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Global modeling permits an appraisal of the hazards 
of DDT residues in the biosphere. 
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DDT has been used in large quan- 
tities as an insecticide since 1942. Its 
residues (1) are sufficiently persistent 
and mobile to have a worldwide dis- 
tribution, appearing in the lipids of 
most organisms (2-7), in air (7-9), 
and occasionally in meltwaters of Ant- 
arctic snows (10). Concentrations in 
certain of the earth's biota have reached 
toxic levels, causing spectacular declines 
in populations of certain carnivorous 
and scavenging birds and fish, aggra- 
vating the problems of pollution, and 
threatening significant contamination of 
human food chains (2, 4, 11-14). Rec- 
ognition of the seriousness of these 
problems has led to recent restrictions 
in the use of DDT in the United States 
and abroad. There is at least a possi- 
bility that most of the DDT that has 
been or will ever be produced has al- 
ready been used and that little, if any, 
will be applied after the mid-1970's 
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(15). The persistence of DDT resi- 
dues is great enough, however, that the 
residues will continue to be redistributed 
for many years :after use of the pesti- 
cide has stopped, presumably present- 
ing a continuing hazard to all the 
biota. The extensive data available on 
the distribution and effects of DDT 
make it, together with radioactive sub- 
stances, the best known of the biospher- 
ic pollutants and a valuable subject for 
a case history study (12, 16, 17). But 
basic questions remain, among them 
the following: What becomes of DDT 
released into the biosphere? How se- 
rious are the hazards? and, How long 
will the hazards persist? 

In an effort to answer these questions 
we have attempted to develop a model 
of the circulation of DDT in the bio- 
sphere. We have done this on the basis 
of two limiting assumptions: (i) that 
use of DDT will decline to zero by 
1974 and, alternatively, (ii) that, be- 
tween now and then, use will increase 
throughout the world. 

Certain physical properties of DDT 
are important in determining its be- 
havior in the biosphere. First, because 
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of the high solubility of DDT in fats 
together with its low solubility in 
water (18, 19), DDT residues tend to 
accumulate in lipids and therefore in 
plants and animals. Second, the resi- 
dues are very persistent in nature: es- 
timates of their half-life range upward 
to 20 years, perhaps longer under cer- 
tain circumstances (20-24). Third, 
DDT has a vapor pressure high enough 
to assure direct losses from plants and 
soil into the atmosphere, which can 
carry residues worldwide (12, 13). 
Thus soils, air, the waters of the oceans, 
and the biota are all potential reser- 
voirs for DDT residues, and the haz- 
ard to the biota, including man, hinges 
on the distribution of DDT residues 
among these reservoirs. How large are 
the reservoirs, and what are the rates 
of exchange between them? 

The answers are not available in any 
simple or absolute sense. Most are 
available, however, at least by infer- 
ence. First, we must know how much 
DDT has been produced and some- 
thing about its distribution. 

Input: DDT Production 

The amount of DDT produced in the 
United States each year is reported by 
the U.S. Tariff Commission (25). In 
the crop year 1963 the amount of DDT 
produced reached a maximum 8.13 
x 1010 grams (179 x 106 pounds) 
(Fig. 1). Production has dropped in 
the United States since 1963, but more 
than 6.0 X 1010 grams of DDT were 
produced in 1969. Preliminary figures 
for 1970 reveal that DDT production 
declined by more than 50 percent. 
About 70 percent of the amount of 
DDT produced appears to have been 
used outside the United States. The total 
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Fig. 1 (left). DDT production and use in the United States: 
curve A, based on the assumption of declining use through 1974; 
curve B, based on the assumption of increasing use through 
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assumptions A and B of Fig. 1. 
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amount of DDT produced in the United 
States, integrated over the entire period 
through 1974, when we have assumed 
that DDT will no longer be used, is 
estimated to be 1.4 X 1012 grams. No 
data on world production are available. 
We have assumed that the amount of 
DDT produced in the world, including 
the U.S. fractions, is twice the amount 
produced in the United States, or about 
2.8 X 1012 grams in total through 1974. 

