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The  stable isotopes of oxygen have 
been separated by a number of physical 
proceases such as thermal diffusion and 
distillation. I11 addition to the physical 
methods of separation, the oxyqen iso- 
topes ( I )  are known to fractionate in 
the follo\~~ingtjpes of chemical reac-
tions: ( i )  equilibrium isotopic exchange 
reactions such as those between carbon- 
ate ions and Ttatcr or carbon dioxide 
gas and water, ( i i )  decomposition reac- 
tlons such as the decomposition of hy-
droqen peroxide (2)  or the decomposi- 
tion of ammonium nitrate ( 3 ) ,and jiii) 
oxidation reactionr such as the forma- 
tion of oxide films on mctals (4) .  

Isotopic fractionat~on of oxygen in 
living systems \\as imesticated for the 
pho~os~nthcsls leaction by Dole and 
Je~zks' 5 ) ,who found that the liberated 
oxyyen had the isotopic composit~on cal- 
culated for isotopic exchange equilibrium 
between oxygen and liquid water. Be-
cause the equilibrium constant f o ~  this 
reaction, as caIcuIated hv Urey (61, is 
\e ly  close to unity, photosy~~thetic oxy-
gen has an isotopic composition close to 
that of the oxygen in water with defi- 
nitely less OxX, speaking relati\ ely, than 
the oxygen already present in the atmos- 
phere ( I ) .  Dole, Hawkings, and Barker 
( 7 )  found onlv a \el? slnall fractionation 
factor, about 1.003, for the consumptiol~ 
of oxygen in bacterial respiration, hut 
Rakestra.i\, Rudd, and Dole ( 8 )  dis-
cohered that sea Iife consumed the C P  
isotope In the oxySen of air dissolved in 
the ocean at  a slightly more rapid rate 
than the 0 1 8  isotope, the fractionatior~ 
factor being 1.009 ( 9 ) .  

Barker (10) and Rabinomitch ( 1 1 )  
suggestrd independently that the cause 
of the Dole effect ( I Z j ,  which is the 
Treater ratio of 0 1 8 / 0 1 6  ?n atmospheric 
oxvgen than in the oxygen of water, 
might be the result of fractionation 
during the back therlnal reaction in the 
oxygen c)cle, or in other .i\ords in the 
respiration of oxygen. Barker ( 7 )  
t h o u ~ h tthat the bacteria living in the soil 
would be mainly responsible. 
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To calculate the fractionation factor 
for thc relatively greater consumption of 
0'"s compared rvith 01.'by respiration 
required to substantiate thc back thermal 
reaction theory of the Dole effect, it is 
necessar! to know the averaqe Ols con-
tent of photosynthetic oxyqen, fresh 
water, and ocean ~vater  and to make an 
estimate of the relative contribution <if 
photosynthesis frorn fresh and ocean 
waters. From the estimates given by 
Rabinowitcll (11, p. 7 ) :  we have as-
sumed that 85 percent of photosynthesis 
occurs in the oceans and 15 percent in 
fresh water. Using the percentage of (318 

values given in Table 1, we can calculate 
that photosynthetic oxygen contains on 
thc average 0.2003 percent of Ot8. The 
ratio of the ptrcentage of Ols  111 atmos-' 

pheric oxygen to that. in photosynthetic 
oxygen, 0.2039/0.2003, gives what we 
might call the oxygen isotope 16 produc- 
tion factor, or 1.018. For a steady-state 
condition. this must also ecrual the frac- 
tionation factor durint respiration. It 
was the purpose of the research described 
here to study oxygcn isotope fractiona- 
tion factors durillg the respiration of typi- 
cal biological s)sterns anti to test the 
hack thermal reaction theory of the Dole 
effect. TYe felt that the earlier walk of 
Dole, Hacskings, and Barker ( 7 )  needed 
to be repeated, usin? diffrlent biological 
systems and more accurate isotope abun- 
dance 111easuring equipment. 

