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process that removes electrons from a 
substance. Reduction is the reverse 

BLUE-GREEN ALGAE, magnified 4.200 diameters on the opposite page,.& among the 
few IreeJiving orgsnisms capable of combining nitrogen with hydrogen. Until this primary 
fimion process is accomplished, the nitrogen in the air (or dissolved in water) cannot be 
assimilated by the overwhclmioa maioritv 01 d s n t s  or bv 

process: the addition of electrons. Sin& 
electrons can neither be created nor de- 

in a the 
Of one substance always implies the animal. A few bacteria - . _ _  . .  ~ 

d s o  free-lisin(r nitrogen fixers. The remaining nitrogen-fixing microorganisms live symhi. 
olically with higher planu. This microtrsph. which shows blucygreen algae of the senus 
Nostoc, was made by Herman S. Forest of the State University of New York at Geoeseo. 

reduction of another. 
One may wonder how it is that some 

.organisms find it p~pfitable to oxidize . .  
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1411: &I oxidation !evel'in&cates.the, hy its association three other atoms 
hbbe r :o f  el&ons.that& atom in .a > a n d  thus is said to have a valence of 

. I .  , 'minus 3. At the o!h:er extreme. when ni- 
trogen is in the  highly oxidized form of 
the nitrate ion (the principal . form ' it 
takes in the soil), it  shares five of its elec- 
trons with oxygen atoms and so has a 
valence of plus 5: To convert nitrogen 
as'it is found in the ammonium ion or 
amino acids to nitrogen as it exists in soil 
nitrates involves a total valence chan'ge 

, . of eight,: or the iemoval of eight .elm 
trans.-Conversely, to convert nitrate ni, 
bogen into'amino nitrogen requires the 

By and large the soil reactions that re- 
. , duce nitrogen, or add  electrons to it, re- 
. . lease considerably more energy &an the 

reactions that oxidize nitrogen, 0 r . 1 ~  
move electrons from it. The  illustration 
on pige 142, lists some of the priticipal 

. - reactions involved in the nitrogen cycle, 
. . .  together with the energy re!eased (or re- 

.. . .  quired) by each. As a generalization one 
-. can say that for almost every reaction in 

.. . nature where the conversion of one com- 

- ,  _. , . .. . . 
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_. :-. gen, ammonia is converted to'nitrite ion'.,! 
(NO?-) plus water, with an energyyield I:: 
of about 65 kilocalories Der mole. which ,.. : 

There is another wecialized ~ O U D  of. . 

of denitrifying bacteria (for example ':. i ~ 

'Pseudomonas denitrihand that. if I- 
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A cycle similar to the one illustrated also 
operates in &e ocean, bnt iis characteristics 
and Uansfer rates are less well understood. 
A global nitrqen flow chart, using the au. 
tborb estimates. appears on the next page. 

pound to another yields an energy of a t  
least 15 kilocalories per'mole (the equiv- 
alent'in grams of a compoundi,inolecu- 
Iar weight), some organism or group of 
organisms has arisen that canexploit this 
energy to survive. 

.The fixation of nitrogen requires an 
investment of energy. Before nitrogkn 
can be !ked it must be. 'activated," 
which means that moleculjr nitrogen 
must be~spl i t  into two atoms of free ni- 
trogen.' This step requires at least 160 
kilocalories for each 'mole of nitrogen 
(equivalent to 28 grams). The actuujl &a. 
tion step, in which two atoms of nitro- 
gen combine with three molecules of 
hydrogen to form two molecules of am- 
monia (NH,), releases-abut 13 kilocalo- 
ries. Thus the two steps together require 
a net input of at least 147 kilocalories. 
IVhether nitrogen-fixing organisms actu- 
ally invest this much energy, however, is 
not known. Reactions catalyzed by en- 
zymes invohe the penetration of activa- 
tion barriers and not a simple change in 
energy between a set of initial reactants 
and their end products. 

Once ammonia or the ammonium ion 
has appeared in the soil, it can be ab- 
sorbed by the roots of plants and the ni- 
trogen can be incorporated into amino 
acids and then into proteins. If the plant 
is spbsequently eaten by an animal, the 

" ~I . ~~ - -. 
" that an 'adequate'supply of oxygen:+:<*; 
- present; the soil $11 contain many-mi-:. .a 

~, <' 
A few'microorganisms represented by, ,)-: 

the genus NitrosoFonos employnitriiici--..;,' 
tion of the ammoniuinioi as their sole,:.< 
source of enerm. In the presence of oxy- i.'.. 