This DDT has been distributed wide- 
ly around the world, most heavily in 
humid temperate and tropical zones, 
It is commonly lapplied by spraying a 
liquid suspension or solution from mo- 
bile ground equipment or from aircraft. 
The fraction of the spray that lands on 
the target varies, but some fraction of 
both aerial and ground applications re- 
mains airborne. Aerial applications of 
DDT to forests in the northeastern 
United States show that 50 percent or 
less of the amount emitted from the 
planes is deposited on the forest. The 
rest is dispersed into the air. Much of 
the airborne fraction returns to the 
ground nearby, but small droplets or 
particles are likely to remain aloft, to 
become associated with other particles, 
and may be carried great distances 
(7-9, 14, 26). 

DDT in Soils 

The persistence of DDT led to early 
recognition that residues might accum- 
ulate in soils. On the basis of a review 
of published data (Table 1), we have 
estimated that agricultural soils in the 
United States contain an average con- 
tent of DDT approaching 0.168 gram 
per square meter (1.50 pounds per acre) 
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(22, 23, 27-35). Nonagricultural soils 
were estimated to contain an average 
of 4.5 X 10-4 gram per square meter 
(36). 

These estimates can be used to calcu- 
late the rates of loss of DDT residues 
from soils in the United States. Within 
the United States, the total contigu- 
ous land area is 7.7 X 1012 square 
meters (1.9 X 109 acres), about 11 
percent of which (0.85 X 1012 square 
meters) is kept in crops on which in- 
secticides are used (37). The agricul- 
tural land apparently retains about 1.42 
X 1011 grams of DDT. These data 
were obtained in the early 1960's when 
DDT production was high. The rate 
of use of DDT in the United States 
during this period was 2.7 X 1010 
grams per year (6 X 107 pounds per 
year) (Fig. 1) or 0.0318 gram per year 
for each square meter of agricultural 
cropland (0.28 pound per acre per year). 
The mean lifetime of DDT in soils 
must be about 1011/(2.7 X 1010) = 5.3 
years. This estimate, approximates Ed- 
wards' earlier estimate of 4.3 years (21, 
38); it is substantially less than the esti- 
mated lifetime of 10 years for DDT in 
certain soils (22, 24). We have assumed 
a mean resident time of 4.5 years for 
DDT on land. 

Four mechanisms probably account 
for most losses of DDT residues from 
soils: (i) volatilization (including losses 
by wind erosion of small particles from 
the soil surface), (ii) removal by har- 
vest of organic matter, (iii) water run- 
off, and (iv) chemical (including biotic) 
degradation. 

The occurrence of DDT residues in 
rainwater suggests that large amounts 
of DDT may move through the at- 
mosphere either adsorbed to particles 

or as vapor. The small number of data 
available on the volatilization of DDT 
suggest a time constant for volatilization 
of several years, but the evidence sup- 
ports the conclusion that vaporization is 
more important than such a long time 
constant would indicate (14, 21, 38, 39). 
The rates of disappearance of residues of 
dieldrin (1) 'by volatilization have been 
shown to be a function of the rate of air 
movement through soils (40). Residence 
times for DDT in organic soils where 
movement is slow are greater than resi- 
dence times in mineral soils, a relation- 
ship ,that could only Ibe the case if bi- 
otic degradation of DDT residues pro- 
ceeds slowly in these soils in compari- 
-son with volatilization. Apparently evap- 
oration is a major mechanism for the 
removal of residues of the persistent 
pesticides from soils (21, 38), and, de- 
spite its slowness, evaporation proceeds 
faster than chemical breakdown. 

DDT residues are also removed from 
soils by the harvest of organic matter, 
but the evidence suggests that this is 
not a major route of transport. The 
net amount of crop harvested, even 
for highly productive agricultural crops, 
seldom exceeds 5000 grams per square 
meter and more often approaches 1000 
grams per square meter (41). If we as- 
sume an annual harvest of 3000 grams 
per square meter containing 1 part per 
million (ppm) of DDT, currently the 
maximum concentration allowed in 
many foods, the harvest would remove 
0.003 gram per square meter of DDT, 
about 1 percent of an annual application 
of 0.33 gram per square meter, or about 
10 percent of the estimated annual aver- 
age amount of DDT used for all crop 
land (see above). Thus, even a harvest of 
100 percent of the primary production 
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would remove only a small fraction of 
an annual application of DDT. Actual 
harvests that remove the organic matter 
from the site and might transport DDT 
residues to urban areas or to water- 
courses are much less efficient. We have 
assumed a removal of 1 percent of the 
total DDT used on the crop. 

