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Human Appropriation of the 
Products of Photosynthesis 

Nearly 40% of potential terrestrial net primary productivity is 
used directly, co-opted, or foregone because of human activities 

Peter M. Vitousek, Paul R. Ehrlich, Anne H. Ehrlich, and Pamela A. Matson 

H omo sapiens is only one of 
perhaps 5-30 million animal 
species on Earth (e.g., Erwin 

1982), yet it controls a disproportion- 
ate share of the planet's resources. 
Evidence of human influence is every- 
where: land-use patterns are readily 
visible from space, and the concentra- 
tions of carbon dioxide, methane, ni- 
trous oxide, and other trace gases in 
the atmosphere are increasing as a 
consequence of human activities. Hu- 
man beings are mobilizing a wide 
array of minerals at rates that rival or 
exceed geological rates. 

We examined human impact on the 
biosphere by calculating the fraction 
of net primary production (NPP) that 
humans have appropriated. NPP is 
the amount of energy left after sub- 
tracting the respiration of primary 
producers (mostly plants) from the 
total amount of energy (mostly solar) 
that is fixed biologically. NPP pro- 
vides the basis for maintenance, 
growth, and reproduction of all het- 
erotrophs (consumers and decompos- 
ers); it is the total food resource on 
Earth. We are interested in human use 
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of this resource both for what it im- 
plies for other species, which must use 
the leftovers, and for what it could 
imply about limits to the number of 
people the earth can support. 

Throughout this analysis, we treat 
NPP as the process responsible for 
input of organic material and calcu- 
late human uses as output. In most 
cropland, input and use (harvesting) 
occur in the same year. In a given area 
of forest or other ecosystems domi- 
nated by perennials, however, hu- 
man-caused output can temporarily 
exceed NPP input (in the year a forest 
is harvested, for example). If the spa- 
tial scale is large enough, we can 
nevertheless calculate the fraction of 
forest NPP used by humans as the 
amount of organic material humans 
harvest or destroy divided by the total 
NPP of forests worldwide. 

We calculated human influences in 
three ways. Our low estimate is sim- 
ply the amount of NPP people use 
directly-as food, fuel, fiber, or tim- 
ber. Our intermediate estimate in- 
cludes all the productivity of lands 
devoted entirely to human activities 
(such as the NPP of croplands, as 
opposed to the portion of crops actu- 
ally eaten). We also include here the 
energy human activity consumes, 
such as in setting fires to clear land. 
Our high estimate further includes 
productive capacity lost as a result of 
converting open land to cities and 
forests to pastures or because of de- 
sertification or overuse (overgrazing, 
excessive erosion). The high estimate 
seems a reasonable statement of hu- 
man impact on the biosphere. 

The substantial international effort 

that has gone into understanding hu- 
man effects on the global carbon cycle 
greatly contributed to our calcula- 
tions. Fossil fuel combustion is cur- 
rently the primary cause of rising 
carbon dioxide levels in the atmo- 
sphere, although the importance of 
land clearing and forest regrowth as a 
source or sink of carbon dioxide is 
still being debated (Bolin 1977, 
Broecker et al. 1979, Houghton et al. 
1983). Efforts to resolve this issue 
have produced massive reviews and 
compilations of data on global NPP, 
organic matter storage, land use, and 
land conversion rates (Ajtay et al. 
1979, Armentano and Loucks 1984, 
Houghton et al. 1983, Olson et al. 
1983). In addition to these sources, 
we used the Food and Agriculture 
Organization's (FAO) summaries of 
agriculture and forestry (FAO 1982, 
1983, 1984). 

For our calculations, we use a peta- 
gram (Pg) of organic matter, equiva- 
lent to 1015 grams or 109 metric tons, 
as our basic unit of measure. Where 
our sources express results in terms of 
carbon, we have converted to organic 
matter by multiplying by 2.2 (see 
Olson et al. 1983); where they use 
kilocalories, we have converted to dry 
organic matter by dividing by 5. We 
have also rounded all our estimates 
and generally accepted intermediate 
or conservative (rather than extreme) 
estimates from the literature. 

