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1.
INTRODUCTION

The relation between standard (basal) energy metabolism and
body weight can be mathematically formulated by the equation

metabolism = k - body weight»
or
log. metabolism = log. k& + n - log. body weight

The linear relation in question usually results from smoothing
of data grouped about the straight line representing the function
in a diagram in which log. metabolism is plotted against log.
body weight. Then n is the tangent of the angle at which the
straight line is inclined to the axis of abscissae. If the scatter is
small, graphical smoothing or eye-fitting often suffices. If the
smoothing is made by the method of the least sum of squares
the accuracy, or rather inaccuracy, of constants log. k and n can
be expressed by their standard deviations (cf. e. g. HEMMINGSEN,
1933, pp. 150—51 and 156; or diss.: pp. 16 and 20—21; or KITTEL,
1941, p. 538; or Harp, 1952, or other statistical handbooks).
Though there is a growing understanding of the necessity of this,
regrettably many authors have not made statistical tests to en-
sure the justification of their conclusions. In the discussions to
follow, published n values based on evidently too scattered data
have not been considered. Sufficient time has not been available
to subject all data under discussion to statistical tests, so that
it has been nccessary to take many n values based on reasonably

;. slight scatter at their published face value.

In his thesis ZEuTHEN (1947) was the first to publish a com-
prehensive study of n, by him termed e (loc. cit., p. 80), through-
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out the animal kingdom, excepting Prolozoa, but including ma-
rine larvac down to body weights of 0.1—1 pg. He found a
gradual average decrease in n from nearly 1.0 to less than 0.7
with body weight increasing from 1 pg up to between 1 g and
1 kg; and with further increase in weight, a gradual average in-
crease in n up to 1 ton (loc. cil., pp. 132—133; notably fig. 48,
in which “percentage decrcase in metabolism per unit body
weight at a 10 times magnification of the animals”, which varies
inversely with n, is plotted against body weight). The question
whether or not these gradual changes in n applied only to short
lines oscillating about an over-all line with constant n, or they
represented changes in the over-all n, or there was no over-all n
al all, did not become an object of attention, because the above-
mentioned double logarithmic plotting was not used (loc. cil.,
pp. 128 and 146—149).

HEMMINGSEN (1950) demonstrated that provided rigorous de-
mands are made upon standard conditions the over-all n is uni-
form (about 0.73), not only in homoiothermal animals as de-
monstrated notably by Krriser (1932, pp. 320—21), Brooy el al.
(1932, 1934), and Bropoy (1945, fig. 13.7 on p. 370), but with a
considerably lower k also in poikilothermal animals (and at least
some plants) down to body weights of about 0.1—1.0 mg. This
was visualized by plotting in the above equation log. metabolism
against log. body weight (as in figs. 1—9 and 11—12 of this
paper). It was shown (loc. cit., fig. 1) that below body weights
of 0.1—1.0 mg the metabolism values fall below an extrapolation
of the straight line representing the poikilothermal animals
down to 0.1—1.0 mg body weight, and appears to correspond to
an n value nearer to 1.0, at least down to weights at about 0.1—
1 pg. The data for still smaller organisms (yeast and bacteria)
also fall below the line (loc. cit., fig. 2 on p. 17, which compares

plants with animals). The question of n at these still smaller

body weights will be discussed in chapter 2.

Adopting the same double logarithmic plotting and drawing
in supplementary data from his own work and other sources,
especially as regards unicellular organisms, ZEUTHEN (1953)
accepted that n is practically uniform and nearly identical
(0.75—0.76) in homoiothermal and poikilothermal animals down
to a certain body weight (ZeuTHEN thinks 40 mg rather than

9

0.1—1.0 mg), and then—with further decrease in body weight—
1.0 or nearly so (he thinks 0.95), down to about 0.1—1.0 pxg. In
the unicellular organisms below 0.1—1.0 pg cell weight he found
“a very significant regression of metabolic rate with size” (p. 4)
but with “a very ill-defined slope” (n) of the straight line, n
being about 0.7 (p. 4) or 24 (p. 9).

A study of the points representing unicellular organisms in
ZeuTnEN's fig. 1 shows that not only is the slope “very ill-
defined”, but the poinls representing the metabolism of the
bacteria and of the ciliate Telrahymena would fall about an
extrapolated prolongation of the poikilotherm line; and those of
the flagellates, on a prolongation of the “crustacean” line with
the slope 0.80. Of the points representing the unicellular organ-
isms only the point representing the amocba Mayorella really
falls below a prolongalion of the “crustacean” line drawn; and
only slightly.

According to loc. cil. (p. 2) ZEUTHEN, owing to unknown in-
fluences of acclimalization, applied to the data on poikilothermal
and unicellular organisms a temperature correction only in a few
cases, but states that in arriving at the slope 0.7 for the uni-
cellular organisms some “regard has been paid to the fact that
temperature differences exist between the different groups of
experiments” (p. 4).

The highest melabolism values of some unicellular organisms,
e. g. bacteria, were obviously too high to be comparable with the
basal or resting values of melazoans on which the lines repre-
senting homotothermal and poikilothermal animals, as adopted
by ZrutHeN, were based. And the oxygen intake of bacteria at
37° C. and marine larvae at 13° C. were plotted in the same
coordinale system without any allowance for the influence of
temperature on mectabolism—which for the difference between
13° and 87° C. must be assumed to correspond at least in some
animals (Krocu, 1916, tables XV—XVI, pp. 93—95) to more
than a 6 times (about 0.8 log. decade) difference in metabolism.
We shall try in the next chapter to allow for the influence of
activity and temperaturc in treating similar data.

Speaking of poikilothermal organisms in general, the metabo-
lism of curythermal species may be less influenced by tempera-
ture than that of stenothermal species (cf. ScHLIEPER, 1950:
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BLAsiNGg, 1953), and some acclimatization of metabolism to
temperature may take place, especially but not exclusively in
marine poikilotherms (cf. references by HEMMINGSEN, 1950, pp.
10—12; ScHoOLANDER, FLAGG, WALTERS, and IRvINGg, 1953; Rao
and BuLLock, 1954; BuLLock, 1955; Prosser, 1955; DEHNEL and
SEGAL, 1956; TasmiaN, 1956; Roserts, 1957 a and b; and Dg-
MEUSY, 1957). WELLs (1935a) found the influence of tempera-
ture to depend on body weight in the fish Fundulus, but Jon
(1955) found such an influence in the fish Salvelinus fonlinalis
only on active metabolism, not on standard metabolism. Other
examples of absence of acclimatization are quoted by BuLLock
(1955, p. 323). Even “reversed acclimatization” has been de-
scribed (BERg, 1953).

Omission of temperature corrections in comparisons between
organisms of different size would be justifiable only if acclimati-
zation were absolute; that is, if any changes in metabolism from
a specific standard value (characteristic of each body weight)
due to temperature changes were only temporary, and if the
available measurements were all made in the absence of any
‘temperature influence on the supposed standard, or after re-
version to it from temporary changes due to temperature. None
of these conditions are fulfilled. It is, therefore, to be expected
in general that the scatter of metabolism values will be con-
siderably reduced by applying a temperature correction, for
instance on the basis of Krocu’s curve (1916) or by means of
some value of Q,, for vaN’t HoFF’s curve, even when the latter
may be rather ill-defined. We shall check this expectation later
in connection with figs. 2 and 9 (chapters 3 and 4).

As standard metabolism values for comparison at different
body weights it is endeavoured in general to obtain measure-
ments which are as “basal” as possible. In cases where accli-
matization is known to occur, it is natural therefore to prefer
measurements obtained by acclimatization to higher tempera-
tures, to such obtained by acclimatization to lower temperatures,
because when corrected to a certain common temperature, the
former will be lower than the latter. Still, if several acclimati-
zation temperatures have been used, it scems reasonable to
choose the result obtained with the one nearest to the tempera-
ture to which correction is made.

11

Correclions for temperature applied in this paper have been
obtained by reference to Krogu’s curve (1916, p. 96; cf. HEm-
MINGSEN, 1950, p. 10) unless otherwise available. The heat pro-
duction in Cal. has been calculated from the respiratory ex-
change by reference to KroeH (1916, p. 10), unless otherwise

available.

2.
STANDARD ENERGY METABOLISM RELATED
TO BODY (CELL) WEIGHT
IN UNICELLULAR ORGANISMS

In the author’s opinion metabolism values of unicellular
organisms cannot be compared with those of poikilothermal
metazoans unless in both groups the best approximations to ac-
eepled comparable “standard” (“basal”) conditions are chosen
for comparison. It seems self-evident that for bacteria the high
values of oxygen consumption per cell during the growth of the
population should be discarded and comparisons made on the
basis of the low constant level obtained afterwards, which pre-
sumably is n much better approximation to “basal” or “standard”
melabolism. It seems also self-evident that all measurements
should be corrected to the same temperature. These demands are
satisfied in fig. 1 of this paper.

The data representing in fig. 1 the relation between “standard”
cnergy metabolism corrected to 20° C. and body (cell) weight in
unicellular organisms have been obtained from FENEVESSY and
Reiner (1928; cf. BrRanp, 1935, table on p. 203, and JAHN, 1941,
table on p. 362); from ZeuTHEN (1943, p. 511); from SMITH and
KLEmser (1950, fig. 1 on p. 135; there are misprints in the corre-
sponding table 2 on p. 134) ; from the sources quoted and treated
by HEMMINGSEN (1950, text and figs. 1—2); from SCHOLANDER,
Crarr, and SveinssoN (1952, fig. 1 on p. 179 and sources discuss-
ed on p. 180); and from the sources quoted by ZeuTHEN (1953,
pp. 3—4), except that the data of Pace and Kumura (1946) on
Pelomyxa were preferred to those of Pace and BeLpa (1944) be-
cause Lheir cultures were baclerin-free. A specific gravity of 1.0
has been assumed in cxpressing volumes as weights. The weights
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Fig. 1.
The relation between standard energy metabolism at 20° C. and cell
weight in unicellular organisms. The authorities of the data are given
in the text. The straight whole line which corresponds to n = 0.756
+ (0.021 has been obtained by mathematical smoothing of all the
values represented excepting those obtained on insect eggs, which
are scen to fall nearcr to the broken line which is a prolongation of
the line for poikilothermal animals (cf. fig. 2). Both marine and
insect cggs were fertilized.
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given by ZEuTHEN (1953, p. 4) for Chaos chaos exceed 10 times
those given by ScHoLANDER, CLAFF, and SVEINSSON (fig. 1 on p.
179). According Lo ANDRESEN (1956, p. 79) the volumes of differ-
ent specimens of Chaos chaos vary extremely, dependent on the
number of nuclei (5—1000 or more).

Data on fertilized marine and just laid insect eggs have been
included in fig. 1, although of course even unfertilized eggs are
not, strictly speaking, unicellular organisms.

In some of the marine eggs represented in fig. 1 the respiration
is known to risc on fertilization; in others, to fall; and in still
others, to remain practically unaltered (cf. BALLENTINE, 1940 b,
table 1 on p. 218; for Ciona, also HOLTER and ZEUTHEN, 1944;
and for the surf clam Spisula, ScLUFER, 1955, with still other
references). Now, according to WHITAKER (1933; cf. also NEED-
HAM, 1942, p. 563) the respiratory rates (metabolism per unit
volume or weight) of the cggs of the various groups are more
uniform shortly after than hefore fertilization. This would occur
if n were nearer to 1.00 after than before fertilization. There may
apparently be a tendency towards such a difference in n, but the
main reason is a decreased scalter of the metabolism values after
fertilization, not only when calculated per unit volume or weight
but also when plotted in a diagram as fig. 1. It thus seems that,
after all, fertilized cggs may constitute a better basis for com-
parison than unfertilized eggs.

Whereas the data on the marine eggs represented in fig. 1
place them among the unicellular organisms, those on the in-
scct eggs cvidently approach or nearly fit the lower end of
the (broken) poikilotherm line.

The dala on eggs of Bombyx (10-39g) and Acilius (10-28 g) re-
presenled in fig. 1 are identical to the data represented at the lowest
cnd of the poikilotherm line published by HEMMINGSEN (1950, fig. 1).
Different values for weights and metabolism of Bombyx cggs possibly
of different races (c.g. Hsukir and Tang, 1944) have not been in-
cluded here.

Fig. 1 thus neally accounts for the different levels of the data
on marine cggs and insect eggs in SmirH’s and KLEBER’s fig. 1,
from where the other cgg data were taken (except one measure-
ment by Zeurnen (1943) on the egg of a polychaetlous worm).
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The egg of the sca urchin Arbacia (Warnure, 1908) is represented
in fig. 1 both by a point from Krocn (1916, p. 145, as adopted by
HeMMINGSEN, 1950, pp. 11—12) and by a point from Smirit and Krei-
BER, because the two authorities employed somewhat different methods
of calculation. Two data on amoebae and two on infusorians coincide
in the figure.

It should be added that the position of data on some mamma-
lian eggs in SmirH’s and KLEBER’s fig. 1 of body sizes similar
to those of the marine eggs may perhaps be best interpreted as
being grouped about—or rather, as they scatter very much, the
center of gravity of them being placed near—the lower end of
the poikilotherm line.

Not only the energy metabolism of the female sex cells here
represented by marine eggs, but also that of spermatozoa (e.g.
bovine, c¢f. Larpy, GHosH, and PranTt, 1949, with references),
fall into line with the Prolista, and would be represented in
fig. 1 by points in the region of the flagellate points.

It will be seen from fig. 1 that from bacteria at the weight of
10-6 ug (= 10-12g) up to the giant amoebaec weighing about
10-1 mg (= 10-4g), the average relalion of unicellular mmetabo-
lism to cell weight will be best represenied by a straight line,
which is, at leasl approximalely, parallel lo the (broken) pro-
longed melazoic poikilotherm line and silualed about 0.9 loga-
rithmic decade (in lerms of the ordinale scale) below the laller.
In other words: the metabolism of unicellular organisms is on
the average about 8 times lower than the metabolism which
imaginary equally sized poikilothermal multicellular animals
would have, if their metabolism were to be obtained by extra-
polation of the metazoic poikilotherm line to the same micro-
scopic sizes.

The straight whole line drawn in the figure was obtained by
the smoothing method of the least sum of squares, excluding
insect eggs but including marine eggs, and corresponds to n =
0.756 =+ 0.021. Without marine eggs (and again without insect
eggs) n becomes 0.772 =+ 0.020.

Though marine eggs, especially when fertilized, may be said
not to be unicellular organisms in a narrow sense, it is, on the
other hand, an obvious possibility that their lower metabolism
relative to the numerous measurements on infusorians and also
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some on amoebae within the same range of body weights (cf.
fig. 1) is due to their immobility. Even at rest fast swimming,
highly aclive infusorians may have a relatively high metabolism,
and though the amocbae are very sluggish they are certainly
more aclive than eggs. The n value obtained with the inclusion
of marine cggs may therefore well represent a better approxi-
mation lo a unicellular standard line than the value obtained
without these eggs.

If no corrections had been made for temperature in fig. 1, n
would probably have turned out smaller, because many of the
experiments at lower cell weights were made at 37° C. In order
to test whether the correction for temperature has actually led
to a more uniform picture in terms of a smaller dispersion, it
has been preferred, therefore, to compare the deviations of the
data, with and without corrections, from a line, the inclination
of which was determined more independently of the corrections
than the line in fig. 1. This will be done in the next chapter.

3.
STANDARD ENERGY METABOLISM RELATED
TO BODY WEIGHT IN UNICELLULAR
ORGANISMS AND METAZOANS

The question now arises whether the values of n for unicellu-
lar organisms differ significantly from the n common to homoio-
thermal and poikilothermal metazoans above 0.1—1.0 mg. This
n was taken in the earlier publication (HEMMINGSEN, 1950) to be
0.73 as also advocated by the U. S. National Research Council on
the basis of the work of Bropy and coworkers (Brooy, 1945, pp.
370 and 390: 0.734 and 0.732).

KLEBER (1947, p. 528) found for the 10 groups of mammals
(rat to steer) from his carlier data (KLEmBER, 1932) n = 0.739
=+ 0.03 and for 26 groups of more recent own and other data also
on maminals (mouse to cow) 0.756 =+ 0.05 (3 printed lines later
0.004 is substituted for the latter standard deviation, so it is not
clear which of them is meant). Since according to this n is very
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nearly 0.75, and this is a less complicated figure than 0.73, and
furthermore does not differ significantly from 0.73, KLEBER (loc.
cit.,, p. 534) favours the adoption of n = 0.75 in preference to
0.73.

Cal. per hour

U nice//uloF .
. organisms (20C)

7 ] 1 1 |
g 10° 10° 10° 10° 10° 10 10
Body weight g mg 19 thy 7"

Fig. 2.

The relation of standard encrgy metabolism to body weight in uni-
cellular organisms including marine eggs (points, representing data
from fig. 1) and in poikilothermal and homoioterinal Metazoa (crosses
and points, respectively, represenling data from HEMMINGSEN, 1950,
fig. 1). The three straight lines representing this relation for the three
groups of organisms in question have been obtained by smoothing
of the data by means of the method of the least sum of squares assum-
ing n to be identical in the three groups. Their common inclination
corresponds to n= 0. 751% 0.015. For comparison the data from
SmitH and KLEIBER (1950, fig. 1 on p. 135) on insect cggs are plotied
as circles. The short horizontal lines represent ranges as read from

17

The data representing homoiotherms (corrected to 39° C.) and
poikilotherms (corrected to 20° C.) in fig. 1 of the earlicr publi-
calion (HemmiNGsiEN, 1950), and reproduced in fig. 2 of this
paper (together with the data on unicellular organisms and eggs
from fig. 1), have been found by smoothing to correspond to
n = 0.739 =+ 0.010 and 0.738 =+ 0.0095, respeclively.

The values of n for unicellular organisms with (0.756 =+ 0.021)
or without (0.772 == 0.020) marine eggs do not differ significant-
ly neither from the n values calculated by KLEIBER for homoio-
therms nor from those calculated by me for homoiotherms and
poikilotherms. There seems thus to be no reason for believing
that the close correspondence of the n for unicellular organisms
with the n common to homoiothermal and poikilothermal ani-
mals does not, in fact, represenl actual identity. 4 collective
smoolhing of the three groups of dala (including marine eggs)
on the assumplion of an idenlical n value, that is of parallelism
of the three straight lines represenling them in fig. 2, gives n =
0.751 =+ 0.015. The lines drawn in fig. 2 represent the result of
such a collective smoothing. We shall, for brevity, in the follow-
ing pages refer to these 3 lines as “the unicellular line”, “the
poikilotherm line” and “the homoiotherm line”.

The data are not quite ideal for such a statistical collective
smoothing, because the variance about the line is significantly
much greater of the “unicellular data” than of the other two groups
of dala, and the distribution of the unicellular data (in loga-
rithms of course) about the smoothed line is not ideally normal.
The deviations from normality are, however, distributed over

ZEUTHEN (1947, fig. 46 on p. 128) and here correcled to 20° C. These
data include ZEUTHEN’S measurcments on marine larvae mostly at
16° C., and the vertical ranges in question reflect therefore the posi-
tion and trend —though not exactly the vertical dispersion — of these
measurements as later plotted by ZeurHeN (1953 in fig. 1 on p. 3)
without correction for temperature. Data obtained by OVERGAARD NIEL-
seN (1949) on soil nematodes would also fall within them (cf. ZEU-
THEN, 1953, pp. 4—5; fig. 2). The vertical dispersion at body weights
near 1 mg in Zeurnen’s plolting is much less than the corresponding
vertical range in this figure, at least partly because the latter includes
some data other than marine larvae.
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the whole range of unicellular body weights (mainly along the
lower edge of the dot diagram) and there is no biological justifi-
cation for omitting them. Anyway, there is no better method
available for smoothing the data.

A test of the justifiability of the temperature corrections ap-
plied to the data on unicellular organisms has been made by
comparing the deviations of the points from the unicellular line
in fig. 2, with and without correction for temperature, because
this line is more independent of the corrections than the line in
fig. 1. We shall use the term log. decade for log 10.

The temperature corrections applied have moved 29 of the
points that after correction fall above the line, 6 of those that
after correction fall below the line, and 2 of those that after
correction fall on the line, nearer to the line than they would
have been without the corrections. Of these, 3 would have been
on the other side of the line without corrections. 1 of the points
that after correction fall above the line and 21 of those that after
correction fall below the line have been moved away from the
line by the correction. The average movement of the 37 which
have come nearer to the line is 0.24 log. decades; and of the 22
which got away from the line, 0.16. The remaining points were
not corrected being obtained at 20° C. The sum of the movements
towards the line is 8.71 log. decades; and the sum of the move-
ments away, 3.62. There is no doubt, then, that the corrections
for temperature have considerably reduced the dispersion about
the line, and there is, therefore, reason to believe also, that the
determination of the unicellular line and its slope has been less
in error than a determination in the absence of temperature
corrections would have been.