DDT is not normally applied to for- 
age crops or in places where it can 
contaminate tissues of animals used 
for food, but farm animals do, none- 
theless, become contaminated, as do 
most animals. The amount of farm 
animal biomass produced each year usu- 
ally approximates 10 percent or less of 
the net primary production,, and it is 
difficult to visualize under present levels 
and patterns of use a circumstance in 
which harvest of farm or range ani- 
mals would account for more of the 
DDT residues than would the annual 
harvest of the plant crops, despite the 
possibility of concentration of the resi- 
dues through food chain effects. 

The transport of DDT residues from 
agricultural soils in surface waters has 
often been assumed to be of major im- 
portance in the accumulation of resi- 
dues in the oceans. Heavy rains do 
remove DDT either adsorbed to soil 
particles or in solution but the amounts 
are small in comparison with the total 
amounts of DDT produced. Surface 
runoff over the entire United States is 
about one-third of the annual precipi- 
tation, or 23 centimeters (9 inches) per 
year out of an average precipitation 
estimated as 76 centimeters (42). The 
total volume of this water is 2 X 1012 
cubic meters per year. If it were sat- 
urated with DDT residues, it would 
contain about 1 part per billion (ppb) 
(18, 43) and would remove 2 X 109 
grams of DDT per year in solution. 
DDT is applied only at certain times 
of the year in certain areas and seldom 
directly to bodies of water. Observed 
river water concentrations of pesticides 
(including particles) range from con- 
centrations below the limit of detection 
[less than 10 parts per trillion (ppt)] 
to almost 100 ppt (18, 43). An aver- 
age concentration of 50 ppt implies an 
annual runoff of about 108 grams per 
year, which accounts for about 0.1 per- 
cent of the amount of DDT produced 
per year. Similar conclusions have been 
reached by Risebrough et al. (9), who 
also decided that movement of resi- 
dues in the atmosphere is the most im- 
portant transport route, and by the 
ocean pollution group of the M.I.T. 
Study of Critical Environmental Prob- 
lems (14). 
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DDT in the Atmosphere 

The vapor pressure of DDT at 20?C 
is 1.5 X 10-7 millimeter of mercury 
(44), producing an equilibrium concen- 
tration of DDT in the atmosphere of 
about 3 X 10-6 gram per cubic meter 
or about 2 ppb by weight. The vapor 
pressure drops with decreasing tem- 
perature. If we assume that DDT in 
the atmosphere remains as vapor, the 
saturation capacity of the atmosphere 
to the tropopause would be about 1012 
grams of DDT, or about as much as 
has been produced to date. But DDT 
residues also exist in association with 
atmospheric particles, and the earth's 
atmosphere can probably contain very 
much larger quantities than the satura- 
tion capacity alone would indicate. This 
means that the atmosphere is poten- 
tially a large reservoir in addition to 
being a major means of transport for 
the residues. 

Residues are removed from the at- 
mosphere by rainfall, diffusion across 
the air-sea interface, and chemical deg- 
radation. The dominant mechanism for 
the removal of DDT from the atmo- 
sphere is probably rainfall. In England, 
DDT concentrations in the range from 
73 to 210 ppm have been reported in 
rain in areas close to regions where 
DDT has been used, and similar con- 
centrations have been reported in the 
United States (45). A DDT concen- 
tration in meltwaters from Antarctic ice 
of 40 ppt has been reported recently 
(10). Earlier measurements were less 
sensitive (46). 