Global primary production 
Several ecologists have attempted to 
calculate NPP on a global scale by 
classifying the earth's land surface 

BioScience Vol. 36 No. 6 368 



into biomes or other functional units 
and then using a few detailed mea- 
surements of above- and below- 
ground productivity within each bi- 
ome (Ajtay et al. 1979, Lieth and 
Whittaker 1975, Whittaker and Lik- 
ens 1973). We use the calculations of 
Ajtay et al. (1979), which yield a 
biomass of 1244 Pg and an annual 
NPP of 132.1 Pg (Table 1), as the 
basis for our discussion because they 
classify land use in detail. Their over- 
all values for terrestrial productivity 
are nearly identical to those of Olson 
et al. (1983), but the former's esti- 
mate for forest biomass may be high. 
Successive revisions of forest biomass 
information have yielded decreasing 
estimates (Brown and Lugo 1984, Ol- 
son et al. 1983). Additionally, all the 
summaries may underestimate the 
magnitude of belowground NPP. For 
NPP in marine and freshwater ecosys- 
tems, we use De Vooys's (1979) esti- 
mate of 92.4 Pg (Table 1). The esti- 
mate for marine systems may be low 
because the production of extremely 
small phytoplankton may have been 
systematically excluded by the widely 
used carbon-14 method (Li et al. 
1983). 

The low calculation 
Our low calculation simply estimates 
how much organic material is used 
directly by people or domestic ani- 
mals (Table 2). 

Human consumption of plants. We 
assumed a current human population 
of 5.0 billion people and an average 
caloric intake of 2500 kcal/person/ 
day (FAO 1980). These assumptions 
yield an annual consumption of 0.91 
Pg of organic material. Approximate- 
ly 17% of the calories people con- 
sume (and 33% of the protein) derive 
from animal products (FAO 1983), 
so we calculate that humans direct- 
ly consume 0.76 Pg of vegetable 
material. 

Alternatively, we can calculate the 
global production of human food. 
The annual grain harvest in the early 
and mid-1980s has been about 1.7 Pg 
(FAO 1983, USDA 1984), about two- 
thirds of which (1.1 Pg) is intended 
for direct human consumption and 
about one-third for livestock feed. 
The water content of harvested grain 
averages about 20% (Spedding et al. 

Table 1. Surface area by type of cover and total net primary production (from Ajtay et 
al. 1979 and De Vooys 1979). 

Type 

Forest 
Woodland, grassland, and 

savanna 
Deserts 
Arctic-alpine 
Cultivated land 
Human area 
Other terrestrial 

(chaparral, bogs, 
swamps, and marshes) 

Subtotal terrestrial 

Lakes and streams 
Marine 

Subtotal aquatic 

Total 

1981), so the annual amour 
material produced for hum 
sumption is about 0.85 Pg 
also eat nongrain materials 
account for roughly an additi 
Pg in dry material (FAO 198; 
all, this gives about 1.15 Pg 
material harvested annuall 
pared with 0.76 Pg for direc 
consumption. Thus, about 
(34%) of the human food 
from plants appears to be w 
lost to pests or postharvest , 
This estimate is high but no 
line with other estimates (e. 
1984). We have not included 
material in our estimate of l 
used directly by humans. 

Consumption by livestock. E 
of how much food livesto 
sumes annually vary subst 
Wheeler et al. (1981) reporte< 

Table 2. Amount of net primar) 
tion (NPP) used directly by hur 
domestic animals. 

Source 

Cultivated land, food 
Domestic animal fodder 
Wood products 

Construction and fiber 
Firewood 

Fisheries (0.020 dry wt 
harvested) 

Total 

Percent NPP (7.2/224.5) 

Surface area 
(X 106 km2) 

31 

Net primary 
production 

(Pg) 

48.7 

37 
30 
25 
16 
2 

52.1 
3.1 
2.1 

15.0 
0.4 

6 
147 

10.7 
132.1 

2 
361 
363 

0.8 
91.6 
92.4 

510 224.5 

it of dry the late 1970s the world's livestock 
lan con- consumed 8.71 x 1015 kcal, or 1.74 
. People Pg, of usable dry organic material per 
s, which year, 75% derived from pasture, 17% 
ional 0.3 from grain, and 8.5% from other 
2). Over- agricultural products. FAO (1983) es- 
of plant timated that about 0.5 Pg (in dry 
y, com- weight) of grain and roughly 0.15 of 
t human other agricultural products annually 
0.39 Pg were fed to livestock worldwide in the 
harvest early 1980s. If the fraction of live- 

rasted or stock food derived from grain is 
spoilage. slightly less than 17% (Wheeler et al. 
)t out of 1981), the overall consumption of dry 
g., FAO organic material by livestock would 
this lost amount to 2.8 Pg. Pimentel extended 
the NPP his calculation for livestock consump- 

tion in the United States (Pimentel et 
al. 1980) to estimate that 3.2 Pg of 

,stimates forage and grain is fed annually to 
ck con- livestock in developed countries and 
:antially. 1.8 Pg in developing countries, for a 
d that in total of 5 Pg worldwide.' 