1~ ~~. ~~~ .~ 
is quite adequate for a comfortable exis- ;,': 

tence. .Nitrosomoms belong& to the ' 
group of miGoorgafiismr termed aut& ;. '' 

trophs. which get .along ivithout an or-'. .:i 
1 ganic source of energy. Photoautohophs 1;: 

' 

v 1 . ~ .  

microorganisms; repiesented by. Nitro-:'-. . 
bhcter, that are capable of eitracting ad- :.:: 

~ ~~ 

with the rele$se of about 17 kilocalories <: 
per mole, which is iust enoueh to SUP.:'.. 

~, ~~ 

obliged to exist in the absenc', of oxygen, .).iii 
are able to use the nitrate or nitrite ion !:<: 
as electron acceptors for the oxidation' _f ~ 

I 

jiving under anaerobic conditions the re- 

r.~ _. D.- . 
cose if the nitrogen is reduced to nitrous 
oxide, and 570 kilocalories if the nitro- 
gen is reduced all the way to its elemen: 
tal gaseous state. 

.: 
1111 

The comparative value of ammonium '' 

and nitrate-ions as a source of nitiogen 
for nlants has been the s n h i d  d 1 nmn. 

I - - .  -. - ~ ~~~ ~ ~. 
ber of investigations. One might think 
that the question would be readily re- 
solved in favor of the ammonium ion: its 
valence is minus 3, the same as the va- 
lence of nitrogen, in amino acids, \vhere- 
as the valence of the uitrate ion is plus 5. 

. 
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DISTRIBUTION OF NITROGEN in the biosphere and nnnuol 
trsnrler rates c?n be estimated only within hroad limits. The two 
quantities Lnmm with hiph confidence are the amount of nitrogen 
in the atmosphere and the rate of industrial fixation. The apparent 
precision in the other figures shown here reflerls chiefly an eflort 
to preserve indicated or probable ratios among different inven., 
tori&. Thus the figures lor atmorpherir fixation and biological fixa. 
tion in the occam could well lie OR by a factor 01 10. The figures 
lor illrcntoricr are given in hillions 01 metric tons; the figurea for 

.. 
Iran& rates (coror) given in millions ol tons. Bccpus(: :: 
of the exteniive use of industrially fired nitrogen the ammnt 61 
nitrogen available to land plants may rignifieintly exceed the ni: - 
trogen returned to the atmosphere by denitrifying bacteria in the ' . 
roil. A portion 01 this excess fixed nitrogen is iltimately aashcd.i, ',,: 
into the rea but it is not included in the figure ahown for'river 
runofl. Similarly, the value for oceanic denitrification is no more .. 
than a rough estimate that is based on the assumption that'&? 
nitrogen cycle t ias in overall  halance before man'@ intervention. . . 

' 



.-  . .  . -~ 
thd ammoniuhion ha.-? positive charge ' ' 

near the point where it is formed.(or .. ; 
... 

-_ it tends to &.trapped on clay particles ". . .  . .  
4 ... :- ., 

a7 ..'e .. ,.-* I 

. . . .. where it L introdu,ced. artificially) until 

carried downward into the. root .zone. ._ . - '  , . .  

i 
I 

it has been oxidized. The nitmte ion, be- 
ing negatively :charged, moves freely 
through the soil and thus is more readily .. 

. . . 
+'3 . .  'NITRITE ioN . '  NO; . .  . ,. 

~ 

" . .  . .  - 
Although the, demand,for fertilizer in 

and urea) remains high; anhydrous am- 

are now widelyapplied. The quantity of '. , 

I solid f o h  '(such as' ammonium nitrate , ~ 

nitrogen per unit weight of ammonia is . , 
much greater than it .is per unit of ni-:: '.. . . : . .  

. NITROXYL . 
' . 

monia a d l i q u i d  ammoniacal fertilizers . , " ' , . _. . . , 
1 ._.-; . .  

. .  
. - 

. .  
- '  

. .  
. .  

'0 . NITROGEN GAS trate; moreover,. liquid! are. easier lo 
handle tliansolids. . , . L . ,  

. - '  

. .  
U n t i l  the endof the 19th c e n 6  little . , . .. 