In the equation

log. Cal per hour = log. k + 0.751 X log. body weight in g

constant log. k which represents the vertical position of each line
in fig. 2 is

for homoiotherms: — 1.706 =+ 0.111 (4 35 % — 25 %)
for poikilotherms: — 3.161 =+ 0.068 (+ 17 % — 15 %)
for unicellular organisms: — 4.074 = 0.110 (+ 356% — 256 %).
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The vertical differences between the two first (3.161 — 1.706)

is 1.455 =+ 0.130 logarithmic decades, corresponding to a 28.6
(+= 8—10) times difference belween the energy metabolisn of
homoiothermal und poikilothermal animals of equal body
weights. The corresponding difference between poikilotherms
and unicellular organisms is 4.074 — 3.161 = 0.913 + 0.130
corresponding to a 8.1 (ig) times difference.
. There is no reason to suspect that the lower position of the
unicellular line relative to the poikilotherm line should be due to
a lower content of solids of the unicellular organisms. The nitro-
gen content is expressly known for bacteria, yeast (see HEM-
MINGSEN, 1950, pp. 13, 16 and 18), and the marine Arbacia eggs
(Kroau, 1916, p. 145; BALLENTINE, 1940 a) to be about 2—3 %
as in presumably all the metazoans represented in fig. 2; and the
dry malter of a ciliate (Ormspig, 1942) and an amoeba (REici,
1948) is known to be 10 %. Doubtlessly, the same picture as in
fig. 2 would be obtained if the abscissae had been in terms of
body nitrogen (cf. ZrzurHEN, 1953, fig. 1).

The slopes of the 2 straight lines marked n = 1.0 and n = 0.67
in fig. 2 testify that evidently n for the unicellular organisms
(as well as for homoiotherms and poikilotherms) differs con-
siderably from 1.0 (proporlionality of metabolism to body
weight) and also distinctly from 0.67 (proportionality to body
surface assuming constant shape). In fact all the n values ob-
tained by mathematical smoothing, for unicellular organisms
with or withoul marine eggs, for poikilotherms and for homoio-
therms, as well as the over-all value 0.751 + 0.015 differ signi-
ficantly from both 1.00 and 0.67 at very high levels of statistical
significance.

Some of the authors from whom the data on unicellular
organisms were drawn, calculated n within the narrow range of
body (cell) weights of their data. Thus Smrrx and KLEIBER
(1950) found n = 0.66 = 0.11 for the insect eggs and n = 0.82
+ 0.065 for the marine eggs. The standard deviations show that
none of these n values differ significantly from n = 0.751
-+ (.015, the common slope for unicellular poikilothermal and
homoiothermal animals; and their average, “weighted” or not,
is very near to 0.75.

HEMMINGSEN (1950, pp. 22—23) from the scarcer data then

10*
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treated attempted an extrapolation of n = 1 below weights of
1 ug at different levels for micro-plants and micro-animals. No
doubt the interpretation of ZEuTHEN (1953, p. 4) that at weights
below the transitional section of his diagram, i.e. below 0.1 png,
there is a very significant regression of metabolic rate with size,
is correct. As quqted above ZEUTHEN (1953, p. 4) mentioned n =
0.7 as an ill-defined figure or n = about 33 (p. 9). The question
has been whether the slope of the regression line could not be
much better defined. I believe that I have done this in the present
chapter.

ScHOLANDER, CLAFF, and SVEINSSON (1952) found n = 0.55 (no
- standard deviations calculated) for the combined measurements
on two species of ciliates (Bresslaua insidiatrix and Paramaecium
caudatum) and one species of giant amocbae (Chaos chaos).

On the basis of extrapolations of the straight line correspond-
ing to this n, down to the body weights of bacteria and other uni-
cellular organisms, these authors (loc. cit., p. 181) found that
“it would appear impossible to fit the data into any single rule,
such as the ‘mouse to elephant’ curve (BeNebict, 1938), or cven
the ‘beech tree to egg of silkworm’ curve discussed by HEMMING-
SEN (1950)”. A calculation of the standard deviation of the value
n = 0.55 after the method of the least sum of squares as em-
ployed by Smrry and KrEmer and myself would have been re-
quired to show the limitation of these extrapolations.

At any rate, all the apparently discrepant values of n just
mentioned carry no weight when the whole much wider weight
range from bacteria to giant amoebae is treated collectively as in
figs. 1 and 2. They are, so to speak, drowned in the other data.

As shown by the treatment of the measurements by ZEUTHEN
(1947) on marine larvae included within the pairs of limiling
horizontal lines in fig. 2 and by ZEuTHEN’S own treatiment (1953,
fig. 1), the transition from the unicellular region of the diagram
to the poikilotherm line situated at a higher level (0.91 log. de-
cade), takes place over a weight range from about 0.1—1 ug to
1 mg (or 40 mg according to ZrurHEN), where metabolism is
nearly proportional to 1.0 (0.95 according to ZEuTHEeN). Also
soil nematodes as studied by Overcaarp NieLsen (1949) fall
within this range with n = 0.9 (Zevuruen, 1953, fig. 2 on p. 5).

As was pointed out by ZeEurnen (1953) there are thus three
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phases in the relation of poikilothermal energy metabolism to
body size. With allowance for the somewhat different treatment
of the relevant data by Hemmingsen (1950) and in the present
chapter as illustrated in fig. 2, these phases are: one for uni-
cellular organisms represented by a line parallel to a prolon-
gation to the left of the poikilotherm line (with n = 0.75) but
on a lower level (phase 1) ; one for small poikilotherms weighing
0.1 ug to 0.1—1 or 40 mg with n = approximating 1.0 (phase 2);
one for poikilvolhcrms and plants above 0.1—1 or 40 mg up to
trees and giant reptiles with n = 0.75 (phase 3).

The discrepant views of ZEUTHEN (1953) who puts the body
weights at which phase 2 stops and phase 3 begins at 40 mg, and
of HemaingseN (1950) who puts it at 0.1—1.0 mg, may, it seems,
be reconciled as follows (cf. fig. 2): Phase 2 starts (at weights
about 0.1 pg) before phase 1 stops (at giant amoebae of 0.1 mg),
and ends (at 40 mg) after phase 3 has started (if not at mamma-
lian cggs of 0.0001—0.001 mg, then at least at insect eggs of
0.01 mg). The evolutionary bearing of these phases will be dis-
cussed in chapters 11—14,

It has been contended that protozoans with more than one
nucleus should not be called unicellular but acellular, and the
remarkably high organization of the Infusoria has led to the idea
(see Hapzi, 1953, p. 149; 1956; Dr BEER, 1954, Pax, 1954) that
lower metazoans of an organization similar to that of acoelous
turbellarians may have cvolved through cellular differentiation
of some hypothetical multinucleate infusorians. It will be seen
from figs. 1—2 that as far as energy metabolism is concerned
both the amoebae largely represented by the multinucleate Chaos
chaos and the binucleate and highly organized infusorians fall
into line with the groups of mononucleate organisms. But while
the metabolism values of giant amoebae fall below both the extra-
polated metazoic poikilotherm line and the data from marine
melazoic larvae and soil nematodes, the metabolism of the in-
fusorians might well be imagined to coincide with that of the
smallest metazoans of phase 2.

There is apparently a queer tendency among some students of
n not to appreciate the meaning of comparisons of n between
widely differing organisms such a bacteria and mammals (BER-
TALANFFY, 1957 a, p. 34, 1l. 20—21) or animals and plants (LEH-
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MANN, 1956, p. 18). We fail to see, how it is possible to under-
estimate the theoretical significance of the uniform regression
of metabolic rate with size common to the whole organismal
world. In chapters 11—14 we shall consider this universal phe-
nomenon in the light of evolutionary theory.

4,
ENERGY METABOLISM RELATED
TO BODY WEIGHT WITHIN LIMITED WEIGHT
RANGES IN POIKILOTHERMAL METAZOANS
(AND PLANTS)

There is apparently a consistent discrepancy between the value
of n = 0.73—0.75 found by HEmMINGSEN (1950 and this paper)
for the standard (basal) energy metabolism of poikilothermal
metazoans (and some plants) down to 0.1 or even 0.01 mg, and
the values published by many authors for various poikilotherm
groups within narrower ranges of weights both intra- and inter-
specifically. It is true that Kayser (1950) for his own measure-
ments on smaller amphibia and reptiles and those of BENEDICT
(1932) on larger reptiles, altogether from 5 to 5.3 X 104 g,
ELLENBY (1951) for the isopod Ligia oceanica from 0.042 to
1.027 g, WiLL (1952) for another isopod, Oniscus asellus L., BErRG
(1951, 1952, 1953) and especially Ber: ef al. (1958) for Ancyli-
dae (Gasiropoda) from 2 to 40 mg, and DavisoNn (1956) for a

crayfish from 0.004 to 20 g, found n = 0.73—0.75, or necarly so.

(BERG el al, 1958: 0.716 =+ 0.034; Davison: 0.76). But quite a
number of other values of n, ranging from about 0.67 (pro-
portionality to body surface) or even less, up to 1.0 (proportion-
ality to body weight), have been reported for the same or various
ot'her groups, with a tendency, it seems, to values near 0.80—
0.85. Most authors have not calculated the standard deviations
of their n values, but some have found a statistically significant
difference from 0.73—0.75 (from 0.74: WEYMOUTH el al., 1944,
0.798 intraspecifically for one species of crab and 0.826 inter-
specifically for various crustaceans from 0.04 g to 532 g). Now,
where lies the truth?
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It was suggested by the author (1950, pp. 24 and 34) that
deviations from the standard n within narrower ranges of body
weights were likely to be masked by the dispersion of the data
about the standard line for greater ranges. We shall try to
compare such deviations with the standard line over its entire
range.

sxamples of different n values of poikilotherms from varying
ranges of animal body weights may be found in numerous
papers, quoted, for instance, by ZEUTHEN (1947, pp. 107—134;
1953: and 1955, pp. 469—473); Fry, 1957 (for fishes); and
BERTALANFFY (1957 a, p. 29; and 1957 b, p. 221). The straight
lines representing the log. Cal.-log. body weight relation from
some of these and other examples, taxonomically grouped, are
shown in figs. 3—8; and in the aggregate, in fig. 9. Most of the
lines were drawn by the respective authors; a few, by myself by
eye-fitling. They have all come to notice in an endeavour to
cover the whole poikilotherm weight range and a reasonable
number of taxonomical groups; and new examples, intra- as well
as inlerspecific, as specified under figs. 3—8, were accumulated
until the diagram in fig. 9 became too crowded. But they have
been chosen with no conscious bias, and none were discarded
beeause of too deviating slope or position. If there is a bias it is
towards more recent publications in preference to older. No
attention could be paid to publications where the experimental
temperature was not mentioned or the scatter too large for a
reasonably reliable delermination of the slope to be obtained. All
lines were corrected to 20° C. The weight limits are given in the
legends of figs. 3—8 to facilitate identification of the lines, but
do not in all cases correspond to the exact limits of the data with
more than reasonable approximation. For convenience round
ordinate and abscissa values near the extreme data (in terms of
their logarithms) were often chosen from the published figures
or smoothed data to define the lines in preference to the often
less convenient exact exiremes.

The standard poikilotherm line from fig. 2 is also reproduced
in figs. 3—9. It will be seen that all these lines, which, relative
to the whole poikilotherm range of body weights, we shall term
“short range lines”, have inclinations which oscillate about the
inclination of the standard line. Their positions are in some ani-
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Fig. 4.
The relation of encergy melabolism to body weight of some mollusces
(whole lines: without shell; broken lines: with shell) compared with
the standard relation from fig. 2 for the entire poikilotherm range
(dotted line). 20° C.
Operculala (4.8 mg—4.6 g, with shell), Branp, NoraN and MANN, 1949,
fig. 1, p. 202. Limnaea stagnalis (900 mg—4.6 g, withoul shell), FUssER
and KriGer, 1951, fig. 5, p. 22. Limnaea (140 mg—1.70 g, with shell),
BiarTALANFFY and MULLER, 1943, fig. 12. Planorbis corneus (1.8—4.2 g,
without shell), FUsser and Knbeer, 1951, fig. 4, p. 22. Planorbis (32
—280 mg, with shell), BirrarLanrry and MULLER, 1943, fig. 11. Ancylus
fluviatilis (2—30 mg, without shell), BEra, 1952, fig. 8a, p. 242. Ancy-
lus fluviatilis (10—35 mg, without shell), Berg, 1953, fig. 2, p. 338.
Acroloxus lacusiris (2—10 mg, without shell), Berg, 1952, fig. 8b, p.
244. Helicidae (390 mg—29 g, without shell), LitznscH, 1929, table 3,
p. 185. Cepaeca vindobonensis (120 mg—2.7 g, with shell), BERTALAN-
rry and MuLLER, 1943, fig. 8. Pulmonata (13 mg—6.8 g, with shell),
Bnanp, NotAN and ManN, 1949, fig. 1, p. 202. Brackish- and fresh-
waler Gastropoda (2—200 mg, without shell), Bera and OCKELMANN
(unpubl.). Dreissensia polymorpha (40 mg—1 g, with shell), Lubwie
and Knywienczyr, 1950, fig. 3, p. 465. Various Cephalopoda (7.1—
2310 g), Knroen, 1916, table XLIV, p. 148.
The ends (weight limits) of the lines are approximative.

g 10°107°10*107° 107107 10° 10° 107 10° 10*
Body weight 19 Tkg

Fig. 3.

The relation of energy metabolism to body weight of some lower in-
vertebrates (whole lines) as compared with the standard relation from
fig. 2 for the cntire poikilotherm range (dotted line). 20° C.
Four species of Turbellaria (2.2—16.9 mg), WurrNey, 1942, table 1,
p. 170; fig. 1, p. 171. Planaria gonocephala (4--65 mg), BERTALANFFY
and MULLER, 1943, fig. 18. Ascaris lumbricoides (310 mg—9.7 g), Kri-
GER, 1940, fig. 3, p. 568. Glossiphonia complanata and Erpobdella oclo-
culala (Hirudinea) (10—100 mg and 15—200 mg), MANN, 1950, figs.
1, 2, p. 617. Lumbricus sp. (200 mg--2.5 g), MULLER, 1943b, table 1,
p. 448, (represents also fairly well the combined data of TiUNBERG
(1905) and LEsseER (1908) as from KrocH, 1916, p. 148). Eisenia foe-
tida (Oligochaeta) (10—900 mg), Kricer, 1952, fig. 2, p. 4.
The ends (weight limits) of the lines are approximative.
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Fig. 5. )
The relation of energy metabolism to body weight of some cruslace-
ans (whole lines) as compared with the standard relation from fig.
9 for the entire poikilotherm range (dotted line). 20° C.
Various Crusfacea (40 mg—532 g), Weymourn el al., 1944, fig. 4, p.
59. Tropical Crusiacea (30 mg—10 g), SCHOLANDER el al.,, 1953, fig.
2, p. 72. Asellus aquaticus (3.6—60 mg), WiLL, 1952, fig. 5, p. 22, 1
Ligia oceanica (150 mg—1 g), ELLENRY, 1951, fig. 3, p. 496. Porcellio
scaber (8—275 mg), WiLL, 1952, fig. 7, p. 23. Armidillidium Pallasii
(30—130 mg), MiLLER, 1943D, table 3, p. 449. T'alilrus sylvalicus (1—50 5
mg), CLark, 1955, fig. 1, p. 254, Talorchestia (110—240 mg), Rao and 3
BuLrock, 1954, fig. 1, p. 35. Polamobius aslacus (17.6—50 g), KaLmus,
1930, table 9, p. 737. Homarus vulgaris (345—765 g), TroMmas, 1954, b
fig. 5, p. 237. Procambarus alleni (4 mg—20 g), Davison, 1956, fig. 1,
p. 266. Emerita (300—750 mg), Rao and BuLLoCk, 1954, fig. 2. p. 36.
Pachygrapsus crassipes (400 mg—40 g), Roserts, 1957 a, fig. 1, 234.
The ends (weight limils) of the lines are approximalive.

27

10"}
102}
10°}
10"

Cal. per hour

|

70

g 70.5 10—4 70-3 70-210_1 70 010 ! 10 2703 104 10 4 g ;0'770'6 10‘570”4 70':3 70'2 704 700 701 102 70.3

. Body weight Tmg 19 Tkg

Fig. 6.
The relation of energy melabolism to body weight of some insects
and a few spiders (whole lines) as compared wilh the standard rela-
tion from fig. 2 for the entire poikilotherm range (dotted line). 20° C.
Inscct eggs (10 pg—10 mg), Syurir and KLEIBER, 1950, fig. 1, p. 135.
Arctic and tropical Insecla (6—130 mg), ScHOLANDER ef al., 1953, fig.
3, p. 73. Arclic and tropical Insecta (100 mg—1 g), ScHOLANDER el al.,
1953, fig. 4, p. 73. Arctic and tropical Insecta and Arachnida (2—500
mg), Scroranner ef al., 1953, fig. 5, p. 74. Various Insecta (8—900
mg), BaLxr, 1957, figs. 5, 7, 8, 10, 12, 14, 15, pp. 422, 423, 425, 427,
Blalta germanica — Periplanela americana (47-912 mg), Gunn, 1935,
table II, p. 187. Dixippus morosus (8—850 mg), MULLER, 1943a, pp.
141—-142. Coleoplera (7 mg—2.5 g), KirreL, 1941, fig. 18, p. 560.
Tenebrio molilor, larvae (2-250 mg), TurissiEr, 1931, fig. 55, p. 219,
BentaLANFFY and MULLER, 1943, fig. 4. Diplera (400 pg—100 mg),
Krrren, 1941, fig. 9b, p. 549, Diplera (16—160 mg), TETENS NIELSEN,
1935, fig. 19, p. 207. Drosophila melanogaster, prepupac (700 pg—2
mg), ELLENRY, 1053, fig. 5, p. 484.
The ends (weight limits) of the lines are approximative.

10°

10°
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Fig. 7.

The relation of energy metabolism to body weight of some fishes
(whole lines) as compared with the standard relation from fig. 2
for the entire poikilotherm range (dotted line). 20° C.
Various fishes (8 mg — 2000 g), ZeuTHEN, 1947, table 40, p. 116. Tro-
pical fishes (150 mg—60 g), ScHOLANDER el al., 1953, fig. 1, p. 72.
Lungfish (31-450 g), extrapolation lo first day of fasling, Smrr,
1935, fig. 5, p. 346. Chanos chanos (6.9 mg—10 g), VISWANATHAN and
Tampi, 1953, fig. 2, p. 151. Salvelinus fontinalis (3—600 g), Jon, 1955,
fig. 10, p. 13. Cyprinus carpio and linca (12.2—1217 g), Krocu, 1916,
table XLIV, p. 147. Anguilla vulgaris (3—135 g), Krocu, 1916, table
XLIV, p. 147. Lebisles reticulatus (30—600 mg), BERTALANFFY 1957b,
fig. 3a, p. 225. Fundulus parvipinnis (2.4—7.6 g), Keys, 1931, fig. 13,
p. 457. Fundulus parvipinnis (1-13.4 g), WeLLs, 1935b, fig. 1, p. 324.
The ends (weight limits) of the lines are approximative,

[ g 10710710710° 10° 107 10° 10° 10° 10° 107
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Fig. 8.

The relation of energy metabolism to body weight of some amphibians
and reptiles (whole lines) as compared with the standard relation
from fig 2 for the entire poikilotherm range (dotted line). 20° C.
Various amphibians and reptiles (5—5000 g), Kayser, 1950, fig. 1,
p. 364. Plethodon and Eurycea (Salamandridae) (0.66—1.17 g and
0.75—1.69 g), VERNBERG, 1952, fig. 1, p. 247.Hyla and Pseudacris (100
mg—8 g), DAvison, 1955, fig. 1, p. 411. Three species of Rana (2—
600 g), Davison, 1955, fig. 1, p. 411. Tortoises without shell (3300—
130000 g), Benenict, 1932, pp. 378—388. Three species of Lacerla
(1.72—71 g), KraMmer, 1934, p. 611, Snakes (3700—32000 g), BENEDICT,
1932, pp. 158—211.

The ends (weight limits) of the lines are approximative,
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Fig. 9.

The relation of energy metabolism to body weight as found by various

authors within shorter poikilotherm ranges (whole lines from figs.