We cannot explain the discrepan- 
cies among these figures; we use a low 

yproduc- estimate of 2.2 Pg of dry organic nans and material to represent livestock con- 
sumption of plants. This rate yields 

NPP used an efficiency of 6.8% for conversion 
(Pg) of plant materials into human food by 

livestock (the quantity of animal 
0.8 products humans consume divided by 2.2 the plant biomass livestock consumes, 
1.2 or 0.15/2.2 Pg). 
1.0 

2.0 
7.2 

Forests. Excellent information is 
available on the volume of wood har- 

3.2 1David Pimentel, 1985, personal communica- 
tion. Cornell University. 
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vested for construction and fiber, but 
less exists on firewood harvesting, 
especially in the tropics. Armentano 
and Ralston's summary (1980) makes 
it possible to calculate that in the 
early 1970s 1.65 x 109 m3 of wood 
for construction and fiber was har- 
vested annually in the north temper- 
ate zone (including China), assuming 
that wood harvest per unit of forest 
area in eastern Europe outside the 
Soviet Union is similar to that in 
western Europe. Assuming (with Ar- 
mentano and Ralston) an average 
density of 0.6 g/cm3, this corresponds 
to 0.99 Pg of organic material. 
Houghton et al. (1983) estimate 1.0 
Pg for all temperate and boreal for- 
ests. Wood harvests in tropical areas 
add another 0.2-0.3 Pg of so-called 
industrial wood (FAO 1984, Seiler 
and Crutzen 1980). 

Firewood harvests, mostly in devel- 
oping countries, were estimated at 0.6 
Pg/year by Hampicke (1979). Myers 
(1984), in contrast, estimated 1.2-2.4 
Pg, but some of these figures repre- 
sent wet weight. Seiler and Crutzen 
(1980) estimate that 1.0-1.2 Pg of 
fuelwood is used; the FAO (1984) 
estimate is 0.9-1.0 Pg, and Armen- 
tano and Loucks (1984) use 0.9-1.5 
Pg. Hampicke's figure seems low, giv- 
en the pervasiveness of wood as a fuel 
and the inefficiency of most wood- 
burning stoves, so we use 1.0 Pg in 
our calculations. Altogether, we esti- 
mate that humans use 2.2 Pg of wood 
each year. 

Aquatic ecosystems. The total annual 
fish catch is approximately 0.075 Pg 
wet weight (FAO 1983, 1984), which 
converts to a dry weight of 0.013- 
0.024 (Royce 1972); we use 0.02 Pg. 
If we assume that the average fish 
caught fed on the second trophic level 
above primary producers, this harvest 
could represent the yield from ap- 
proximately 2 Pg, or 2.2%, of marine 
production. 

Overall. We estimate that humans use 
approximately 7.2 Pg of organic ma- 
terial directly each year-about three 
percent of the biosphere's total annu- 
al NPP. 

The intermediate calculation 
Our intermediate computation in- 
cludes the NPP co-opted by humans. 

By co-opted we mean material that 
human beings use directly or that is 
used in human-dominated ecosystems 
by communities of organisms differ- 
ent from those in corresponding natu- 
ral ecosystems. This estimate also in- 
cludes organic material that is killed 
(or dead organic material that is 
burned) by human beings during land 
clearing or conversion. Where these 
activities lead to net changes in land 
use, they represent a reduction in 
future production as well as an ap- 
propriation of NPP. In this section, 
we consider only the appropriation of 
organic material and land; we consid- 
er losses of productivity in the next 
section. 

