate by operating in the internal medium
site of metabolism. Thus they influence the state
the metabolites.

e is the most outstanding of the controlling factors.
ctors :—These make up the second category of identities

from the literature. These categories are defined and discussé e me abolic rate. The term is derived from Blackman'’s
briefly below. €gory of “limiting factors” and it is applied here in the
Lethal factors:—An environmental identity acts as a lethal fact0 e used it except that we are excluding those factors

ignating as controlling factors.

om 1g factors may be defined as those identities which
0 abolic rate by virtue of their operation within the meta-
3l example of the classical Blackmanian scheme of the
g factors is to be found in Pitter's (1914) work
ect of various oxygen tensions on the response of

‘eSpiration rate in the frog to increase in temperature
:  both the % : it e ‘
The effect on the organism as measured by b Hustrated in figure 2. Here it will be seen that when

lethal level and by the effective time will depend on such panﬁ Asion in the water swerodnding the smima) wes from
experience of the organism as is significant to the.measure.m 3 ~ 8. the rate of uptake of oxygen By the skin increased
question, and such measurements require a description of this =% -Emlperature up to about 14°C. Beyond 14°C. no
ficant history before they are valid. Such a definition may be ,.-- .rate of oxygen uptake accompanied an increase in
in terms of the level of the identity concerned to which the 0T%™ the oxygen tension was held to the limits mentioned.
is completely acclimated. rate of oxygen uptake are reached at various

Masking factors —A masking factor is one which at higher tensions of oxygen. When such a

when its effect is to destroy the integration of the organism.

The lethal effect of any identity may be separated into two
ponents, (a) the incipient lethal level, that level of the identity €of
cerned beyond which the organism can no longer live for an indelf®
period of time, and (b) the effective time, the period of time requ
to bring about a lethal effect at a given level of the identity bey®®

the incipient lethal level. .
incip!

prevent® ures
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plateau is reached oxygen is said to be a limiting f'fxctor, since ip
ing other identities does not increase the metabolic rate.
Aecessory factors :—An accessory factor is one which impm
metabolic load upon the organism in excess of the rate to which
organism is confined by the factor which is governing the OVeraa
metabolic rate. This combination results in the death of the Organjsm

qatity acts under at a particular time will depend on the
identity under consideration and of all the other identi-
cironment, and of course on the organism concerned.
< will be taken up in the following sections for each cate-
with particular reference to their place in the physio-
ption of species.

.'”_-

] Leraar FacTors

ey 1 of lethal factors will be illustrated chiefly by refer-
sl o effects of high temperatur.e.' It rgay.be remarked
: 300-400 although a great deal of investigation has been
g B ] the chief concern of the investigator has been the
3L lethal limits of temperature for a given organism,
‘3' lts of this work can be accepted as being more than
§ In general the greatest gap in these data is an almost
E§" L z ‘=mjr- record of the thermal history of the organisms
r B LR hal limits were determined. In this respect however,
K sl fante h have been least remiss. This lack of what in those
_ 7)?'“ " has been determined, is extremely pertinent infor-
g o oo * go-ieommOn eless for all but the most general conclusions, most

s3L ;/-—'_T—r—l— ven in the literature.
4 =.,;V)/ of the tremendous effect of the thermal history has
P Wt . n ior fish in figure 1. A second example, relating

o o e e

es might also be quoted with profit. Horstadius
g that the temperature limits for the normal develop-
of the echinodern, Paracentrotus lividus, acclimated to
es (13°C.) were approximately 8°C, and 23°C.
to summer conditions (26°C.), the limits were
- Thus here a thirteen degree change in the mean
& h_lth t'he parents were living brought about 2 change
~8T€es 1n the upper lethal limit of temperature for
Ent of the eggs, and of eight degrees in the lower

s s of this order are apparently often to be expected.

FIGURE 2.—The effect of certain tensions of dissolved oxygen on ._Lhc rzl;)l 5
cutaneous respiration in the frog to temperature. Data from Putter 1

An example of such a combination to bring about a lethal "_'.
has been given recently by Doudoroff (1945) who shgws that €
low temperatures in themselves are not fatal to marine ﬁSf.‘- i )
ever, they do prevent the animal from maintaining its osmotlﬁ y
in its hypertonic medium and the consequence is that deat e

: : fa
Here salinity is imposing the load and acting as an accessory

Concluding Remarks

A particular environmental identity, temperature fo e
may at different times act under a different category of tca.t
cation presented above and commonly does so. What

af Dete ‘Mining the Lethal Limits of Temperature
r G

- PN two general experimental procedures followed
1t of the lethal limits of temperature. One method has
€00l the organism at a given constant rate until it
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died. This method is rapid and convenient and requires little ;
way of apparatus. In the past it has yielded valuable results ip Brog.
preliminary comparisons. (Vernon, 1899, Huntsman and g ar
1924, Battle 1926). Unfortunately it is not an ideal analytica] meth
since the measurement itself involves two variables, time and tempe
ture; and as will be shown later, analysis by the second methoq yu
allow prediction of results obtained by this one.
The second general experimental method is to maintain thepp,
stats at various constarit temperatures in which samples are introduceq
and the time to death noted. Results obtained in experiments of thie
type have been expressed in two ways. Some workers have plotteg
time mortality curves (Bliss 1937), others have used the dosaga
mortality method (Bliss 1935). For the statistical details invol od
in these calculations the original papers of Bliss and that of de Be er
(1945) shouid be consulted. However, with a complete set of data
one can calculate both the time to death at any lethal level of tem
perature (time mortality), and the temperature required to bring
about death in any prescribed interval of time (dosage mortality
Both statistics appear to be necessary for a description of the letha
effect of temperature complete enough to cover the ecological condi
tions which the species may encounter and still survive. '
We have already stated (page 8) that the effect of a lethal fac
may be separated into two components, (a) the incipient lethal level
that level beyond which the organism can no longer live for an ind' ’.
nite period of time, and (b) the effective time, the period of Hme
required to bring about a lethal effect at a given level of the identity
beyond the incipient lethal level. We should now add that as far a3
organism is concerned, the incipient lethal level divides the rang® ,_
experience of that identity, within which it is possible for the org#™
iem to exist at all, into two zones. Within the upper and lower 115
pient lethal levels there is what may be designated as the z0n¢
tolerance in which the animal will never die from the effects of et
particular identity alone. Beyond the incipient lethal levels 4 g
lies a sone of resistance in which the animal will ultimately succflﬂ’ .
the effects of the identity in question, but in which it can "es"stf
lethal effect for a period of time which is a function of the level ©
identity. Let us now consider how these two zones can be

4 by convenient indices when temperature is the
‘ prcrequisite to this description is that it must provide
, thermal experiences to which the organism can be

- ’mﬂive.
Thermal Tolerance

: ement with which the preceding section was ended can
by means of 2 quantitative description of th'e manner
istory of the organism affects its ability to exist over a
ls of a given factor. In the case of temperature, the
j;z light of the information at hand appears to be ade-
: 1§.ud no doubt could be applied to many other groups
ith equal success, is to maintain the animals at various
Jeratures for periods of time sufficient to ensure that they
to these temperatures, and under conditions that
rer factor is exerting any significant environmental stress
The importance of guarding against stress from other
early illustrated by Brett’s (1946) experiment on the
xygen tension on the rate of thermal adaptation of the
esults of which are illustrated in figure 3.

Sefficiant Oxygen —o—

Iasafficiant Quyqan —O—

o D

—— 5 o
" P L L . "
E) < s 12 3 Te L z4 27

TIME OF ACCLIMATION - HOURS

'f"ﬁ-“-cnce of oxygen tension on the rate of thermal acclimation in

S dAmeiurus nebulosus, Brett (1946) figure 6. (1) Sufficient oxygen.
Urvival time at 35.5°C. when taken from 20°C. and put at 28°C.
apP® ~INt oxygen. The average survival time at 35.0°C. when taken

it “Nd put at 27°C.
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Samples of fish from the acclimation tanks are then exp,
se

various constant temperatures and the time to death recordeq

that temperature beyond which 50 per cent of the populatioq .
longer live for an indefinite period of time.

When these upper and lower limits to the thermal tolerance of
organism have been determined for a series of levels of acclima; i

temperatures they may be plotted in a manner which allows the
thermal tolerance of the animal to be displayed. A graph of thijs

is given in figure 4 which illustrates the thermal tolerance of the golg

fish.
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F1GURE 4.—The thermal tolerance of the goldfish as displayed by plotting the '

pient lethal levels of temperature against the acclimation temperaturt
Brett and Clawson (1942) figure 2.