3—8) as compared with the standard relation from fig. 2 for the
entire poikilotherm range (dotted line). 20° C.

| |

é Eight of the short range lines in fig. 9 consist actually of coin-
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mal groups largely below the standard line (lower invertebrates
in fig. 3, molluscs with shell in fig. 4), in others largely above
(insccts in fig. 6), and in still some others more or less evenly
above and below (molluscs without shell in fig. 4, crustaceans in
fig. 5, fishes in fig. 7, amphibians and reptiles in fig. 8). Natu-
rally the metabolism of molluses when referred to a body weight
including the shell will be too low to be comparable with that of
animals without such heavy, inert constituents.

ciding lines from one or related species studied at the same
temperature. They will in the following considerations be treated
as single lines.

In the aggregate fig. 9, where molluses with shell are excluded,
the short range lines in terms of the distances of their middles
from the standard line are so evenly distributed about the
standard line that the average of their (28) positive (above the
standard line) and (24) negative (below the standard line)
distances is only 4 0.0064 log. decade; that is, they cancel practi-
cally out. As regards the inclination of the lines there is a pre-
ponderance of slopes steeper than the standard line over slopes
less steep in the ratio of about 1.3.

A lendency towards the gradual decrease in n up to body
weights between 1 g and 1 kg with a further increase in n up to
1 ton, postulated by Zreuruen (1947, pp. 132—33, especially fig.
48), may perhaps be traced in fig. 9, but is hardly significant
statistically.

The temperature correclions applied have moved 16 of the
short range lines which after the corrections, in terms of their
middle points, fall above the line, and 11 of those that after
correction fall below the line nearer to the standard line than
they would have bheen without the correction. Of these 27 only
3 would have been on the other side of the line without cor-
rection. Only 11 (8 above, 3 below the line) have been moved
away from the standard line by the temperatGre corrections.
The average movement of the 27 which have come nearer to the
line is 0.17 log. decade (0.18 without the 3 coming from the other
side, and in which the approach is thus only a fraction of the
distance moved) ; and the average movement of the 11 away from
the line is 0.19 log. decade. The remaining short range lines have
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not been subject to corrections as they were obtained at 20° C.
The sum of the movements towards the line is 4.7 log. decades,
the sum of movements away from it, 2,1. There is no doubt,
then, that the corrections for tempcerature have reduced the dis-
persion of the short range lines about the standard line.

It is important that the standard line has not been obtained
on the basis of the short range lines at all, so that it is inde-
pendent of any possible difference in distribution of the short
range lines about the standard line near its ends. There are in
fig. 9 more short range lines above than below the upper (right)
part of the standard line, and more below than above its lower
(left) part. Quite apart from the question whether this differ-
ence is statistically significant or not, it does not to the writer’s
mind affect the inherent likeliness of the standard line, as judged
primarily from the rigid standard conditions under which it was
obtained and secondarily from its parallelism to the homoio-
therm line.

The most devialing position of a short range line below the
standard line is that of Ascaris (cf. fig. 3). As one possible
reason for this one might perhaps suspect natural acclimatizalion
to the body temperature of the host. If the measurements had not
been corrected from the temperature of 37° C., at which they were
made, to 20° C., the line would fall very closc to the standard
line. Another possible explanation would be the extreme slug-
gishness of this worm, at least as observed by the author perso-
nally. Though its size and at a superficial glance its appearance
was reminiscent of a rainworm, its movements were much like
slow motion pictures of the latter. According to Kricer (1940,

p. 548) the oxygen absorption (R.Q. = 1) of this normally’

anaerobe nematode is, in contrast to aerobe organisms, practi-
cally independent of movements. One way or the other its low
metabolism may be associated with its anaerobiosis. But, of
course, more than one factor may contribute.

An exp[anat%\on of the most deviating position of a short range
line above the standard line, that of some arctic and tropical
insects (cf. fig. 6), cannot be sought in acclimatization, as the
metabolism of the arctic and tropical insects in question fall at
practically the same level at 20°. A relatively high muscular ac-
tivity in the experiments is perhaps a reasonable explanation.
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The characteristic feature about fig. 9 is that very few short
range lines fall in conlinualion of one another, and that slopes
devialing from lhe slope of the standard line exist only within
shorter ranges of body weighls. With increasing body weight
short range lines with deviating inclinations do not continue, but
other lines nearer lo the standard line take over the role, so to
speak. If we except the two lines mentioned with the most de-
viating positions, the most devialing ends of short range lines
above and below the standard line are seen lo fall at about the
same distance from the standard line over wide ranges of the
latter. These facls seem to confer upon the standard line the
rank of being really represenialive of the whole poikilotherm
range.—But how is the relation between the deviating positions
and slopes of the short range lines and the position and slope
of the standard line to be understood?

The standard line is based primarily on table XLIII on p. 145

a in Krocn'’s book from 1916. In this table values of standard me-

tabolism at 20° C. of different animals were put together. KroGH
considered muscular tonus to be responsible for most metabolic
differences, and it was reduced to a minimum in the measure-
ments in question by urethane narcosis (frog, snake embryo,
goldfish) or by choosing cggs and chrysalides or very quiet ani-
mals (Culex in winler, starved unnarcotized goldfish) as experi-
mental objects. The animals were starved for weeks or months.
It seems to be significant that at higher body weights the
measurements by Benepier (1932) on lizards, large python and
alligator fit the standard line very closely. BEnepict likewise
attached much importance to muscular relaxation in measure-
ments on basal metabolism. It may also be significant that the
measurements on beech trees without leaves, and certainly with-
out muscular tonus, fit the line rather well at still higher
weights.

Of especial significance is the fact that Krocu (loc. cit., p. 146)
was unaware of the fact that the values in question fitted so well
the same n (about 0.75) as the values from homoiotherms. This
is an indirect check that his establishment and selection of these
values were not biased by any a priori expectation, and also that
it cannot be true that no comparable standard metabolism values
can be obtained in poikilotherms, as is stated by certain authors.
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Why in later years KrocH (1941, p. 5) admitted “as a fact” that
during rest sluggish forms have a lower metabolism than aclive
ones, without mentioning the possibility of an influence of
muscular tonus, is not easy to understand in view of his earlier
work. The statement is sometimes made, that muscular tonus in
smooth invertebrate muscles, e.g. in the adductor muscle of
pelecypod shells, is unaccompanied by any increase in energy
metabolism. This appears not to be correet, in as much as the
metabolism of such muscles differs quantitatively rather than
qualitatively from that of striated muscles (cf. Yaprp, 1945, p. 153,
and SCHEER, 1948, p. 203).

The measurements on which the short range lines in figs. 3—9
were based, were made usually on animals at rest, and measure-
ments obtained in periods of activity were discarded by the
authors. But that does not mean that muscular tonus may not
have played an important rdle. Resting melabolism is not the
same as standard (basal) metabolism. There is, for instance,
often a prolonged after-effect from muscular activity.

Actually some evidence exists that reduction of muscular ac-
tivity or tonus may bring about a flattening of the slope, a di-
minution of n. The slope (n) was found to be in two series of
experiments on non-narcotized normal and spayed female rals
0.943 =+ 0.081 and 0.820 == 0.086. In two similar series with som-
nifen narcosis n was 0.752 =+ 0.047 and 0.594 + 0.041 (Hem-
MINGSEN, 1933—34, fig. 9 and table 5). In meal-worms (Tenebrio
molitor) n was found to be 0.90 or 0.95 in feeding active larvae
and about 0.8 in starving resting larvae (‘Trissigr, 1931, pp. 219—
223). Similar results in meal-worms were obtained by BERTA-

LANFFY and MULLER (1943). It may be suspected, therefore, that -

some if not all of the short range lines which fall above the
standard line might be lowered in position and also in inclination,
thus approaching. the standard line, if more rigid standard con-
ditions were observed, for instance narcosis.

Also, the deviation from 0.73—0.75 of the n value 0.64 for some
birds as found by Brooy (1945, p. 371) may similarly be suspect-
ed to be due to relatively higher muscular tonus in the smaller
birds, as the upper part of the corresponding line, and some not
included data on doves and pigeons (loc. cil., pp. 370, 389 and
390), very nearly coincide with the mammalian line.
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There may in some cases be other reasons for deviating slopes.
The devialing steep slopes for tortoises without shell (cf. fig. 8)
may be due to a relatively too high metabolism of the giant
tortoises as an adaptalion to the habitual burden of the shell,
even when the measurements are obtained at rest. And the steep
snake slope (cf. fig. 8) may be due to a relatively too low me-
tabolism in the smaller snakes because of the prolonged star-
vation (days, weceks or months).

As found by TereNs NiLsen (1935) and Krocu (1941, p. 7)
for insccls the energy metabolism decreases with the length of
the starvation period; and presumably this holds for inverte-
brates in general (cf. HEMMINGSEN, 1950, p. 14). It might be
suggested, then, that comparable standard values might be best
approximated shortly after the post-absorptive stage has been
reached, However, as mentioned above the standard line is based
on experiments in which the animals were starved for weeks or
months. Most authors have employed some shorter period of
starvation. But even if the same period of starvation were em-
ployed in small and large animals they may not be strictly com-
parable from a nutrilional point of view. It can thus only be
hoped that some approximalion has been oblained in most cases.
Differences in nulrilional stage—varying from hardly any to
more or less prolonged starvalion-—may, therefore, lo some ex-
tent contribute to the variation, both in slope and position, of
the short range lines under discussion.

Kavser (1950, pp. 373—374) found n = 0.94 for small mam-
mals in lethargy (cf. chapter 10). However, this high value of n,
inlerpreted by Kavser as proportionality of metabolism to body
weight, is due to the fact that the body temperature (from 4.3° C.
in the smallest to 10° C. in the largest species) was positively
correlated with body size. When the caloric output of each of
the 14 animals is corrected to 20° C., the metabolism values ap-
proach the poikilotherm standard line (n = 0.75; cf. fig. 12)
with regard to both position and n.

In some cases slopes have even been found to vary with tempe-
rature and season (Rao and BuLLock, 1954, and CLARK, 1955, for
two species of amphipods; DEHNEL and SEGAL, 1956, for the
American cockroach; Jon, 1955, for active but not standard me-
tabolism in the speckled troul Salvelinus fontinalis; WELLS,

ns
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1935, for the fish Fundulus), or from quite unknown reasons
(ELLENBY, 1953, for prepupae of Drosophila; KiTTEL, 1941, for
Vanessa urtica), or even within ontogeny (MicHAL, 1931, for
growing, feeding meal worms; ZEUTHEN, 1955, with the qualifi-
cations stated in chapter 13).

It is self-evident that only those short range lines, or parts of
them, that fall above the standard line can be imagined to deviate
from the standard line on account of muscular activity including
muscular tonus. So, since the short range lines are distributed at
random about the standard line the obvious conclusion is that
all sorls of varying conditions. and experimental errors together
with the variations inherent in all biological materials, including
taxonomic differences, have produced the random variation
about the independent standard line, which, in contrast to most
short range lines, was obtained under especially rigid standard
conditions.

Benc et al. (1958, fig. 15) adduce evidence that for 9 secries
of experiments with Ancylus fluvialilis n approaches the value
0.70—0.78 or thercabout with rising corrclation coefficient;
whereas with lower coefficients there are values both above and
below this value. In other words, factors which reduced the dis-
persion of the data about the straight line, brought in these ex-
periments n closer to 0.73.

It seems quite likely, but it is hardly possible to prove de-
finitely, that the n of some of the short range lines in fig. 9 may
actually be significantly different from the n of the all-over
standard line, even when exactly comparable conditions were
virtually established. If short range lines with such truly de-

viating slopes are represented in fig. 9, evidently they—just like

any other short range lines in the figure—do not extend over
more than a few log. weight decades with their deviating incli-
nations. The evolutionary significance of this will be discussed
in chapter 14. In the next two chapters (5 and 6) we shall discuss
some attempts that have been made to explain differences in
slope of short range lines, evidently on the assumption that they
are significantly different under comparable conditions.

5.
METABOLIC TYPES AND GROWTH TYPES

According to BerTALANFFY (1941, and several later publi-
cations; for references see 1957 a and b) there are three metabo-
lic types corresponding to certain growth types: 1) n = 0.67 in
lamellibranchs (sometimes generalized into “molluscs”), isopod
crustaceans (somelimes generalized into “crustaceans”), fishes
and mammals (sometimes generalized into “vertebrates, especial-
ly fishes”) ; growth attaining a steady state. 2) n = 1.00 in insect
larvae, Orthoptera, annclids, Helicidae; growth exponential, inter-
rupled by metamorphosis or scasonal cycles. 3) n intermediate
between 0.67 and 1.00 in Planorbidae, Limnaea; growth attaining
a steady slate.

sxamples which are in agreement with this scheme as regards
the correspondence of certain n values with certain animal
groups are found in a table given by BeErrTaLaNFry (1967 a, table
6 on p. 29; 1957 b, table 5 on p. 221). Others might have been
quoled, for instance n = 0.952 + 0.018 for Periplanela orienlalis
by WiLL (1952). Bul the same table contains many examples of
intraspecific n values which contradict the scheme. Apart from
the contradictory fact that in the scheme itself n = 1.0 for Heli-
cidae though it is a mollusc and that also the intermediate value
stated for freshwater pulmonates does not agree with the gener-
alization of n = 0.67 for molluscs, some of the examples which
agree with the scheme have been quoted with a bias. The n value
of the prosobranch snail Lithoglyphus naticoides Pfeiffer, for
instance, does not correspond with surface proportionality, as it
is 0.858 =+ 0.059, and the essential fact about the n of the annelid
Eisenia foelida in this connection should not be illustrated by
merely querying its surface proportionality but by staling its de-
finite difference from 1.0. }

As evidence which is not in agreement with the scheme, beyond
that found in BERTALANFFY'S own table, may be quoted inter-
mediate n values for crustaceans and fishes (SCHOLANDER ef al,,
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1953: interspecifically: 0.85) and for fishes (several authors
quoted by Fry, 1957, pp. 35—36 inlra- or interspecifically:
0.5—0.9, mostly 0.67—0.85). Also in the vertebrate groups rep-
tiles (Kayser, 1950, interspecifically) and mammals (KLEIBER,
1932, 1947, and Bropoy, 1945, interspecifically) n (0.73—0.75) is
definitely higher than 0.67. Berc and Oc¢KELMANN (unpublished)
found even n = 1.0 in certain molluses interspecifically.

The allegation that n = 1.00 in inscct larvae and Orlhoplera
does not hold either. In starving, resting T'enebrio larvae TEISSIER
(1931) found n = about 0.8 (0.90—0.95 in feeding, active ones).
In arctic and tropic insect larvae ScHOLANDER et al. (1953) found
n interspecifically = 0.80. In cockroaches -Davis and SLATER
(1926) found intraspecifically a definite fall in metabolic rate
with rising weight; Gunn (1935), interspecifically n = 0.756—
0.80; and DEHNEL and SEGAL (1956), intraspecifically a doubtless
regression of metabolic rate with size at a lower level in nymphs
than in adults, but with n varying according to acclimatization.
In grasshoppers BobpiNe (1921), BobENHEIMER el al. (1929) and
ButLer and INNEs (1936) found intraspecifically n to he lower
than 1.00; as il scems, even equal to or near to 0.67. The often
repeated statement that in insects there is no regression of me-
tabolic rate with size (e. g. also Bubbensrock, 1939, p. 598; LEn-
MANN, 1956, p. 30) is not in agreement with aclual fact as a
general statement (cf. also WiGGLEswonTH, 1950, p. 414).

Data treated by Epwarps (1953, figs. 26 and 27 on pp. 105—
106) appear to suggest that n = 1.00 in Holomelabola and 0.67
in Hemimelabola. But there are authorities (some of them not

included in the quotations by Epwarps), who have found n in |

some Hemimelabola to be very nearly 1.00 (e. g. WiLw, 1952, for
Periplaneta; MULLER, 1943 a, for Dixippus; BaLKE, 1957, for
nymphs of various Odonala) or, what is of course less contradic-
tory, 0.75—0.80 (Gunn, 1935, for cockroaches; BALKE, 1957, for
nymphs of Perla); and there are others who have found n inter-
mediate in Holomelabola (ec. g. BALKE, 1957, for larvae of Sialis
and Hydropsyche; Hsuex and Tang, 1944, for Bombyx larvae;
KrrreL, 1941, for Vanessa (sometimes) ; TEISSIER, 1931, for Tene-
brio larvae; ELLENBY, 1953, for prepupac of Drosophila (n = 0.55
and 0.78) ; SCHOLANDER ef al., 1953, for some arctic and tropical
insects and insecct larvae).
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Roserts (1957a, p. 239) who in agreement with BERTALANFFY’s
scheme found n = 0.66 for a crab, Pachygrapsus crassipes, could
not, however, find the characteristics of growth which BERTA-
LANFFY has assigned for the 0.67 proportionality, to hold for this
species. And in silkworm larvac Hsuen and TAnG (1944, p. 74)
found n varying though the growth was exponential.

According lo Zrurnen (1955, p. 470) n changes regularly in
the course of ontogenetic development, so that there would be
many more metabolic types which should be related to growth
than the three suggested by BERTALANFFY. Some of these changes
postulated by Zrurnen are, however, not well established (see
chapter 13). BERTALANFFY (1957a) himself admits that the trout
species studied by Jon (1955) has an intermediate n and a growth
curve deviating from what he had postulated ag typical for fishes.
He concludes himself that different metabolic and growth types
may exist within a systematical group. But 9—10 lines previously
he had stated that surely n is a group or species specific charac-
teristic. One wonders what exactly, if anything, is left of the
original theory. There is much to indicate that n as measured
within shorler weight ranges is nol a species specific charac-
teristic. As exemplified by references in chapter 4 it may vary
not only with stale of nutrition and muscular tonus, but with
temperature and season, or from quile unknown reasons, or even
during onlogeny.

With n varying as much as the examples show, within any
group with allegedly (or at least at first allegedly) uniform
growth Lype, it seems impossible to aceept BERTALANFFY'S gener-
alizations unless a stalistically significant correlation between n
and growth type can be demonstrated on a much larger number
of examples than the few ones which BERTALANFFY has repeated-
ly published.

Furthermore, the random distribution of short range lines
wilh their individual n values about the standard poikilotherm
line with ils over-all n of 0.75 in fig. 9 of this paper appears to
call for a critical mentality as regards n values determined within
short ranges of body wecights, even when they apparently differ
significantly from 0.75.



6.
METABOLIC TYPES AND TYPES OF RESPIRATORY
APPARATUS

Lupwic (1956), SarTeL (1956), KiENLE and Lubwic (1956),
KiENLE (1957) and BaLkE (1957), all from Lupwig’s laboratory
in the Zoological Institute of the University of Heidelberg, are of
opinion, on the basis of own and quoted investigations, that
n = 2% in purely gill-breathing invertebrates and n = 1 in
Lumbricus, insccts and terrestrial and some aquatic pulmonate
snails. Intermediate n values are rare according to SATTEL. They
are recorded from the same laboratory by KrywieNczyk (1952 a)
for a prosobranchiate, Lithoglyphus naticoides Pfeiffer (0.858 ==
0.059) and (1952 b) for some fresh-water pulmonates (0.808 =+
0.056 and 0.8907 =+ 0.057) and by WiLL (1952) for an isopod,
Porcellio scaber L. (0.835 =+ 0.044). Such intermediate values are
explained by Lubwic (1956) in some cases by the animals having
respiratory organs of two types, e. g. skin and tracheac in insects,
gills and air-breathing organs in some isopods. A confirmation
of Lupwig’s conclusions is seen by BALKE (1957) in the gradual
rise in n with decreasing share of the tracheal gills in respiration
in a series of nymphs and larvae of different genera of aquatic
insects. According to SATTEL (1956) for Bombyx larvac and
BALKE (1957) for nymphs of Odonala proportionality of tracheal
surface to body weight is an important basis for the proportion-
ality of metabolism to body weight in insects.

A similar basis for the same proportionality of metabolism
to body weight in pulmonate land snails could not, however, be
found by BALKE (1957) for Helix pomatia, the lung surface being
(according to her fig. 4) proportional to weight 0.74. (Whether
this value 0.74 is actually significantly different from 1.0 is
however, doubtful in view of the considerable scatter of the
points, and a statistical test is lacking).

It should be remembered also that the principal part of the
exchange of gases in the trachcal system of insccts takes place
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in the finest branches, the tracheoles, which were not measured;
and, furthermore, that over wider ranges of body weights inner
tracheal surface cannot increase in proportion to body weight,
except at the cxpense of tracheal cross scction area. And the
latter sels a limit to body size in the Tracheala (KRroGH, 1920,
p. 110).