Cropland. Ajtay et al. (1979) estimate 
the NPP of the world's croplands at 
15 Pg/year; several other estimates 
are similar. Olson et al. (1983), how- 
ever, calculate 26.6 Pg/yr in croplands 
and towns. This seems high, so we use 
Ajtay et al.'s more conservative esti- 
mate. We consider all cropland NPP 
as co-opted by humans because it 
all occurs in human-controlled 
ecosystems. 

Pastureland. In this calculation, we 
include all the NPP of pastures that 
have been converted from other eco- 
system types, mostly forests, to hu- 
man-controlled grazing ecosystems. 
Ajtay et al. estimate that this amounts 
to 233,000 km2/year, but this appears 
excessive; Seiler and Crutzen (1980) 
calculate that 60,000 km2 of forest 
are now being converted to grazing 
land annually, mostly in Latin Ameri- 
ca, and Houghton et al. (1983) report 
similar results. 

Most evidence suggests that at 
most 2 million km2 have been con- 
verted in the past 30 years. Substan- 
tial areas of human-created savanna 
exist in Africa (Rosswall 1980) and 
elsewhere in seasonally dry tropical 
areas, however, and many temperate 
grazing lands have been established 
by clearing forest (e.g., Huenneke 
1986). An overall estimate of 7 mil- 
lion km2 of forest permanently con- 
verted to grazing during human his- 
tory seems reasonable. If the average 
productivity of this derived grazing 
land is the same as that of woodlands, 
grasslands, and savanna (Table 1), 
then the NPP on derived grazing land 
amounts to 9.8 Pg per year, or 18.8% 

of the total annual NPP in all grazing 
lands. 

We must also take into account the 
energy consumed by livestock on nat- 
ural grazing land. Of the estimated 
2.2 Pg of NPP eaten by livestock, 1.5 
Pg come from natural and derived 
grazing lands (Wheeler et al. 1981). 
We assume that grazing is more inten- 
sive on derived pastures and that half 
the forage livestock consumes is ob- 
tained from such pastures. This leaves 
about 0.8 Pg from natural grazing 
land (Table 3). 

In this calculation, we also account 
for the biomass killed or consumed by 
anthropogenic fires on natural graz- 
ing land. Seiler and Crutzen (1980) 
estimate that 6 million km2 of savan- 
na and grassland is burned annually, 
mostly in human-caused fires, and 
that the aboveground biomass in the 
herb-grass layer of the burned areas is 
between 1.8 and 2.9 Pg. This material 
is almost wholly consumed in fires 
(75%), and the remainder is killed 
back to ground level. (In this case, we 
include only aboveground biomass; 
belowground biomass in grasslands 
largely survives fires and regenerates 

Table 3. Intermediate calculation of net 
primary productivity (NPP) co-opted by 
humans. 

Source 

Cultivated land 
Grazing land 

Converted pastures 
Consumed on natural 

grazing lands 
Burned on natural 

grazing land 
Subtotal 

Forest land 
Killed during harvest, 

not used 
Shifting cultivation 
Land clearing 
Forest plantation 

productivity 
Forest harvests 

Subtotal 
Human occupied areas 

Subtotal terrestrial 

Aquatic ecosystems 
Total 

Percent terrestrial co-opted 
(40.6/132.1) 

Percent aquatic co-opted 
(2.0/92.4) 

NPP co-opted 
(Pg) 

15.0 

9.8 

0.8 

1.0 
11.6 

1.3 
6.1 
2.4 

1.6 
2.2 

13.6 
0.4 

40.6 
2.0 

42.6 

30.7 

2.2 
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aboveground tissues.) 
We assume that burning, like graz- 

ing, happens more often on derived 
than on natural grazing lands and 
that fires on derived pastures account 
for half the area and biomass burned 
each year. Fires on natural grazing 
lands, then, consume 0.9-1.5 Pg of 
organic material annually; we use an 
estimate of 1.0 Pg (Table 3). 

Overall, we calculate that human 
beings co-opt 11.6 Pg of NPP on 
grazing lands: the total NPP (9.8 Pg) 
from derived pastures, 0.8 Pg con- 
sumed by livestock on natural grazing 
land, and 1.0 Pg in fires on natural 
grazing land. This represents 22.6% 
of the total annual NPP in wood- 
lands, grasslands, and savannas (Ta- 
bles 1 and 3). 