As will be seen, the method chosen here for displaying the the g
tolerance of a species has been to plot the incipient lethal tempera

against the acclimation temperature on a square graph which has
additional construction line running at an angle of 45° to the ?
The purpose of this line, which runs through all the points af 5
measurements along each axis have equal values, is to provide 2
indication of where the lethal temperature and the acclimatio? ~

& % upr
perature are the same. Thus the point to the right where the P&

incipient lethal temperature reaches this 45-degree line marks thi

for each individual or as within a given interval of time, F:l s
present purpose we shall define the incipient lethal temPEi‘atu: e
e

an p
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s 0

that direction and a perpendicular can be dropped
"-' terminates the line describing the relation of the
e ture to the acclimation temperature. The com-
PDClc 3
' t to the left where the lower lethal

. true of the poin
h;ru In the case of the goldfish, however, as

ee line.
. for many other species also, such a coincidence of
with the acclimation temperature does not occur,
1 its state above the ultimate lower incipient lethal
and is no longer a suitable medium for the animal con-
reason both the upper and the lower lethal tempera-
mperature curves terminate to the left at the axes.
lines, together with portions of the axes and the
sed from the point where the upper lethal coincides
on temperature, enclose an area which contains all
es. thermally speaking, which the animal in question
definitely. This area may be called the thermal toler-
determined quantitatively. It is no longer necessary
salitative terms “stenothermal” and “eurythermal”
for which this determination can be made. The
' tolerance of the goldfish on the Centigrade
units, the units being square degrees. For the bull-
nal tolerance is 1160 units (Brett 1944) and for year-
out, Salvelinus fontinalis, a value of 625 units has
Fry, Hart, and Walker, 1946).
ther values of significance in the description of a popu-
s of its lethal limits of temperature can also be derived
ince diagrams such as that in figure 4. There is an ulti-
ncipient lethal temperature which is the highest level
3 pient upper lethal temperature can be raised by
on. In the goldfish this temperature is 41°C. There
mate lower incipient lethal temperature, which has not
d for the goldfish, and there is a minimum incipient

‘emperature and correspondingly a maximum incipient
‘Smperature,

Thermal Resistance

PUon of the thermal tolerance of a species, complete
", and neat as it is for the purposes of physiological
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given level of acclimation a measure of the zone
essed as a single numerical value, can be. obtatmed
area under the effective time-temperature line, tfrom
p to the time required to measure the

description, does not entirely describe the relation of the ..

1ts' environment in terms of temperature as a lethal facy,, ;
animal can exist, often for substantial periods-of time, at a tem 8
level beyond the zone of tolerance, and may frequently do sq pl'a
larly during diurnal fluctuations. Thus the zone of resistan'ce
lies beyond the zone of tolerance also requires evaluation. The

tive times give the necessary information with which to deseribe
zone of resistance.

one minute u ;i . -
lethal temperature. For the 3°C. acclimation level
time where the line describing the relation of the effec-
4 _perature mieets the line joining the incipent lethal
600 minutes. Knowing the formula for the line

\Walker 1946) the area under this curve can be

time = 1 minute to time = 600 minutes, and comes
- 546 degree minutes. The mathematical details have
o here since we are concerned only with the general
B s of such values can be found for areas under a series
ch curve being the result of experiments on samples
C 8 . thermal history. These values can then be plotted
? -
:
]
Lo g
E ; 8
L i
<
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Fictvre 5.—The time to 50 per cent mortality at various lethal levels of tempe alt
for speckled trout, Salvelinus fomtinalis, acclimated to various temperatt
From Fry, Hart and Walker, (1946) figure 2.
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The first step in the determination of the thermal resistanc®
to determine the effective times for a series of lethal levels O'f
perature for subjects adapted to various temperatures Over their =
kinetic range. The results of such a series of determinations o
speckled trout are plotted in figure 5. A feature of figur®
may be puzzling on first inspection is that the resistance lines
terminated abruptly to the right by two boundary lines. Thes€
pass through the upper incipient lethal temperatures for £8
spective level of acclimation and thus the resistance lines do not 7
meaning beyond these points, for 50 per cent mortality never
from temperatures below these regardless of the length of

e

© 4 8 12 18 =0 24 G
Acchmahion Meme.

d of displaying thermal resistance as illustrated by the data
; trout shown in figure 5. The area under the curve from 0°C.
1S 3.6 x 10* deg.® min.
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with the assumption that the rate of dying at a given
evel of temperature is linear with respect to time, you
nute rate of mortification for each such level. This
reciprocal of the effective time in minutes. Thus
me brings about the death of the organism in 100
e rate of mortification would be 0.01, and so on.
minute rate of mortification at different lethal levels
yearling speckled trt acclimated to ) i

if the assumption made above holds, the time ot
lethal temperatures wii! be the point at which ail
ing at the various temperatures add up to unity.
‘point when the time temperature curve follows no
a graphical method may be employed. First mark
hiece of arithmetic paper in intervals from zero to

against acclimation temperature and the area under this curve ¢
up to give a general over-all picture of the thermal resistance of
species. Such a curve is plotted in .figure 6 for the speckieg
each point shown being the area under one of the curves ig figure
The quantitative expression of thermal resistance proposeq .
is not nearly as meaningful as the expression for the thermal tolepgy.
but it has its value as a means of comparison. Species with g p.
value for thermal tolerance may have quite a low value for thep.
resistance, or the opposite may be the case. [

TABLE 1. The thermal resistance of yearling speckled
trout acclimiated to 11°C. Data from form-
ula in Fry, Hart and Walker, 1946.

Temperature Resistance time Minute rate of . [ X I £ : i

GH; minutes mortification t the minute rate of mortification (or from zero to
present the percentage minute rate). The other

25.0 639 0016 in minutes. Distances representing the mortifi-

25.5 371 Q027 levels of temperature at degree and half-degree

26.0 215 0046 - . - :

e i -l rked off on the mortification scale and assigned to

270 72 0139 temperatures. Such scales, appropriate for speckled

275 42 0238 0 11°C. are shown in figure 7, and are plotted from

28.0 24 .0416 !

28.5 14 0714 ermal experience the time-temperature curve is

29.0 8 .1250

%gpropriate levels by reference to the temperature
is then referred to the reciprocal scale, what results
on curve. To determine at what point death
area under the curve is summed progressivelv by
€ciprocal scale until it reaches a value equivalent to
L, that is to a value of 100 if mortification is expres-
J When this point has been reached the thermal
4 have been sufficient to bring about the death of the

Death in Changing Lethal Levels of Temperature

Up to this point in discussing the response of animals t0 "'
levels of temperature we have been proceeding towards & &0
artificial endpoint which has given us, it is true, numerical indic
the classification of animals, but which has given us no precise U™
standing of the effect of a given environmental condition on the Of&
ism. The ecological problem with respect to the Jethal effect® le
temperature is that of determining the point of death under any P2 g
of time-temperature conditions that might occur in nature
problem has been solved in the following way and tested exP® )
tally on such diverse organisms as starfish larvae (Jacobs 191
speckled trout (Fry, Hart and Walker 1946).

pes this method of estimation is given in figure 7
”|\ results of an experiment performed ;)n the
be seen that there is almost perfect agresment
I experiment 11 this example. The area i‘lll(‘.t‘!' chity
01 at the time that death occurred, whicl is verv

Quired by Lieory.
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192

had been started at 11°C. and carried on at the
f time would have elapsed before the zone of
reached for further acciimation in the trout, which
e and they would have survived for a substantiaily
higher temperatures.
ent of the rate of thermal acclimation may be said
__“.l., in the semi-quantitative stage. It is sufficiently
' that some comparisons between species are pos-
as yet no information on any species complete enough
limation level of its members to be estimated from a
re curve describing their thermal history. Also, it has
strated whether thermal adaptation in all its mani-
s simultaneously. Brett (1946) distinguishes be-
cat tolerance and loss of cold tolerance as two pro-
possibly proceed at different rates.
ppreciated therefore that since the literature dealing
. thermal acclimation does not yet contain any com-
roblem, it will not be possible to carry the dis-
etely satisfactory conclusion. For a review of
_.'-"--»m as it pertains to fish the reader is referred to

It can now be seen, since the experimental method of deterp,
the lethal effects of temperature by slow heating is just a Specia]
of acclimation and dying under varying temperature conditig
how data obtained by this method can be interpreted, insofar ¢ leths
effects are concerned, only by results obtained by the method qf el
sure to constant temperatures. kK’
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Concluding Remarks

.b
0se the discussion of temperature as a lethal factor at
€ appears to be hope that methods for the laboratory
the effects of temperature as a lethal factor will soon

The knowledge required for this assessment
; of the zones of thermal resistance and thermal
1uence of thermal adaptation on these characteris-
TSe and rate of thermal adaptation. Of these mea-
t the last appear to have been satisfactorily accom-

‘the last will soon be done also.
= !@ﬁd for the discussion of lethal factors has been a
one. We have considered the fish almost exclu-
&ar '511'13 represent but a narrow class in a small
_ ignored the effects of any extensive resting
3 :fn'l!nd in the insects. Moreover we have almost
d discussion of the lower lethal limits of temperature,

e
/
|
RS0 260 263

— e e e 3
o 1 :

o 20 PT) so ac
Duralion of Experimenl’ min.
Frovre 7—Estimation of the thermal death point under continuously €
temperature conditions. The experiment illustrated was performed on b :
Salvelinus fontinalis acclimated to 11°C. Each square indicated u"d“’
curve represents 1% (02 x 5) of the theoretical mortification. Fro®
Hart and Walker (1946) figure 6.

The Rate of Thermal Acclimation

The perfection of the experiment illustrated in figure 7 SITUUI: E
be allowed to obscure the fact that it was designed to demog
only a single specific point, namely the summation of the tm
experience at temperatures above the incipient upper lethal t€ :
ture. To this end heating was begun at 25°C,, a temperaturé
the incipient lethal level for speckled trout acclimated to
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hus light is operating as a directive factor when an
4 and moves towards its prey. The space devote.d here
2 *-. will be small, since other workers, and mdee_d
- of science, psychology, give this subject ample defi-

and have considered the lethal effect of temperature i on]
medium, water. However, it is hoped that the principles derq, -
within these narrow bounds while not all-embracing, wil] be O-f ..'
spread application in relation to the lethal effects of other factope &

a variety of other organisms. eration.