Similar doubts regarding the general validity of the opinion
of the Heidelberg group must be felt as for the BERTALANFFY
theory: There are hoth intra- and interspecifically gill-breathing
invertebrates with n significantly different from 24 and insects
and pulmonate snails with an n nearer to % than to 1.0 (for
quotations see preceding chapters 4—b5).

The allegation by SATTEL (1956, p. 90) that surveys, as that by
ZeuTneN (1953), which do not allow for works by German
authors, easily lead astray, may be in this connection returned
(by an entirely neutral), the Anglo-Saxon references in point
missing in the papers of the Heidelberg group.

Finally, the same caution against short-range n values as con-
cluded the preceding chapter, is relevant here.

7.
BODY SURFACE AND SPHERE SURFACE

Is body surface proporlional lo a fractional power of the body
weight differing from 0.67? The question was raised in the earlier
paper (HEMMINGSEN, 1950, p. 47—48) whether body surface
might not be more nearly proportional to the 0.73 than to 0.67
power of the body weight when different organisms of extremely
different size and organization were considered. ELLENBY (1945,
1951, 1953) has found cases within shorter weight ranges where,
although metabolism is not proportional to a %3 power of the
weight, it nevertheless is proportional to the surface area.

Body surface measurcments are plotted in fig. 10 against body
weight from many sources as specified under the figure.

The straight line drawn in fig. 10 represents the relation be-
tween the (body) surface of a sphere and its (body) weight
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Fig. 10.

The relation of body surface to body weight in vertchrates. The points
surrounded by a circle represent beech trees. The authorities of
the data are in approximate order of body sizes of organisms: Fishes
(Tinca, Esox, Salmo, Pleuronecles flesus, Anguilla, Crenilabrus, La-
brus: 0.44 g—2 kg), JaN Boi#itius (unpublished). Frogs (3.5—32 g), liz-
ards (3—13 g), Fry, 1914, p. 191. Rana esculenta (23 and 50 g), Kroa1i,
1904, p. 404. Lizards (Lacerla muralis and viridis, Anguis [ragilis: 5—
26 g) and Ringed Snake (47—109 g), Inama, 1911, pp. 7-8. Tench
(Tinca: 211 g), frog (44 g), rabbit (3.6 kg), Vorr, 1930, pp. 239, 244,
245. Dogs (7 and 30 kg), pigs, (3 and 100 kg), horses (175 and 900
kg), monkeys (2.5 and 5.5 kg), man (6 and 65 kg), Brony, Comronrr
and Martuews, 1928, pp. 8, 30, 33 and 51. Snakes (rattle-snake,
small and large python, boa: 3.5—32 kg), Benepvict, 1932, p. 146. Rats
(20 and 250 g), cattle (20 and G600 kg), Brooy, 1945, pp. 360, 361.
Giant shark (2.75 t), rhinoceros (1 t), HEMMINGSEN, 1950, pp. 30 and
43. Beech trees without leaves and roots (30 kg—1.3 t), MaLLEr, NikL-
seN and MULLER, 1954, tables 2—4 on pp. 277—281.
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assuming a specific gravily of 1.0. Naturally, the inclination of
this line corresponds lo a proportionality power of 0.67.

Of the unicellular organisms represented in fig. 1 not a few
are spherical in shape (the bacterium Sarcella, Saccharomyces,
marine cggs); and most of the others have surfaces exceeding
those of spheres of equal volume by rarely more than what corre-
sponds to 0.1 decade in the log. ordinate system (Pholobaclerium
phosphorescens: 12 %, i.c. 0.05 decade, Escherichia coli: 34 %,
i. e. 0.18 decade, the cilinates Colpidium and Paramaecium: 19—
22 %, i.c. about 0.08—0.09 decade; calculated on the basis of
data of PoTTER, 1924, table 7 on p. 108, and HarvEy, 1928, table
1). Similar figures probably hold for other ciliates. Only the
flagellales represented (T'rypanosomidae, Aslasia klebsii) and
certain amocbac are likely to deviate by higher figures. The
surface values of the unicellular organisms represented in fig. 1
will, therefore, fall cither on, or in most other cases less than
0.1 deeade above, a line representing the relation between surface
and volume of spheres.

It will be seen from fig. 10 thatl the points representing the
body surlaces of the melazoic animals in question are grouped
parallel to the sphere line; thal is, also correspending to a pro-
portionalily power of 0.67. An average line through the points
would fall about 0.30 logarithmic decade above the sphere line,
meaning that on the average the body surface is roughly 2 (anti-
log. 0.30) times higher in the animals under study than in
spheres of equal weight or volume. In organisms of extreme
shapes as the pylthon (1045 g) and the beech trees (especially
marked in fig. 3) the surface is aboul 3 and 10 times, respectively,
grealer than in a sphere of equal weight and volume. These facts
agree well with the values 9—11.8 for the constant k in the

formula
body surface in em2? = k - body weighto-67

as Labularized by Benepict (1938, p. 175) for various birds and
mammals weighing 8 g—14 kg; because this is about double the
value of k for sphere surface (4.83). The value of k (13.96)
found by Krbdcer (1940) for Ascaris is 2.9 times 4.83, and this
corresponds well with the above mentioned figure 3 for the much
larger python of similar shape.
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The surface areas of spherical eggs will naturally be repre-
sented by the straight line in fig. 10. If body shape had not varied
from the egg to the great body sizes in question, in other words
if these latter organisms had retained spherical shape, the points
representing them in figure 10 would have fallen on the straight
line, assuming a specific gravity of 1.0.

The surface area of an egg with a radius of 1 mm, say, would
fall where the line cuts the abscissa 10062-3 g (4.2 mg) and the
ordinate 10010-1 g (0.126) cm?, i. e. somewhere to the left of and
below the diagram in fig. 10. If from this point a straight line is
drawn to the point representing the body surface of a large
python of 1045 g, the tangent of its inclination angle, that is the
power of the body weight to which surface area is proportional,
will be found to be 0.735. A straight line from the same point to
the points representing the body surfaces of cattle or horse of
1058 g corresponds to a power of 0.69—0.70. It would of course be
possible to construct lines with values belween these, and also
lines with values of 0.75, say, by choosing larger cggs.

A little calculation (cf. fig. 10) will show that since spherical
egg surface must fall on the sphere line and corresponding adult
body surface 0.3 log. decade above the sphere line, the power
0.73 (tangent of the inclination angle) for a straight line con-
necting egg and adult coordinates, will require a body weight
difference of 4.77 log. decades; the power 0.727, 5.00 dccades
(100.000 times), between egg and adult anywhere within the
weight range of fig. 10. With the power 0.75 the required weight
difference would be 3.61 decades (4100 times). In other words

the power would be nearly 0.73 or 0.75 for allometric body

surface increase from an egg of Bombyx egg size (about 0.1 mg)
to some adult of 10 g or 0.41 g respectively, or from an egg of
Acilius egg size (aboul 1 mg) to some adult of 100 g or 4.1 g,
respectively. For a man of 65 kg a spherical embryonic stage of
0.65 g or 16 g, respectively, would be required. The rise in surface
from egg to adult would, however, hardly be represented by a
straight line in fig. 10, as the rise from the sphere line to the
adult surface level occurs rather early in life.

But even if such linearity were assumed for the increase in
body surface when we pass the whole way from the coordinates
of insect eggs in fig. 2 at the lowest end of the poikilotherm line
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to those of adult animals at higher weights, e. g. to the alligator
through about 10 log. decades corresponding to a 10 milliard
times weight difference, the body surface would rise with a
power that would be lower than the power 0.75 with which the
metabolism varics, though it would be above 0.67.

Evring and Broby (1926, fig. 12 on p. 18) also published a
double logarithmic plot of the relation between body surface
area and weights in vertebrates including all the available data
which were to their knowledge recorded in literature. The loga-
rithmic decades of their two coordinate axes were not drawn to
cqual lengths. In their figure the data from 25 g to 1 ton body
weight would fall about a line representing a variation of the
area with the 24 of the body weight but with a tendency for
areas lo vary with a somewhat lower power at weights above
10 kg, and especially within the species. The tendency towards
a different intraspecific power, notably a lower power exists also
in the material in fig. 10, in which not only the adult weight but
also younger animals are included within some of the species.
Lower powers have been found also for the surface area of
beech trees (about 0.60, data from MULLER, MeLLER and NIELSEN,
1954, tables 2—4, pp. 277—81), Aphis rumicis and Blallella ger-
manica (0.60 and 0.63, respectively, SimanNTON, 1933), fruit fly
(Drosophila) prepupac (0.52—0.57, ELLENBY, 1953, pp. 485—
486), rat (0.60—0.66; sce HEMMINGSEN, 1933—34, pp. 18—19,
from Lee: and Brooy, 1945, p. 361), and according to Bropby
(1945, p. 403) horse (0.64), swine (0.63), sheep (0.57) and cattle
(0.56—0.60). Somewhat higher powers were found for man
(0.69—0.70, according to Brovy, 1945, pp. 362 and 367) and dog
(0.70 according to Brooy, 1945, p. 362). All such intraspecific
deviations from the power 0.67, are evidently drowned when
widely varying body weights from different species are con-
sidered, as in fig. 10. Formally, they bear to the over-all power
the same relation as the values of n of short range lines in fig. 9
1o the over-all value of n of the poikilotherm standard metabo-
lism line.

In conclusion: Though body surface from egg to adult or from
young to adults may vary with powers of the body weight which
are below or above 0.67, the body shape of young or adull
verlebrale animals is sufficiently conslant lo ensure an over-all
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varialion of the body surface wilh the 0.67 power of the body
weight when animals of differenl species wilh widely varying
body weights are considered. The energy melabolism thus de-
finitely varies inlerspecifically over similar wide weight ranges
with a higher power of the body weight than the body surface.

8.
ENERGY METABOLISM AND RESPIRATORY
SURFACES

To whal exten! may the higher levels of the energy melabo-
lism of multicellular plants, poikilothermal and homoiothermal
melazoans relalive to thal of unicellular organisms be relaled
lo qualitalive or quanlilative differences in respiralory surfaces?
Subscribing to Kroai's conclusions (1941, pp. 17—20) we tacilly
assume lhroughout this paper that diffusion alone is responsible
for the gas exchange through respiratory surfaces.

As poinled out by HemanagseN (1950, p. 23) the lower level
relative to the poikilotherm line of the metabolism of the organ-
isms with body weights less than about 0.1—1.0 mg may have
something to do with a lower level of organization below this
limit. A diamecter of 1 mm (i.c. 0.52 mg, assuming a specific
gravity of 1.0) is according to Krocn (1941, pp. 22—24) about
the limit above which diffusion alone without development of
internal circulation or special respiratory surfaces usually is not
sufficient to ensure in spherical aquatic animals the necessary
oxygen supply, when the metabolism is fairly high. Similarly,
ZEUTHEN (1953, p. 9, second column) quotes Gobpbparp (1945) for
putting the limit at about 1 mg; and writes that the possibility
of a causal connection between beginning anaerobiosis in ani-
mals above 1 mg and the reduced rale of rise in melabolism
above 40 mg cannot be ignored (cf. also chapter 12).

As shown by ZeurHEN (1953, pp. 3—4) and seen from fig. 2
of this paper the metabolism values of the smallest metazoans
rise from the unicellular line already at body weights below 1 pg;
that is, before the upper (right) end of the unicellular line, which
is at about 0.1 mg. And they reach the metazoic poikilotherm line
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at 40 mg (Zevrnen, loc. cil.). This is after the beginning (left
end) of the poikilotherm line which is at 0.01 mg (insect eggs)
or even perhaps 0.0001—0.001 mg (mammalian eggs). Insect
eggs (though air-filled spaces in the chorion may connect with
the surroundings) or mammalian eggs have developed no spe-
cial respiratory surfaces, and according to the above mention-
ed limit at about 0.5—1 mg they should hardly need them, so
al these weighls there is no explanation of the vertical differ-
ence belween the unicellular and the poikilotherm metazoic lines
in terms of qualitative or quantitative surface differences.

Some increase in body size above the small sizes in question
(above which sphere surface would be too small for sufficient
oxygen lo pass through) is possible by the mere increase in body
surface resulting from any deviation from spherical shape. To
what extent the metabolism of the small animals in which this
type of respiration is realized, fall on or below the poikilotherm
line in queslion might be worth an inquiry. Some perhaps belong
to the marine larvae or soil nematodes which connect the uni-
cellular and the poikilotherm lines. As mentioned in chapter 7
nematode shape corresponds o a body surface about 3 times
spherical surface.

A ‘Turlher increase in hody weight above the small sizes in
question is made possible by two means: 1) inereased convection
(internal circulation; exlernal ventlilation) and 2) further in-
crease of surface.

There is apparently not much inlernal convection al uni-
cellular sizes, though there must be some, especially where there
are conlractile vacuoles, and in many forms (Amoeba, Paramae-
cium) food vacuoles are carried about the cell by rotation move-
ment (cyclosis) apparently of the fluid endoplasm. But, with the
exception of immobile eggs with a specific gravity nearly equal-
ing thal of the surrounding waler, some exlernal convection will
generally aid the respiration also of organisms of unicellular
size by replacing the absorbed oxygen.

In comparalively small organisms, such as aqualic eggs and
cembryos, and even carthworms (allegedly even up to the 2 m
long castern Megascolecidael), increased circulation of blood
just below the surface is sufficient to enable some increase in
size beyond the 1 mg limit without development of special re-
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spiratory organs. Also in some Amphibia cutaneous respiration
suffices or is predominant. There are Salamandridae without or
with rudimentary lungs. Gill and lung exslirpation in axolotls
and lung exstirpation in frogs is without much effect on basal
metabolism. But with continued increase in size usually the re-
spiratory surface is also increased.

Evidently the higher level of poikilotherm energy metabolism
relative to unicellular metabolism may be .brought about at
smaller sizes by means other than surface increases in excess
of body surface. But it may still be instructive to see in what
quantitative relation surface increases in excess of the ordinary
body surface, stand to the vertical difference between unicellular
and poikilotherm lines.

As already pointed out the unicellular line in fig. 2 falls about
0.91 =+ 0.13 decade (corresponding to a 8.1 ;3 times difference)
below the extrapolation of the poikilotherm line. If the higher
level of poikilothermal metazoic (or multicellular plant) metabo-
lism over unicellular metabolism had been made possible merely
by an increased body surface over the surface of the usually
more or less spherical unicellular organisms, the body surfaces
of poikilothermal multicellular organisms (including plants)
above 40 mg should be increased over the surface of spheres of
cqual volumes also by 0.91 logarithmic decade (8.1 times). We
shall in the discussions to follow have to take the figure 0.91 at
its face value, yet remembering that its standard deviation is
rather considerable.

There may at a superficial glance appear to be a flaw in this argu-

ment, because unicellular metabolism is not proportional to body

surface but to the power 0.75 of body weight. We know, that the me-
tabolism of the more or less spherical unicellular organisms fall on
the unicellular line in fig. 2; but their surfaces, on an extrapolation
of the drawn line in fig. 10. We are, however, virtually asking why
the metabolism of metazoans does not fall on a direct continuation of
the unicellular line, and if we want to see whether differences in
surfaces may be causative we must compare the difference between
the line on which poikilotherm metazoic metabolism actually falls and
the direct continuation of the unicellular line, with the difference be-
tween metazoic surfaces and the surfaces which the unicellular organ-
isms would have had if they had grown to the same sizes; just as we
would do it at the body weights at which both unicellular and me-
tazoic organisms exist.

49

In beech trees without leaves and roots the conditions outlined
may well be at least approximately fullfilled: Their metabolism
values fall parallel to and relatively close to the poikilotherm
line; somewhat (about 0.3 log. decade) below it when not cor-
rected for N-conlent, and nol much higher above it if corrected
for N-content (HEmMINGSEN, 1950, fig. 1 on p. 11, and pp. 15—
16). It may thus not fall far from 0.91 =+ 0.13, or roughly one
decade, above the extrapolated unicellular line, as in poikilo-
therms. And in fig. 10 of this paper their surfaces are seen to
fall also about one log. decade above the sphere line.

The energy metabolism of sprouling peas and lupine seeds as
measurced in terms of carbon dioxide output, fall very close to the
energy metabolism of poikilothermal animals of similar body weight,
e. g a snake cmbryo, or a Bombyx chrysalis (cf. HEMMINGSEN, 1950,
p. 15 and fig. 2 on p. 17). But as at least the peas are more or less
sphere-shaped there are no external surfaces to account for their
metabolism being so much higher than corresponding to an extra-
polation of unicellular metabolism. There may be some internal con-
veelion, It is also possible that the metabolism in the sprouting slage
is too high to correspond to standard conditions in poikilotherms or
that direct calorimetry would give, as it does with corns of wheat,
considerably lower results than the employed method of measuring
carbon dioxide oulput (c¢f. IHEMMINGSEN, 1950, p. 19).

As already demonstrated al least the body surfaces of the
vertebrates represented in fig. 10 are increased by only about
0.3 decade (corresponding lo only a 2 times difference) above
the surfaces of spheres of equal weight. This is only about 15 of
the verlical difference between unicellular and poikilotherm
lines. We shall have to assume roughly similar figures for not
too deviating shapes of inveriebrates, for which measurements
are scarce. The above mentioned good agreement in this respect
(body surface = 3 X sphere surface) between an invertebrate
and a vertebrate with widely differing sizes but the same de-
vialing shape (Ascaris and Python) suggests that such an as-
sumption cannot be much in the wrong.

Now, aclually the surfaces of many metazoans have become
enlarged by invagination (lungs) or evaginations (gills) to form
exira respiratory surfaces. So the next question would be whether
the extent of such extra respiratory surfaces alone or considered
in addition to the body surface proper agrees better with the

12



50

vertical difference in fig. 2 of 0.91 decade between uniccllular
and poikilotherm lines.

For several reasons complete correspondence is in no way to
be expected. The conditions for diffusion are different in water
and air; the lungs and gills are usually much betler adapted to
the exchange of gases than the body surfaces, especially in land
animals; part of the internal respiratory space is in some ani-
mals ventilatory rather than respiratory; some animals ventilate
their respiratory organs, others do not; or, only when active;

in some animals the gas exchange is directly between air and -

tissue cells (tracheates), in others blood is mediatory; the oxygen
carrying power of the different respiratory pigments differ; the
blood circulation differs; and what is especially important, the
lungs or gills of many metazoans, even sometimes their body
surfaces, are more effective transmilters of oxygen owing to their
vascularization than unicellular cell surfaces (and those of heech
trees); though, on the other hand, the respiratory cpithelial
membranes are likely to be thicker and thus less favorable to
oxygen transmission than the unicellular membrane.

But let us try audaciously, nevertheless, lo sce just what
quantitative relation the body surface + additional respiratory
surfaces bear to the difference between unicellular and poikilo-
therm standard (basal) metabolism. It might not scem entirely
out of the question theoretically that in some cases surface in-
crease with slow blood flow through the vascularized area might
serve primarily basal metabolism and increased blood flow super-
basal levels.

Apart from the homoiothermal mammals, we shall consider
mainly available measurements from such animal groups (trache-
ates, fishes, amphibians) as contribuled to the establishment of
the poikilotherm line in fig. 2 and among which were the data
selected by Krocu (1916, p. 145) from own and other sources
as having been made under rigid standard conditions. Thus we
shall not consider many lower marine invertebrates which have
a low percentage of solids and, therefore, when plotted in terms
of actual body weight have a low metabolism falling below the
standard poikilotherm line; though some larger forms have en-
larged external (Spongia) and internal (Coelenlerala) surfaces
along which water currents carry oxygen to the tissues.
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To my knowledge no data are available for a satisfactory
estimale of the aggregate internal respiratory surfaces of trache-
ales. Presumably the gas exchange takes place mainly in the
countless tracheoles of less than 1 x in diameter though no doubt
also lo some extenl in the Lracheae proper and in air sacs. For
the purpose of proving that diffusion alone would supply the
tissues with sufficient oxygen Krocn (1920) measured the lengtlh
and aggregate cross scclion area of the tracheae in the chilopod
Sculigera and the Cossus larva, but was not concerned with their
inner area. Approximate assessments, more reliable perhaps in
Sculigera by reference to Haase (1885, fig. 11 on plate XIII) than
in Cossus show that the inner area of the tracheae can hardly
correspond to more than a fraction of the body surface. The same
applies to measurements, largely relative, made by SATTEL (1956)
of the inner surface of tracheae exceeding 2 p in diameter in
small silkworms. Whether the inner aggregate area of the trache-
oles when added to this (and perhaps to the body surface) may
correspond more or less Lo the 0.91 log. decade (8.1 times) differ-
ence from the corresponding sphere area cannot be decided from
available data, bul the large oxygen absorption recorded for
flying insccts suggesls a very considerable aggregate absorbing
surface in the tracheoles (cf. KrocH, 1941, p. 122) at least in
such forms.