Forest use and conversion. In addi- 
tion to the organic material people 
use directly, we now include the for- 
est biomass killed during harvesting 
but not used, the biomass killed or 
burned in shifting cultivation or by 
more permanent land conversion, and 
the NPP of plantation forests. 

Forest harvesting destroys nonmer- 
chantable portions of forest biomass 
while the valuable stemwood is ex- 
tracted. Armentano and Loucks 
(1984) estimate that the overall ratio 
of total forest biomass to the mer- 
chantable fraction is 1.96; Johnson 
and Sharpe (1983) measured a ratio 
of 2.7 in temperate deciduous forests, 
which can be adjusted to 2.3 by ex- 
cluding forest detritus. We use 2.1, 
applying this figure to harvests of 

'industrial wood only. (The ratio for 
firewood is probably considerably 
smaller.) Accordingly, we calculate 
that in harvested forests, 1.3 Pg of 
forest biomass is destroyed but not 
used each year. 

Forest clearing and associated fires 
consume or destroy large amounts of 
biomass and, in the process, transfer 
organic carbon to the atmosphere as 
CO2. Considerable effort has gone 
into estimating this net carbon flux 
(loss in cleared land minus the accu- 
mulation in regrowing vegetation 
elsewhere). We are more interested in 
estimating the gross loss of biomass 
caused by clearing land because that 
gross loss reflects current human ap- 
propriation of photosynthetic prod- 
ucts. If present cutting rates in the 
tropics continue, the organic matter 

now accumulating in regrowing for- 
ests-plus much of the remaining in- 
tact forests-will be appropriated by 
humans in the future. 

Wong (1978) estimates that 6 Pg of 
organic material is consumed each 
year in fires associated with shifting 
cultivation and another 3 Pg in fires 
during permanent forest clearing. 
Seiler and Crutzen (1980) calculate 
that similar amounts of material are 
destroyed (3.1-9.1 Pg by shifting cul- 
tivation, mostly in secondary forests, 
and 2.0-3.4 Pg in more permanent 
clearing for cropland or pasture), but 
point out that less than half this mate- 
rial is actually burned. 

Whether the material is consumed 
in fires or decomposes in cultivators' 
plots or cattle pastures rather than in 
forests, it represents human co-option 
of photosynthetic products. We use 
estimates of 6.1 Pg for shifting culti- 
vation and 2.7 Pg for forest land 
conversion. Some of this material be- 
comes firewood and hence has al- 
ready been counted. Seiler and Crut- 
zen (1980) estimate that 30% of the 
total firewood demand, or 0.3 Pg, is 
met by land clearing and shifting cul- 
tivation, so the net addition to co- 
opted NPP is 8.5 Pg. 

Ajtay et al. (1979) estimate that 
tree plantations produce 2.6 Pg of 
organic material per year. We regard 
this NPP as functionally equivalent to 
that of cropland and count it as ap- 
propriated by Homo sapiens. Har- 
vested products and waste during 
harvesting of tree plantations have 
already been counted; we estimate 
these fluxes at 1 Pg, assuming that 
25% of the wood humans use comes 
from tree plantations (which repre- 
sent only 4.8% of total forest area). 
Plantation forests therefore represent 
a net addition of 1.6 Pg to the NPP 
humans co-opt each year (Table 3). 

The total amount of NPP directly 
used or co-opted annually on forest 
lands is estimated to be 13.6 Pg, some 
27.9% of global forest NPP. Of this, 
2.2 Pg is used directly for construc- 
tion, fuel, or fiber; 1.3 Pg is "wasted" 
during harvesting; 8.5 Pg is destroyed 
in land clearing; and 1.6 Pg is pro- 
duced in human-dominated planta- 
tion forests. The loss from land clear- 
ing is the largest, and efforts like that 
of Melillo et al. (1985) to reconcile 
disparate definitions and estimates of 
rates of land clearing are useful. 

Other areas. Productivity in areas oc- 
cupied by people-residential lawns 
and gardens, urban parks, golf 
courses, etc.-amounts to some 0.4 
Pg/year (Ajtay et al. 1979). Human 
impact on alpine and true desert areas 
can be locally devastating but is un- 
likely to affect global NPP substan- 
tially since these areas are both rela- 
tively unproductive and little used. 
Desertification, on the other hand, is 
important on a global scale; we will 
consider it in our high estimate be- 
low. Human impact on marine eco- 
systems remains unchanged. 

