
The periodic table lists more than 
100 chemical elements. Yet ecolo
gists have defined the biosphere as 

the locus of interaction of only four of 
them: hydrogen, carbon, nitrogen and 
oxygen. In the periodic table these four 
are numbered 1, 6, 7 and 8. This defini
tion, although it deals handsomely with 
much of the chemistry of life, turns out 
to be a little too restrictive. But when 
we enlarge it to include phosphorus and 
sulfur, as we do here, we have gone no 
farther up the table than element No. 16. 
From this it should be apparent that no 
element lighter than sulfur can be ig
nored, either by ecologists or by anyone 
else. The fact is that most human prob
lems-aIl environmental ones, anyway
arise from the exceptional reactivity of 
six of the 16 lightest elements. 

Because our definition of the bio
sphere is based more on reactivity than 
on atomic number, it is a minimum defi
nition. It is not intended to exclude 
heavier elements that react with the pri
mary six. As a matter of empirical fact it 
is known that no element lighter than 
iron and cobalt, elements No. 26 and 
No. 27, is unimportant to the biosphere. 
Beyond copper, No. 29, there are a few 
conspicuously reactive elements such as 
the heavy halogens bromine and iodine. 
Most of the heavies are metals, such as 
gold, mercury and lead (Nos. 79, 80 and 

SULFUR·FIXING BACTERIUM shown in 
the electron micrograph on the opposite 
page is one of five species that make sulfur 
available to the biosphere. This bacterium, 
Desul/ovibrio salexigens, metabolizes the 
sulfates in seawater and releases the sulfur 
as hydrogen sulfide. This sulfur enters the 
atmosphere aud is used by other forms of 
life. The micrograph enlarges the bacterium 
31,000 diameters. It was made by Judith 
A. Murphy of the University of Illinois. 
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82), however, and their main effect on 
the lightweight biosphere is to depress 
it. Toward the end of the periodic table 
are some famously overweight metals 
whose tendency to lighten themselves 
has disastrous effects on any light sub
stances that get in the way. 

In order to understand how it is that 
many elements interact with the essen
tial six, one must brieRy reRect on the 
biosphere as a whole. Because the bio
sphere is so reactive, its inRuence on the 
hydrosphere, the lithosphere and the at
mosphere is inversely proportional to its 
mass. This mass is very small. An aver
age square centimeter of the earth's sur
face supports a tiny amount of bio
sphere: 580 milligrams, less than the 
weight of two aspirin tablets. A roughly 
equivalent mass is found in the same 
area of hydrosphere a single centimeter 
deep, or in a paper-thin slice of litho
sphere. Still, from a worm's-eye view 
the biosphere has real substance, partic
ularly on land, where it amounts to 200 
oven-dry tons on an average hectare. 

A glance at a partial list of the ele
ments that compose the biosphere shows 
why hydrogen, oxygen, carbon and ni
trogen dominate conceptions of bio
sphere chemistry. Together these ele
ments constitute all but a tiny fraction of 
the average terrestrial vegetation, which 
in turn constitutes more than 99 percent 
of the world's standing crop. The quan
tities are shown in the chart on the next 
page, based on a splendid compilation by 
L. E. Rodin and N. 1. Basilevich. What I 
have done is to weight their chemical 
analyses in proportion to the kinds of 
land area they represent. The weighting 
factors, for desert, forest, tundra and so 
on, are the same ones I used to calculate 
the earth's production of carbon in an 
earlier article ["The Human Population," 
by Edward S. Deevey, Jr.; SCIENTIFIC 
AMERICAN, September, 1960]. Inciden-

tally, on the basis of this new calculation 
terrestrial carbon production comes out 
at 65 X 10D tons of carbon per year, 
about 15 percent more than the figure I 
computed before. 

\Vhat chemical compounds do these 
elements form? The standard way 

to determine the chemical composition 
of an organic substance is to burn it and 
collect the products. The list of compo
nents that results from this destructive 
procedure expresses some obvious facts, 
such as the familiar one that the bio
sphere is mainly carbon dioxide and wa
ter. Nitrogen, a major constituent of pro
tein, seems surprisingly scarce (about 
five parts per 1,000 by·weight) until we 
remember that the biosphere is chieRy 
wood, that is, not protein but the carbo
hydrate cellulose. 