Tracheal gill area in Aeschna nymphs was found by Kocu
(1936) to be 7 cm? corresponding to an external surface of 3 cm?.
This would mean a body + gill surface approximately a little
over 6—7 times the corresponding sphere area.

Caleulalions on the basis of measurements by PiTTeErR (1909,
pp. 148—155, or 1911, p. 315) of gill areas in some species of
molluses (7), crustacea (4), and fishes (7) give body + gill
surfaces 2—5 (mostly 3—5) times the corresponding sphere
surfaces.

Similar figures (gill + body surface area 2—6 times corre-
sponding sphere arca) may be calculated from measurements of
Hesse (1910) and KienLe (1957) on Helix pomatia, Riess (1881)
on a pike, Price (1931) on the fish Micropterus dolomieu,
ScuirrLe (1931) on gobiiform fishes, DuBaLE (1951) on 34
tropical species of fish, the terrestrial forms having according
to the two latter authors a reduced gill surface compared with
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aquatic species. A similar trend was found in the gill area of
16 species of crabs (Gravy, 1957), which according to an orientat-
ing survey have body + gill areas 3—7 times the corresponding
sphere surfaces (correlated with habitat and metabolic aclivity).
(On the other hand the teleost Erythrinus unitaeniatus which
can breathe completely through ecither gills or lungs, has a
slightly greater area of the latter (quoted from Yapp, 1945, p.
114)).

Incidentally, Price (loc. cil.) found gill area in cm? = weight
in gms®85 % 8.65; that is, running practically parallel to energy
metabolism.

More recent measurements of gill area in 31 species of fish
were published by Gray (1953 and 1954). According to GrAY
(1953, p. 286) an average toadfish (Opsanus lau, fam. Balra-
choididae) weighs 233 g and (1954, p. 222) has 197 mm? gill
area per g; i.e. a total gill area of 458 cm?. Its body surface
(1953, fig. 2 on p. 288) is aboul 350 cm?2 The sum is 808 cm?
which is 4.4 times the external surface which the fish would
have had if it had been sphere-shaped.

The gill area of the active menhaden (Brevoorlia lyrannus,
fam. Clupeidae) is roughly 10 times thal of the sluggish toadfish
al the same weight; and the moderately aclive sheeps-head
(Archosargus probatalocephalus, fam. Sparidae) and tautog
(Tauloga onitus, fam. Labridae) occupy an intermediate posilion
(GrAY, 1954, p. 224). The body surface of a menhaden of 233 g
would be about 300 em? (1953, extrapolation of fig. 2 on p. 288);
i. e. a total of 4880 cm2, which is well 26 times the area of an
equally sized sphere. The 4—26 limes increase in body + gill

surface over equally sized spheres is seen to include an 8.1 times

increase in some moderately aclive fishes, corresponding as an
approximate average to the 8.1 times difference in level of me-
tabolism between the more or less spherical unicellular organ-
isms and the poikilothermal melazoans.

The skin in fishes has little respiratory function, but in some
more or less active species gill area alone will of course corre-
spond to the said difference.

Estimations by WikerEN (1953) also correspond to about an
8 times larger surface of the gills of the lamprey than of a corre-
sponding sphere.

H3

In the afore-mentioned molluses, erustaceans and fishes with
body + gill areas less than 8.1 times (2—6 limes) the corre-
sponding sphere surfaces, the basal (standard) metabolism
corresponding lo the poikilotherm line must be supposed to
exceed the hypothetical (extrapolated) unicellular metabolism
not only (or perhaps as in cerlain amphibians without lungs not
necessarily at all) by means of the excess of respiratory surface
proper over sphere surface but also (or entirely) by means of
the vascularization of it or of the body surface, the blood flow
being further increased at superbasal levels.

Whether in the fishes in which the respiratory surfaces exceed
the sphere surface by jusl about 8.1 times (and the skin surface
can be ignored), the correspondence has any real meaning is
equally problematic on account of the vascularization.

Some highly aclive, schooling, fast swimming, streamlined
fishes cannol at all be kept under slandard conditions, as they
venlilale their gills only by opening their mouth during constant
swimming and can be kepl only in ring-shaped or huge basins.
To consider the fraction of the large gill surface which exceeds
sphere surface 8.1 times (it seems the enlire gill surface may
exceed il even 26 times) as reflecting the excess of basal
(standard) over sphere meltabolism would seem to be highly
fictive and just as problematic as in the less aclive.

According to Kroan (1904 a, p. 403) the respiratory lung sur-
faces of a frog (Rana esculenla) are about 100 em? (the surface
of 100 em? given for one frog lung by Kroan (1941, p. 62) must
be a slip of the pen, for in the original paper (1904a) this is the
surface of both lungs). The respiratory surface of the lungs is
0.73 times that of the skin (p. 405) which leaves the frog of 40 g
with the skin surface of 137 ecm2, and accordingly a total surface
of 237 em?. This is aboul 4 times the area of an equally sized
sphere. Some aquatic amphibians have a smaller lung area, e. g.
the unialveolar lung of Proteus (Kroaci, 1941, fig. 34 on p. 62);
some other amphibians (Krocn, 1941, fig. 36 on p. 63) and some
reptiles, especially Varanidae, Chelonia, and Crocodilia, have a
larger areq.

As shown by Knrocu (1904 a) and DorLk and PostMa (1927)
the respiralion of the frog under basal conditions is mainly
culancous. In olher words the difference between basal melabo-
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lism of the frog and the corresponding hypothetical sphere (extra-
polated unicellular) metabolism is brought about by increased
internal convection, the vascularized lung surface serving re-
spiration mainly at superbasal levels, so that apparently in the
frog it would have no direct meaning to ascribe part of the me-
tabolism difference in question to the lung surface.

However, no matter our afore-mentioned interpretative diffi-
culties, we are left with the fact that the body + respiratory
surfaces of the poikilotherms under consideration—to the extent
figures have been calculated—exceced the corresponding sphere
surfaces by figures (2—26) which, when they do not coincide
with 8.1, fall on both sides of this figure, though mainly below,
but that at any rate they are of the same order of magnitude.
Figures of lower order of magnitude will of course exist in forms
in which the respiratory function of the skin is supplemented by
smaller extra surfaces than in the forms considered. I have not
found data to decide whether or not figures of higher order of
magnitude may occur, c. g. in reptiles.

For man 90 m? is suggested as a fairly probable figure for the
surface of the lung in middle position (Zunrtz, 1882, p. 90;
KroGH, 1941, p. 63). Correspondingly, Asy (1880, pp. 90—91)
calculated 79 m?2 for a male and 63 m?2 for a female lung at rest,
and 130 and 104 m2, respectively, at maximal inspiration (cf.
WINTERSTEIN, 1921, p. 236). At a body weight of 65 kg the body
surface is 1.72 m2 (Brooy, 1945, p. 369). This is only about 2 %
of the sum 91.72 m2; and this is about 117 times (90 is 115
times) the surface of an equally sized sphere (equivalent to a

difference of 2.069 and 2.061 decades, respectively, in the loga-

rithmic system). As can be calculated from fig. 2, by adding the
vertical difference between the unicellular line and the extira-
polated poikilotherm line (0.913 log. decade) to the vertical
difference between the poikilotherm line and the homoiotherm
line (1.455 log. decade), the homoiotherm line, or the extra-
polation of it, is situated 2.368 = 0.156 decades above the uni-
cellular line, or the extrapolation of it (corresponding o a
233 + 1% times difference). The standard deviation is consider-
able but let us discuss the figure at its face value. For one thing
allowance must he made for the increase in diffusion coefficient
with a rise in temperature from 20° to 39° (to which latter

55

temperature all melabolism measurements on homoiotherms
called in to produce the homoiotherm line were corrected). This
rise enables a higher difference in metabolisin to exist than what
corresponds to a difference in the respiratory area. The diffusion
constant for oxygen through animal tissues increases from 20°
1 % per degree (Kroai, 1919), that is 0.076 log. decade from
20° til 39°. This is not much. But in order to exclude this and
other possible temperature influences from the comparison it
would appear more correct to consider the metabolisni of man
corrected to 20° C.

The subtraction from the 2.368 decades of the difference be-
tween the standard metabolism of a curarized dog at 39° and 20°
(illustrated appr. in fig. 11: 0.455 log. decade) will be seen to
bring the difference belween the standard metabolism of man
and hypothelical equally sized unicellular organisms at 20° down
to 1.913 decades (82 times), i. e. devialing only by a figure equal
to or slightly less than the standard deviation 0.156 (about 1.43
times) from the differences (2.069 and 2.061, that is 117 and 115
times) belween the assessed average 1) respiratory -+ body
surfaces and 2) respiratory surface only, of man and the surface
of a sphere of size equal to the hody.

To make the point clear: The surface of the lungs of man
appears Lo exceed the surface of a sphere of equal volume and
weight (assuming a specific gravity of 1.0) about as much as
his lemperaturc-corrected standard energy metabolism exceeds
the standard energy metabolism, which at the same temperature
such a spherc would have if it could be calculated by extra-
polation from the relation between standard energy metabolism
and cell weight in the more or less spherical unicellular organ-
isms.

Quile apart from the considerable uncertainty involved in the
standard deviation this rather close correspondence may appear
to be a coincidence. For il seems, again, that the respiratory
surface difference in question cannot possibly represent the
whole difference between hypothetical unicellular sphere me-
tabolism and homoiotherm metabolism, since there is also an
immense qualitative difference between the respiratory surface
of a unicellular organism and the richly vascularized lung sur-
face. One might, for instance, suspect the lung surface not to be
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as large as estimated (cf. WiNTERsTEIN, 1921, p. 237) or to be
adapted to an average metabolism above the basal.

It may also be argued that the area of respiratory surfaces
must be expected to be adapted lo maximal, not to standard
(basal), metabolism. Maximal metabolism, however, is in general
brought about by increased ventilation and blood flow, and this
tends to keep the diffusion gradient (tension difference) as small
as possible, in spite of the increased combustion. At rest the
gradient is small in man, the oxygen consumption being only
about Y10 of what could actually be absorbed by diffusion.
Equilibrium between alveolar air and blood is established short-
ly after entrance of the blood into the lung capillaries (from
LUNDSGAARD, 1953). In other words the actual resting lung
surface could serve a 10 times rise in metabolism without extra
blood flow. During maximal work (up to a 20 times risc over
basal metabolism) the oxygen tension in the venous blood falls
and the tension difference increases and perhaps the lung capil-
laries widen or more of them open. But clearly the area of re-
spiratory surface necessary for resting and maximal metabolism
may not differ as much as might perhaps bhe thought.

Still, in animals with high average normal muscular aclivily
the lung or gill area is larger than in less aclive species. Lung
area is larger, for instance, in the dolphin (Delphinus) than in
man, and lower in a sloth than in a housecat of cqual size
(ScHULTZE, from WINTERSTEIN, 1921, p. 237); and as shown by
GrAY (as quoled above) higher in active than in sluggish crabs
or fishes. It is maintained (e.g. Krogi, 1941, p. 5) that the

resting (also standard (basal)?) metabolism is likely to run

parallel with this. It might thus fall above the standard line in
especially active and below it in especially sluggish species. To
what extent muscular tonus is involved under standard con-
ditions is not always clear, however.

In the discussion above we have taken the vertical distances
between the unicellular, poikilotherm and homoiotherm lines at
their face values, tacitly assuming that, being the most probable
values, they are likely not to be much in the wrong notwith-
standing their rather large standard deviations. The standard de-
viations in question derive their large magnitude mainly from
the large scatter of the “unicellular data”. The “poikilotherm
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and homoiotherm data”, as chosen, scatter much less; and
particularly the verlical position of the homoiotherm line is
likely to be virtually much better defined than its standard de-
viation as above given suggests. For it agrees well with the corre-
sponding lines calculated by KreBER (1932 and 1947), BENEDICT
(1938), and Brony (1945). And if their data after correction to
the same temperature (39° C.) were drawn in, doubtlessly a
smaller standard deviation of & for the homoiotherm line and
thus also for the vertical difference between the unicellalar and
homoiotherm lines would result.

The standard deviation 0.130 of the figure 0.913 calculated for
the vertical distance between unicellular and poikilotherm lines,
and corresponding to a 8.1 3 times difference, means, according
to usually accepted statistical concepts, that with a probability
of 0.68 the true value will deviate less than the standard de-
viation; that is, it will be between 0.783 and 1.043, corresponding
to a 6.1—11.0 times difference. With a probability of 0.95 it will
be between =+ two limmes the standard deviation, that is 0.653—
1.173, corresponding to a 4.5—14.9 times difference. And with a
probability of 0.997 it will be between == three times the standard
devialion, that is 0.523—1.303, corresponding to a 3.3—20.1 times
difference. Thus, the conclusion that the difference belween re-
spiratory surface and corresponding sphere surface of many
poikilotherms (2—26 times) is of the same order of magnitude
as the 8.1 times difference between unicellular and homoiotherm
lines, would not be affected even if the figure 8.1 were in error
to the extent of three times its standard deviation.

The standard deviation 0.156 of the vertical difference 2.368
between unicellular and homoiotherm lines, corresponding to
233 +19 times, is equivalent to a probability of 0.68 that the
difference is 2.212—2.524, corresponding to 163—334 times, of
0.95 that it is 2.056—2.680, corresponding to 114—479 times,
and of 0.997 that it is 1.900—2.836, corresponding to 79—686
times. Supposing only the scatter of the unicellular data con-
tribute to the standard deviation, the figures would be 181—301,
141—387, and 109—499. Should the error turn out to be as large
as any of these possibilities, the arguments must of course be
altered correspondingly. But even with the most extreme possi-
bilities, which have a probability which is less than 0.003, the




58

temperalure-corrected difference (1.900—0.455 == 1.445, and
2.836—0.450 = 2.381, corresponding to 28 and 240 times) be-
Lween unicellular and homoiotherm lines is of the same order
of magnitude as the assessed difference belween respiralory sur-
face of man and the corresponding sphere surface (115 times).

However, the exlreme unlikeliness, or rather virtual impossi-
bility, of the extreme figures calculaled is additionally obvious
from the fact that the lowest of them, 1.445, equivalent lo a 28
times difference, would reduce the verlical difference bhelween
the unicellular and homoiotherm lines to practically the face
value of the difference between the poikilotherm and homoio-
therm lines, which is 1.455. The lalter figure appears to be for
the reasons above stated quite well established, probably much
better than its calculaled standard deviation would imply, so the
extreme possibility in question would be equivalent to the verti-
cal difference belween unicellular and poikilotherm lines being
zero, which is absurd. If only the “unicellular scalter” is con-
sidered in calculaling the standard deviation, the extreme figures
28 and 240 with a probabilily of less than 0.003, become 38 and
171.

We shall try to summarize this chapter as follows:

The energy melabolism of beech lrees exceeds the hypothelical
exirapolated unicellular metabolism of a sphere of equal weight
by aboul as much as the lree surface exceeds the sphere surface.

In many poikilolherms the slandard energy melabolism ex-
ceeds Lhe hypolhelical exirapolaled (al the lowes! weighls the
acltual) unicellular metabolism (of « sphere of equal weight)
more than their body 4 respiralory surfaces exceed the corre-
sponding sphere surface. And in some cases no respiratory
surfaces (as developed in excess of body surface) are responsible
at all for the rise of poikilotherm metazoic basal metabolism over
unicellular metabolism. Unknown faclors as in insect eggs or in-
creased internal convection, in particular culaneous vasculari-
zation are in such cases responsible. In connection with vascu-
larization the increased surface constituting gills and lungs serve
in some cases rather to enable superbasal metabolism than to
participate in basal metabolism. In some poikilothermal verle-
brates, perhaps also in some insects, the respiratory surfaces
exceed the corresponding sphere surface as much or more than
corresponding to the vertical difference between unicellular and
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poikilotherm standard lines in fig. 2 (e.g. some highly aclive
and moderalely aclive fishes), bul vascularizalion ol Lhe respira-
tory surfaces complicates comparison. In the tracheates internal
conveelion (movement of body fluids) plays a minor role, the
surface increase in the form of tracheae and tracheoles being
mainly responsible both at basal and superbasal metabolism
levels, and in repliles where skin respiralion is reduced the
internal surface increase in the form of lungs must be largely
responsible also for basal melabolism. It may or may not be a
coincidence that (he excess of body + addilional surfaces
(presenl) appear lo be in many forms of the same order of
magnilude (2—26) as the excess of basal (standard) melabo-
lism over exlrapolaled unicellular metabolism (8.1 lz limes),

In homoiotherms, as exemplified by man, there seems to be a
closer correspondence belween melabolism over (he unicellular
level and increase of respiralory surface over lhe unicellular
surface level. The correspondence is not easily understood.

As regards the jump in metabolism level from poikilotherms
to homoiolherms, Zrurnen (1953, p. 9) states that “the real
evolulionary problem” is how homoiothermal animals managed
to establish so high a level of metabolism (much higher, than
can be explained by the body lemperature differences alone). He
suggesls thal Lhis high level may have been brought about by an
extension similar to phase 2 in his examples of a recapitulation
of the Lhree-phased evolutionary curve during the onlogenesis of
some animals (ef. chapter 13). Phase 2 which characlerizes a
growlh phase from unicellularily o mullicellularily with a rise
in metabolism in proportion to body weight, is thought to have
heen prolonged in poikilotherms developing into homoiotherms.

This chapler may suggest thal the evolution of poikilotherms
inlo homoiolherms has been to a very great extenl dependent
on Lhe inerease in area of the respiratory surface, whereas the
evolulion of melazoic poikilotherms from unicellular organisms
has not primarily been dependent on such an increase. A closer
quantitative study of the role of the increase in respiratory lung
area for the evolution of homoiothermism might be worth while.

In chapler 12 we shall discuss to what extent the rise of
poikilothermal over unicellular metabolism may be explained by
differences in cellular surfaces (theories of ZEUTHEN and Davi-

SON).



9.
MAXIMAL ENERGY METABOLISM

Is maximal energy melabolism in poikilothermal and homoio-
thermal animals proportional to the same fractional power of
the body weight (0.75) as the standard (basal) melabolism? In
natural selection, for instance in the struggle between preys and
predators, it is primarily maximal rather than standard metabo-
lism which has survival value; whereas on the other hand
standard metabolism is likely to be a function of maximal me-
tabolism (cf. von DéBELN, 1956, pp. 59—60).

Egg weight of different species of birds ranging in body weight
from 2.8 g hummingbird to 113.4 kg ostrich, and milk production
in rats, goats, cattle and man appear lo vary nearly with the
same fractional power (0.75) of the body weight as the standard
basal metabolism (Brooy, 1945, pp. 482-—483). To Brony Lhis
indicates that the total metabolism parallels the basal metabo-
lism (loc. cil., p. 483).

Correspondingly, he found (loc. cit., p. 910) that 1) the energy
cost of standing above lying is about 9 % both in man, cattle
and sheep. (Horses do not spend more energy during standing.
They have an unusually powerful suspensory and check ligament

and rest and sleep as well while standing as while lying), 2) the
rate of oxygen consumption during average walking is double
that of standing both in relatively larger and smaller animals,
horses, cattle, sheep, men (p- 912). 3) The ratio of oxygen con-
sumption of sustained hard work (carried on in a 8—10 hours
day) to basal metabolism is approximately the same (about
3—38) in horse and man (pp. 915—916), 4) the maximal oxygen
consumption in sustained muscular activity (maintained for
shorter periods of time) is approximately 20 times the basal
value (p. 917) both in horse and man (cf. Krocm, 1941, p. 7),
5) the maximal energy expenditure during maximal exertion for

a few seconds (including the oxygen debt) is about 100 times
the resting metabolism in horse and man (pp. 915 and 918).
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These ralios are lthe same for 680 kg and 340 kg horse and for
68 kg man. They appear to be independent of body weight and
species as such (p. 918) and would thus in fig. 2 of the present
paper be represented by so many straight lines parallel with and
above the homoiotherm line.

Similarly, approximate parallelism was found by Jos (1955,
figure reproduced by Fry, 1957, p. 35) between the straight lines
represenling in similar diagrams standard and aclive metabolism
al different temperatures of a species of trout (Salvelinus fonti-
nalis). And viewpoints lo practically the same effect were ad-
vanced by HiLL (1949, pp. 459—460) and WiLxie (1959) on
general lines.