' ' 
was knownabout the soil organisms .. . - 

. .  . ,  
that fix nitrogen: In  fact. a t  thi t  time- . .  

just been discovered;~would eventually-- ' . ' . . >  . '  

In an address before the Royal Society . ' , 

of London, Sir William Crookes painted , , . .  
a bleak picture for world food produc- . '(. 
tion unless artificial means of fixing ni- . .  ': -3 . ' AMMONIA., . 
troeen were soon developed. This was . 1. ' ' 

. 
there war same concern among scien,tists 
that the denitrifying bacteria, which had . . . -1' HYDROXYLAMINE HONHi . . 

deplete the,reserve of fixed ni t r0gen.h ' .. 
the soil and cripple farm productivity. . ', 

r ;. 
. .  

. 

. .  . .  . .  
. .  

I 
, .  

. '. . ., 
a period when Chilean nitrate reserves 
were the main source of fixed nitrogen 
for both fertilizer and explosives. As it. 
tumed out, the demand for. explosives 
provided the chief incentive for the in- 
vention of the catalytic fixation process 
by Fritz Haber and Karl Bosch of 
Germany in 1914. In this process at-. 
mospheric nitrogen and hydrogen are 
passed over a catalyst (usually nickel) at 
a temperature of about 500 degrees Cel- 
sius and a pressure of several hundred 
atmospheies. In a French version of the 
process. developed by Georges Claude, 
nitrogen was obtained by the fractional 
liquefactjon of air. In current versions 
of the Haber process the source of hy- 
drogen is often the methane in natural 
gas [see illusiraiioii on page 1431. 

As the biological fixation of nitrogen 
and the ,entire nitiogen cycle became 
better understood, the role of the denitri- 
fying bacteria fell into place. Without 
such bacteria to return nitrogen to the 
atmosphere most of the atmospheric 
nitrogen would now be in ihe oceans 
or locked up in sediments. Actually, of 
course, there is not enough oxygen in the 

~ 

:> 

I . .  .. 
<. , .. . .  . . .  

NITROGEN'S VARIETY'OF OXIDATION LEVELS, dr valence states, explains its ability 
. td combine with hydrogen, oxygen end other atoms tp form a beat  variety o f  hiologiesl 
compounds. Six of'ite valence states are listed with schematic diagrams (right) showing the 
dinpositiod of electrons in the atom's outer (ralmee) shell. The'ions are ebown comhined 
with potassium (K). In the oridired (+) states nitrogen.'s outer electrons complete the ; 
enter shells al other atoms. In the reduced (-) states the two electrons needed t i  corn. 
plete the outer shell of nitrogen m e  supplied by other-atoms. Actually the outer electrons ' 
of two hound atoms ipend some time in the shells of both atoms, contributing to the electro- -. . 
static attraction heween them. Electrons of nitrogen ( N )  are in color; those of other 
stoms are hlark dots or bpen eireles:The nitroxyl radical, HNO, is placed in brackets he. 
cause it is nbt stable. It can exist in i ts  dimeric form, hyponitrous acid (BONNOH). 

' 

, 

atmosphere today to convert all the free 
nitrogen into nitrates. One can imagine, 
however, that if a one-way process were ' 
to develop in the absence of denitrifying 
bacteria, the addition of nitrates to the 
ocean would make seawater slightly ' 

more acidic and start the release of car- 
bon dioxide from carbonate rock .  Even- 
tually the carbon dioxide would be taken 
up by plants. and if the carbon were 
then deposited as coal or other hydro- 
carbons, the remaining oxygen would be 
available in the atmosphere to  be com- 

. .  

bined with nitrogen. Because of the large 
number of variables involved it is diffi-. 
cult to predict how the world would look . 
without the denitrification reaction, hut 
it wodd certainly not be the world we 
know. 

T h e  fpll story of the biological fixation 
of nitrogen has not yet been written. 

One would like to know how the activat- 
ing enzyme (nitrogenase) used by nitro- 
gen-fixing bacteria can acmmplish at or- 
dinary temperatures and pressures what 
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POTASSIUM : NITROUS . 
HYDROXIDE OXIDE 

NITROGEN . , ,, 

. . - . ,  

AMMONIA . 

. . -  . .  . I.. . . .  
NITROUS . 'Recommendations for increasini the<. 