+ e been concluded from the opening paragraph of this
P any environmental identity to act as a directive
ast be perceived by the organism. If there is no percep-
"t of the organism it will not avoid even a lethal level
For man for example, there is much evidence placed
re sundry coroner’s juries that carbon monoxide does
rective factor for that particular species.

n pigeneral reflection on the subject it must not be over-
in many cases we apply two special terms to the accli-

Q&..a directive factor—those terms are learning and

MaskING FacTors

The masking factors were defined as those factors which Prevens
second identity from operating on the organism to the extent
would if the masking factor were not present, and the familiar efq
of the evaporation rate on the body temperature of terrestrial anjms
was cited as an example of this type of factor. '

The subject of masking factors is a very important and far-
ing one for it may be contended, if one takes the view that the or
ism is fundamentally an organized section of the environment, 4 _
any stability the animal may have attained in its internal miliey A our attention here to a consideration of one of
the face of the varying conditions in the environment has come abot - 'r l tions of a directive factor which gives promise
through the exploitation of masking factors. If such is the case it  physiological classification. This is the measurement
evident that the wisest course to adopt in the present outline is to & - perature.
as little as possible about the matter. |

Therefore we shall consider only one generalization. That is ¢ 4 Preferred Temperatures
a masking factor would appear rarely to operate per se. In the case
humidity for example, only in exceptional cases would the anima!f
able to take more than a fleeting advantage of the cooling €
afforded by the rapid evaporation of water from its surface Wie%
a dry and breezy atmosphere, without drawing on some internal §
for the water. Thus the advantages conferred on the organism %
operation of a masking factor can usually be gained only by &F~
ing some metabolism, or at least through the presence of somé =°&=
zation.

ell established fact that animals presented with a suitable
peratures in a restricted space will tend to congregate
nd of that range or at some more or less definite tem-
ithin it. It may be assumed that congregation at one end
Nge merely indicates that the range of temperature pre-
t extend far enough in that direction. Thus in an
_Of temperature there will be a region at which a given
'l congregate with more or less precision given an op-
€0 so. This temperature has been most widely desig-
15D as the “preferred temperature” or the “preferendum,”
€Nt of the preferendum has usually been made by one
A methods. In one a single individual at a time has been
frature gradient and its position noted at various
als. In the other a group of individuals has been
a gradient and counts made of the distribu-
“Vlduals over the various temperature levels at some

Directive Facrors

Directive factors are those factors which allow or requir® a_
bolic response on the part of the organism directed in some f€*
a gradient of the factor. Directive factors elicit the well-lnow?
movements but the definition also includes many more effects
environment. It includes all the clues that the environment 5
animal by which it determines its own location and that of 15

o0
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one or a series of later times. The preferendum has been ¢y "

either as a modal temperature, a range containing say the Middle & pﬂ:ferendum. Doudoroff (1938) for example,
per cent of the total observations, or a mean selected tempemmre _ .ndous difference in scale that there may be between
typical set of observations taken in determining the preferre( tempill ~ «periment and conditions in nature. He also points
ture of fish is shown in figure 8. 1

E - there has been some question as to the ecological

the preferred temperature of Girella nigricans is
] lives and competes successfully in an environ-
h the highest mean monthly temperature is about 21°C.

~
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FIGUure 8 —Temperatures selected by Girella nigricans taken from current seasol
temperatures. From Doudoroff (1938). Reprinted from the Biala_
Bulletin,

The preferendum varies somewhat with the thermal history of
animal and any description of it must display this relation. A
method of displaying the thermal preference of a population
employ a square graph similar to that used in figure 4 to disp?a)’
thermal tolerance. Such a graph is given in figure 9, in Wh.ld’ -
relation between the preferred temperature and the aCC?l
temperature is shown for two species of fish. An interesting =
obvious feature of the preferendum is shown in figure 9. Th_ ;
what may be termed a final preferendum, that is a temperature ar
which all individuals will ultimately congregate, regardless of :
thermal experience before being placed in the gradient.
preferendum is that temperature at which the preferred tempe el
is equal to the acclimation temperature. These points for !
nigricans and Carassius auratus are indicated by circles ont the g
The final preferendum offers a convenient and meaningful inde*
influence of temperature as a directive factor.

Some authors would object to the application of th

| | 1 ] | I 1
- e 12 18§ 20 a4 28 32
Acclimahon Temperalire

of the preferred temperature to the acclimation tempera-
s of fish. Data from Doudoroff (1938) and Fry (ms.).

ldence yet available concerning the relation of the pre-
for activity is meagre, it is not all negative.
((1940) point out that the optimum temperature for
trical stimulus in the speckled trout found by Elson
with the preferred temperature. A stmilar cor-
" Observed by Scott (ms.) in tadpoles (see also Fisher
; rkman and Fisher 1941). Fry and Hart (ms.)
R;‘u'{smg speed of the goldfish reached a rather flat
= Tegion of the final preferendum but did not change
- fange from 20°C. to 30°C. (See figures 9 and 15 to
T1son.)  However, this was true only when the fish

PPt
word S .
€ Pted to the temperatures at which the cruising
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speeds were measured. In series where the cruising speeds Were

sured of fish without this previous adaptation there was g Nece e
relation to the preferendum. Nevertheless the very lack of g,
respondence is of value to the goldfish for the response tq the el g
ture gradient is such as to bring the animal into the zone ig y 'h'-.
can be most active, when once it becomes acclimated.

2olating Temperature to Metakolism and Activity

well known rules which have been formulated to des-
. .on of temperature to the rate of metabolism or of
. g well established position in the literature (e.g. Bele-
0. 1935) and will not be discussed here at any length. The

of them are summarized in figure 10 which shows

-7

CONTROLLING FACTORS

o s
There appears to be considerable justification for dividing v 4 au.lm e
factors which govern the metabolic rate into two classes. Inde Syt 0 7 RO
Blackman (19035) proposed just such a subdivision towards the e, Bﬁ%z; T = v
his paper on limiting factors on the same basis as we are adopgn 3 vonU HSFF s l

here. It will be recalled that we proposed to term those factors wk
influence the metabolic rate by conditioning the medium in which
metabolic processes take place, controlling factors. This is equival
to Blackman’s class 2, which he defined as “tonic conditions tl
affect only the metabolic rate” as opposed to “conditions of supply
material or of energy” (Blackman, 1905 page 289).
Temperature is the identity that acts most obviously as a contt
ling factor, and it is interesting to note that Crozier and his sch
by implication at least, recognized this fact, for though they us
temperature so extensively in the application of the principle
limiting factors, they were not in any way concerned with tempt
ture itself as a limiting factor. Their concern was with the eﬁ
temperature on the chemical activity of some substance that acte
a limiting factor in the metabolic chain.
Other identities that come readily to mind as being Capa™®
operating as controlling factors are salinity, hydrogen ion concent!
and humidity insofar as it affects the concentration of protopl? .
In this section we shall concern ourselves largely with '
sion of temperature as a controlling factor. Two general PriZE .
concerning controlling factors can be stated immediately- i “ to the purpose fior which they mee b§en”used.
is that controlling factors operate so as to govern both the o rical T:emzq for ‘convenience be c_alled ‘biological a_nd
metabolic rate and the maximum metabolic rate. The seco” kgl ological group comprises those rules which
a number of controlling factors may and do operate simulta? Sts to describe the effect of temperature on

: fa - : t reference to any underlyin
ot factors distinguish . y ying

Both‘ tl?e.se characteristics of controlling factor rule, for example, is the law of thermal sums.
the limiting factors. ave been placed in the physiological group have,

Barlhalet 1862
veab®

Thermal
aums
[FE33 3

Réaurrwar 1735

ical and historical relations of the major rules relating
m and activity. Constructed largely from the histori-
D Belehradek (1935) v- rate of metabolism or activity, y- time,
e Centigrade, T- temperature absolute, all other symbols are

; mathematical relationships. As the grouping in
S, the various rules can be segregated into two
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oF TH

on the other hand, been largely employed to describe the relag:
temperature to the metabolic rate. tion
The suitability of formulae of the biological group as basis ¢, ]
siological index cannot be challenged except insofar as they fa r; iy
being precisely quantitative. The rule of thermal sums for ex . i
a useful field rule although it is well recognized that it doeg IT(: 3
exactly.

< measure Siope only and not position, t'ng siopes
;dentical as Krogh's standard curve would indicate.

1 es four examples from one class of vertebrates, the
ite diverse slopes Over the same temperature rangc.
with Krogh's standard curve is given by the
for the goldfish adjusted to the appropriate level.
gs was chosen for another reason also, that is to
On the other hand there has been little indication that indjcee + expressed by Barcroft (1934) namely that over
the physiological group are very useful in describing differ re for which the animal is best suited, the tempera-
between species. Rather they have been used to emphasize the urve is relatively flat. The trout and the goldfish
| ed on this basis. Over the range from 6°C. to 20°C.
1 as roughly representing the range best suited to
dard metabolism of that species is approximately

Salmo fario

\\2?,0

oup of indices in that they have been used
to describe relations both of metabolism and of
'." re. In other words measurements of activity
 reflecting quantitatively the metabolic rate. Except
es where the activity of an organ, for example the
at, may be taken as a reflection of the metabolic rate
whole, there is no logical justification for assum-
Detween measures of activity and metabolism.