DDT concentrations in rainfall vary 
appreciably throughout the year. The 
variation is related to the seasonal ap- 

plication of DDT. The fact that there 
is a seasonal variation suggests that the 
time constant for removal of DDT from 
the atmosphere probably does not ex- 
ceed a few years. If the average DDT 
concentration in rainfall were 60 ppt 
and precipitation averaged 1 meter per 
year, rainfall would remove a total of 
3 X 1010 grams of DDT residues from 
the atmosphere annually, most of that 
into the oceans. The annual amount of 
DDT produced throughout the world 
in the mid-1960's was about 1011 
grams, approximately 3/2 times the 
amount that would be removed world- 
wide by rain containing 60 ppt of DDT. 
Thus an average rainfall concentra- 
tion of DDT of 60 ppt gives an upper 
limit for the mean time for removal of 
DDT residues from the atmosphere by 
rainfall of about 3.3 years. Residues 
deposited on the ground are, of course, 
available for reevaporation. 

Measurements of the transfer of car- 
bon dioxide into the oceans suggest a 
time constant for the downward trans- 
port of DDT of 7 years (47, 48). This 
period is extremely long as compared 
to estimates for diffusive transport. Al- 
though one might expect atmospheric 
DDT to be transferred more slowly 
than carbon dioxide because of DDT's 
low solubility in water, direct measure- 
ments seem to be lacking. Accumula- 
tion of lipids at the ocean surface (49) 
would probably increase the rate of 
transfer as would association of DDT 
residues with particles in air. We have 
assumed a time constant of 4 years for 
the transfer of DDT residues from the 
atmosphere to the earth's surface. The 
mean residence time is probably not 
longer than this. 

Table 1. DDT residues in soils of agricultural and nonagricultural land in the United States. 
Data were selected because of large sample size or because they are the only data available. 
For more detailed tabulations see Edwards (21, 38). 

Sites DDT residues (g/m2) Refer- Soil sites sampled e 
(No.) Range Mean ence 

Agricultural 
Orchards 14 0.34 -22.1 6.0 (29) 
Crops 24 0 - 0.87 0.24 (29) 
Root crops 48 0.045 - 5.73 1.25 (30) 
Vineyards 2 2.13 - 3.18 2.69 (31) 
Orchards 2 8.18 -14.60 11.4 (32) 
Vegetable crops 10 0.07 - 9.52 2.62 (33) 
Randomly selected 41 0.002 - 1.30 0.148 (33) 
Alfalfa crops 12 0.06 - 0.98 0.336 (34) 
Soybean crops 43 0.004 - 4.03 0.986 (35) 

Nonagricultural 
Boreal forests 

(sprayed) 3 0.179 - 0.258 0.213 (22) 
Boreal forests 

(unsprayed) 0.0045 (23) 
Forest in Pennsylvania 

(unsprayed) 0.0003- 0.0006 0.0004 (28) 
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Chemical degradation of DDT in the 
atmosphere may also be important. Ef- 
ficient photodegradation of DDT vapor 
occurs primarily at wavelengths shorter 
than 2700 anrgstroms (50). These wave- 
lengths are heavily absorbed by the at- 
mospheric ozone layer. Residues ad- 
sorbed on particles are probably con- 
siderably more resistant, however. We 
have assumed atmospheric degradation 
to be unimportant as compared to trans- 
port, but this topic is obviously in need 
of further study. 

DDT in the Oceans 

DDT residues circulate initially in 
the "mixed" layer, which frequently 
extends to a depth of 75 to 100 meters. 
They are transferred slowly below the 
thermocline into the much larger vol- 
ume of the abyss (51). Sedimentation 
of organic matter removes DDT resi- 
dues from the upper layers, but direct 
measurements of sedimentation of DDT 
residues seem to be lacking. We assume 
that the virtual insolubility of DDT in 
water combined with its solubility in fat 
assures the association of DDT with 
organic matter and that the rate of 

transfer of carbon to the abyss would 
approximate the rate of transfer of 
DDT residues. Biological mixing may 
also be important in DDT transport 
within the ocean, but direct evidence is 
lacking. As an estimate of the .time for 
the transport of DDT from the mixed 
layer to the abyss, we have used a 
result from studies of carbon dioxide 
that indicate a mean transfer time of 
about 4 years (47, 48). 

Within the abyss, transfer rates for 
carbon dioxide and presumably for 
other substances such as DDT are very 
slow indeed, ranging up to hundreds 
and even thousands of years for certain 
segments. Because of the fact that the 
volume of the abyss is immense and 
because of the possibility that DDT 
residues may be lost to sedimentation, 
the abyss is a very large reservoir, virtu- 
ally infinite for the purposes of this dis- 
cussion. 

