
signals dictate preferential synthesis of 
additional energy-converting machinery, 
formation of other cell components es- 
sential for rapid growth [such as ribo- 
somes (18)] would be inhibited and, 
inevitably, the growth rate would be 
decelerated. A regulatory system per- 
forming in this fashion should be char- 
acterized as a partially compensatory 
control mechanism rather than as a 

finely tuned regulation device. It seems 

likely that in addition to changes in 
quantity, changes in composition of 

energy-converting membranes must oc- 
cur under different nutritional condi- 
tions to permit economic use of the 
energy and material resources available 
for biosynthesis. It is hoped that poly- 
myxin and related antibiotics will serve 
as sensitive reagents for defining such 
alterations. 
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Thermal Radiation in Metabolic Chambers 

Abstract. Emissivities and ratios of surface areas of metabolic chambers and 
their contents have been usually ignored in studies of the metabolic rates of animals. 
Failure to take these factors into account can lead to errors in the interpretation 
of results. 
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A wide variety of containers have 
been used to measure metabolic heat 

production and the rates of evaporative 
water loss of animals. Frequently, 
such chambers have had smooth metal- 
lic inner surfaces. Generally, such me- 
tallic surfaces have high infrared re- 
flectances and low emissivities (1). The 

exchange of thermal radiation between 
the animal and the chamber walls is 
often not considered. If the chamber 
walls are highly reflective to infrared 
radiation, the energy reflected back to 
the animal from the chamber walls may 
have a significant effect on the energy 
balance of the animal (2). 

The exchange of radiant energy be- 
tween an animal (or plant) and a closed 
chamber is determined by the surface 

temperatures and emissivities of the or- 

ganism and the container walls, their 
surface areas, and the percentage of 
each area that "views" the other (the 
view factor) (3, 4). An equation that 
describes the theoretical exchange of 
radiation between an object and its con- 
tainer may be derived in at least two 

ways. In an intuitive derivation one 

may imagine two infinite parallel planes 
with a finite surface between them. 
The infinite planes represent the con- 
tainer walls and the finite surface rep- 
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Fig. 1. Ratio of actual net radiant ex- 
change to! maximum possible net exchange 
as a function of area ratios and container 
emissivities. Maximum net exchange oc- 
curs when both surfaces have an emis- 
sivity of 1.0. All solid lines are computed 
on the assumption that the animal surface 
has an emissivity of 1.0. The dashed line is 
the difference in the solution at 62 = 0.05. 
if e = 0.95 instead of 1.0. The difference 
is even smaller at higher values of e2. 
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resents the organism. We here assume 
for simplicity that the absorptivity of 
the animal is perfect, that is, absorptiv- 
ity is 1. Energy radiated from an ani- 
mal (designated surface 1) will strike 
surface 2 (the infinite parallel planes) 
where a fraction will be absorbed and 
some will be reflected. The proportion 
of the reflected energy incident on sur- 
face 1 will be determined by the view 

(shape) factor from surface 2 to sur- 
face 1 (F,2) (3). The rest will pass the 
animal and be absorbed or reflected by 
the opposite plane. On each pass of re- 
flected energy, some falls on the ani- 
mal. The equation describing the trans- 
fer of radiant energy from surface 1 to 
surface 2 is 

El- 2 = aY2aTe i T l 4- 

a2[p2(eaT,TA1) - p2(elaTi-"A,)F21] + 

oa2[pAjp(eA soT4 1 p2) .- F2po(eA 1) F,1] - 

as2ps2(e(Ata-T14) - p2(eAi-T14) F21] F + . . 
(1) 

or 

EI-> = o,- aA,laT 14[ + ps(l - Fs2) + 

p2(1 - F2>1)2 + PS(l - F). . . (2) 

where a is the absorptivity, e is the 
emissivity, p is the reflectivity, a is the 
Stefan-Boltzmann constant, T is the 
surface temperature in ?K, and A is the 
surface area. 