0 of thought may perhaps be a relic of the chemical
i ﬁ;lese ideas originally stemmed. It is true that
B nical reaction proceeding in a test tube will bear
_'m"ffer measures that might be made of the same
g 0 such a test tube, no matter how complex the
10 Integration at the organismal level, nor are any of
S of the reaction, activities in the sense that we are
to tl'u? machine and not to the test tube that we
'"I-l_""‘ with whif‘_h to explain the relation of activity
1S matter will be considered in the following

O

‘38 e ver the same temperature range the metabolism of the
. oF s T -x Carassius auratus ‘is adapted to considerably higher temperatures, is
s S s aaE ely five times. A similar set of curves has been
Cor (1938) but it is to be feared that he did not
T - ity for comparing slopes on the basis of relative
3 ier than absolute rates.
2 of confusion has arisen in the employment of the
le) ( X-Xrogh narcatised qoldfiah)

1 | T 1 1 1 1 1 1 1 1 1 i

6 10 14 18 22 26 30

Temperature °C.

FIGURE 11.—The relation between temperature and oxygen consumption i1
species of fish. Data from Gardner and King (1923) and Ege and B¢
(1914). Values from Ege and Krogh multiplied by 0.6 to bring them &
same level as the values of Gardner and King.

larity of response of widely dissimilar groups. The Qs Iarg.elf 3
between 2 and 3, and when they do diverge it is usually cons!
that they do so because of the nature of the process and not @~
species involved. Crozier (1925) felt that there were only relatts
few , values found during the assiduous labours of himself 2%
associates. Krogh (1914, 1941) has given a curve of st&
metabolism in which he showed that a most diverse group of org#™=
gave the same proportionate response to changes in temperamr&
While the use of a temperature index of the physiological ' el
as an indication of differences between species is not very well 2655
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Tewmperature Optima

If there were such a thing as an optimum temperature f,, o8
activity in organisms a very significant means of classiﬁcation :
of course be available and, one would imagine, be largely p
However, due to the forceful clarification of the subject wilh
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| to mean conditions that are best for the animal,
ﬁdgc of that, at other times it has been applied to
- mech an animal can perform a certain activity best
~tive measurements. Here we shall be concerned
; ond meaning.
. here to re-examine the case to see whether there
ances under which the term optimum may be
right as describing a level of a controlling factor at
vity of an animal can best be carried on, “best” being
plished at the highest level of the measurement

vs a number of examples of temperature optima
ie meaning of the definition above. The processes
, figure 12 are most diverse but it will be noted that

310 E) 20 T 30°C E) 10 15 20

sures of activity and not of metabolism. Such a fal-
e of activity at the higher temperatures has of course
and the commonest explanation is that it is due to

16
T T
40

a 12
T T

Work, erqs per sec.
4
I T

Trovel per slimulus, inches
1o 2o 30

FIGere 12.—Various temperature optima.
A. Rate of locomation of Limax. Crozier and Federighi (1924).
B. Fecundity of two species of worms. Reynoldson (1943)-
C. Powver output of oyster gills. Galtsoff (1927).
D. Response of the speckled trout to an electrical stimulus.
The graphs are reprinted with the permission of the various pH

Elson (194
hlishers:

't of high temperature upon the rate of chemical
well known time factor (Blackman 1905). Bele-
denies the possibility of any other explanation
3) “When the upper biokinetic limit (‘optimum’) '
ty of biological reactions decreases to a complete
n which is generally reversed on cooling.”

‘ '_ however, that not all of the evidence adduced
of thermal destruction points clearly to des-
ent of enzymes and also that the theory can-
v applied. For instance the cruising speed of the gold-
CClimated to 25°C. and tested at 35°C. will increase
—posure to the higher temperature although that
A _Vt_th-e optimum both for goldfish acclimated to
! Nﬁfal curve for the goldfish. However, without
*Cluding the theory of thermal destruction, which

to metabolism by Blackman (1903) and the pursuit of_fhE e be cases in t%*te literature, let us see if any other
of mechanisms by physiologists ever since, the word “OpU”“:Tl the Ofvfﬂed for ‘temperature optima which does
not completely barred from the biologist’s vocabulary, ne‘u'C;}:e . 'pe: t“ el established 'knowledge concerning the
searcely be uttered without some mumbled qualification. tht‘; R ature and metal?olxsm_

is further confused because, when it has been emplo,\'e‘l' OgY ot the effect of a controlling factor on meta-

cptimum has been used in two widely different senscs-

Som€<

7 1S given in figure 13 which shows the relation
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between speed of rotation, ma_\-in-mm power Output,‘fuel COonsypms
at full power, and fuel consumption under no loa.d i the mogets
popular automobile manufactured in 1933. In' t.hxs analogy the
of rotation represents the level of the controlling tlac'uar, the pe
output, the activity, and the levels of fuel consumption the Maxin

and minimum metabolic rates.

e but with the difference becween the two. If the
-ogy is applied to the animal, it would appear that
etween the ability to perform a certain activity and
s is similarly with the difference between the active
':etabolic levels, and not with either level nor indeed
standard level.

y given in figure 13, the readings are carried only to
3 T p.m. Over most of this range the curve for maxi-
(\O | gl ¥ B | : = y
ol Rt ' “was rising more rapidly than the'carve. for mini-
d Lot n with the power output correspondingly increasing,
° . -
e i) f curves are beginning to draw closer together at
> | . - .
>0 e R It can be imagined that if there were no structural
i o
2" LI
a2 vt Spoht®
g.—- o Vrﬂ‘ro
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FIGURE 13.—A mechanical analogy of the effect of a .control!mg fa;:;;” outp
and activity. The graph illustrates r_h.e relation betweélvl’ wre kindly &

fuel consumption in an automobile engine. . g (.:ma ing of the Univ e.‘bc alevins were resting undisturbed on a bed of glass

by members of the Department of Mechanical Engineer : @ immediately after they were forced to swim round in a

of Toronto. 18e lower cyrve is the difference between the maximum and

tion of the standard and maximum heart beat rate to tem-
of the speckled trout, Salvelinus fontinalis. The standard

. e b
n 1V

To maintain a motor under no external logd atfaf u):ﬂg st i

rotation requires a certain minimum consumption o :

SPeed at which the motor could be driven without
: jmum a2t o ; ", :
ion i rtain maximirt. - could be increased until it reached a point where
speed of rotation it can consume fuel at a ceines the power it 8 p
difference between these two rates determ P

- Motor coyld consume w
* Speed withoyt ap
When thy
ed to zerq,
% but it appe
L In thig parti

ould be needed to keep it turn-
y surplus capacity for performing
t speed was attained the power output
In the example this downward trend
ars that the optimum speed of rotation
cular motor was about 3,200 r.p.m,

out to perform external wgrk. For ex'arpplt’.r,n altevlelis p
difference between the maximum and mimmu o poutl
sumption is 12 pounds per hour z'md' the rr:;); e elation
24 h.p. Thus as the lower pan_el 1f1dxcz'1tes, e
power output and fuel consumption is with nel
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Figure 14 shows a biclogical case analogous to the me
case illustrated in figure 13. This example was chosen pary;,
because the curves for maximum and minimum metabolic rageg
cide at the upper end. It is otherwise perhaps a somewhat unfe "_"-'
nate choice since the measure taken of the metabolic rate of the - 1
1sm is the activity of an organ.

The relation shown in figure 14 is that of the standard and p,,
mal rate of heart beat to temperature in speckled trout aleving and t
difference between these two levels. While the point at which
greatest difference between these two levels occurs (ca. 12°C)
not be taken literally as the point at which the animal could perfop
the greatest amount of work in an extended period of time, owin
particularly to the uncertainty of the relation of beat rate to strol
output, it may be taken as representative of the sort of circum
which would make such a condition possible. Explained in this m
ner the temperature corresponding to' the maximum point reached
an activity curve can be considered as a true optimum, a temperatt
at which the internal economy of the organism can function best
give a particular response to a given stimulus.

tes the profound effect that the thermal history
n temperature for an activity. The ac'tivity here
p goldfish can swim steadily in water with an oxy-
roximately 160 mm. Hg.  The level oF dictivity
, measurements was as far as could be determined,

& Al

®
.
s

/T 28° eecth

i T2 18 20 24 a8 S 38 40
Tamparalure °C.

n of the sustained swimming rate of goldfish to tempera-
e represents the relation for fish fully acclimated to each
ch the tests were made, the four broken lines represent the
limated to 5, 15, 25 and 3@°C. respectively and tested over
ures before they could become acclimated to them. From

The Relation of the Thermal History to Temperature O ptima

Up to this point in discussing temperature as a controlling fact
it has seemed best to omit the influence of the thermal history of
response of the animal to this aspect of temperature. The subject
largely been ignored but some authors, notably Wells (1935b)'
Mellanby (1939) have pointed out that acclimation to a given temp
ture level has tended to remove any initial disadvantage that 8
temperature level imposed on the animal when it was first encourts"
Thus Wells showed that the respiratory metabolism first dep i
by a low temperature rose as the animal became adapted; %

other hand the metabolic rate when stimulated by Subieet;
omew

ady state, and was called forth by taking advantage
eément. The heavy line shows the performance of
ly acclimated to the temperature level at which
Wwas measured. The dotted lines indicate the per-
Mals acclimated to a given temperature level and