DDT in the Biota 

The total amount of DDT retained 
within the biota is small by comparison 
with the totals that can be retained in 
other pools within the biosphere. It is 

Table 2. DDT residues in the biota in the late 1960's. Concentrations are expressed to the 
nearest order of magnitude only; ppm, parts per million. 

Dry DDT Total 
Location biomass content DDT 

(X 109 metric tons) (ppm)* (X 108g) 

Plant biomasst 
On land 

Lakes and streams 0.04 0.010 0.004 
Swamps and marshes 24 0.001 0.240 
Terrestrial vegetation (forests, desert, 

savanna, grassland, tundra) 1814 0.0001 1.814 
Agriculture 14 0.1 14.000 

Total land 1852 15.058 

In oceans 
Open ocean algae 1.0 0.1 1.0 
Continental shelf algae 0.3 1.0 3.0 
Attached algae 2.0 1.0 20.0 
Total ocean 3.3 24.0 

Total plants 1855 39.06 

Animal biomasst 
On land 

Feral mammals 0.009 1.0 0.09 
Domestic mammals 0.17 1.0 1.7 
Man 0.30? 1.0 3.0 
Birds 0.00024 1.0 0.002 

In oceans 
Fish 0.65 1.0 6.5 
Mammals 0.055 1.0 0.55 
Others (protozoa, coelenterates, annelids, 

nematodes, mollusks, echinoderms, 
arthropods)[1 3.02 0.1 3.02 

Total animals 4.20 14.86 
Total DDT in the biota: 5.4 X 109 g 
* Estimates based on values in the literature and the experience of G.M.W. Sources include (2-7, 
11-14, 20-24, 36, 55, 56) and others. All estimates are to the nearest order of magnitude only; 
questionable data have been resolved toward the higher number. t Adapted from Whittaker (60). 
: Adapted from Bowen (61). ? Bowen used 0.03 X 109 tons, which seems to be about 10 times 

too low (G.M.W.). I1 Listed by Bowen (61); obviously incomplete, but indicative. 

1104 

also small by comparison with the an- 
nual amount of DDT produced. Liberal 
assumptions with respect to the con- 
centrations of residues in various seg- 
ments of the biota, including man, lead 
to an estimate of 5.4 X 109 grams of 
DDT held within the biota worldwide 
(Table 2). Estimates of the world bioa- 
mass are notoriously variable but they 
are probably correct to within a factor 
of 2 to 3, almost certainly to within less 
than a factor of 10. DDT analyses that 
are specifically appropriate for compila- 
tion of such an inventory are few, and 
the data of Table 2 are, at best, crude 
estimates. The data on residues have 
been expressed to orders of magnitude 
only to avoid a false indication of preci- 
sion. Questionable estimates have been 
resolved in the direction of the higher 
order of magnitude, thus giving a bias 
toward a higher estimate. The analysis 
indicates that there may now be be- 
tween 109 and 1010 grams of DDT cir- 
culating in the biota, about 1/30 of the 
amount produced in 1 year during the 
mid-1960's. We consider this an esti- 
mate of the maximum amount of DDT 
that could be in the biota; the only 
other estimate available is 6 X 108 
grams for the biota of the oceans alone 
pu(blished by the M.I.T. study group 
(14). This means that, despite the 
importance of the biota and the effects 
of DDT on it, the capacity of the biota 
for holding DDT residues is small 
enough that we can ignore it for the 
moment in our attempt to appraise 
the worldwide movements of DDT. 

A Model of DDT Circulation 

in the Biosphere 

The number of pathways that are 
clearly important in the worldwide 
movement of residues appears to be 
small. The primary reservoirs are the 
land surface, the troposphere, the 
mixed layer of the ocean, and the 
abyss. In the previous sections, we have 
estimated time constants for the domi- 
nant physical processes. The constants 
have been used in a set of first-order 
rate equations to yield estimates of 
DDT loads in the various reservoirs as 
functions of time. The rate equations 
have the form: 

m 
dNi Ri (t) N + 

? 
(= 

)+- di~ 
m 

-Nt - =I-... 