Since Eqs. 1 and 2 have the form 

I + X + X2 +- x3... =1/(1 - x) (3) 

then 

a2eiA o T14 
E2 == A--T.1 -- F. (4) 1 - p2 (1 -F21) 

In similar fashion the radiant energy 
transferred from surface 2 to surface 
1 is 
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Since the net energy transferred by 
radiation is the difference between 
Eqs. 4 and 5 and AFi2 =- A)F,1, F12 - 

1, a = , and a + p = 1 (5). Equation 
6 is similar to Christiansen's equation 
(6). 
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where Q12 is the net transfer of energy 
from surface 1 to surface 2. A more 
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sophisticated derivation (7, 8) yields a 
more general equation 

t- l 2AIr (T14 - T4) 
1 + (1 - e2) (iA:,/e2A2) 

(7) 

which reduces to Eq. 6 when er = 1. 
Figure 1 shows the ratio of actual 

Q12 to maximum Q12 for different area 
ratios and different container emissivi- 
ties. When a very small animal is placed 
in a large metabolic chamber, A1/A2 ap- 
proaches zero and Q approaches Q,S:,. 
At a high wall emissivity, for example, 
1.0, and a wall temperature equal to 
air temperature, for a given set of en- 
vironmental conditions there will be a 
maximum energy loss from the animal 
by thermal radiation and a minimum 
energy loss by convection because the 
solution for surface temperature given 
in Eqs. 8 and 9 (shown below) is a mini- 
mum compared to the value when wall 
emissivity is low, for example, 0.05. 
Conversely, when an animal nearly fills 
a chamber, A1/A. approaches 1 and 
most of the energy radiated from the 
animal is reflected back to it at low 
emissivities. Under these conditions the 
net radiant heat loss is a minimum, and 
the convective heat loss and surface 
temperature solution are maximums. 
If the animal's insulation, core tempera- 
ture, and evaporative water losses are 
assumed to be constant, the metabolic 
requirements for the maintenance of 
the same body temperature are less 
than when wall emissivity is 1.0. This 
reduced metabolic requirement is the 
result of the animal's intercepting a 
greater percentage of its own reradiated 
energy, thereby increasing its surface 
temperature and reducing the tempera- 
ture difference between its surface and 
its core. Consequently, less heat will be 
conducted across the body wall. Less 
metabolic heat production is necessary 

Fig. 2. Comparison of metabolic require- 
ments at different chamber emissivities. 
Values used in the computations are listed 
in (a). Assumed wind speed is 10 cm/sec. 
The quantity Qab is the sum of the ther- 
mal radiation emitted and reflected from 
chamber walls that is absorbed by the 
animal. Conductivity of fur was assumed 
to be that of still air; this assumption is a 
little optimistic (11), but the thicknesses 
of the insulation can be considered effec- 
tive rather than actual thicknesses. Sur- 
face temperatures at a given thickness of 
insulation are different at each emissivity 
but are not plotted here. There is one 
and only one surface temperature solution 

300 for each combination of an animal's phys- 
ical and physiological properties and a 
specific physical environment. 
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to achieve the same equilibrium body 
temperature. Therefore, at low wall 
emissivities a relatively high surface 
temperature means that an animal may 
not be under nearly as great a cold 
stress as might be assumed from mea- 
surements of air temperature alone. 
Interpretations of an animal's tolerances 
to cold environments may lead to over- 
estimates of an animal's capabilities. In- 
terpretations of tolerances to warm 
environments can also be misleading, 
since at low wall emissivities the sum 
of emitted and reflected thermal radi- 
ation from the walls may be only 
slightly higher than the energy radiating 
from the surface of the animal. 

Since physiological studies of metab- 
olism are usually correlated to air tem- 
perature, Fig. 2 shows the changes in 
metabolism that might be expected at 
a fixed air temperature for different 
thicknesses of fur or feathers of model 
spherical animals. I determined the 
points on these graphs by using a com- 
puter program that simultaneously 
solves Eqs. 8 and 9. 

(M- Eex) A _ 
47rbrskb/(rs - rb) 

(M- Eex-E)Af (8) 
47rrfrskf/(f - rOs) 

Equation 8 was derived from Eq. 7, 
Porter and Gate's figure 4 (2), and 
Birkebak's equation (4) for heat con- 
ducted to a sphere's surface. Equation 
8 describes the steady-state heat trans- 
fer between the core of a sphere and 
its surface. Equation 9 (describes the 
steady-state heat transfer between the 
surface of the sphere and its environ- 
ment. 
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heat loss is assumed to be negligible 
and has not been included. 