'€ Was measured over a series of other temperatures
this level,

e ;
Nteraction of Controlling Factors

o above : 5 : !
the animal became acclimated. Mellanby showed a similaf :tmperatrtﬁemzr::iothlva; Taie }i)t an)g conttrollmg
pensation with respect to the rate of the heart beat. Lon'izlq with no (iualiﬁcation p’l‘l}I:ase zvfim;e:ougii)t
it appears best if the optimum is to be used as a physiolog! tempe | P

k ' : ' o cach 118 - t‘fre optima unless the organisms concerned
of the species, to acclimate .the animals under Fest 0. “ their internal organization constant in the face
the factor at which it is desired to measure their activit¥: all other controlling factors in the environment,

animal to some new higher level of temperature dropped $
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and if the experiments had been arranged to prevent the leve]
potential Lmiting factor from approaching the limiting Jeyq °f aq
: While it 1s true th_at animals have achieved a greater indep' A
of the othe_r controlling factors than they have of temp@rature el of figure 16 shows the supposed standard and maxi-
are more likely to be homoio-osmotic or homoio-acidic for aype . ¥ ates for different levels of A at three fixed levels of
than th.ey are to be homoiothermal, the influence of these ‘ ~and f. Each pair of lines thus represents a sagittal
controlling factors must also be considered. Moreover, a4 a3 " h the solid figure that would result from combining the
known, .mamtammg a constant internal environment in the . The right panel shows the upper and lower meta-
a changing external one does not mean that a constant outp b . different levels of B at three fixed levels of A, each pair
activity can be maintained at the same time. e a transverse section.
e than two controlling factors operating in a gi\./en
interaction will proceed in essentially the same fashion
-wo are present. However, since we can make models
dimensions we must proceed to mathematics if we are
ally with these higher degrees of complexity.

25 we might imagine pH. would, that is giving a
= pearer the middle of the biokinetic range for that

Tk

=
-e Mo

Malabelic Ram

=
/ L ;/.:A
Concluding Remarks
ustifiable to conclude that with respect to the operation

NN

AN
A

o - - . v 3
—_1 B as a controlling factor much confusion has arisen 1n
o c b . + s 3 .
o e e because no clear distinction has been made between

activity, measures of activity having been considered
tions of the metabolic rate. The same confusion is
1 the work done on the other factors of this group.

1 to the quantitative relations between activity and
controlling factor it would appear that these can
properly and then only approximately by means of
ulae, which of course originate through observation
ngs they formulate. The optimum for activity would
1 index well worthy of all the consideration that biolo-
€0 1t and of more respect from physiologists than it
m,the present time. It is impossible in most cases
b pﬁf’tlon of the optimum except by drawing a line by
PQl'nts relating temperature to activity, although of
' (1925) fitted a catenary to certain temperature-growth

Ficure 16—The interaction of controlling factors; for explanation see text.

In considering the interaction of the controlling factors we ¢
start with recognition of the fact that all aspects of the state of |
medium will simultaneously influence the rates of reaction 9
various substances in the metabolic chain. Thus to descri
interaction of two such factors we shall need to resort to @ &
dimensional graph. Since a graph of this type is rather diffictt :
follow unless one is able to handle the actual solid model, W€ =
content ourselves here by examining various two-dimensioﬂal P
that might be taken from such a model as transverse and
sections.

Let us suppose then that two controlling factors, ;
operating to govern the metabolic rate of a given organist
of these factors, A, operates in a manner similar to temp®
that is the highest metabolic rate comes at a level which is ¥4
to the incipient upper lethal level. The other factor, B,

A and

. ton of metabolism to temperature has been con-
B b been focussed on standard metabolism, al-
'€s this standard has been unwittingly the maximum
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rate and has perhaps most frequently been what might . bers
termed routine metabolism. Describing the relation of standarq : : hows the relation between temperature and the
ing) metabolism to temperature is only half the story as ¢, as 3 J standard metabolic rates in the bullhead, shows a case
animal as a whole is concerned. The maximum rate shoyjq also - ""{:e between these two rates increases right up to the
measured. The physiological group of formulae, which shoulq 4, ]
perly be applied only to measures of the metabolic rate, ShOuld
be applied even to these when dealing with the intact Organism
indeed to isolated systems except with great caution, since the theos

< in those cases which have been cited as examples.

-ipient lethal temperature. This may be taken as
e level of continuous activity would similarly increase
- range of thermal tolerance.
2 that has not been touched on up to this point is the
formance to power. Power is the ability to do work,
< the result of the application of such work, and there
i €. simple proportionality between the two. To return
- of the machine, it is well known that the speed of an
not rise in direct proportion to the rate of fuel con-
.tme even when allowance is made for the increase
tion. Thus while it has been inferred that activity
ergy released by metabolism above that needed to
n and that there 1s a simple ratio between such
wer, the level of performance which results from a
ork has not been specifically considered. An approxi-
ation between power and performance in the goldfish
rom the data presented in figures 15 and 24 since
of values were derived from the same sample of fish.
plotted in figure 18 which shows that the power
much more rapidly than does the swimming rate, a
0 that which holds for mechanically driven bodies.
g measurements of the operation of controlling
Y Or metabolism, the acclimation level of the organ-
to these levels must be described if these measure-
€ any value for physiological classification. A com-
e for activity would require a three-dimensional

on which they are based presumably applies strictly only to reactio® . "¢ axes would be acclimation level, level at which

: . ist ta
between perfect gases. Again then, when dealing with metaboli

’ }dng Place and a measure of activity. The same
well as when dealing with activity, the best line drawn by €¥¢ t]:iro ¢ oy _‘mthexcept that there would then also be a lower
the observed points probably offers the most valuable descriP=E » M1€ two surfaces representing the two limits of
the relationship.

V€T, a simpler and probably quite adequate des-
To revert again to optima it should be pointe

~9C€ on two dimensions if the description is limited
at all necessary for the optimum to come well within the

©oRO

mg. / gm. min
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Ficure 17.—Effect of temperature on the standard and active oxygen cOnsSumE
of the bulthead, Ameiurus nebulosus, unpublished data of Paul and Fry: 3
circles and squares each indicate respectively readings taken on two %
dual specimens. In each case time was allowed at each temperature ’:OF 5 "_‘
acclimation before the experiments were performed. Activity was induce
using a cylindrical respiration chamber mounted on a turntable.

d out that it 13
ol

* Organism as in figures 15 and 17.
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g factors. Further comparisons between con-
factors will be made in the following

h limitin

It is presumed that the remarks made concerning the 4 . it :
: s and limiting

of temperature as a controiling factor will apply equally v :
operation of other controlling factors although it 1s not Propo 3 _
deal with any of these specifically. It is hoped that 5 Su:;d"
defence has been put forward for the removal of the copyy B
factors from Blackman’s category of limiting factors. As haso

LiMITING FACTORS

1 necessary to offer any preliminary description of
ctor beyond that already given in the introduction, so
e term NOW even in the daily press. If the need of any
£ the concept is felt it can be best satisfied by consulting
1905) original paper, which is a masterpiece of exposi-
.;&_eparture from the common usage of the term will be
. its meaning rather sharply. Most of these restrictions
citly contained or explicitly set forth in various sections
o discussion each time that some effect of the environ-
signated by some other adjective. Therefore, we
ourselves here with merely repeating the definition of
rs as it was given in the introduction.

ed that limiting factors were defined as those
ctually enter into the chain of metabolic processes of
~In any governing effect that they may exert on the
hey operate by what is known as Liebig’s “law of the
/ cqman’s “principal of limiting factors.” This prin-
stated by Blackman (1905) as follows: “When a
ditioned as to its rapidity by a number of separate

. -ﬂ_f the process is limited by the pace of the slowest
F1cure 18 ~The relation between power and performance in young goldfish- y )

difference between the maximum and minimum metabolic levels is 1357 two modifications made to Blackman’s original
power, rate of cruising speed as performance. From Fry %—ﬂd Hart ik not be dwelt on here. One of these relates to the
ZTSh.e data from which this figure is plotted are also displayed in figuses === 3 1¢ Fiilax}ge between the phases at which a given factor is
200 limiting (e.g. Burton 1936). The second modifi-
€N the evaluation of the effect of secondary apparatus
en the' site of the metabolism and the environment.
Modifications relate to the detail of operation and do
questlt?n the validity of the principle that limiting

°Y entering into the metabolic chain.