SCIENCE, VOL. 174 
SCIENCE, VOL. 174 



Here Ri (t) is the rate at which newly 
produced DDT is introduced into the 
ith reservoir and Ni is the amount of 
DDT in the ith reservoir. The sums 
represent losses from and gains to the 
ith reservoir; rij(l) is the time constant 
for DDT loss from the ith to the jth 
reservoir, and Tij(g) represents inputs 
from the jth to the ith reservoir. There 
are m reservoirs, and there are thus 
m simultaneous, first-order, differential 
equations to be solved. 

We have used the time constants esti- 
mated above to solve the rate equations 
over the period from 1940 to 2000 on 
a digital computer. The DDT input for 
each year has been taken to be twice 
the amount produced in the United 
States per year and has been projected 
in two ways (Fig. 1, curves A and B). 
Except for the distinction between land 
and ocean, no attempt has been made 
to include geographical variation. Local 
fluctuations may be expected to be 
large. 

The calculated average DDT con- 
centrations in the atmosphere and in 
the mixed layer of the oceans for the 
period from 1940 to 2000 are shown 
in Fig. 2. If the world DDT produc- 
tion becomes zero in 1974, the con- 
centration in the lower atmosphere 
would have reached a peak in 1966 at 
about 72 ppt (84 X 10-9 gram per 
cubic meter). The mixed layer of the 
ocean would contain its maximum of 
15 ppt in 1971. The concentrations in 
both reservoirs can be expected to 
decline gradually, with the concentra- 
tion in air reaching 10 percent of its 
peak value in 1984. The concentration 
in the mixed layer will not decline to 
10 percent of its peak value until 1993. 
The total load of DDT on the land 
surface reached a maximum concen- 
tration of 6.34 X 1011 grams in 1964 
to 1966, and will decline if DDT pro- 
duction slows. 

There is reason to assume that the 
worldwide production of DDT will not 
drop, but may increase, despite U.S. 
restrictions. The increase will be in 
response to an increasing demand for 
an inexpensive means of pest control 
in agriculture and for control of vec- 
tors of disease, especially malaria. If 
we assume that foreign production re- 
places U.S. production and that the 
total use of DDT in the world increases 
after 1969 (curve B, Fig. 1), the con- 
centrations of DDT in air and water 
will follow the curves marked B in Fig. 
2, continuing to increase until after 
the year 2000. 
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Implications for Life 

The physical processes we have dis- 
cussed dominate the transfer of DDT 
residues throughout the biosphere. Liv- 
ing systems retain quantities of DDT 
that are small by proportion, and living 
things appear, at least superficially, to 
play a minor role in the world budget of 
DDT. Yet it is the residues that are 
available to living systems that are the 
hazard, and we must examine their be- 
havior with special care. The total quan- 
tities of DDT residues in the biota are 
but 1/30 or less of the annual amount 
of DDT produced in recent years; they 
are also a small fraction of the annual 
transfers estimated from soils to air and 
the oceans. The quantities are small 
enough that the transfer from land to 
water by surface runoff, small as it is, 
must be assumed to contribute to con- 
tamination of the coastal biota. The 
residues presently held in the biota, and 
the maximum quantity that the biota 
could hold (not very greatly different), 
are so small in proportion to the total 
amount of DDT produced that we 
wonder why the biota has not been af- 
fected much more drastically than it 
has been-and what the future holds. 

The answers are far from clear. DDT 
residues are accumulated in living sys- 
tems and recycled in much the same 
ways that certain elements essential for 
life are recycled. Just as phosphorus is 
recycled from sediments by various 
means, so DDT residues may reenter 
complex food webs from organic sedi- 
ments. One such route is by direct con- 
sumption of detritus (52). Others must 
include oxidation of the sediments. Con- 
centrations of DDT in the biota may 
ultimately reach as much as 106 times 
the concentrations in the general envi- 
ronment (36). The effects of high con- 
centrations are clear enough: food webs 
are reduced, carnivores eliminated, and 
hardy, small-bodied organisms favored 
(53). The changes are similar to those 
that occur in eutrophication; the sedi- 
mentation of organic matter is probably 
increased, often speeded by a shift 
toward an increasingly anaerobic 
benthos. We assume that under such 
extreme conditions DDT residues tend 
to accumulate in anaerobic sediments 
and are removed from circulation. Thus 
one of the effects of DDT is to reduce 
the biota and to increase the rate of 
removal of DDT residues into sedi- 
ments. The process tends to restrict the 
movement of residues in the larger cir- 
culations of the biosphere, accentuating 

the importance of local contamination. 
There is, however, not much question 
that the oceans, as well as lakes and 
estuaries, are vulnerable to such effects. 
How much more DDT would it take to 
degrade the biota significantly? 