\ ~ ~ r l d ' s  food supply usually empha?, 
. ACID . '. 

size increasing the cultivation of 1eguh;es , 
not only to enrich the soil in nitrogen but.; ~ . - '  

also because legumes (for example peii;.. ' , 

and beans) are themselves a food crop;, 
containing a good nutritional balance of .. . 
amino acids. There are, however, sev: ' 

. era1 obstacles to carrying out such ret- 
ommendations. The first is custom and T 
taste. Many societies with no tradition of- 
gro-o\\.ing and eating legumes are reiuc- '; 

tnnt to adopt them as a basic food. , : 
For tlte farmer legumes can create a , ' 

mole immediate problem: t,,e,increasd 
yields made possible by the extra nitro- . 

gen lead to the increased mnsumption of 
other 

and PhosPhoNs. As a '?nsequence' - 
farmers often say that legumes a re ' : hd  
on the soil." What this. really meansii  1 

that the large yield of such crops pl;Iws 

. .  . ,  

. I KNO, + %O,--.rKNO3 , , i i . 5  ' 
.' POTASSIUM 

- ,  
. , 

NITRITE , .. . 

NlTRoGEN FIXATION 

8 Nz --2N -- 160 "ACTIVATION" OF NITROGEN 

. .  
9 2N + 3Y- 2NH3 12.8 

> 

ENERGY YIELDS 01: REACTIONS important in t lw nitrogen esrle show the vnrious 
mems by u:liicli organihms can ol,toin energy and tliereby keep the esele going. The most 
profitable are the denitrification reactions. which add electrons to nitrate nitrogen, whose 
valence is plus 5. and shill it either to plus 1 (as in N,O) or .era (as in N2). In the process 
glucose (6r sullur) i s  oxidized. Reactions No. 1 and No. 2 release nearly as much energy 
as ron\.entiond rerpiration INo. 4 ) ,  in whirli the s g m t  lor oxidizing glucoae is oxyEen 
itsell. The ammonification reaction (No. 5 )  i s  one 01 many that release ammonium lo r  
nitrification. The leu,t enrrgy 01 all .  but b t i l l  e n a u ~ h  to provide the sole energetic support 
for ccrtsin boctcrio. is released by the nitrifieution 
dire nilropen.Only nitrogen firrtion. \vl>iclb is nrrorngli&d in t \ \o  m p ~ ,  calls lor an input 
of aergy. Tlic tmr energy cu*t 01 nitrugen fixation IO UII organirm is unknovs. Itavcrcr. 

. 

Poi--- - -', 

(No. 6 No. I ) ,  ,rhiel, 
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a high demand 09 all minerali,'and'un- '$.-crop can Ge increased still further by di- 
less the minerals are supplied the full . rect application of fertilizer instead of, 
benefit of the crop is'not realized. 

Symbibtic nitrogen fixer! have a great- . own needs for b e d  nitrogen. Additional 
cr need for some micronutrients (for ex: experiments are. needed to determine 
m p l e  molybdenum) than most plants just how much the yield can be increased 
do. It is now known that molybdenym is . and lion. this increase compares with the 
directly incorporated in the nitrogen- industrial fixation of nitrogen in terms of 
fining enzyme nitrogenase. I n  Australia , energy investment. Industrial processes 
there were large aieas where legumes ta l l  for some 6,000 kiloc~lories per kilo- 
refused to grow at all until it was dis- gvim of nitrogen fixed, which is very lit-- 
w w e d  that the-land wuld be made tle more than the theoretical minimum. 
fertile by the,addition of as little as hvo The few controlled studies with which, I 
Ollllces of molybdenum per acre. Cobalt ani fxniliar suggest that the increase in. 
turns out to be another essential micro- crop yield aclrieved by the additiun of a 
Illltricot for the fixation of nitrogen. The kilogram of nitrogen amounts to about 
:Illdition of only.10 parts per trillion of the same number of calories. This corn- 
~ & ~ l t  in a culture solution can make the , parison suggests that one can exchange 
lliflcrcnce behveen plants that are stunt- the calories put into industrial fixation of 
I'd and obviously in need of nitrogen and nitrogen for the calories contained in 
P h s  that are healthy and growing vig- food. In actuality 'this trade-off applies 
orously. to the entire agricultural enterprise. The 

Although legumes and theirsymbionts energy required for prepnring, tilling 
Y''' cllcrgetic fixers of nitrogen, there are and harvesting a field and for processing 
" ' ~ ~ i W i o i ~ s  that the yield of a legume and distributing the product is oiily 

:.. dipendingon thk plant to supply all its . , 

. -  . .  . . .  