<3
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pointed out there are several fundamental differences betweenl .=

group and those factors which are generally recognized as "_‘
factors. They differ in their seat of operation, and what 18 £
important from the point of view of a functional classificatio™
also differ in the consequences to the animal which arise froﬁlt -
in their levels in the environment. One of the most importar ;_ elation

differences from the limiting factors is that the whole compl€ of Oxygen Supply to Oxygen Uptake
controlling factors acts simultaneously in a manner that 18
related to the law of the minimum which has been SO

Ple chosen for discussion of the general case of

in 0° 4 i
i A limiting factor is the relation of the oxygen supply

umv B
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to oxygen uptake. Just as the work on temperature indices dea]
o : S w
the quantitative effects of temperature as a controlling factq, il
does the literature dealing with the relation of oxygen Suppiyl t;) Use
0

=- »
g*A ///‘5:: i | B E e smportant contributions on the
g AF S ‘ etween Oxygen consumption,
. 3 £ 3 sirements and Oxygen pressure
Eo[ m§ o 8 ~»e overlooked when the section
¢ A0 // ES “r ; zg factors was written.
c § -
g 8_ . g - ]
| v o :
N B
55 £e 1940
o x i
| ! ! L © LEEry o) e g
= 10 AS 20 20 60 100 140 180 220 26
% oxygen Oxygen, osmolic pnss.urme' .r_brauch der Fis che bei
Sauerstoffdruck und
5] i e R Eal © em Sauerstoffbedarf.
P _/,;¥>T’* & ’t fur vergleichende Physiologie)
£°1 / Tal 142-152,
o Scwpf o 2 e
= gl J/Puffar - 3
7 ," e § g— 19420
d - Py ]
c z c v g A
¢ gl o ¥ brauch der Fische II.
c = £ E
S x/»““‘“ Ear Entwicklungs - und
6 L% . ., o 1 vom Lacns und Hecht.
b 1 a 4C & =
e s o aenmsei i, Tl fur vergleichende Physiologie)

i A { r583 =594.
Fictre 19— The relation of oxygen supply to oxygen consumption i1 V& B

organisms.

A. Dixippus morosus, v. Buddenbrock u. v. Rohr (1923).

B. Fundulus heteroclitus, Maloeuf (1937).

C. Various marine fish, Hall (1929).

D. Homarus americanus, Amberson, Mayerson and Scott (1924).
Figures A, B and C reprinted with permission.

S€, Lindroth expresses essentially
>Ant of view with regard to
limiting factor as has been

"1th respect to the level of no
3?itY- He establishes some

. EXcess activity for Salmo

gen uptake deal with the effects of oxygen as a limiting factor- . cus Tutilis and Esox Jucius.
details concerning this work the reader is referred to the comP o
sive reviews of v. Ledebur (1939) Maloeuf (1937), and Tang

. s A wing
Figure 19 gives a number of representative curves sho
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,en uptake to oxygen supply as it has been deter-
Briefly it may be stated that the relation has
d either to be linear over the range of oxygen
__ -ate is affected by the level of the oxygen supply, or
. The linear relations bear out Blackman’s original
hyperbolic curves are more consistent with more
fFusion (Tang 1933).
atory dependence” has been employed todescribe
f the respiratory rate being related to the oxygen
iration rate becomes independent of the oxygen
ertain critical value.
ant feature of the phenomenon of respiratory depen-
e of which appears to have been universally over-
yssibly by v. Ledebur (1939), is the fact that respira-
s generally well expressed, at least in the more highly
s, over a wide range of levels of oxygen supply only
Is are respiring at their maximum rate. This phe-
wever, been often unconsciously employed in the
e. Thus Maloeuf (1937) in his experiments,
ients only during the first hour that fish were
chamber The results found by Black, Fry and
it extremely probable that the fish would still
rate approaching their maximum during that period,
result of the handling they receive while being
1e chamber. When the respiratory rate is measured
atus the continual motion serves to keep the
Thus it may be said ‘that whereas in the case
with temperature as a controlling factor activity
been confused, in the literature dealing with
factor activity has been ignored.
the fact that the greatest respiratory dependence
ng ﬂ-rumals respiring at their maximum rate will
FERba difference between the operation of a limiting
' @ controlling factor, not, it is true through logic,
'_..* n of ideas. A controlling factor it will be re-
1 governs both the maximum and minimum rates
n tmg factor, on the other hand, exerts its control
1 rate of metabolism, for once the limiting factor
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has attained a level which reduces the metabolic rate to the e migh be near its limiting level. The controiling
required to maintain the vital processes of the anima] that
has reached its incipient lethal level. At levels beyond this the
must go steadily into some metabolic deficit which wil| ,.
until death ensues.

We can make use of this attribute of limiting factors ¢, dor
what, if obtained with proper experimental precautions, would

constant.
level of metabolism has been determined the

] E ated to elicit its maximum continuous level of
this process its metabolism is measured over a series
factor in question, until in spite of continued stimu-
olic rate drops to a level representing the standard

to be a very valuable index of animal activity. This index p
be designated the level of no excess activity or perhaps the Jeyer .
h. 1 . e \ himiling level
standard activity. It can be derived as follows. }'“"’""r ol
N
o achive
[ o Lot 3
Tl | = - ~ <
< [ x = 8
t
o3 B —— —— —]
\3 i sfandord
3] ol
t' [— £ level of no excess achwily
al L I
3 :
% r e e g Lt DG firx —
& 1 | I L
. 26 40 (1) CE) 166G
§6\ r Oxygqen fension mm. Hqg.
sir :
4 1 no excess activity for oxygen for young goldfish acclimated
R T I e (P ned from measurement of standard and active rates of

o 8 16 24 J2 40 4P S€ €4« 12 &0 &8
Zime , hours

From Fry and Hart (ms.).

FIGURE 20—A persistent cycle of activity influencing the metabolic rate. Fro =
in table 2 Wells (1935a). These data illustrate a 24 hour cycle of
superimposed upon the effect of raising the temperature by equal steps &
stant intervals.

ow. An example of this determination is given
shows the data from which the oxygen tension
i :591‘ the goldfish at 25°C. can be derived.
Y interesting to note that Henderson (1939) gave
=XCess activity as the reason that man had never
the last thousand feet of Mount Everest. He
g resting metaboli§m of man requires an oxygen
0-350 ce. N.T.P./min., an amount which could be
"-' only by the maximal respiratory effort even
i to I.OV\.I oxygen, it would not be possible for
..° activity necessary to finish the climb, unless
Tl source of oxygen.
: °&SS activity cannot of course be an index of
and is actually open to more cbjections than

1 of metabolist

here in the
t s

The first step is to measure the standard leve
the organism, taking care that it is receiving somew :
bourhood of the minimum of external stimuli, and that !
bottom of any persisting cycle of activity such as Cla.usﬁﬂd
Gompel (1937), and Spencer (1939) have demonstrafia}
cycles of activity can wreck what are otherwise th.e mf‘St o
experiments. An example of such a cycle in fish 18 gWC“ ;
20 which shows a persistent 24 hour cycle of activity 5“
on the effect of changing temperature which was the Cffen
author desired to measure. Care should also be taken 0 €
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i fevel will remain constani. If such were the case
_ation might be represented graphically as in figure
B the hypothesis is amenable to direct test.

¢ acclimation presupposes that some stress is exerted
 which is the stimulus that brings out the adaptive
iner in which the environmental stress is im-

cbtain for the standard metabolic rate. For instance, in ol
2as
TeSPipaee

ing the maximum rate of oxygen uptake the accessory
mechanism 1s working to its utmost, and the cost of respiration o
be many times greater than i1t would be under the standarg cond; i
However, such a fault might be allowed since it tends to comp
for the fact that the standard rate is above the minimum, v, . :
(1938) gives a fine example of the increasing cost of respir ting factor appears to be different frt?m that which
the trout, Salmo shasta, at lower tensions of oxygen. +ivity is being governed by a controlling factor. It
The so-called critical level of oxygen, that level of supply wh t when a limiting factor is opex:ating the. stress is
the respiration changes from being independent to being dependey ) ganism itself, for if the organism remgmed com-
perhaps should more properly be redesignated as the incipiens nt it would not be affected by th(? fz.1ct.or in question,
ting level that is the external level at which there is no limiting ef e that factor were nearly at an incipient lethal level
even under conditions of most strenuous activity. uence the organism might need to put forth consider-
st to meet its maintenance metabolism. The stress
1ed by the activity of the animal arising from its
pond to the stimuli of its environment. If oxygen

n Dy,
ati_

Lo inaipianr limifing level
? unacchimafed

| T acctimafed

factor for instance, there would be levels of oxygen,
. acrve iderably above the level of no excess activity, at
g routine of living would keep the organism almost
g the edge of oxygen lack. In such a manner pre-
:'f TN R environmental stress exerted which elicits the adaptive

< level of no axcass achwly

en that the corollary to the proposition in the pre-
S that the effect of a limiting factor is to limit to a
® overall activity of the organism, although it may still
tting the same energy into short bursts of activity as
‘er the level of the limiting factor, the greater the dif-
'§ any metabolic deficit that may be incurred in even

> f’it}’- The remarks of Henderson (1939) referred
our disCHER € Situation clearly.

e organism & I

11 we consid®

Oaygan Tenswn

FIGURE 22.—A possible effect of acclimation on the level of no excess 4

Acclimation to Limiting Factors

Up to this point we have not considered‘ in
limiting factors the relation of the history of th
effect the factor concerned has upon it. Nor sha e phY?
except to speculate, for although much is k.nown. of t e
of acclimation to low levels of oxygen, especially 1n -man'nera’
to activity does not appear to have been yet set forth 11 i? pr