The answer hinges on both the rate 
of movement of residues through the 
major reservoirs of the biosphere and 
on the coupling between the biota and 
the environment. How rapidly does the 
biota absorb DDT? Is there a possibility 
of the biota's achieving an equilibrium 
in which inputs of DDT residues are 
exactly balanced by losses? 

DDT residues enter the biota both 
through food webs and by direct ab- 
sorption. The relative importance of 
these routes varies between land and 
water and among species, and the time 
for the biota to come to equilibrium 
with residues in the environment must 
also vary. One attempt at appraising the 
time for a food web to reach equilib- 
rium led to an estimate of between 
"four times the average life span of the 
longest-lived species and the sum of 
the life spans for all trophic levels" 
(54, p. 506). Such an analysis suggests 
that equilibrium for the entire biota 
would be reached only after many 
decades. Movement of DDT residues 
into the abyss appears much more rapid 
than this. 

On the other hand, plankton in 
water would be expected to reach 
equilibrium with residues in solution in 
the water very rapidly, and small- 
bodied, warm-blooded carnivores that 
have high rates of metabolism and feed 
from water-based food webs might be 
expected to accumulate high concentra- 
tions of residues rapidly and to be af- 
fected by them. This circumstance, of 
course, is what we see: aquatic carnivo- 
rous birds accumulate high concentra- 
tions of DDT and then their numbers 
rapidly diminish. So, although the biota 
as a whole may not have achieved 
equilibrium with the residues circulating 
now, certain segments of the biota are 
being reduced, a fact that indicates 
that the biota may be appreciably 
changed before an "equilibrium" with 
present rates of DDT production and 
present world inventories is reached. 
Under these circumstances the concept 
of an equilibrium becomes elusive; 
there is no true equilibrium, only a 
constant state of flux through a pool 
that probably grows smaller as the 
biota is reduced. The coupling between 
DDT residues in the environment and 
in aquatic food webs would seem to be 
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reasonably close, especially for lower 
trophic levels, and a decline in the 
amount of DDT used should be re- 
flected almost immediately in lower 
concentrations in the biota. 

A variety of evidence favors this 
conclusion. Fauna of salmon streams 
in the Miramichi River in New Bruns- 
wick, Canada, and fish in Sebago Lake, 
Maine, responded year by year to a 
reduction in the use of DDT (55). 
More recent experience on Long Island 
with osprey populations seems to be 
indicating a similar response, although 
the observations are far from conclu- 
sive. Populations dropped abruptly dur- 
ing the mid-1960's. The decline seems 
to have been arrested, perhaps reversed, 
after cessation of use of DDT for mos- 
quito control in 1967 (56). Terrestrial 
ecosystems probably respond more 
slowly, but the patterns of circula- 
tion of residues and their effects are 
similar. 

These examples and others, such as 
the observation that the effects of pesti- 
cides on reproduction of bird popula- 
tions in England are related to the in- 
tensity of use of chlorinated pesticides 
(57), emphasize that most conspicuous 
effects on the biota in the past have not 
been the result of worldwide movements 
of DDT residues but rather have been 
attributable to local concentrations 
identifiable with some local or regional 
use. Restriction in the use of pesticides 
has usually reduced the effects within 
a few years. 