The destructive procedure would also 
leave a smudge, about 12 parts per 
1,000 of the total, loosely called ash. Its 
dominant elements calcium, potassium, 
silicon and magnesium have important 
biochemical functions. One atom of 
magnesium, for instance, lies at the cen
ter of every molecule of chlorophyll, and 
silicon, the stuff of sand, is obviously 
useful for building hard structures. Iron 
and manganese also play central roles in 
the biosphere, a fact that could not be 
guessed from their position in our chart. 
In biochemistry as in geochemistry the 
importance of these elements is in gov
erning oxidation-reduction reactions, but 
the masses involved are small. As for the 
major cations-ions of such elements 
as calcium, potassium, magnesium and 
sodium-new insights have just begun 
to Rood in with their discovery in rain
water. 

There are many other metallic ele
ments that appear in trace amounts. Not 
all of them are listed in the chart be
cause some could be accidental con-
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COMPOSITION OF THE BIOSPHERE is dominated by oxygen, carbon and hydrogen, 
as is indicated by the bars in this logarithmic chart. The units are kilograms per hectare of 
land surface. Key to the symbols for the chemical elements is at the bottom of the page. 

taminants. There remain two, sulfur and 
phosphorus, each amounting to more 
than 10 percent of the nitrogen, that do 
not look like contaminants. To ignore 
these elements as "traces" or even to 
think of them as "ash" or "inorganic" 
elements is to misconstrue the chemical 
architecture of the biosphere, 

A listing of elements and compounds 
does not reveal that architecture, There 
is a big difference between a Rnished 
house and a pile of building materials. 
Nevertheless, a list is a useful point of 
departure. If it is made with care, it can 
protect ecologists from the kind of mis
take that architects sometimes make, 
such as forgetting the plumbing. 

When a list contains as much infor
mation as a shopping list-when it shows 
amounts as well as kinds of materials
some conclusions can be drawn from the 
relative proportions. (As a former bu
reaucrat I have learned that a "laundry 
list" contains even more ambiguous in
formation than a "shopping list"; good 
bureaucrats keep both.) If a housewife's 
shopping list showed a pound of coffee, 
four pork chops and 100 pounds of 
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sugar, for example, we would know that 
madame is either hoarding or running a 
private business, If she also wants a ton 
of flour, she is evidently baking, not dis
tilling, The inclusion of two dozen light 
bulbs would suggest that she works 
mainly at night, but the listing of 10 
dozen light bulbs would point to a faulty 
generator. 

As it happens, this kind of semiquanti
tative ratiocination was applied to ash, 
and to biogeochemistry, by the mas
ter of non obvious deduction, Sherlock 
Holmes. Unfortunately no copy of his 
analytical results (the monograph on 
cigar ash, cited in Chapter 4 of "A Study 
in Scarlet") has yet come to ligh t. If the 

AI ALUMINUM 
Ar ARGON 
B BORON 
C CARBON 
Ca CALCIUM 

CI CHLORINE 
Fe IRON 
H HYDROGEN 
K POTASSIUM 
Mg MAGNESIUM 

Mn MANGANESE 
N NITROGEN 
Na SODIUM 
Ne NEON 
o OXYGEN 

P PHOSPHORUS 
S SULFUR 
Si SILICON 
Ti TITANIUM 

RELATIVE AMOUNTS OF ELEMENTS in the biosphere, the lithosphere, the hydrosphere 
and the atmosphere are presented 'in the charts on the opposite page. Here, however, 
amounts are given not as kilograms per hectare but as atoms per 100 atoms. Here again 
scale is logarithmic to show less abundant elements, which otherwise could not be compared. 
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CARBOXYLATION CYCLE supplies the biosphere with carbon, 
oxygen, hydrogen, nitrogen and sulfur by carrying them from the 
lithosphere, the hydrosphere and the atmosphere. Curved arrows 
at upper right and left represent any or all of these five elements 
that travel from the atmosphere to the lithosphere or to the hydro. 
sphere by precipitation, or back to the atmosphere by evaporation. 
Curved arrows at bottom indicate direct routes between the litho· 
sphere and the hydrosphere such as runoff, mountain.building and 