Plan of the Experiment 

Using an apparatus similar to that de- 
scribed by Brown (131, we allolvcd 
1-arious organisms to grow in air with the 
carbon dioxide relnovcd by absorption in 
KOH solution and with the respired 
oxygcn being continually replaccd by 
pure oxygen from a Saran balloon. After 
a length of time, the oxygcn of the air 
in the flask containing the orgallism Tvas 
analyzed for its percentage of oxygen 
and for the percentage of OXg in the oxy- 
Fen. The  mass spectrometer used for 
these measurements has already bccn 
described (91. 

Let a fractionation factor a be defined 
as the ratio of the percentage of 01"n 
the oxygcn of the air in contact with the 

ortanism to the percentaqe of C)lQ in the 
oxygen being consumed by the organism 
at any moment: 

\\-her(,3. is thr percentage of 0 1 s  in the 
air of t h ~  flask at any selected time and 
y, is the pcrcentaqe of Ols  in the oxlFen 
being conwrncd bl respiration at that 
mme selected moment. This iteiinition 
of u makes u rreater than u111t.i if 0'" 
is consulncd at a relatively Inore rapicl 
late than OLb.The  differential material 
balance equation for the 018isotope on 
re5piration of dn moles of ou\gPn then 
I~econies 

\\,her(: no is the initial number of rnolcs 
of oxygen in the respiration chamber 
(should be constant throughout the ex- 
periment) and so is the percentage of 
0 1 8  in the oxygen entering the respira- 
tion chamber from the Saran balloon. 
Eliminating y,.by means of Eq. 1 and in- 
tcgrating, we obtain 

\vlierc tn equals n/n,, the ratio of oxy- 
gen consumed to the amount of oxygcn 
initially in the respiration flask. Inas-
1nuc11 as a is close to unity, a can be 
calculated from Eq. 3, first assuming in  
in the exponential terms to be equal to 
y/x,. The  calculation can thcn be re-
peated usin? the nc\v value of a. Or, if 
the organism respires enough so that mn 
is 3 or 4, the exponential terlris become 
insignificant and a is then equal to yjz , , .  
If an cxcess of pure oxygen leaky into the 
flask, the analysis of the air will indicate 
such an effect and a correction to the 
data can be readily applied. 
11special apparatus was used for the 

H o ~ n osafiiens experi~nerlt in xvhich the 
human being under observatiorl brcatllrd 
through one tube from a reservoir of 
air \\-hose oxygen supply was co~ltinually 
rcplenished, and breathed out through 
another tube. His exhaled breath passed 
first through a large K O H  tube, thcri 
through a sampling flask btfore it \ \ a \  
rcbre'ithed. Two rubber balloons at-

Tablc 1. Oxygen-18 content of ox)qen 
from various sources. 

Sourcc 
O1"Rer-
(7;) ence 

.4ir 0.2039 (16) 
Frcsh water 0.1981 (17 ,18 )  
Ocean watcr 0,1995 (18) 
Photo3ynthetic oxygen 

flom fresh water 0.1991 ( 5 )  
Photosynthetic oxygen 

from ocran water 0.2005 ( 5 )  
.Average photosyn- 

thrtic oxygen 0.2003 
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tached to the K O H  reservoir enabled 
the gas volume of the system to expand 
and contract with each breathing cycle 
and permitted quick estimates to be 
made of the amount of additional oxy- 
gen required. 

Results and Conclusions 

Figure 1 illustrates the data that are 
also collected in Table 2, where the order 
of agreement between successive experi- 
ments can be seen. The  dotted vertical 
line of Fig. 1 represents the fractionatior~ 
factor required to account quantitatively 
for the Dole effect. If we assume that 
the consurnptior~ of oxygen is entirely by 
respiration with allocation to various or- 
ganisms according to the schcdulc, 7 5  
percent to bacteria, 10 percent to other 
fungi (5  percent to molds and 5 percent 
to mushrooms), and 15 percent to higher 
plants (leaves and roots), a composite a 
equal to 1.016 is calculated. This division 
of the respired oxygen among the various 
species has no quantitative basis; how- 
ever, if the allocation is changed to 50 
percent bacteria, 10 percent molds, 10 
percent mushrooms, 15 percent leaves, 
and 15 percent vegetables, the composite 
n is scarcely changed; it is 1.017. The 
forest litter experiments were performed 
on material (leaves, sod, and so forth) 
that was collected during October when 
biological activity was declining; never- 
theless, the fractionation factors obtained 