. .~ - -  . .. ,.. . t .  

e: . ~ . . a , . .  , - .  
less thin the energy containkd in:..' .?,.:- 

. , ' .  > ,  

Having eiamined,'the principal reac- : I-- 
tions that propel the nitrogen cycle, we . : 
are now in a position to view the.placess: ' . . 
as a whole and to interpret some of its ., . . 
broad implications. As other authors in %. ,, 

this issue of Scientific American have e?(-' 
plained, one must be  cautious in trying' 
to present a ivorldnide inventory of a 
particular element in the biosphere and . -. . 
in indicating annual flows from one pnrt : - 
of a cycle to another. The~balance sheet 
for nitrogen [see top illustration on page 
1451 is particularly crude because we do: 
not have enough infoimation to assign 
accurate estimates to the amounts of ni- 
trogen that are-fiyed and subsequently 
r e h n e d  to the atmosphere by biological 
processes. 

Another source of uncertainty involves 
the amount of nitrogen fired by ionizing 
phenomena in the atmosphere. Although 
one can measure the amount of fixed ni- 
trogen in rainfall, one is forced to guess 

the harvested crop.". ' .  ' . : .I ?_ 

' 

. 

143 





D 

to the earth by rainfall is of the ordei of . .. 
. .  . 25 million metric tons per year. hly'own ' ' . , .  

. A  I 

estimate is that 70 percent'of this iotal'is 
previously S e d  nitrogen cycling through 
the biosphere, and. that-only.30 percent 
is freshly fixed by-lightning and other at- 
mospheric phenomena.-, ": 

Another factor that is difficult to.e$i- 
mate is the,small but steady loss of nitro- 
gen from the biosphere t o  sedimentary 
rocks. Conversely. there is a'continuous 
delivery' of new nitrogen to'the system 
hy the weathering of ign'eous-rocks in' 
the. crust of the earth. . . .  The average ni, 
trogen . en ten t  .of ignequs .rocks, boy- 
ever. is mnsiderably loyer than that of. 
sedimentary rock;, and since the quanti- 
ties of the hvo kinds of rpck are roughly 
equal, one would expect a.net loss of 
nitrogen from the hidsphere through ge- 
ologic time. Conceivably this loss is just 
about balanced by. the delivery. of "ju- 

.venile" .nitrogen .to  the. atmosphere by 
volcanic action. The amount of fixed ni,, 
trogeo reintioduced in this way prob- 

.ably does not ekeed  t\\-o or three inil- 
lion tons per year. 

IIJherys late-lgth:*tuuf.y scientists 
worried that denitrfiymg bacteria 

were exhausting the nitrogen in the soil, 
we must be concerned today that deni- 
trification may not be keeping pace \villi 
nitrogen fixation, 'considering the large 
amounts of fixed nitrogen that are being 
introduccd in the biosphere by industrial 
fixation and the cultivation of legumes. 
It has become urgent to 1earn.much more 
about exactly where and under what cir- 

\$'e know first of all that denitrifica- 
tioo does not normally proceed to any 
great extent uiider aerobic conditions. 
\\'hene\,er free oxygen is available, it 
is energetically advantageous for an or- 
ganism to use it to oxidize organic co? 
pounds rather than to use the oxygen 
bound in nitrate salts. One can conclude 
that there must be large aieas in the bio- 
sphere where mnditions are.sufficiently 
anaerobic to strongly favor the denitri- 
fication reaction. Such conditions exist 
\\llerever the input of organic materials 

'. ' .:: 

. cumstances denitrification takes place. 
I 

ASSOCIATIONS OF TREES AND BACTERIA are important fixers 01 nitrogen in natural 
ecosystems. The ginkgo wee ( 1 4 0 .  B -norperm, has shown litile outward chanBe in mil- 
lions of years. The alder ( r i p h i ) ,  an aneioiperm, is common in many parts of the world. 

.' 
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input of organic$aterial is:sizible, how-'. ')' 
ever, denitrification i 

mba nitrogen the amounts fixed'' 
the cultivatio$'of legunies, it +re 

arried in runoff <.aten. 
ways 'and in neighbori 
:er systems the-nitroge 
auld, and in some cases already. do+, '. . 
x e e d  the levels acceptabld for h u % q  
ansumption. Under some circumstances . '  

)acterial denitrification can be-exploited 
o control the buildup of fixed nitrogen, ' . 
)ut much work has to be done to develop:- 
:uwssfu l  management techniques: -,' ;. 
iggravated by the nitro 
he organic \vastel of a 
ng human and domesti 
ion. Ideally this waste 
ie recycled back to the 
nd acceptable means 
nain to be developed. 
mnomically sounder for the farmer to 
eep adding industrial fertilizen,to his 

The .problem of nitrogen disposilrg; ' . 