The cnergy metabolism of resting hummingbirds (Calyple
anna (Lesson) and Selasphorus sasin sasin (Lesson)) as calcu-
lated from Prarson (1950, table 1 on p. 146) is about 4 times
higher than if it fell on the homoiotherm line in fig. 2 (which
line represents basal metabolism at 39° C.). This is doubtless
because the nervousness and constant need for food of these tiny
animals wilh a particularly high energy metabolism per unit
body weight prevent the establishment of standard condilions.
The melabolism of hovering hummingbirds was found to be
5.2—6.5 times Lhe resting level; i.e. 21—26 times the melabo-
lism which one must suppose they would have under real
standard (basal) conditions. It is unknown whether the hovering
metabolism in question was maximal metabolism. But the figures
91--26 correspond remarkably well with the above mentioned
figures 20—21 for maximal oxygen consumplion over basal me-
tabolism in horses and man, and it seems thal they may reason-
ably be assumed likewise Lo correspond to maximal sustained
muscular activity in the hummingbirds.

ZEUTHEN (1942, pp. 44—46) calculated that in a pigeon flying
at the speed af 70 km per hour the metabolism is about 27 times
the melabolism of resl. The value of the metabolism of resling
pigeons (from Kroarr, 1904 b), on which ZeuTHEN's calculations
were based, exceeds by the ratio 1.66 (0.22 in logs.) the basal

alue to be expected from the homoiotherm line in fig. 2. The
average of basal values obtained by RmpLe or Benepict (from
Brovy, 1945, fig. 13.7 on p. 370 and pp. 389 and 390) for doves
and pigeons, aclually fall close Lo, or rather, especially when
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corrected for presumable body ltemperature, slightly below, the
homoiotherm line. The figure 27 should thus be raised to about
44 to represent the excess of the flight metabolism in point over
standard (basal) metabolism. If in the pigeon the ratio of maxi-
mal sustained flight metabolism to basal metabolism should be
represented by the figure 20 (cf. above: horses, man and
hummingbirds), the corresponding speed would have to be 53 km
per hour, as can be computed from ZeuTHEN (loc. cil., by inter-
polation in table 1). This appears to be about the speed of winner
pigeons in long distance flying races. Except under the influence
of fair wind, a speed of 70—80 km per hour is reached only in
specially trained homing pigeons, whereas the speed of the
winner pigeons in ordinary short distance flying races is about
60—65 ki per hour. If we take the speed, say 63 km per hour,
of these winners (which, arriving first, have travelled at the
highest speed) to represent the speed of maximal sustained
flight, the figure will be 33.5.

From the maximum sustained power output of dogs climbing
a treadmill (DiLL el al., 1932) or pulling a sledge (TAvLOR, 1957)
the figures 18 and 12, respectively, can be calculated to denote
the excess of the metabolism of maximum sustained work over
basal metabolism, assuming the total productlion of energy (heat
+ work) to be 4 times the horse power output. It may be well
to point oul that both in the pigeon and the dog figures an
uncertainty of the efficiency factor 4 is involved.

e Maximal sustained flight metabolism (insccls and birds), inclu-
ding in insects other maximal values (cf. texl); or maximal
suslained work (mammals).

X Average {light (cruising) mectabolism.

© Flight metabolism, unknown whether maximal, presumably
maximal sustained.

¥ Resling metabolism, in the insects corrected to 20 ° C.

+ Metabolism under curare (dog at 20° C.), or in torpidity (hum-
mingbirds at 22°—24° C. environmental tp., here corrected to
20° C.), or at rest (bats at about 26° C. body Ip., here corrected
to 20° C.).
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Fig. 11.

The reclation between the energy metabolism during maximal sustai-

ned work or flight and the cnergy standard metabolism in some in-

sects and homoiotherms. The two unbroken straight lines represent

the relation of standard energy metabolism to body weight in homoio-

thermms at body lemperatures of 39° C. and poikilotherms at 20° C.
(cf. fig. 2).
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On the basis of these figures for hummingbird, pigeon, dog,
man and horse the relation to log. body weight of log. maximal
energy metabolism during sustained flight or work for shorter
periods of time, will be seen in a double logarithmic plot (fig. 11)
to be well represented by a straight line situated practically
parallel to and about 1.3 logarithmic decade above the homoio-
therm standard energy metabolism line.

The metabolism of flight has been studied also in insects. In
order of body weights the species of insecls represented in fig. 11
are: species of Drosophila, Simulium and Aédes of 0.9—8.1 mg
(from CHApwick and GiLMour (1940) and Hocking (1953)),
Lucilia sericata Mg. of 31 mg (from Davis and FRAENKEL (1940)),
Tabanus seplentrionalis of 61.8 mg (from Hocking (1953)), Apis
mellifica L. of 98.5 and 105 mg (from JoNGBLOED and WIERSMA
(1935) and HockinG (1953)), Tabanus affinis of 161.7 mg (from
HockinG (1953)), Lepidoplera of the genera Melopsilus, Salurnia
and Vanessa of 160—300 mg (from Kroci, 1941, pp. 1 and 129,
quoting ZEUTHEN, and ZeBE (1954)) and Schislocerca gregaria
Forskal of 1.8 g (from Krocu and WEeis-Foan (1951) and \VEIs-
Foan (1952)). Hockinag’s data on flight metabolism (1953, p. 287;
body weights on pp. 310—15 and 324) were calculated from the
sugar consumption; and some of those on resting melabolism
(1953, p. 288) from related species. Hocking (loc. cil., p. 286)
quotes some other similar data largely indirectly obtained.

The values of resting metabolism represented in fig. 11 by
triangles were obtained by the respective authors at environ-
mental temperatures of 19—30° C. (average 22° C.). A non-
absorptive stage was hardly ever ensured, and even the rest was

dubious, notably in the blowflies and the bees. In the latter ~

complete rest was obtained (according to JONGBLOED and
WiersmMA) “when they had alrcady flown”. The metabolism
ensured after flight is known in other insects (Drosophila,
Schislocerca) to exceed the resting value before flight on account
of the oxygen debt and this might well be the case in bees too.
For the reasons mentioned, the resting values are seen in fig. 11
to fall above the basal (standard) values represented by the
poikilotherm line even when corrected to 20° by means of
“Krocu’s curve” (KrogH, 1916, p. 96)—shown to be valid also
for insects by TEeTENs NicLsEN (1935, figs. 9 and 12 on p. 181
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and 187)—or in the case of Schisiocerca when corrected by
means of the relation between oxygen consumption and tempera-
ture found by Lthe respective authors on the actual species in
question (KrocH and Weis-FogH, 1951, fig. 2, p. 348). As shown
previously (HeMMINGSEN, 1950, pp. 11—12) the standard energy
metabolism at 20° C. of sluggish mosquitoes (from ELLINGER,
1915) taken from a cellar in winter (and of some insect eggs,
larvae and chrysalides) fall on the standard line.

At any certain body weight in fig. 11 the cross represents
average cruising speed; the circle immediately above the cross,
maximal cruising speed; and the next one above, if there is one,
maximal spced hursts. In the case of Apis there is a third one
on top representing maximal flight in the field. For the butter-
flies there are no crosses, only maximal flight values. A few data
unfortunately coincide.

There are two groups of insect data: One between body weights
of 10-1-6 and 1002 g i, ¢. 31 mg and 1.8 g (blowfly to locust), and
one between 10-31 and 10-21 g, i. e. 0.9 and 8.1 mg (fruit fly and
mosquitoes). In the first group the maximal values are grouped
about an extrapolation of the broken line which represenls maxi-
mal sustained flight in birds and maximal sustained work in
mammals; that is, on the average about 2.76 log. decades above
the standard poikilotherm line, corresponding to an increase of
on the average about 575 times over the basal metabolism re-
presented by the line. It is characteristic, then, for this group
that both the average and maximal flight metabolism exceed the
basal metabolism, or even any value of resting metabolism, by
a much higher figure, than maximal sustained work in the
homoiotherms exceeds their basal metabolism (about 575 times
over basal metabolism against 20 times). And the level of the
maximal flight metabolism of these insects is apparenlly at the
same allometric level as the metabolism of maximal sustained
work or maximal flight mectabolism in homoiotherms, though
the poikilothermal insects have lo start at a much lower body
temperature and basal or resting metabolism level than the
homoiotherms. In the homoiotherms during maximal sustained
work the body temperature is known to rise (e. g. to 39—40° C.
in man according to Houwi CHRISTENSEN (1931) and M. NIELSEN
(1938)); and this is the case in the larger insects too. According
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to DorrerwEeicH (1928), OostHuiZEN (1939), and KroGH and
ZEUTHEN (1941) as a preliminary to flight the wing muscles of
at least some insects must usually be heated by vibrations to
above 30° C, and for instance in Vanessa a high rate of flight
can be attained only when the wing muscles have been heated
above 35° C. Krogn and ZEUuTHEN suggest that a definite re-
lationship may exist between temperature and the maximal work
of which a muscle is capable. In flight the body temperature is
then likely to be still somewhat higher and to approximate that
of homoiotherms.

The values of maximal insect flight metabolism in fig. 11 were
obtained at air temperatures varying from 15° to 30° C. In larger
Hymenoptera (Apis, Bombus, Vespa, but not typically in Polistes)
during flight at environmental temperatures of 15°—37° or
922°_37° C. SoravaLta (1954 b) found values of thoracic temper-
atures scattering considerably about or near those of homoio-
therms and rising somewhat with environmental temperature,
yet, at least in the three first mentioned Hymenoplera, with a
pronounced tendency towards smaller average or maximal differ-
ences between thoracic and environmental temperature at the
higher environmental temperatures. Under the experimental con-
ditions adopted by Wris-Fooir (1956, pp. 492 and 497) the in-
crease in thoracic temperature of Schislocerca gregaria during
normal flight at 30° C. was 6.8° C., and any allerations in air
temperature was thought to produce a similar alteration in thora-
cic temperature. Oddly enough normal flight and thus presum-
ably energy metabolism was uninfluenced by allerations in air
temperature between 25° and 35° C., so a check of thoracic

temperature at different air temperatures would have becen

interesting. It is not known to what extent similar conditions
exist in the other insects in question, and it seems difficult
if at all justifiable to correct their maximal flight metabolism
for air temperature.

The other group (small Diplera) has an increase of maximal
or average. flight metabolism (measured at air temperatures of
15—25° C., average 18° C.) over resting or basal meltabolism
which is much nearer in magnitude to the increase in the me-
tabolism of maximal sustained work over standard (basal) me-
tabolism in homoiotherms.
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The lower difference between flight metabolism and resting or
standard metabolism of the second group cannot be due to the
somewhat (4° C.) lower average of air lemperalures. For the
same, or wilhin 114° C. the same, air temperatures as in the
second group prevail in 5 of the species of the first group. The
difference of 4° C. between Lhe average air temperatures is also
much too small, through a possibly ensuing equal difference in
body temperature, lo account for the differecnce in vertical
distance from the standard line. It would require a Q,, of 32.
Probably the small species of Diplera are not able to maintain
any significant temperature differences at all. The relatively
lower flight metabolism in the second group may appear to be
somchow associated with differences in the power output re-
quired for flight in the small flocculent Diptera (fruit flies and
gnatls) and the heavier first group (blowfly, horse flies, bec,
hutterflies and locust).

Unlil the body temperalure of flying smaller insecls is better
known we must leave open the question whether the corre-
spondence belween the maximal metabolism measured in the
first group of larger inscels in question at air temperatures of
19—30° and the extrapolated line for maximal sustained homoio-
thermal metabolism may be associaled with the correspondence
in body temperature during sustained maximal work in these
inscets and homoiotherms.

Krocir and Was-Foan (1951, p. 356) and Weis-Foau (1952 b,
P. 2) point oul that Drosophila and Schistocerca have the same
maximal flight metabolism per unit weight; the same, by the
way, as the pigeon. A line connecting the 3 respective points in
fig. 11 would incline 45 ° o the abscissa axis corresponding to
n = 1. According to Soravarra (1954 a) the corresponding n for
fuel consumption per unit weight of some other flying insects
is 1.4; and, in agreement wilh his quotation of MAYNARD-SMITH
(1953), for geometrically similar animals in general, 1.2. Actu-
ally, as may be seen from fig. 11 of the present paper, a straight
line drawn by cye-fitting belween the points of gravitation of the
two groups of points for smaller and larger insects, with or with-
out the devialing Schistocerca, would not be incompatible with
n = 1.2—1.3, bul the pigeon point could hardly comply.

The cost of acrial transport per unit weight of conventional

13*
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small or large monoplanes and helicoplers is about the same
(aboul 400—500 Cal/kg/hour) as that of the flying blowfly and
bee; that is, 4 times that of Drosophila, Schislocerca and the
pigeon (calculated from Weis-Foci, 1952a, table 3 on p. 345).
These values would thus in terms of Cal. per hour per flying
insect or plane body fall on another line inclined 45° to the
abscissa axis in fig. 11 at a 0.6 log. decades higher level. (For jet
transporters or fighlers the figures are still 3—4 Limes higher).
This correspondences in flight metabolism per unit weight at
different weights suggests that the close coincidence of the values
of flight metabolism of larger insects and even hummingbirds
and pigeon with the line represenling maximal metabolism for
man and horses may be a mere chance coincidence. But is it
really? A sort of theoretical correction lo equal air speeds might
perhaps throw light on the guestion, which, however, we must
leave at that for the present.

The apparently somewhat lower level of the flight metabolism
of Schistocerca compared with the other species of the first group
may probably be correlated with the fact that in contrast to at
least some of the olher insecls in question (incl. Drosophila,
blowfly and bee) it utilizes fat and not carbohydrates as the pre-
dominant fuel thereby enabling the endurance necessary for
long-range migrations (WEeis-Foa, 1952 a, pp. 342 If.).

We must conelude from this chapter that the energy melabo-
lism required for maximal sustained work in homoiotherms and
apparently insecls down lo lhe size of a blowfly is proporlional
lo the same fraclional power of lhe body weight as their slandard
(basal) melabolism, and this maximal metabolism is at the same

allometric level in homoiotherms and these insecls, though their

levels of standard metabolism are very different.

Maximal flight metabolism within the insecls as a group is
perhaps more nearly proportional to the body weight, or to a
power of the body weight of about 1.2—1.3, If this latter power
should apply also to birds it would be difficult to reconcile with
the position of the bird points in fig. 11.

10.
ENERGY METABOLISM OF HOMOIOTHERMS
AT SUBNORMAL BODY TEMPERATURES

Is energy melabolism al subnormal body lemperalures in
homoiotherms (lorpidily, hibernation) proportional to lhe same
fractional power of the body weight as the standard metabolism?
At night when they do nol lake food, the temperature of the
adull (bul not of the young) hummingbirds normally drops to
a lower level, the birds entering into a stage of torpidity. Al
environmental temperalures of 22—24° C. (body temperature
not measured) the melabolism was found by Pearson (1950) to
be about 13 times—when corrected to 20° by KrocH’s curve
(1916, p. 96) as in fig. 11, 17 times—lower than the “resting”
level, i. e. as seen from fig. 11 not far from corresponding to the
fall in standard melabolism of a curarized dog at 20° or the
resting metabolism of bats at 26° (from Morrison, 1948, p. 288)
as correcled to 20° C. in fig. 11: that is at 20° C. 0.4—0.8 decade
ol the logarithmic ordinate scale.

This confirms for the lowest homoiothermal body weights the
facl found by Kroair (1916, p. 146) and BenepicT (1932) that the
difference in metabolism between poikilothermal and homoio-
thermal animals is considerably greater, in the cases mentioned
about 4—10 limes grealer, than the difference in metabolism
merely due to differences in body temperature.

Kavser (1950, pp. 373—374) measured the energy metabolism
of 14 hibernating bals, insectivores and rodents in deep lethargy,
belonging Lo 7 species varying in size from a pipistrel of 7.4 g
to a marmot of 2.7 kg. The variation in energy metabolism in
Lthese animals, as long as they remained in lethargy, corresponded
largely with Kroa’s curve (Qgz°—,° = 2.5—3.5). When cor-
rected to 20° C. (as in fig. 12) these measurements (made at
4.3°—10.1° C.) are seen to fall but 0.00—0.35 log. decade above the
poikilotherm standard line (on the average 0.08 log. decade in the
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lower half of their weight range; 0.28, in the higher half; 0.21,
for the whole range). The values thus obtained on lethargic bats
fall considerably below the resting metabolism of bats corrected
to the same temperalure in fig. 11. This is presumably because
the latter values were “taken from runs with food but in which
the animal was completely inactlive during the day” (MorRison,
1948, p. 287), whereas the lethargic bats must have been really
slarving, hibernaling animals. The values of energy metabolism
of largely the same species of hibernaling mammals after
awakening corrected from temperatures of 22°—29.6° C. to 39°
by means of a combination of Kroeu’s curve and table XV re-
produced by Kroau (1916, p. 93) from VeLTEN (1880) are seen
in fig. 12 to fall some tenths of a log. decade above the homoio-
therm standard line at 39°, presumably because the muscular
aclivily was nol reduced to a minimum. Kroait’s curve (as long
as acclimatizations have not set in) holds approximalely (Qo =
about 2—3 from 30°—10° C.) both al homoiotherm, poikilo-
therm, and lethargic “homoiotherm” hibernation levels. The
difference between homoiotherm and poikilotherm metabolism
levels at 39° and 20° C., respectively, (vertical distance belween

the two respective lines in fig. 12) would require a Q,;, = about
6; between homoiotherm and average lethargic “homoiotherm”
hibernation levels, a Q,, = about 4.6. A similar high Q,, would

be required to account for the more than 20 times greater oxygen
consumplion in a marmot which is awake at a rectal temperature
of 86.5° C. than in a hibernating marmol with a rectal tempera-
ture of 10° C. as found by Nacar (from Krocu, 1916, p. 126, or
EisenTrAUT, 1956, p. 59). Apparently, therefore, the hibernating
mammals in lethargy have reduced their metabolism lo poikilo-
therm level by means other than the mere temperature reduction.

In Kavser’s experiments the respiralory quotient of lethargic
and awakening hibernating animals was that of fat combustion.
According to Kavser (1940; cf. also LuisEntrAUT, 1956, pp. 60—
61) the abnormally low or varying respiratory quotients of le-
thargic or awakening hibernaling animals found by earlier
authors (cf. Krocr, 1916, pp. 126—130) are fallacious, and were
produced by changes in the concentration of carbon dioxide of
the inhaled air or by changes in lemperature, e. g. during
awakening,.
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IL will be seen that in fig. 11 the values of metabolism of bats
in torpidity and in fig. 12 the values of metabolism in lethargic
hibernating mammals may, with allowance for the dispersion,
well be compatible with parallelism to the poikilotherm standard
line, so thal probably also al these levels n is aboul 0.75.
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Fig. 12,
The temperature-corrected energy melabolism of hibernaling mam-
mals in lethargy (open circles) and after awakening (closed circles)
from data of Kavser (1950, pp. 369 and 373). The two siraight lines
represent the relation of standard encrgy melabolism to body weight
in homoiotherms al hody lemperalures of 39° C. and poikilotherms al
20° C. (cf. fig. 2).



11.
THE EVOLUTION OF ENERGY METABOLISM

The idea of a general increase in body size in the course of
evolution is old. It is sometimes called CopE’s law; (for references
see NEWELL, 1949, who however, omits to mention such earlier
proponents of the idea as Lamarck (1815, pp. 181—185), BroNN
(1858, pp. 479—481), FirBriNGER (1888, pp. 991—995) and
GAUDRY (1896): see also Renscu (1954, pp. 218 ff.)). The
opposite trend in special cases, c. g. in insular forms (HOO1JER,
1949), does not disprove the general trend.

Following up this idea HeEmMINGSEN (1950, pp. 26—46) il-
lustrated by calculations that the energy metabolism of plants,
fishes and mammals could not have evolved in proporiion to
body size, because the increase in external and internal surfaces
responsible for food absorption and heat dissipation could not
keep pace with the increasing body weight. If metabolism in-
creased in proportion to body weight, for instance from the size
of a rat to the size of a rhinoceros, the latter would have to
maintain a surface temperature of about that of boiling water
to get rid of the heat produced. Trees would have been in a
similar quandary if metabolism had increased in proportion
to plant weight from bacteria {o trees.

The idea that the evolution of energy metabolism is a function
of the phyletic increase in body weight was especially claborated
by ZeutHEN (1953) for the whole animal kingdom. Diagrams
in which log. metabolism is plotted against log. body weight from
the smallest unicellular organisms to the largest metazoans (such
as figs. 1—2 by HEMMINGSEN, 1950; fig. 1 by ZEUTHEN, 1953; and
fig. 2 of this paper) were taken to represent surveys of the
phylogenctic' evolution of the respiratory metabolism with in-
creasing body sizes. ZEUTHEN’s explanations of the evolution of
the afore-mentioned 3 phases (cf. chapter 3) will be discussed
in the following chapters.