Overall. By these calculations, we es- 
timate that humans co-opt 42.6 Pg of 
NPP each year. This amounts to 
19.0% (42.6/224.5) of total net pri- 
mary production-30.7% on land 
and 2.2% in the seas. If we accept 
Olson et al.'s (1983) higher estimate 
of cropland NPP, the amount co-opt- 
ed rises to 54.2 Pg, which represents 
37.8% of the then somewhat higher 
total terrestrial NPP of 143.7 Pg. 

The high estimate 
This computation includes both the 
NPP humans have co-opted and po- 
tential NPP lost as a consequence of 
human activities. Many effects on 
NPP must be considered, including 
the possible roles of acid deposition 
and oxidant air pollution in forest 
decline, the significance of soil ero- 
sion in decreasing crop productivity, 
and reduced estuarine productivity 
due to sedimentation and toxic pollu- 
tion. These can be countered by possi- 
ble enhanced productivity from nitro- 
gen deposition in forests, cultural 
eutrophication of lakes, or the rising 
carbon dioxide concentration in the 
atmosphere. 

Our discussion is confined to four 
relatively well-defined changes in 
land use that can cause declines in 
NPP: replacement of natural ecosys- 
tems with agricultural systems, the 
permanent conversion of forests to 
pastures, desertification, and conver- 
sion of natural systems to areas of 
human habitation (Table 4). 

Cropland. We believe that average 
NPP in agricultural systems is lower 
than in the natural systems they re- 
place, largely because most plants in 
agricultural systems are annuals 
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Table 4. High calculation of net primary 
productivity (NPP) co-opted by humans: 
additions to Table 3 from processes that 
co-opt or degrade NPP. 

Amount 
Process (Pg) 

Previous terrestrial total 
(Table 3) 40.6 

Decreased NPP in agriculture 9.0 
Conversion of forest to pasture 1.4 
Desertification 4.5 
Loss to human areas 2.6 

Total terrestrial 58.1 
Percent terrestrial co-opted 

or lost (58.1/149.8) 38.8 
Percent terrestrial plus 

aquatic co-opted or lost 
[60.1/(149.8 + 92.4)] 24.8 

(Mitchell 1984). Longer-lived or pe- 
rennial crops, multiple cropping, nu- 
trient subsidies, and especially irriga- 
tion can offset or reverse this 
difference in some settings, but tradi- 
tional agriculture almost always pro- 
duces less than natural systems. Ajtay 
et al. (1979) and others estimate that 
average agricultural productivity 
worldwide is below that of natural 
systems (Table 1). If we assume that 
the productivity of land now under 
crops would have been similar to 
averages for savanna-grassland or 
forest (depending on a site's original 
vegetation), we can estimate that the 
16 million km2 of cropland would 
have had an NPP of 24 Pg under 
natural vegetation. Potential global 
NPP therefore has been diminished by 
9 Pg as a consequence of converting 
land to agriculture. This calculation 
may be conservative since the best 
(most productive) land is preferential- 
ly converted to agriculture (Mooney 
and Gulmon 1983). 

In contrast, Olson et al. (1983) 
assume that average agricultural NPP 
exceeds that of natural ecosystems. If 
we use their estimates, converting 
land to agriculture does not decrease 
NPP-but the amount of potential 
NPP co-opted by humans increases. 

Forest conversion to pasture. As esti- 
mated in the previous section, ap- 
proximately 7 million km2 of forest 
land has been converted to more or 
less permanent pasture. Assuming 
that this land would be as productive 
as average forest land had it not been 
converted, we calculate that the con- 
version represents another 1.4 Pg of 

NPP lost because of human activities 
(Ajtay et al. 1979). 

Desertification. Mabbutt (1984) esti- 
mated that 35 million km2 of land- 
75% of the total dry land area in his 
classification-is at least moderately 
desertified. Desertification is severe 
(defined as at least a 25% decline in 
productivity) on 15 million km2. As- 
suming that natural NPP on these 
severely affected lands was average 
for dry savanna and that productivity 
has declined by 25%, desertification 
has reduced global NPP by 4.5 Pg. 