Residues in other segments of the 
biota, however, are very much more 
closely related to larger patterns of 
circulation. Oceanic birds such as the 
sooty and slender-billed shearwaters 
(4, 5) and the Bermuda petrel (6) that 
feed in the open ocean, the California 
mackerel, the penguin, and the crab- 
eater seal of the Antarctic (58) must 
obtain their residues from patterns of 
circulation that are close to being 
"worldwide." All of these organisms 
are contaminated with DDT, some with 
concentrations occasionally exceeding 
10 ppm. These are the organisms that 
are most closely coupled to the major 
nonliving pools of DDT circulating in 
the biosphere. Our analyses suggest 
that such organisms should reflect 
world use of DDT within a few years, 
with residues in the biota increasing or 
decreasing as world use rises or falls. 
The fact that none of these organisms 
has yet become extinct from DDT ef- 
fects is mere good fortune: the total 
amounts of DDT estimated to be cir- 
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culating in the 'biosphere are many 
times greater than the amounts re- 
quired to eliminate most such animals. 
We know that the residues can be con- 
centrated by many factors of 10 into 
the biota-and affect it catastrophically. 
Yet, although there is no question about 
the devastation wrought by DDT local- 
ly and even regionally, the worldwide 
component seems not yet to have 
reached the point of widespread extinc- 
tions. (The difficulties of measuring ef- 
fects are so great as to make most 
biologists who examine this question 
in any depth suspicious that effects may 
be occurring unobserved or masked by 
other causes). If we assume that the 
lower trophic levels of aquatic food 
webs are more closely coupled to their 
environment by dint of the two path- 
ways for entry of residues than the 
analyses of Harrison et al. (54) suggest, 
then reduction in the use of DDT 
should be reflected within a few years 
in a reduction in the DDT residues in 
the biota identified with the worldwide 
distribution. 

Where Has the DDT Gone? 

The physical and chemical charac- 
teristics of DDT might lead one to as- 
sume that the biosphere should behave 
as a giant separatory funnel, gradually 
partitioning the lipid-soluble residues 
into the lipid-rich biota. Although there 
is no question that this process does 
occur, there is also no escape from the 
conclusion that it does not work well 
on the biospheric level. Most of the 
DDT produced has either been degraded 
to innocuousness or sequestered in 
places where it is not freely available 
to the biota. Recent work seems to 
support the latter assumption and the 
assumptions of our model. A prelimi- 
nary report of detailed analyses of DDT 
residues in the air of nine U.S. cities 
in 1967-1968 (59) shows concentra- 
tions 'in winter, when DDT is not used 
locally and residues might be expected 
to be mixed throughout the tropo- 
sphere, commonly falling between 10-9 
and 100 X 10-9 gram per cubic 
meter. The range approximates our 
prediction of 84 X 10-9 gram per 
cubic meter in air based on the as- 
sumption of declining use. The observa- 
tion supports our assumptions on the 
routes of movement and sizes of pools. 
The fact remains, however, that, despite 
the abundance, persistence, and world- 
wide distribution of DDT residues, 

they are not as freely available to the 
biota as might be assumed. How and 
precisely where they are held is not 
yet clear, but the biosphere appears to 
have a large capacity for holding them 
apart from the biota. What is clear is 
that large quantities of DDT were in- 
troduced into use before any appraisal 
was made of the capacity of the bio- 
sphere for receiving them. In this in- 
stance man seems to have been blessed 
with extraordinary good fortune. 

Summary 

The worldwide pattern of movement 
of DDT residues appears to be from 
the land through the atmosphere into 
the oceans and into the oceanic abyss. 
Calculations based on the fragmentary 
data available on rates of movement 
and sizes of various ipools of DDT resi- 
dues lead to the conclusion that con- 
centrations in the atmosphere and in 
the mixed layer of the oceans lag by 
only a few years behind the amounts of 
DDT used annually throughout the 
world. A model suggests that maximum 
concen,trations of DDT residues oc- 
curred in air in 1966 and will occur in 
the mixed layer of the oceans in 1971. 
The biota probably contains in total 
less than 1/30 of 1 year's production 
of DDT during the mid-1960's, a very 
small amount in proportion to the total 
potentially available. The reason for 
the biota's failure to absorb larger 
quantities and to be affected much 
more severely is unclear. The analysis 
suggests that mere good fortune has 
protected man and the rest of the biota 
from much higher concentrations, thus 
emphasizing the need to determine the 
details of the movement of DDT resi- 
dues and other toxins through the bio- 
sphere and to move swiftly to bring 
world use of such toxins under rational 
control based on firm knowledge of 
local and worldwide cycles and hazards. 
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