The assumptions used in Fig. 2, a 
and b, are that the animal has curled 
into a ball whose outside diameter is 
5 cm (about the body diameter of a 
cardinal). The only difference in the 
values used to compute the points in 
Fig. 2, a and b, is the air temperature. 
The vertical line, sE =a 1.0, indicates 
the energy absorbed from black sur- 
faces at -20?C and 0?C, respectively. 
A comparison of Fig. 2a with Fig. 2b 
indicates that over the full range of 
emissivities the change in metabolic re- 
quirements at a given thickness of insu- 
lation is dependent on the magnitude 
of the difference between the core and 
the air temperature. 

Figure 2c is an extreme, hypothetical 
example which shows how a large ani- 
mal curled into a spherical shape could 
be expected to respond to changes in 
wall emissivity. For identical environ- 
ments (Fig. 2, b and c) metabolic re- 
quirements are less for a 60-cm spheri- 
cal shape than for a 5-cm spherical 
shape because a larger object has a 
thicker boundary layer (2, 10) that insu- 
lates its surface more effectively from 
air temperature. Since a larger object 
with little fur is not cooled as much by 
convection, less metabolic heat is re- 
quired, for example, at 82 = 1.0, to 
maintain a body temperature of 38.5?C 
at an air temperature of 0?C. 

Thus, in order to keep Q/Qma, 
(Fig. 1) as close to 1 as possible and 
thereby to minimize complications in- 
volving view factors and reflected ther- 
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mal radiation in metabolic chambers, 
wall emissivity should approach 1. 
Alternatively, if material of lower 
emissivity is essential for chamber con- 
struction, the container should be as 
large as possible relative to the orga- 
nism's size so as to keep the ratio of 
surface areas, A1/A2, small. If neither 
course is possible, area ratios and wall 
emissivities must be determined to ac- 
curately establish an animal or plant's 
absorbed thermal radiation. 
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Department of Zoology, 
University of Wisconsin, Madison 53706 
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mal radiation in metabolic chambers, 
wall emissivity should approach 1. 
Alternatively, if material of lower 
emissivity is essential for chamber con- 
struction, the container should be as 
large as possible relative to the orga- 
nism's size so as to keep the ratio of 
surface areas, A1/A2, small. If neither 
course is possible, area ratios and wall 
emissivities must be determined to ac- 
curately establish an animal or plant's 
absorbed thermal radiation. 
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M = Q12 + C + Eex + E,, 

In these equations M is the metabc 
heat production, Ee is the energy I 
by evaporation during breathing 
calories per square centimeter per m 
ute), ESw is the energy lost by wa 
evaporating from the skin, Tr is 
surface temperature, Tb is the bc 
(core) temperature, As is the skin ar 
r, is the radius of the sphere to 
skin, rb is the radius out to the pc 
in the body wall where temperatl 
begins to drop from the core tempe 
ture (2), kb is the conductivity of fl 
(9), Af is the surface area of fur 
feathers, rf is the radius to the effect 
radiating temperature of the fur (2), 
is the fur conductivity, and C is 
convection from a sphere at the app 
priate Reynolds number (3). Conduct 
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(9) Virus of the 1918 Influenza Pandemic Era: 

)lic New Evidence about Its Antigenic Character 
lost 
(in Abstract. In serums of unusually isolated Pacific islanders whose only exposure 
lin- to influenza occurred during the era of the 1918 pandemic the residual neutraliz- 
iter ing antibody was greatest to the PR/8 and BH strains of human type A influenza 
the virus, significantly lower to swine influenza virus, and absent to equine or later 
)dy human type A virus strains. The pandemic virus was thus antigenically closer to 
rea, human type A strains isolated during the middle 1930's than to other known 
the influenza virus types. 
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During the course of our studies of 
the immune response to influenza vac- 
cines in isolated Pacific island popula- 
tions (1), we discovered in 1964 that 
the population of one particularly in- 
accessible western Caroline island, Fais, 
had not experienced type A influenza 
for several decades. In a total popula- 
tion of over 200, not a single individual 
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born after 1924 and who had never 
been off the island had neutralizing 
antibody to any of several strains of 
virus spanning the subgroups of in- 
fluenza virus type A. Antibody to the 
early subtype A strains, however, was 
evenly spread throughout the older 
age groups in approximately half of 
the 80 people born before 1924. 
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