the hydration of minerals. Biosphere (color) captures these ele· 
ments by providing alternative routes. Top pair of straight arrows 
show exchange between the biosphere and the atmosphere, carbon, 
for example, being exchanged by photosynthesis and respiration. 
Pair of straight arrows at right show exchange between the bio· 
sphere and the hydrosphere, that of sulfur being mediated by bac· 
teria. Pair of arrows at left indicate soil.biosphere exchanges in· 
cluding nitrogen fixation and denitrification by microorganisms. 
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HYDROSPHERE 

SOLUBLE-ELEMENT CYCLE is followed by minerals such as 
phosphorus that dissolve in water but are not volatile, that is, they 
are not carried into the air by evaporation (curved arrow at right).  

The curved arrow at  bottom shows that phosphorus is  washed 
from the lithosphere into the hydrosphere by runoff from rainfall 
{curved arrow at top left}. The broken curved arrow at bottom 
indicates that pbosphorus in the hydrosphere does not normally 
return to the lithosphere and that therefore the ocean would be· 

come a phosphorus sink. The upper straight arrows at right and 
left, however, show that the organisms of the biosphere impede this 
development by absorbing some phosphorus. The straight arrows 
pointing from the biosphere to the lithosphere and to the hydro· 
sphere indicate the decay of organic matter. On land the soluble· 
element cycle is continued when decay returns phosphorus to the 
lithosphere. Without an atmospheric link from ocean to land, 
however, the cycle is actually a one·way flow with interruptions. 
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ATMOSPHERE 

LITHOSPHERE 

BIOSPHERE 

(MINING) 

HYDROSPHERE 

EUTROPHICATION OF THE BIOSPHERE is the intensive cy· 
cling of phosphorus, nitrogen and sulfur. Colored curved arrow at 
hottom represents heginning of the process: the human use of 
phosphorus as fertilizer, which returns phosphorus to the litho· 
sphere, thereby reversing the phosphorus cycle. Colored straight 
arrows at left and right indicate that phosphorus added to the 
lithosphere (and to phosphorus already present) is then taken up 
by phytoplankton and other organisms as well as by crops. Other 

straight arrows at right and left show that phosphorus and other 
elements return to the lithosphere and hydrosphere by decay. 
Once phosphorus is plentiful, scarcity of nitrogen and sulfur may 
limit eutrophication. Arrows at top represent carbon dioxide, ni· 
trate and sulfate from industrial activity rising into atmosphere and 
falling in rain. They may promote eutrophication of dry land since 
vegetation may reabsorb them from air and soil. Curved arrows in· 
dicate routes followed by elements that are both soluble and volatile. 
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INPUT OUTPUT NET EXPORT 
(KILOGRAMS (KILOGRAMS (KILOGRAMS 

PER HECTARE) PER HECTARE) PER HECTARE) 

CALCIUM (Ca++) 2.8 > 3.0 ) +0.2 

MAGNESIUM (Mg++) 1.1 > 1.8 ) +0 7 

SODIUM (Na+) 2.1 ) 4.2 � +2.1 

POTASSIUM (K+) 1.8 ) 1.1 > -0.7 

CHLORIDE (CI-) 2.8 > 4.1 ) +1.3 

SULFATE (S04--) 30.0 ) 29.4 ) -0.6 

AMMONIUM (NH4+) 2 1  ) 0 3  > -1.8 

NITRATE (N03-) 6.7 ) 4.8 > -1.9 

SILICON DIOXIDE (SIO,) 1.9 > 20.9 ) +19 0 

ALUMINUM (A1 + ++) 1.4 + 

BICARBONATE (HC03-) 0 0.7 > +0.7 

TOTAL 51.4 ) 71.7 +20.3 

EUTROPHICATION OF DRY LAND is indicated by the imbalance between the quantity 
of certain ions falling from the atmosphere on the forest at Watershed No.6 at Hubbard 
Brook in New Hampshire and the output of these ions in the brook itself. Input ( smaller 

arrows at left) of some elements such as calcium, magnesium and sodium is smaller than 
the output ( larger arrows at right ) .  The input of potassium, ammonium, sulfate and nitrate, 
however, is larger ( larger arrows at left) than output of these substances ( smaller arrows). 