were close to the average values esti. 
mated. Within the limit of uncertainties 
of the calculations and of the cxperi-
mental results, the cf,mposite fractiona- 
tion factors are in good agreement with 
the value of n equal to 1.018 that is re- 
quired to explain the Dole effect. 

I t  is interesting to note that n for the 
fiddler crab, 1.010,, a marine animal, 
agrees well with the value 1.009 found 
for a by Dole, Lane, Rudd, and Zaukelies 
( 9 )  in thc consumption of oxygen by 
marine organisms living in the ocean. 

There was a considerable fluctuation 
in the results for the bacterial cxperi-
ments for reasons unknown to us 

Oxygen Isotope Cycle 

Similar to an oxygen cycle in nature, 
we can now !\-rite down an oxygen iso- 
tope cycle as fol1o.i~~: 

Photosynthesis 
greater O1"ield 

P \ 
/ 	 I 

Land 
and Atmosphere 

Photosynthesis yields oxygen containing 
a highcr OIG/O1s ratio than the oxygen 
of the atmosphere, while respiration con- 

Table 2. Oxygen isotope fractionation fac- 
tors during respiration. The average frac- 
tionation factor for all vegetables was 
1.009: for all bacteria 1.015. 

Fractionation 

Organism _ _  factor 

Expt. .1v. 

Crab ( U c a pug i la to r )  1.011 1.010; 
1.011 

Frog ( A c r i s  c rep i tans )  

Carrot 

Potato 
Mushrooms ( A g a r i -

ctas ca?rzpestris) 

Molds (Pen ic i l l i unz )  

Bacteria ( A e r o -
bacter ae rogenes )  

Bacteria ( A c h r o m o -
bacter f ischeri) 

Fort-st litter (upland 
oak and hickory 
forcst) 

Forest litter (subclimax 
oak and maple flood- 
plain forest) 

surnes oxygen containing a highcr 
0 l G / O l 8  ratio than the oxygen of the 
atmosphere and the same ratio as that 
of photosynthetic oxygen, thus leading 
to the nonequilibrium steady-state value 
of the OlG/O18 ratio in the atmosphere. 
In  other words, the OlG/O13 ratio of 
atmospheric oxygen has risen to a point 
such that the ratios for photoitnthetic 
oxygen delivered to the atmosphere and 
the oxygen extracted from the atmos-
phere by respiration arc equal 14, 15). 
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peditions in Pacific waters from Alaska 
to Peru. He described and directed the 
illustration of many new species and 
produced three volumes on the taxonomy 
and distribution of thesc marine organ- 
isms. No one was more surprised than 
Osburn tvhen, in recognition of the ex-
ccllcnce of his work as rcprcsented by 
the first volume, he was ilamcd to re-
ceive the Daniel Giraud Elliot medal of 
the National Acadcmy of Sciences for 
1950. 1 was present in the auditorium 
of the National Academy on the cvcning 
of 26 April 1954 when Alexander TVet- 
more presented Osburn to the audience, 
and the a\vard tvas conferred upon him 
by Dctlev W. Bronk. At 82 he stood as 
straight and responded as easily and 
gracefully as ever. Then he arid Mrs. 
Osburn departed for a visit to one of 
their favorite regions, thc Great Smokies. 
What an inspiration to young biologists 
\\,as this grand climax to Osburn's scien- 
tific career! He died on 6 August 1955. 

T o  me Osburn was morc important as 
a connoisscur of living than as an irn-
personal scientist. He loved literature 
and was noted among his students and 
friends for his ability to rcad poetry 
aloud. I once requested him to read T a m  
0 9 S h a n t e r  at a FIallowc'cn party--he 
knew it by heart and declaimed it with 
relish in his rolling bass voice. He was 
noted also for his skill in composing 
light verse for any occasion. I t  sparkled 
\vith his quips and always had the light 
touch without barbs. 