Areas occupied by people. Approxi- 
mately 2 million km of land is classi- 
fied as human occupied (under cities, 
highways, etc.); most of it would oth- 
erwise be relatively productive. As- 
suming an average productivity 
equivalent to that in natural forests, 3 
Pg of NPP is foregone in this way. 
Since 0.4 Pg in these areas has already 
been counted as co-opted (Table 3), 
we remove a net 2.6 Pg. 

Overall. These land-use changes con- 
tribute 17.5 Pg of organic matter to 
the total humans affect each year, 
yielding a final sum of 58.1 Pg on 
land. The losses raise the calculated 
potential NPP of terrestrial ecosys- 
tems to 149.6 Pg (132.1 + 17.5 here). 
Thus, humans now appropriate near- 
ly 40% (58.1/149.6 Pg = 38.8%) of 
potential terrestrial productivity, or 
25% [60.1/(149.8 + 92.4) Pg = 
24.8%] of the potential global terres- 
trial and aquatic NPP. If we use Olson 
et al.'s base and leave out losses of 
NPP from converting land to crop- 
land, estimated human appropriation 
of NPP on land rises to 62.7 Pg, or 
about 41% (62.7/152.4 = 41.4%) of 
potential terrestrial NPP. Further- 
more, humans also affect much of the 
other 60% of terrestrial NPP, often 
heavily. 

Discussion 
Estimates of any heterogeneous proc- 
ess on a global scale are certain to be 
based on inadequate data and hence 
to contain errors, and our calcula- 
tions are no exception. Since all our 
estimates are based on international 
efforts designed to evaluate the status 
of food and agriculture and to under- 
stand human-caused alteration in the 

global carbon cycle, we anticipate 
they will be refined as these efforts 
continue. Nonetheless, we believe 
that our calculations accurately re- 
flect the magnitude of human appro- 
priation of the products of photo- 
synthesis, and we believe some 
reasonable conclusions can be drawn 
from these estimates. 

First, human use of marine produc- 
tivity is relatively small. Although 
even this low level may not be sus- 
tainable (CEQ and Department of 
State 1980), it is unlikely to prove 
broadly catastrophic for oceanic eco- 
systems. Human influence on the 
lowest trophic levels in the oceans 
(outside severely polluted areas) is 
minimal, and human exploitation of 
marine resources therefore seems in- 
sufficient by itself to alter on a large 
scale any but the target populations 
and those of other species interacting 
closely with target species. 

On land the situation appears very 
different. We estimate that organic 
material equivalent to about 40% of 
the present net primary production in 
terrestrial ecosystems is being co-opt- 
ed by human beings each year. People 
use this material directly or indirectly, 
it flows to different consumers and 
decomposers than it otherwise would, 
or it is lost because of human-caused 
changes in land use. People and asso- 
ciated organisms use this organic 
material largely, but not entirely, at 
human direction, and the vast major- 
ity of other species must subsist on 
the remainder. An equivalent concen- 
tration of resources into one species 
and its satellites has probably not 
occurred since land plants first 
diversified. 

The co-option, diversion, and de- 
struction of these terrestrial resources 
clearly contributes to human-caused 
extinctions of species and genetically 
distinct populations-extinctions that 
could cause a greater reduction in 
organic diversity than occurred at the 
Cretaceous-Tertiary boundary 65 mil- 
lion years ago. This decimation of 
biotic resources will foreclose numer- 
ous options for humanity because of 
the loss of potentially useful species 
and the genetic impoverishment of 
others that may survive (Ehrlich and 
Ehrlich 1981, Ehrlich and Mooney 
1983). 

The information presented here 
cannot be used directly to calculate 
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Earth's long-term carrying capacity 
for human beings because, among 
other things, carrying capacity de- 
pends on both the affluence of the 
population being supported and the 
technologies supporting it (Ehrlich et 
al. 1977). But our results do indicate 
that with current patterns of exploita- 
tion, distribution, and consumption, 
a substantially larger human popula- 
tion-half again its present size or 
more-could not be supported with- 
out co-opting well over half of terres- 
trial NPP. Demographic projections 
based on today's human population 
structures and growth rates point to 
at least that large an increase within a 
few decades (Demeny 1984, Frejka 
1981) and a considerable expansion 
beyond that. Observers who believe 
that limits to growth are so distant as 
to be of no consequence for today's 
decision makers (Simon and Kahn 
1984) appear unaware of these bio- 
logical realities. 
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