The excess of input indicates that the forest is utilizing these four substances as it grows. 

a 
DRY MATTER 

ASH 

NITROGEN 

b 

DRY MATTER 

ASH 

NITROGEN 

10 

10 

102 103 104'. 105 

BIOMASS (KILOGRAMS PER HECTARE) 

1� 1� 1� 1� 

BIOMASS (KILOGRAMS PER H ECTARE PER YEAR) 

199,725 

OTHER EVIDENCE FOR EUTROPHICATION is provided by studies of the earth's stand· 
ing crop on dry land. In a biomass, or weighable dry matter that includes ash and nitrogen, 
totals about 200,000 kilograms per hectare. In b the first set of bars shows that the dry matter 
increases in an average year by 13,381 kilograms per hectare ( color). About II,OOO kilo· 
grams is lost in the form of litter fall ( gray) such as fallen leaves and branches, giving a 
"mean increment" of 2,148 kilograms per hectare (open bar). The second set of bars shows 
that ash increases by 489 kilograms per hectare ( color) but is reduced by litter fall ( gray) 

to 79 kilograms ( open bar). The third set of bars shows that nitrogen increases by 162 kilo· 
grams (color), a gain that is reduced by litter fall ( gray) to 38 kilograms per hectare. 
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A DENINE RIBOSE PHOSPHATES 
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UNIVERSAL FUEL of living matter is adenosine triphosphate (ATP). High-energy phos
phate honds of ATP (-) each store 12,000 calories and release 7,500 calories when hroken. 
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PRODUCTION OF ATP, shown in generalized form, consists of two stages. The first stage 
hegins as aldehyde reacts with an inorganic phosphate to produce hydrogen and acid phos
phate. In second stage (bottom) acid phosphate (shading) reacts with ADP (adenosine di
phosphate) to make an organic acid and ATP (color). R stands for radicals, or side groups. 
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SYNTHESIS OF SUCROSE is an example of a reaction for which 
ATP (color) supplies energy. The reaction begins at upper left as 
the ATP molecule combines with glucose molecule, releasing 7,500 

156 

H OH HO H 

SUCROSE INORGANIC PHOSPHATE 

calories. The'reaction produces ADP and glucose-I-phosphate. In 
a second stage of the reaction (bottom) glucose-I-phosphate com
bines with fructose, yielding sucrose and inorganic phosphate. 
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BASIC FUNCTION OF SULFUR in living matter appears to be to 
provide a linkage between the polypeptide chains in a protein 
molecule. These linkages help the protein maintain its three·di· 
mensional shape so that it can perform its function. In this segment 
of a bovine insulin molecule disulfide bonds (color) are formed 
between sulfur atoms, which are present in the amino acid cystine. 
Cystine is a subunit of both polypeptide chains. Because the mol· 
ecule is displayed in two dimensions it is flattened. Therefore the 
bond between the top and bottom cystine groups on the upper 

chain appears broken. In the normal three·dimensional state, how· 
ever, this chain is twisted and folded because of the disulfide 
bond in a way indicated by the colored line that joins the two suI· 
fur atoms. (The other bond is one of two that links the chains.) 
The shape of the insulin molecule m!,intained by these bonds en· 
abIes it to control the metabolism of sugar. The other amino acids 
in this molecular segment, whose side chains are indicated hy the 
letter R, are glutamic acid (GLU), alanine (ALA), serine (SER), 
valine (VAL), histidine (HIS), leucine (LEU) and glycine (GLY). 