Thanks to modern electronics, Osburn 
seemed to be with US on the morning of 
29 November 1955 in Cincinnati when 
Ohio State University alumni of his de- 
partment assembled at breakfast in his 
memory. A reccnt tape-recording of his 
recitation of some of his most humorous 
verse was heard. and in our ima~inat ion 

L, 

we saw again that tall, gallant figure, 
stogie alight, eyes twinkling, hcad mo-
bile, performing as of old. 

FRANKL. CAJIPBF~LL 
Diuision of Biology and  Agricul ture,  
Nat iona l  Acade?xy  of Sciences- 
AVationnl Research C'ounell, 
TVashington, D.C. 

PVhcn I first met Raymond C. Osburn 
in 1936, he was 64 years old and chair- 
man of the department of zoology and 
cntornology at Ohio State University. I 
came to him as a nc\v member of the 
staff on the entomological sidc of his dc- 
partment. A tall, slim gentleman with 
thc lines of his face emphasizing his 
happy nature. he received mc graciously 
in his office. Looking at me through his 
horn-rimmed glasses with a lighted 
stogie in his hand, he talked easily about 
the deuartmcnt and his own interests. He  
was thoroughly at home in this book-
filled, specimen-cluttered loom, tvhich 
contained a work table, a loll-top desk, 
and a highboy desk, at which he sornc- 
times stood to do his work. 

Osburn had \vorked in that room siilcc 
1917 and in the opinion of some mem- 
bers of his staff had bccome too com-
fortable there to exert himself compcti- 
tively for the benefit of his department. 
I believe, ho~vcver, that he was too gentle 
and honest and too absorbed in his pro- 
fcscional work to apply pressure or to 
indulge in campus politics to obtain what 
was needed. H e  tacitly encouraged the 
senior mcmbeis of his staff to help them- 
selves, if they could; and they did. He  
was not without accomplishment, boll-
ever, in the expansion of facilities for 
zoological research and teaching at 
O.S.U., for it was generally acknolvl-
edged that he was responsible for the 

R. C. Osburn, 
Connoisseur of Living 

establishment of thc Franz Theodor e 
Stone Laboratory at Put-in-Ray, Ohio. 
through thc gcricrosity of Julius F. Stone 

The  only instrument I remember In 
Osburn's office \$as a binocular disscct- 
ing microscope, for he \$as essentially a 
direct obselver of nature and a natural 
philosopher who did not resort to ex-
perimentation and instrumcntatio11--an 
old-fashioned naturalist. 

Osburn's broad profcssional intciests 
are indicated by his membership in 22 
societies, nationab dnd local; by the 
placcs in ~ h i c h  he chosc to spend his 
summers, usually hydrobiological sta-
tions; and by his numerous publications 
of amazing variety. H e  workcd on Bryo- 
zoa, oysters, fish, dragonflies, and t ~ o -
~vingcd flies, particularly the beneficial 
flies of the family Syrphidae. He  pro- 
moted the care and use of natural rc-
sources in Ohio, gave gcncrous service 
to Biological A b s ~ r a c t s ,  and held ofice 
in many of his societics. Although no 
scientific law or wcll-known hypothesis 
is associated tvith his name, he added to 
zoological knowledge all along the line, 
and his advice and help were in demand 
in the aquatic side of his work. 

Surprisingly, Osburn's most coinple-
hensive and important work was done 
after his retirement at age 70 in 1942. 
Then he was called to Southern Cali- 
fornia to study the collections of Biyo~oa 
niade by the Hancock Foundation ex-

Everyone who enjoj's thinks that the pl-incipal thing to the tree is the  fruit, but in  point 
u/ fact the  principal thing to it is the  seed. Herein lies the d i f erence  between t h e m  that 
create and t h e m  that  ~TL~o~. -FRIEDRICH W I L H E L MN I E T Z S C H E :Maxims.  
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