It may probably be safely assumed that the effect o
to low environmental levels of oxygen will be to reduc il
no excess activity. Perhaps it may also be safe to ass

of Limiting and C ontrolling Factors

'l @ position to consider further the conditioned opti-
P We considered the interaction of two or more
NOW we can add to this a discussion of the inter-
ing f.actor or combination of controlling factors with
' OT indeed, combination of limiting factors., We
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to the oxygen tension. The explanation of the dif-
' Inse to increasing temperature shown in the two
fact that in the cutaneous respiration of the rro.g
v respiratory apparatus involxted, whereas there is
[ppus. When accessory respxrato_ry ?,ppara.,tus is
, tension is no longer a measure which is equivalent

shall illustrate this discussion by considering the interactio, :
oxygen as a himiting factor and temperat.ure-as' a controlling g e "

Before we can work out this interaction it 1s NECESSATY tg pyy
the effect of temperature on respiratory dependence. (Ope such
has already been shown in figure 2, which shows t}fe relation of 4
perature and oxygen tension to the cutaneous respiration rage 3 y
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between temperature and metabolism in young goldfish
temperature before the measurements were taken. From

. - . d t
Ficure 23.—The relation between respiration rate, oxygen tension a;:chr :
in the stick insect Dixippus morosus. From v. Buddenbrock = '

en the r€

D

frog. In figure 2 (page 10) it 'will be seen that Waf;e b
ration rate has reached a particular levell that r 4

exceeded when the oxygen tension is restricted to bi:; .
just supplies that need, although the tempgrature magetweeﬂ

was pointed out on page 9. Another relatanh g
tion rate, oxygen tension and temperature,.whlc A

to occur more commonly in the metazoa 1s S}‘}zowrese"ts.
Here there is no series of plateaux as figure pcontiﬂ“
of a constant level for the rate of Joxygen uptz;_kfix v
increasing temperature when a limiting level of 0XY.

a £ . o crarl]rc N
reached, there is a gradual rise with increasing temp

1s ceincreasing temperature stimulates the operation
7 @Pparatus, or whatever the accessory apparatus
- ;'Prese_nts a greater supply of oxygen to the respi-
" 2 given amount in the medium. Piitter it may
% €Xperimental materia] carefully to exclude this
€40 now turn to the spectfic case chosen to illu-
tWeen limiting factors and controlling factors.
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[ is terminated at temperatures just beyond this point
ue to oxygen lack.
curve in figure 26 is derived as in figure 13 by plotting
tween the maximum and standard levels of ratabalism
ture. The temperature at which this point reaches
is a temperature optimum conditioned by the limiting
. of oxygen.

Figure 24 shows the relation between temperature 3pq the
mum and standard rates of metabolism in the goldfish Pre
(page 32) it was pointed out how such data as are Presenteq
ure 24 possibly form the rational basis for an interpretatiqy, of g
temperatures for activities. The same principle will be exten
to the production of a similar optimum conditioned by the tind
available oxygen.

The oxygen tension of the water at which the measuremengs
maximum rate of uptake were taken in the experiments pro

the data for figure 24 was approximately air saturation ; the may :
1x
5
.é T ~—4o- ?_
Zo : z
. B ~ w23 :
; T
: &
X FY=1 v
g 13
38— :
5 o
Q 13 {
<
£ 4 <
3
§ g"" 10
3
2
- | T g1 gk ted]

1 1
~l !B 13 1§ EXSI 2 aa a2 3@ 4«9

Tarrperature °C.
FIGURE 25.—The relation between maximum respiration rate, temperat
oxygen tension in young goldfish acclimated to each temperature before
ments were taken. (Fry and Hart, ms.) The values on the graph ar
tensions in mm, Hg. i
rates of uptake at a series of other oxygen t.ensions arﬁ 5::]-
figure 25. By combining any of the curves in figure -'-?:en
oxygen has a limiting effect on the maximum rate of' O-\}at
vith the curve depicting the minimum oxygen reqmr.emef;e‘
the oxygen required to maintain the standard metabolic {l‘tmf:
24) a particular case of the interaction of a cgntrollmgd 5:1 .
lirniting factor will be obtained. Such a case 1s 111u5tra?e lthe o
Two features are apparent in figure 26. Reducing >
tension to 25 mm. Hg. reduces progressively the degree .
possible at the higher temperatures, as indicated by the #28

proximity of the standard and maximum metabolic curve:».the _
is reduced to ©
but the

a
12 18 20 24 ag s2 S T
Tamperature ogq.

ction of a limiyin

- g and a controlling factor F :
- Seetext. Data gy - Yor explanation

K- om figures 24 and 23,
N of another limitin

£ n 2 g factor in the schem
the maximym e e would only

E bolism over some
' ' part of the tem-
3 ;iho: t;e:tellfmg effect on the position of the con-
o Xtent (\)f the bxf)kmetic range. It may he
Iicatj‘on pocfratBel Lonsectxtwely, as indeed has been
e ackmz'ms (1905) paper, while as
: T, controlling factors act concurrently.

certain temperature, the maximum activity
» which give point to the difference, are that

the standard requirements, and not only the activity
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ACTrvxTY ~rs OF TH

ll_mxtmg -factors are llke.a chain, which i.s ne stronger than j e . tor is governing its maximum metabolic rate, this cate-
link, while thf? controlling factors are like a rope, which i 3 eal. - fz mpenieﬂce rather than of fact. It is merely a useful
as the sum of its threads. 8 ~ _nich to bring together various interactions of the last

Concluding Remarks o which result in the death of the animal. This was

p : s : B eding section where discussion of the inter-
; .I.t £ hoped_that . exposx?xor'l ST operation of OXygen B i d gmitin factors was ended at the point
limiting factor illustrates the principles in a manner sufficiently o ng an 9 § P ¢ ks p I’:
prehensive to allow the subject to be closed with little furthy . B . ma_xxzmhm b 3 ‘e St
cussion, although it is realized that the danger in ysip . g chus point it o ey ; B :Qeak o
examples is that they may be taken for the general case i:x - B i ikl i€ an aceessory factor instead.
refer only to cases to which their terms are appropriate; terms " - . d -factorsb g ope_ratdm-g, v let};alheff.ects att.r -
different in different cases and only the general structure is the s jpEration e capD ralse. > tefrr?s. e .t = mter:%ctx'on o
For instance we have been referring here only to oxidative metaholis B but the v;luet};) ; t}?ls &osi.lblgllty g o
the principles but not the details extend to other types of meta » .; ti?uplsem;ies;t mto ?ntlrlo dtrzznZnother b
; remi
4 ﬁr_xal paragrap h ERINSNIEDERE - N omt. oo that while op smably meet with engral acceptance. If the operatiosn
g:tabohtes can act directly as limiting factors, it must be recogniz B 'y B e gto A thepanimz;l i accurI:lulate 2
t non-metabolites can exert what might be called a seconc o .
limiting effect. They do this by interfering with the normal in . biithlr:s;ilty ;::;It: m.tl!t]s — tl:e im.o t;nt ofctlhat
change of some metabolite. Thus carbon monoxide can for examp . tE,’ : ul ; -t cf:ons Py l? SPENRET
by combining with haemoglobin, reduce the oxygen transport capa stj c;: a,czurg 1 tate 1’1 - lu s . < e
g1 £ 1 . 1
of the blood and hence limit the supply of oxygen to the tissues boli nee;s ef ctlh Ty ooy, 2 et
this way carbon monoxide in the environment would prod .-., il whato et:’o.rgamshm an(cll Of s dxffer.ence
effect on metabolism to all intents and purposes that of a I ;- : .'Ji- statzar;'h:tliterc fangeb Wltb ft b ?WTPC_’“'
factor. Even what under other circumstances would be a contro: B Dbu doroff (1938 s s g G
factor can have this secondary limiting effect. For instance ys mirabilis in diiot ( . .) iy :ISC of Fobinei dylr?g
aquatic animals which can regulate their internal pH, a €& vater i Al ECN nsea water or in

external level of acidity might interfere with the interchang! ol mmmu;dex G ithe metabolic rate. This. i
respiratory gases at the respiratory surfaces. ecau £ f what bas been general practice, chosen

Another interesting point, which is in no way our COﬂC‘?m . ;ﬁj ?:eg.t? ﬁ.Sh' The.pro_positic'ms chn then be
since we are not dealing with plants, is that ions which are nvor they mi htxc;)og}cal ERWATE 5 sy et " Let s
in photosynthesis may perhaps on occasion operate simultan€ot® B o it Hethal) et of

controlling and limiting factors. Thus the rate of photDSYnth i
be limited by the rate of supply of a particular ion while also i
tribution that that ion makes to the ionic complex of the cell mE=
may influence the metabolic rate of the cell. . edge

‘,_; It may be stated that when lethal effects are
i Operation of accessory factors, the rate of dying
_ ¢ metabolic rate of the organism. This of course is
B and the example to follow is inserted to carry
; _mnt rather than to introduce the subject. The
" S0ty factor as opposed to what appears more
Te lethal effect can be illustrated by contrasting the

DTOo

V8TESS of the lethal effect of high temperature with

Accessory FACTORS

7 ory
While a separate category has been erected for access ry

. : e
and they are defined as those factors that impose upor t};s
a metabolic load in excess of that to which the organis™
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that of low oxygen, both lethal effects being considered with
to fish.