12,
CELL SURFACE AND THE EVOLUTION
OF ENERGY METABOLISM

Is energy melabolism proporlional to cell surface? From his
approximative determination of the slope (0.7) of the line re-
lating unicellular metabolism to cell weight (cf. chapter 1)
ZeuTHEN (1953, p. 9) concludes that among unicellular organ-
isms (phase 1; cf. chapter 3) metabolism rose with about the
same power (24) of the hody weight as the cell surface, so he
admils that cellular surfaces may in some way have been limiting
for evolution in those organisms, with the result that metabolism
per unit weight was very low in the larger Protozoa. He suggests
that the Melazoa were the evolulionary answer to this situation:
In melazoans total cell surface grows more or less in proportion
to the body weight, not with the body surface, so by uniting cells
and still maintaining the proportionality of metabolism to some
cellular surface, the smallest metazoans kept up a body growth
phase during which they suffered a very slight decrease in me-
tabolism per unit weight (phase 2).

No documentation has heen given that the cell numbers of the
small metazoans in phase 2 rise gradually from unicellularity to
the 40 mg limit. But evidently the theory presumes that this was
how phase 2 originated; and we shall presume so in our dis-
cussion.

As shown in chaplers 2—3 of this paper unicellular metabo-
lism does not rise with the 24 power, but with at least very
nearly the % (0.75) power of the body weight. Will this ne-
cessarily viliale ZEuTHEN’S argument?

First we will read from fig. 2 that the size and metabolism of
some unicellular organisms have continued to evolve e. g. into
infusorians and giant amoebac in continuation of phase 1, still
after some smaller cells have begun to unite to form the smallest
metazoans (represented in fig. 2 by pairs of short horizontal
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lines: marine larvae and soil nematodes). Within a certain range
of weights there will thus exist metazoans and unicellular organ-
isms of equal body weight, the former with a higher metabolism
than the latter. Larger unicellular organisms are known than the
0.1 mg amoebae representing the upper end of phase 1 in figs.
1—2, and it will be natural to expect and tentatively assume
their mectabolism to be represented by an extrapolation of the
unicellular line.

If the metabolism of a small multicelluldr animal in, or at the
end of, phase 2 has increased in proportion to its aggregale cell
surface, it must exceed the metabolism of a unicellular organism
of equal body weight, in which the metabolism has also increased
proportional to cell surface, just as many times as its aggregate
cell surface exceeds the surface of the unicellular organism. Let
us disregard for a moment that n is not in unicellular organisms
0.67, corresponding to proportionalily of melabolism to body or
cell surface, but 0.75. We know that the metabolism of a uni-
cellular organism of equal weight to the mullicellular animal in
question has in actual fact followed the unicellular line and will
be so much lower than a metazoic poikilotherm of equal weight
as is indicated by the vertical difference between the actual me-
tabolism of the animal and the unicellular line. Lel us assume
that the multicellular organism is al the beginning of phase 3.
As shown in chapter 3 the vertical difference between phase 1
and 3 is 0.91 == 0.13 log. decade. Let us, however, further suppose
to facilitate calculation, that the vertical difference in question
is 1.0 log. decade. This figure falls within the standard deviation

of 0.91. The aggregate cell surface of such an animal would then .
be 10 times the surface of a unicellular organism of equal weight. °

It is easy to calculale that the number of spherical or cubical
cells which have an aggregate surface 10 times that of a sphere
or cube of a volume equalling their aggregate volume is 103 =
1000.

To calculate the number x of cqually small cells into which a large
cell must be divided in order to increase the total cell surface a times
we have:

Surface of a cell = k - vol% (for a cube k = 6; for a sphere, 4.83)
V, = Volume of the large cell, Vg = Volume of onc of the small cells.
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Since &k cancels out, evidently the shape of the cells need nol be
spherical or cubical, if only k is the same in the large and in the small
cells.

Cell numbers appear to be best known in the small animals
with cell constancy, especially the rotifers. A rotifer of 0.1 mg,
i. c. of the size of a large unicellular organism, has just about
1000 cells (Hydalina senla has 959 cells, for inslance, according
to Marring, 1912; see also WEesENBERG-LUND, 1937, pp. 205 and
208, or 1939, p. 200). With a melabolism like that of a marine
larva al the upper end of phase 2 such a rotifer might thus
apparently fil Zeuvrnen's assumplion with some approximation.

However, though phase 3 has already started at 0.1 mg or less,
0.1 mg is not at the upper end of phase 2, where higher cell
numbers may be likely to occur. We shall see that this is borne
out by another argument.

Il is easy to prove graphically that the vertical distance of
1 log. decade between the unicellular and the poikilotherm lines
(both lines with n = 0.75) requires for a line connecting them
to have n = 1 a range of 4 log. decades; and for it Lo have n =
0.95, nearly 5 decades. This corresponds neatly to the actual
weight range of 4—5 decades of phase 2 (0.1 ug—40 mg). A
vertical distance of 0.91 (+ 0.13) log. decades, as numerically

found requires correspondingly for n = 1, three; and for n =
0.95, nearly four decades; that is, a somewhat less satisfactory
correspondence.

However, the 1000 cells found above to be required at poikilo-
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therm level for a difference in cell surface between unicellular
and poikilotherm level at equal body weights to correspond to
1.0 log. decade, will require phase 2 to slart 3 log. decades carlier
at the body weight corresponding Lo the weight of onc of the
1000 cells.

But could not the vertical distance be virtually grealer than 1.0
so as to really require more than 1000 ceclls and thus be com-
patible with an earlier start of phase 3? Well, for the slart of
phase 2 to occur five decades earlier, 105 cells would have to be
the cell number; and since 105 cells have an aggregate surface
which exceeds that of one cell of equal volume 46.5 times
(3\/105 = 46.5) the vertical distance between the two lines
should be log. 46.5 = 1.67. For a 4 dccades earlier start the
figure is 1.33 (log. 3\/104). But the differences between both
these figures and 0.91 = 0.13 are statistically highly significant.
So we are stuck.

If the over-all n had been 0.67, n = 1 for phase 2 would re-
quire it to start 3 decades earlier, as also then required by the
vertical distance of 1.0 log. decade betwecen the lines. Substitution
of n = 0.95 for n = 1, and/or 0.91 for 1.0 as the vertical distance,
would require 2.7—3.6 decades. These possibilities correspond to
the actual 4—5 decades no more than n = 0.67 to actual fact.

In other words: The difference belween the aggregale cell
surface of a melazoic animal and the surface of a unicellular
organism of the same body weigh! cannot possibly correspond
both to log. 0.91 + 0.15 and al the same lime {o a range of 4 or
5 log. decades of phase 2. And phase 2 does require 4—5 decades
when n = 0.95—1.00, as also actually found.

The necessary 4—5 decades with unicellularity at their be-
ginning incur (cf. the rolifer example) that at the end of phase 2
cell numbers are likely to be nearer to 104-—105 than to 103; that
is, the aggregate cell surface of a mectazoic animhl at that point
should exceed that of a unicellular organism of the same body
weight more than its metabolism exceeds that of the unicellular
organism. Evidently, proportionality of metabolism to cell sur-
face througli phase 2 receives no support from this.

Now, in testing ZEUTHEN’s proposition we have been arguing
against our own better conscience, for we know from chapter 2
that cell metabolism, at least in unicellular organisms, is not
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proportional to cell surface, that is to cell weighto67, but to cell
weight®7s, The difference belween 0.67 and 0.75, which we dis-
regarded above, is nol negligible. It corresponds, for instance,
for the abscissa range of 5 log. decades, at the highest end of the
range to a vertical difference of 0.4 log. decades, that is to a
2.5 times higher ordinate value for n = 0.75 than for n = 0.67.

Could the reason for the discrepancies be that cell surface is
proportional to the 0.75 power rather than to the 0.67 power of
cell weight?

If we imagine that some spherical bacterium at the lower end
of the unicellular weight range of 8 log. decades grows in size
throughout this range, its surface will increase in proportion to
the 0.67 power of the cell weight if spherical shape is retained.
If its surface were Lo increase in proportion to the 0.75 power of
cell weight it would at the upper end of the range exceed spheri-
cal surface at the same weight corresponding to a log. difference
of 6.000 — 5.333 = 0.667 (0.756 :ﬁ—; 0.67 =$) of which the
anlilog. is 4.642. But there is no evidence that the cell surface of
infusorians or amoebae is 4.6 times that of a sphere of equal
volume. Unicellular (approximately spherical) surface is evident-
ly much closer to proportionality with the 0.67 power than with
the 0.75 power (cf. chapler 7).

Now, il need nol necessarily he simply cell surface alone, but
as well “some cellular surface” such as surfaces of nucleus, of
septa in mitochondria (as sile of enzymes responsible for oxy-
dation), of the membranes in the Golgi apparatus, of the mem-
branes in the ground subslance of the cyloplasma, or of other
cellular eclements which may be responsible for the surface-
determined metabolism of the unicellular organisms and for the
maintenance of “the proportionality to some cellular surface”
during phase 2. If so, such cellular surfaces should be pro-
portional to the 0.75 power of the body weight, that is, they
should become relatively more developed with increasing cell
sizes. ZEUTHEN'S argument might be altered correspondingly and
perhaps still explain phase 2 as outlined because total cellular
surfaces would in the Melazoa still be “more or less proportional
to body weight”.

If, then, instead of considering the actual cell surface which
is proportional to the 24 power of volume or weight, we substi-
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tute the %; power for the 24 power and thus assume the me-
tabolically aclive surfaces in the cells lo be proportional to the
same power ol the body weight as unicellular melabolism, Lhe
discrepancies almost disappear, or are at leasl considerably re-
duced.

Substituting % for 24 in the above equations we oblain:

¥

4 =

/xu

x4
ol
x = at

Thus, on this assumption 104 cells instead of 103 possess an
aclive aggregate surface which exceeds that of a unicellular
organism of equal weighl 10 times; phase 2 should start 4 de-
cades earlier at the weight of one of the 104 cells, and 4 decades
is still whal is required for a line with n = 1 Lo connect the uni-
cellular and poikilotherm lines. The difference from Lhe 4—5
decades over which phase 2 is supposed actually lo extend may
not be crucial in view of the uncertainty of the delermination of
the n of phase 2 and the posilion ol ils ends. As a necessary
check of the theory it would be of considerable interest lo know
whether cell numbers of the small metazoans aclually rise from
about unicellularity at the lower end of phase 2, to aboul 104 at
Lhe transition to phase 3. .

The above mentioned rotifer cell numbers of about 103 cells
al 0.1 mg body weight might be compatible with 104 at 1 mg in
other species of small melazoans and thus not be incompatible
with a transition lo phase 3 al aboul 1 mg.

While the theory may thus agree with the actual organism
sizes, if cell surfaces are assumed to be proportional to the 0.75
power of the cell weight, il does not explain why phase 2 evolved
before phase 1 stopped, and especially not why it stopped where
it now meels phase 3.

If protistans began to unite to form small metazoans already
at the body weights where phase 2 starts (below 1 pg) this could
not be because sphere surface became too small for sufficient
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oxygen to pass through; for all animals weighing less than 1 mg
can be sufficiently supplied with oxygen throughout (cf. chapler
8, and ZrurTHEN, 1953, p. 9, col. 1). According to ZEurHEN (1953,
p. 9, col. 2) the possibilily cannot be entirely ignored that this
critical limit al T mg may explain why phase 2 changes into
phase 3. IL scems plain, however, that the same explanation
cannol possibly be applied both to the beginning and the end of
phase 2. It seems awkward to the theory that the low prolozoan
metabolism per unil weight, to which according to ZEUTHEN'S
iden Lhe Melazoa were the evolulionary answer, is actually
lowered still further throughout phase 1 up to 104 times the cell
sizes al which phase 2 starls. The low melabolism per cell or
unilt weight as such, is remedied by the supposed evolulionary
answer only in as much as it is prevenled from falling, for it is
actually maintained (if 0.95 is the correet n, even slightly
lowered) throughoutl phase 2; bul then again it is even lowered
still further continually throughout phase 3.

Lel us try a different viewpoint: When spherical unicellular
organisms or cggs have reached Llhe size (presumably about
0.5—1 mg) al which cell surface has become too small relative
to volume for sufficienl oxygen lo pass Lhrough, any deviations
from spherieal shape resulling in an increase in body surface
and any increase of the inlernal convection at the surface, e. g.
Lhrough vascularizalion or mere circulation of body fluids al
Lthe surface will make il possible for a metazoic animal of the
same size lo have a considerably larger metabolism. This may be
the main reason why meltabolism was raised to the level of the
present poikilotherm line, through phase 2 or otherwise (cellular
differentiation of mullinuelear prolistans?). Also in the further
evolulion of phase 3, as shown in chapter 8, the difference from
extrapolaled unicellular metabolism may be assumed to have
been maintained by such qualitative and quantitative differences
in respiratory surfaces.

-Obviously the idea of ZEurnEN that phase 2 arose by addition
of cells, is not compatible with the idea of HapZi (ef. chapter
4) that the metazoans evolved through cellularizalion of some
imagined multinucleate infusorians into organisms much like
acoelous lurbellarians and nol through union of single cells.

It is perhaps relevant in this conneclion that there is actually



80

a tendency for just the above mentioned small-sized groups with
cell constancy to consist of syneytia rather than of well defined
cells; and also that the giant amoeba Chaos chaos is multi-
nucleate. If metabolism is proportional to cell surface, syncytial
metazoans and multinuclear protistans of equal weight should
have the same energy metabolism.

We shall now leave the small metazoans in which n = 0.95—
1.00 and see whether the concept of proportionality of metabo-
lism to cell surface can bhe applied to the larger melazoans in
which n = 0.75.

Not only rolifers and some other smaller poikilotherms e. g.
dicyemides, tardigrades, nematodes, acanthoce-
phales, appendicularians and larvae of ascidians (MARrTINI, 1924;
Levi, 1925, pp. 144—45), bul also higher invertebrales, such as
for inslance certain insect larvae (‘Tracrr, 1935; ABERCROMBIE,
1936) have absolute or partial cell constancy and accordingly
grow only or in part, notably ganglion and muscle cells, by
enlargement of the cells, instead of by cell division; e. g. in
Oxyuris linearly from 30 , up to 6 mm (from WESENBERG-LUND,
1937, p. 277, or 1939, p. 267), i.c. 200 times.

Even in vertebrates a certain degree of cell constancy obtains
in permanent tissues such as the nervous and especially the
skeletal and heart muscular sysltem, whercas the cell sizes are
much less dependent on body size in less permanent tissues such
as epithelial glandular and connective tissues (cf. THOMPSON,
1917, p. 37, and Rensch, 1954, pp. 163—165 and 225—226).
Thus, the proportions belween the cross seclion area of certain
muscle fibres in a whale and a mouse have been found to be
100 : 0.9: in bull and rat 10 : 1, in man and rat 15 : 1 (from Lgvi,
1925, pp. 192—193).

If metabolism per unit cell surface were maintained not only
in the smallest melazoans belween 0.1 pg and 40 mg, as suggested
by ZeuTHEN, bul throughout the melazoic poikilotherm range,
some degree of cell constancy would be required to explain that
n is lower than 1.0. Absolute cell constancy would of course lead
lo n = 0.67.

Applying this argument to limited weight ranges Davison
(1955 and 1956) has adduced evidence to explain the n values
found by him in frogs (0.67) and crayfish (0.76) by absolute

tremalodes,
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and parlial constancy, respeclively, of the number of muscle
fibres. IZven within limited groups as these it is an oversimplifi-
cation to regard the organism as a bundle of muscle fibres, as
admitted by Davison himself (1955, p. 418). And the caulion
against altaching much importance to short range n values
should perhaps be repeated here (cf. chapter 4, esp. fig. 9), the
more so as no standard deviation of the n values in question
were published by Davison, so that they may not even differ
significantly.

Already Rusner (1913, pp. 253—254) made calculations to
show that cell size has nothing to do with metabolism of mam-
mals. I we would try wilh our present knowledge of the over-all
n = 0.7) to expand the assumption of proportionality of me-
Labolism Lo cell surface to the whole organismal range, we meet
serious difficullies. For one thing, unicellular cell surface proper
should then be proportional Lo weight®7; and as shown above,
il is nol.

As shown above the number of cells required to unite for a
rise in cell surface to be obtained corresponding to the rise in
meltabolism of about 1 log. decade (10 times) from unicellular
level to metazoic poikilolthermal level is about 1000. With pro-
portionality of metabolism to cell surface, this cell number would
have Lo be kept conslant all through the poikilotherm range if n
were 0.67. With n = 0.75, as actually found, an increase from
1000 to only 100000 correspondingly larger cells would be re-
quired through the weighl range of about 8 log. decades up to
aboul the size of an alligator.

As shown above the difference in ordinates at the upper end of a
weight range of 8 log. decades between proportionality to the 0.75 and
the 0.67 power of the body weight amounts to 4.642 times. With n =
0.67 there would still be 1000, though correspondingly larger, cells at
the upper end of the 8 log. decades. To increase the surface of each
of these large cells 4.642 times, cach must be divided into 4.642% corre-
spondingly smaller cells; and 4.642% = 100.

Il in these consideralions we subslitute for actual cell surface
as proportional to weight% the above discussed hypothetical cell
surfaces proporlional lo weight®, we find that an increase from
104 cells lo 101 x 4.642¢4 = 4.642 million (4.642 X 106) cells
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would be required through the weight range in question. Calcu-
lations show that they would at the largest body size measure
2.5—3 mm linearly.

The aggregate cell number of adult man who weighs about
the same as an alligator is allegedly (c. g. Broman, 1925; HESSE,
1935; PiLxiNgTON, 1953; Boas and Tnomsen, 1953, p. 38; cf.
RUBNER, 1913, p. 251) of the order 1014-15 (created through
approximately 47—50 cell divisions). A rough estimate gives
with the well-known 5 millions red blood corpuscles per mm3 of
5 1 human blood 25 X 1012 cells. Assuming average cell size for
the red blood corpuscles of 7 p diameter, 50 % blood cell volume,
and 65 1 body volume, this gives 7.5 X 1014 body cells. The un-
certainty of this estimate is very great. Cell constancy is known,
for instance, within certain limits of heart sizes in man (LiNz-
BACH, 1950) and is to be assumed to a certain degree also for
skeletal muscle fibres and nervous tissue (Lkvi, 1925, pp. 143
and 192—194). But still it is of course out of the question that
any poikilotherm of the size of an alligalor could consist of only
106-7 cells all with linear measures of 2.5—3 mm.

It would not he easy to decide whether the concept of metabo-
lism being proportional to cell surface could be applied to the
whole poikilotherm range il only cerlain metabolically active
tissues were considered. Assuming active cell surfaces to be
proportional to the 3; power of poikilotherm cell weight or
volume there should then be at the 100 kg body weight 464 times
more such cells than at 1 mg body weight, but they should be
216000 times larger by volume, that is 60 times by linear
measures. We have already quoted an example of even larger
size differences in existing cells. But no evidence has heen ad-
duced that any tissues common to 1 mg and 100 kg poikilo-
therms satisfy these or similar conditions.

It is relevant in this connection that ELLeEnBY (1953) found no
statistically significant difference in the rales of oxygen con-
sumption in diploid and triploid prepupae of Drosophila melano-
gaster Meigen, though at equal body weights cell size and conse-
quently aggregate cell surface differed. It must be admitted,
however, that when taken at its face value the metabolism was
actually lower in the triploid individuals, which have larger cells
and conscquently a smaller aggregate cell surface; and the
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magnilude of the standard deviation does not exclude the possi-
bility of a still larger difference. Especially his fig. 2 suggests a
difference.

Even il identity of the powers of the body weight to which
melabolism and muscle fibre surface or other cell surfaces are
proportional, might explain how, it would not explain why the
actual value of n is established.

We shall atlempt a partial explanation at the end of the last
chapter. ’

13.
RECAPITULATION IN ONTOGENY
OF THE EVOLUTION OF ENERGY

METABOLISM

Zeurnen (1953, fig. 4) has adduced some examples to show
that the evolution of energy metabolism is recapitulated in onto-
geny through the three phases (cf. chapter 3): 1) n lower than
L0 as in unicellular organisms, 2) n cqual to or very nearly
cqual lo 1.0 as in marine larvae and soil nematodes at body
weighls between 0.1 pg and 40 mg, and 3) n again lower than
L0 but at a higher level as in poikilothermal metazoans.