zones, or as dust in the vicinity of ex
posed phosphate rock, phosphorus is un
known in the atmosphere; none of its 
ordinary compounds has any appreciable 
vapor pressure. It therefore tracks the 
hydrologic cycle only partway, from the 
lithosphere to the hydrosphere, and in a 
world uncomplicated by a biosphere the 
ocean would be its only sink. In terms 
of my model this amounts to uncoupling 
the atmospheric reservoir (except for 
water), omitting the half-arrow showing 
the return of phosphorus from the hy
drosphere to the lithosphere and leaving 
the biosphere's phosphorus as a feed
back loop, diverting some of the one
way flow from rock to ocean. Geomet
rically at least, the model is general 
enough to accommodate these changes, 
some version of which will be needed if 
any permanent sinks are discovered in 
the system. 

For any soluble but nonvolatile ele
ment a closed natural cycle is possible 
only through the biosphere. The model 
hints at the reason why many elements
vanadium, cobalt, nickel and molyb
denum among them-are best known in 
aquatic organisms and cycle mainly 
within the hydrosphere. Now, however, 
the model, nonquantitative though it is, 
suggests something else. If the biosphere 
demands such an element as phosphorus 
(and the cases of iron and manganese 
should be similar), two alternative in
ferences are permissible, depending on 

the magnitudes of reservoirs and fluxes. 
If the lithosphere contains an ample sup
ply of phosphorus, or if the flux to the 
hydrospheric sink is large, the biosphere 
can take off what it needs and waste the 
rest. It is commonly believed such ele
ments as sodium and calcium are thus 
wasted by terrestrial vegetation, al
though ecologists are beginning to doubt 
it. On the other hand, if the quantity is 
scanty or the flux small, the element will 
be in critically short supply. And if short 
supply is chronic, the output of the en
tire system could be expected to be ad
justed to the rate of exploitation of one 
critical element, much as the perform
ance of a bureaucracy is closely geared 
to the supply of paper clips. 

In undisturbed nature the chronic short-
age of phosphorus is notorious; that 

is what most people mean by "soil infer
tility." In the lithosphere phosphorus is 
scarcer than carbon, and in the hydro
sphere, because phosphorus falls in the 
parts-per-billion range, it fails to show 
up at all in the chart of constituents on 
page 151. Apart from its natural scarcity, 
phosphorus is freely soluble only in acid 
solution or under reducing conditions. 
On the surface of an alkaline and oxi
dized earth it tends to be immobilized as 
calcium phosphate or ferric phosphate. In 
lake waters, where the output of carbo
hydrate is thriftily attuned to phosphorus 
concentrations of the order of 50 micro-

grams per liter, doubling the phosphorus 
input commonly doubles the standing 
crop of plankton and pondweeds. 

Under these ·conditions the situation 
in a lake changes drastically. If phos
phorus is plentiful, nitrate may become 
the critically short nutrient for a crop 
that needs about 15 atoms of nitrogen 
for one of phosphorus. Blue-green algae 
may then take over the plankton because 
by reducing atmospheric nitrogen they 
escape the dependence that other algae 
have on nitrate. Meanwhile, judging 
from much recent experience, the phos
phorus input will probably have doubled 
again-but the subject under discussion 
is no longer undisturbed nature. What 
started as "cottage eutrophication," by 
seepage from a few septic tanks, has 
been escalated into a noisome mess by 
"treated" sewage and polyphosphate de
tergents. To conserve biogeochemical 
parity the atmosphere has begun to de
liver into lakes nitrate and sulfate from 
the combustion of fossil fuels. 

It would be wrong to read too much 
into a systems model. "Conserving bio
geochemical parity" is just a figure of 
speech, technically hyperbole, and ironi
cal at that. After all, the pollution of the 
air by nitrate and sulfate is quite inde
pendent-technologically, spatially and 
politically-of the pollution of water by 
phosphorus. If the accelerated phos
phorus cycle in lakes takes advantage of 
these added inputs, we dare not say that 
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GUANO·COVERED ISLAND off the coast of Peru is a source of phosphate and nitrate 
for fertilizer. Guano h�s been deposited during many millenniums by generations of birds. 
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