The rate of dying of fish in high temperatures has beey 4l
strated on a number of occasions (e.g. Fry, Hart and Walker 19
to be independent of their size. In others where a correlatigy
tween order of death and size has been observed, this corpg .
has been inverse, the larger fish being the more sensitive, (H b
man and Sparks 1924). It is well known that the metabolic rate :
unit weight of organisms of the same species tends to be an jnyer
function of their size. A well worked-out example of this phengme ol T

i i 5 j o i t that there are cases in which the

non in fish has been given by Wells (1935b). Clearly then in ould be po:nteii. ou B e e

great many cases there is no correlation between the metabolic paf [0 the operacion s circum-
f fish and the order of sensitivity to lethal levels of high tempe ent of the metabolic rate due to extraneous
g = per : i 1)

ture while fish exposed to b(l)ldid water 'd_le uzl E;S:

: [ ion at all between size an

On the other hand the rate of death of members of one spedi jpno SUChhcogelit;)O' O . ihiai B the
of fish exposed to oxygen-free water is very definitely related t ' bi_'eug ta _OU y ply ' 1':: 1 e

. i . ir si o them to air. A small fish may live as long u
their metabolic rate as inferred from their size (Wells 1913). o e

This appears to be the appropriate place to interpolate a few_- &SS OesdaYar:e g 1946) L s s
marks concerning experimental procedure in measuring a lethal eff jERl an thl% gxlljo‘cia isybroucrh.t Tocnst Bt HifEe
when an accessory factor is concerned. When measuring the lethz a '*gS:noma, 1S 3 tc; B watber ek g M
efiect of oxygen lack for instance, precautions must be taken to € I .-*. Zr.e ex;;OSte g el Ose-d R
sure that the metabolism of the organism remains in some standa ﬂ.: Eim, put W e'n ¥ hg' p S
condition throughout the experiment. The validity of such a measuf fhicient supply of oxygen, no fARZaC LA N

t d d thi caution as much as does that of ment but because the mechanical unsuitability of
ment depends upon this pre . : e e i

iy ents gills from functioning. erefore W
measure of metabolism itself. 1 - : ik o £

In our postulates we have ascribed the rate of dying occasior ecialized SRParatus tor Feffebtflal respiration -are: ex
by accessory factors to two circumstances, the metabolic rate af €Y are not entirely (-ieprwed gh. TcyEen because some
the level to which some product which is the consequence of the mé 3 thrgugh the skin, and the rela.twely L ?Od)
bolic defici t rise in order to be lethal. If we could sepaie ler fish tends to compensate for thexr. relatw.ely

SR OF 3 : 3 isons bet¥ te. Indeed the whole situation is an interesting
these two influences we could make interesting compariso g B el known law rel ting metabolic rate to sur-
species, for we could then in effect eliminate the influence of the 0 ; own law relating metabolic r

i i i i se of fish such a SEPHE =
bolic rate. It is possible thfat in the ca e " etabolic
could be achieved by arranging apparatus SO t' at ' free wal
could be measured immediately before introducnflg (_)xyge s orabl

We could continue to speculate in this vein tor1 ?‘ons ma¥

=5 X i 5.
further period. However, enticing as O S e ild be wel
we are building a theoretical house of card_s and wou -
vised to cement the lower storey with a Ilttle.expeﬂm
wax before proceeding to erect the structure higher.

accessory factors we have spent most time dis-
. the maximum rate has been reduced. below
; .w‘here at. This is not the only way in which the
+ emaled and satisfaction can arise, nor is it the
. mentioned, but the other case was taken uf
md may well have slipped frgm rpx_nd. The? case
¢ the death of fish due to their inability to maintain
"...- e at low but not otherwise Ietha..l temperatures
the minimum requirement was raised above the

rate.

‘.\._‘

D

REcariTULATION

G€r of treatment of the various categories of the en-
t0ts followed above appears to be logical from the
' Mel(’Ping a sequence of thought on the subject,
now .bt arrayed in what may be a better order for
£14YIng the interrelation between the various factors
g 1s rearrangement is introduced in figure 27.
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:ch the organism is allowed its complete expression
e to the controlling factors is concerned. At
range the minimum metabolic rate is zero, and
.m rate is zero also. At the other end of the range
te absorbs the total metabolic capacity of the organ-
ain coincides with the maximum metabolic rate. This
he upper end of the range, it must be emphasized,
aoht of in this instance as being occasioned by the
iting factor. The distance between these two
of the maximum and minimum rates represents
the controlling factors over which the organism
nothing else intervened. This range might be
range of activity. The distance between the
inimum metabolic rates of metabolism at any point
f the controlling factors might be termed the scope
basic description of the capacities of the organ-
de perforce with reference to the controlling factors
enter inevitably into any situation. Let us again
ther factors modify this basic picture.
ht parel shows the manner in which the identity
the controlling factor may operate as a lethal factor
S1bls field of existence and activity. The letha] factor
as slashing off both the upper and the lower end of
ge of activity. Two examples of such an abrupt ter-
Y at the upper end of a range of a controlling fac-
in the text. These are the relation of the in-
| temperature to the maximum and standard rates
bullhead (figure 17) and that between the lethal
St_imulus In the speckled trout (figure 12). No
“een cited of a similar lethal effect at the lower end
" €an be well imagined that such an effect obtains
'EP‘eCkled trout which is quite active at 0°C. but
) ,Pefnsh at a temperature a degree or two below
_dcfed that the lethal factors have no effect on
Within the biokinetic range, nor do they influence
The 'be_ti;:_ OP.timum, although they may affect its
scope for activity in relation to the controlling factors. o E 10Kinetic range or even obliterate it entirely

: J gftalh A s
presented here is one which is rarely or perhaps never Is reached at a low enough level with re-

The four panels in figure 27 should be considered in orde,
top left to the bottom right.

The top left panel presents a generalized picture of the ratl
between the maximum and minimum levels of metabolism, anq o
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Fioure 27 —The interaction of the environment and the orgat
nation see text.
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spect to the potential range for activity, as is apparent]y the
the bullhead (figure 17). ; a5y

el of figure 27 the effect of the need for further
lation in the face of both the limiting factor and the
L ted. The metabolic requirement for carrying
activity may well be questi_oned. As the case ha?‘ Besn sl . y;‘;:logiml Fegulation ha§ been added to the mini-
there has been no room leit for the well-known time facgq, R rate. This raises the baseline and reduces the ke
man '1903)- This has been so because the lethal limit chogeq & Also in the correct combination of circumstances it can
incipient lethal level and presumably it will _be beyond thig level e the biokinetic range at either end, death beyond
the time factor will be well expressed. It is difficult to say ol
how justifiable it is to take the stand that there is no Progrese
reduction of the maximum rate of metabolism towards the yppar.
of the zone of tolerance before the zone of resistance is reache
the matter requires careful investigation using material for whic
lethal limits have been determined with some precision. Such ex;
ments as those of Pantin (1923) on Amoeba in which his subjj
moved more slowly at a given temperature when returned to it afit
period at a higher one are not necessarily evidence of anythin
thermal acclimation. If the incipient lethal level is also taken
lower limit of the biokinetic range, there may perhaps be speci
which there is no biological zero. Perhaps however this inter
heresy should not be pursued too far at the present.
The lower left hand panel adds the effect of a limiting fatco
activity within the zone of tolerance delimited on the upper &
panel. The effect of the limiting factor is to reduce the scope
activity and to displace the optimum to the left. The level _
limiting factor has been so chosen that the lethal effect in the
resistance is always brought about by the combination of an a¢¢
factor with the lethal factor.
If we disregard the lethal factor it may be noted that theu :
of the biokinetic range by a limiting factor com.eS at the.vﬁ:‘
of the range of the controlling factor in the dmgramvhilt . Yor]
general case would be that the range would be cut at W g a'
the minimum metabolic needs were the highest.' I_ﬂ 5_‘: ang
was imagined in the right panel of figure 16, the b1<.)kmet1ﬁmit
be reduced by having a gap in the middle. Or l-f thzf acti
were not quite so severe, there might be two maxml;is s the
rated by a central depression. It is possible that t 3 idfi‘”‘-
ation for the bimaximal curves for growth rate of Colp
in relation to pH found by Elliott (1933).

The abrupt termination of the biokinetic range Withoyt 4
2 Fang

. due either to accessory factors or to a mixture of
thal factors.

physiological regulation may be obtained as a
netabolism used for activity, as is the case when
muscles in performing work is used to maintain
ure above that of the environment. Such regulation
does not subtract from the scope for activity. In
ough the cost may not be great it presumably must

C oncluding Remarks

ate objective in erecting this classification of environ-
as to provide a basis for a description of animals
urem _ts of their activities as influenced by the various
environmental complex. The problem with which
the physiological description of organisms in relation
s that of assessing reality by means of restricted
ards: for there is no profit in the classification unless
4mimal’s functioning can be taken as representative of
. -'l?l-ere any control over the conditions without some
“ lon. ?t is hoped that this paper will be a contribu-
Sttenuation of the fundamental difficulty inherent in all
" tha-t is the difficulty of knowing the precise mean-
= SXperimental result in relation to the general case.
hf_)n of the environment in relation to its effects on
|W"th_ some statement of the relation between metabol-
"_i logzlcal portioning of effort is possible. And
e . f:;lth:i Sitsta;ement may prove to be f_:rrone(.)us

, great deal more value in having

o o0 there is in never stating them; the road to truth
! argument,

pdL
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