However, the weight range over which what is interpreted as
the second phase, extends in the single examples given, is not
coincident with the weight range 0.1 #8—40 mg but varies con-
siderably within the lotal range 0.1 p8—70 g. The third phase
is represented in some cases by such a low n (0.3 in Aslerias,
0.6 in Arlemia, 0.15 in Rana, 0.4 in the rat) that a fourth phase
would be necessary to comply with the n values ordinarily found
in adult metazoans. For instance, for some frog species between
0.1—100 g n was cerlainly not found to be 0.15 but nearer to
4—05 times this value (about 0.67: Davison, 1955, pp. 410—12),
and for rals above 100 g n is certainly not 0.4 but nearer to
double this value (e. g. HEMMINGSEN, 1934, with references). As
regards Aslerias Zrurnen himself in an earlier work (1947, pp.
83 and 107) suspected the low n in question to be due to de-
pendence on the oxygen tension. Especially for the example re-

14*
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presenting Artemia a statlistical test is lacking to prove that n
actually varies at all during ontogeny. If not 3 lines with differ-
ent slopes had been drawn graphically (fitted by eye) through
the points, there would hardly have been anything to suggest
that one slope might not fit the whole lot of points, as actually
found by BERTALANFFY and KrRywiENczYK (1953, p. 108) for that
species. A similar doubt is felt for the three-phasic curve drawn
for Rana between 0.1—100 g, especially in view of the results of
DavisoN just cited. This may not necessarily mean that the me-
tabolism is not three-phasic, merely that the presentation is un-
convincing. Quotations by Davison (loc. cil., p. 417) might as
well be interpreted as representing 4 phases from cleavage of
egg to adult. As to Mytilus the lower n of the alleged phase 1 is
based on two measurements at the lowest end of the phase,
which according to ZEUTHEN’s own statement (1947, pp. 94—95
and fig. 28 on p. 96) must be suspected to be too high (increase
in respiration after fertilization, vivid swimming). If they are
lowered the phase becomes doubtful. And as to phase 3 which is
based on more quiet individuals there seems Lo he the source of
error that the animals get more quiet with increasing body
weight which will lead to an apparent lowering of the n value.
Perhaps also here with allowance for the source of errors
mentioned a uniform slope might fit the whole range of measure-
ments, especially if some points hetween 1 and 10 pg from the
original material (1947, fig. 28) were not omitted in the example.
Additional examples mentioned by Zrurnen (1955, p. 470) are
on closer study equally unconvincing.

Later assertions (ZEuTHEN, 1955, p. 470) of three-phasic curves

for earlier measurements on Nassa reliculala and Liltorina lit-"

torea (ZEUTHEN, 1947, pp. 90 and 91) and of n = 0.4—0.5 for
immature and 1.0 for mature individuals of a nematode and an
oligochaete (mecasurements by OVERGAARD NIELSEN) carry no
more conviction. In a log. O,-log. body weight diagram of the
measurements by OVERGAARD NIELSEN (1949, p. 93) there is
nothing to disprove an intermediate n for the whole range, let
alone to suggest a statistically significant difference between
immature and mature worms. No stalistical tests have been
applied.

A critical accumulation of more convincing ecxamples is nee-
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essary before the idea of ontogenetic recapitulation of metabo-
lism evolution can be accepled as a general idea.

What seems best established in the three-phase concept is the
weight-proportional metabolism in foetal life for which in the
ral ZEUTHEN draws no phase 1 but a prolonged phase 2 from the
egg below 1 ug to a body weight of nearly 70 g.

ZEUTHEN suggests that the high level of homoiotherm metabo-
lism may have been reached through an extension of the onto-
genclic phase 2 from the poikilotherm level of metabolism—in
the rat this would mean from the level of egg metabolism—
similar to the jump from unicellular level to poikilotherm level
through the phylogenetic phase 2. Reasons for correlating this
jump with the considerable increases in respiratory surfaces
were given in chapter 6.

14.
ORTHOGENESIS OR ORTHOSELECTION?

Is the constancy and idenlily of n (= 0.75) in 1) unicellular
organisms, 2) plants and poikilothermal, and 8) homoiothermal
animals, non-adaplive (due lo allomelric “orthogenesis’”) or
adaplive (due lo allomelric orthoseleclion)? ZrutHen (1953, p.
10) concludes that “evolution within large poikilothermic and
within homoiothermic animals took place on the basis of es-
tablished relalionships hetween metabolism and body size, which
were already acquired in animals growing beyond certain small
sizes, and ...... have been strongly held ever since”, and (p.11)
that “once such relalions were acquired they were largely non-
adaplive”. He thinks that “the basal metabolism is adapted to
the needs of a species to a lesser extent than the species are
adapted to the melabolism derived according to the size and to
the phylogenctic history of their whole group” (p. 10).

This view is equivalent to the concept of “Relative Growth”
(heterogony, allomelry, heteroauxesis, of HuxLEY, TEISSIER,
NeebpHaM, cte.) as an explanation of the similar trend in the
evolution of certain characters during phyletic increase in size
(c. g. horns in titanotheres and antlers of deer, cte.). In the re-
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lation under consideration the less substantial “metabolism”
might then be replaced by “the sum of respiratory enzymes, and
metabolites”. Speaking of one of the numerous instances of
“Relative Growth”, the linear relation between log. of length of
face and log. of length of skull in both extinet and recent horses,
SmpsoN (1944, pp. 5—6) finds thal it amounts almost to a
proven fact that the relative sizes of the two variales in question
are genetically related or have proportions resulting from a
single genetic rate determinant. Such non-adaptive allometric
trends in evolution undoubtedly explain much of what is termed
orthogenesis (cf. also HuxrLeEy, 1942, 1945, pp. H34 ff.,, and
RenscH, 1954, pp. 231 ff.).

In the course of evolution as outlined by Zrevrnen there would
thus three times have been an establishmenl of a genelically
fixed proportionality, on all three occasions to aboul the same,
or, as the present paper postulates, idenlically the same fraction-
al power of the body weight: at the beginnings of phases 1 and 3
ol the three-phased protistan-plant-poikilotherm-curve and at
the beginning of homoiothermal evolution, the latlter lwo oc-
casions being, so lo speak, re-establishments.

If, however, as argued by ZreuTHEN, on the first of these three
occasions the metabolism-weight-relation was genelically fixed
—or acquired in ZEUTHEN’S words—as an adaptation to “cellular
surfaces which may in some way have been limiting for evo-
lution in these organisms”, it seems illogical to deny that also
on the occasions of its two later re-establishments its genetical
fixation may have been brought about as adaptations, at least
partly, Lo some surface functions. Important surfaces, such as
gill surface (Pricg, 1931, for a fish; Gray, 1957, for crabs) and
muscle fibre surface (Davison, 1955, 1956, for frogs and cray-
fish) are proportional to a fractional power of the body weight
close to the n of metabolism found by lhe authors themselves or
others for lhe respective animal or animal group.

As mentioned in chapter 11 external or internal surfaces are
limiting factors for the evolution of metabolism with growing
sizes, as regards food absorption and heat dissipalion. Thus, for
instance, it was shown for heat dissipation through the body
surface, that limitations occur not only when small animals are
supposed to grow to the sizes of hypothelical giants with re-
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tention of the metabolism per unil weight (rat-rhinoceros), but
already in the case of a 100 g rat growing to about only 338 g
(HeasnNGseEN, 1950, pp. 40—46).

It seems in facl unlikely that the whole process of metabolism
evolution should have been dependent on Lhe establishment
already at the smallest microscopic sizes of unicellular organ-
isms of an allomelric relation which proved to be so fortunate
that it permitted a variation of metabolism sufficiently close
with the body surface lo prevent surface processes such as ab-
sorption from the inlesline, heat dissipation through the surface,
or cross seclion functions such as blood flow from becoming
limiting in the large melazoans.

When we realize that any animal growing in size cannot keep
up its energy metabolism per unit body weight because its
surface functions set such limits that the metabolism must be
adapled to them, there is no reason to believe that the relations
resulling from such adaptations were eslablished once and for
all already in animals growing beyond certain small sizes. It
seems much more likely that during the evolution of the me-
tabolism-weight-relalion an adaplalion of the meltabolism—the
basal perhaps through the maximal—to the structural necessities
has conslanlly taken place, not least lo the surface functions,
and thus not only so as Lo be genelically fixed by selection of
multalions or gene-combinations at the beginning of the courses
of evolution represented by the three straight lines with n = 0.75,
butl so as to be genetically fixed by similar means (selection) at
any specific body size during their whole course of evolution.
This would be lhen what is sometimes called orthoselection
(PraTe, 1913, p. 511); that is, selection promoting the continu-
ance of an adaptive trend.

Within all three ranges with the over-all n = 0.75, n values
differing considerably from 0.75 have been found within
narrower weight ranges (for the poikilotherm range exemplified
in fig. 9). Some of them may not differ significantly from 0.75.
Others may deviate from 0.75 because comparable standard con-
ditions were not established. Still others may be virtually differ-
ent from 0.75, in cerlain groups or during ontogenesis. As clearly
exemplified in fig. 9 none of the short range lines with such de-
viating slopes conlinue over more than a few log. weight decades.
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This suggests that the relations are not fixed a priori but that
with changing body weight a seleclive influence may have been
operalive having eliminaled all mulanls that would produce
organisms with a melabolism devialing loo much from thal
adapted {o the average normal life functions at the particular
body size.

In human medical practice deviations of more than only about
20 % from the normal cnergy standard metabolism, as de-
termined on the basis of age, height and weight are taken to be
strongly suggestive of a pathological condition. Such and higher
deviations—no doubt often occurring as hereditary Mendelian
segregations of mutational origin—will have no survival value.

Suggestive are also ihstances quoted by Bropy (1945, fig. 13.9
on p. 372) and ZeutHEN (1953, pp. 7—S38 and fig. 5) of a tendency
in some species for the log. metab.-log. weight curve to branch
off from the main curve as soon as a species approaches its
maximum size; for the cessation of growth might depend on the
deviation of the metabolism from the main line having become
too large.

Also other instances of allometric relations are known which
are more readily interpreted as results of orthoselection than as
non-adaptive growth correlations. It was pointed out by NEWELL
(1949, pp. 104—105; quoting personal communication by Simp-
soN) that the allometric curve produced by plotting diameter of
limb bone against linear dimensions of the body of land verte-
brates must be the result of seclection of mutations. With in-
creasing size, limb bones must become relatively (as well as
absolutely) more massive because body weight increases as the
cube, bone strength as the square of linear increase. Large ani-
mals without a proper relation between limb and body size
would not survive.

Similar cases in which selection has produced for the trans-
specific growth allometry an n different from those of individual
ontogentic growth allometries arc mentioned by REnscH (1954,
p. 235). For instance, growth allometry of intestines relative to
body size of homoiotherms is negative ontogenetically, but posi-
tive phylogenetically, larger animals having relatively larger
intestines (RENscH, 1954, p. 157), and though growth allometry
of flight muscles of Diplera is positive ontogenetically, it is nega-
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tive phylogenelically (ParrmanN, 1948). Growth allometry of
wing lenglh relative to total body length of some Tipulidae is
negative intraspecifically; in others it is positive (HEMMINGSEN
and BmaGeEr JENSEN, unpublished). In flying animals taken as a
whole (fly to stork) it is positive (GOUNTHER and GUERRA, 1957).

Also KLeEmER who was among Lhe first to establish the inter-
specific metabolism-weight allometry for homoiotherms (1932)
considers it a result of natural selection (1947, p. 538): “In
natural selection those animals prove to be betler fit whose rate
of oxygen consumplion is regulated so as to permit the more
efficient temperature regulalion as well as the more efficient
transport of oxygen and nutrients.” To voN DSBELN (1956, p. 45)
it appears doubtful how this thesis can apply to standard con-
ditions because only during the period of sleep do the conditions
in nalure approach those existing under laboralory standard
condilions; that is, fasting and complete muscular relaxalion. It
must be plain, however, that also the melabolism during slcep,
1a—1/s of the life time of many animals,—or cven in torpidity or
lethargy—must possess survival value in the sense that it must
comply with the structural and physiological needs of the organ-
ism. Furthermore, we saw in chapters 9—10 that to all ap-
pearances n is 0.75 not only lor standard bul also for maximal
cnergy metabolism in homoiotherms, and for torpidity and
lethargy metabolism in hibernating mammals, so it secms that
KrLemir’s thesis may be applicable to any level of metabolism.

No matter whether the evolution of energy metabolism has
been adaplive or non-adaplive, a riddle remains in either case:
The cnergy metabolism is proportional to the 0.75 power and
not to the 0.67 power of the body weight, as one would expect
if only surface functions alone had been limiting.

The attempts at an explanation so far put forward by various
authors apply to higher animals or shorter weight ranges (cf.
HEMMINGSEN, 1950, p. 47; and also the theory of Davison as dis-
cussed above) and are irrelevant as far as unicellular organisms
are concerned. Quile obviously an explanation must cover all the
allomelric levels in question. In the present state of matters this
is a burning issuc.

Apparently the only cexplanation which fits both unicellular
and multicellular organisms, scems to be that in the course of
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evolution of sizes there has been constantly a lendency for
energy metabolism to increase in proportion to size. But limi-
talions set e. g. by surface functions have forced il by constant
selection to increase much more in proportion to surface than to
size, without, however, thereby nccessitating a complete abolition
of the tendency to proportionalily to size. This tendency is thus
still represented by the dilference belween 0.67 and 0.75.

A combination of a tendency to phyletic increase in size to-
gether with a tendency for metabolism to be proportional to
body weight will necessarily favour selection of extra external
or internal surface increments with rising size, in compensation
of the decrease of surface per unil volume with increasing
volume, and may thus have been one of the driving forces in the
evolution of such surfaces.

At cach major jump in allometric metabolism level, lhat is
from unicellular to multicellular level and from poikilotherm to
homoiotherm level, the tendency towards proportionalily to body
weight has overridden the limitations sel by the surfaces at the
existing level of organization, largely by evolving more efficient
or larger surfaces.

ividence of the struggle between size proportionality and
surface proportionality, leading to extra surface increases, may
perhaps be seen in the phylogenctically positive growth allo-
metry of intestines and inner intestinal surface relative to body
size (larger animals have relatively large intestines; see e.g.
PanTMANN, 1948, for Diplera and Rensch, 1954) and in the
cxtension in certain fish larvae of the intestinal canal outside
the body proper into a long thread-like appendage (cf. HEMMING-
SEN, 1950, p. 27), perhaps also in the preponderance of short
range n values that exceed the over-all n of 0.75 (cf. chapter 4).

However, while the hypothesis in point explains why n is much
nearer to 0.67 than to 1.00 it lcaves unexplained why just exactly
the difference between 0.75 and 0.67 turns out as a resultant
from the hypothetical struggle between size proportionality and
surface proportionality.

15.
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16.
SUMMARY

The temperature-corrected basal (standard) metabolism of
unicellular organisms is proportional to the same fractional
power (0.75 = 0.015) of the body (cell) weight as that of multi-
cellular plants and poikilothermal and homoiothermal meta-
zoans, yet at a lower allometric level. (Fig. 1, p. 12).

Within the range of body weights of approximately 1 ug—1 mg
the cnergy metabolism of small metazoans (marine larvae) as
measured by Zeurnen is higher than that of unicellular multi-
nucleale organisms, lower than that of inscct eggs, and as found
by ZrurHeN proportional to a higher power (nearly 1.00) of the
body weight. Accordingly, the corresponding line representing
the relation between log. metabolism and body weight of these
small metazoans, rises (below 1 pg) from the “unicellular line”
before this ends (al 0.1 mg) and reaches the “metazoic poikilo-
therm line” (according to Zeutrnen at 40 mg) after this begins
(at 10 g or below). Fig. 2, p. 16).
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The straight lines representing the relation of log. Cal. to log.
body weight intra- or interspecifically within shorter ranges of
body weights in many different groups of poikilothermal ani-
mals, have been plotted in a log. Cal.-log. body weight diagram
together with the over-all standard “poikilotherm line” which
has a slope representing for poikilotherms proportionality of log.
Cal. to the fractional power 0.75 of body weight. It is then seen
that the short range lines which do not coincide with the
standard line, are distributed about it, falling cither somewhat
above or below or cutting it, the extreme upper or lower ends of
such lines tending to fall approximately in (imaginary) lines
parallel to the standard line. The evolutionary significance of
this is evidently that no value of the fractional power of body
weight except 0.75 can be maintained over any wider range of
body weights. Lower and higher slopes are eliminated by se-
lection. (Figs. 3—9, pp. 24—30).

The theories of BERTALANFFY (on, metabolic types and growth
types) and Lupwic (on metabolic types and type of respiratory
apparalus) are discussed.

Though ontogenetically body surface area tends to vary with
a fractional power of body weight which is lower than 24, this
power is to all practical purposes equal to 245 when lhe whole
range of vertebrates is considered; and at any body weights, the
body surface area is on an average about twice the surface area
of a sphere of equal volume. (Fig. 10, p. 42).

The surface arcas of beech trees (without lecaves and roots)
exceed the surface areas of hypothetical spherical unicellular
organisms extrapolated to the same sizes (that is, spheres with
volumes equal to those of beech trees) about as much as the
energy metabolism of beech trees exceceds unicellular metabolism
at the same temperature (20° C.) extrapolated to the same size.

The energy metabolism of poikilotherms at any certain size
above 1 mg is about 8.1 times higher than that obtained for a
hypothetical unicellular organism of the same size by extra-
polation. This higher level is not effectuated primarily by in-
crease of area of respiratory surfaces in excess of body surface,
but in some (insect eggs) by unknown factors, in others by in-
creased internal convection, vascularization of skin or of lung
and gill surfaces. Yet in some, not least tracheates, some fishes

93

and repliles the development of internal respiratory surfaces
plays a major part. The body + respiratory surfaces in some
poikilotherms surveyed exceed the surfaces of spheres of equal
volume by figures (2—26) which are of the same order of
magnitude as 8.1.

The lung surface of man appears to exceed the surface area
of a hypothetical spherical unicellular organism extrapolated to
the size of man (that is, a sphere with the volume of man) about
as much as his temperature-corrected standard metabolism ex-
ceeds unicellular standard metabolism at the same temperature
extrapolated to his size.

This is taken to suggest that the increase of internal respira-
tory arca plays a major role in the cvolution of poikilotherms
into homoiotherms. Both the difference hetween the metabolism
of unicellular organisms and poikilotherms (and plants), as
calculaled by extrapolations to equal body weight, and the differ-
ence between poikilotherms and homoiotherms of equal body
weights are taken to be closely associated with qualitative and
quaniitative differences in respiratory surfaces.

The metabolism during maximal flight or maximal sustained
work in the homoiotherms dealt with is proportional to the same
fractional power (0.75) of the body weight as the slandard me-
tabolism and exceeds the laller about 20 times. (Fig. 11, p. 63).

The maximal flight metabolism in insects above the size of a
blowlly may or may not be proportional to the same power
(0.75) of the body weight as standard poikilothermal metabo-
lism at 20° C., but it exceeds the latter about 575 times and falls
aboul an extrapolation of the maximal homoiotherm metabo-
lism. It is suspected Lhat correspondence in body temperature
of homoiotherms and these insecls during flight may account
for this. The flight metlabolism of smaller Diptera differs less
extremely from resting or standard metabolism, and is per unit
body weight similar to that of the larger insects and the pigeon.

Also al torpidity levels (c. g. of bats) and at the still lower
lethargy levels of hibernating mammals approaching that of
poikilotherms at the same temperature, the energy metabolism
is probably at least approximately proportional to the same
power (0.75) as standard (basal) metabolism. (Fig. 12, p. 71).

In agrecement with the idea of a widespread phyletic increase
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in body size the relation between energy metabolism am! body
weight is taken with ZEuTHEN to illustrate the.evolutlon of
energy metabolism from the lowest unicellular sizes to those
of giant metazoans. .

Theories of proportionality of metabolism to cell surfaf:e. in
protistans and small metazoans (ZEUTHEN) and in some poikilo-
therms (DavisoN) and of recapitulation in ontogeny of the evo-
lution of energy metabolism (ZEUTHEN) are discussed..

Reasons are given for believing that the mctabolls.m-body—
weight-allometries with identical n (= 0.75) ‘within umce!lular
organisms, plants, poikilothermal and homolothc.rmal amm.als
are adaptive and have evolved by orlhosc.lcctlon, result.mg
perhaps from a struggle between proportionality of.metubohsm
to body weight and proportionality to surface functions.
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