
trends computed from the grid point 
data derived from the analyzed maps 
with the trends computed from all of 
the individual reporting stations suit- 
ably grouped and averaged over lati- 
tude. The results are essentially the 
same, although, as expected, the series 
based on the individual station data had 
larger short-period variations. 

It is obvious that there is a change 
in slope of the trend lines (sometime 
in 1961) associated with the curves in 
Fig. 2. This change is particularly evi- 
dent for the Northern Hemisphere 
curve. Each series was therefore di- 
vided into two subparts based on this 
apparent change, and separate regres- 
sion lines were calculated with the fol- 
lowing results and probable errors: for 
the Northern Hemisphere: August 
1957 through March 1961, -4.7 -+ 1.5 
percent per decade; April 1961 through 
May 1970, +11.3 ? 2.3 percent per 
decade; and for the Southern Hemi- 
sphere: August 1957 through Septem- 
ber 1961, +2.5 ? 2.3 percent per dec- 
ade; October 1961 through May 1970, 
-1.1 ? 1.6 percent per decade. 

It can be seen from these results that 
the upward trend in observed total 
ozone that occurred during the 1960's 
was primarily a Northern Hemisphere 
phenomenon and started in that hemi- 
sphere in the spring of 1961. Although 
these values might reflect, in part, sys- 
tematic drifts in the calibration of the 
various instruments, there is no a priori 
reason why the calibration errors 
should be more pronounced in the 
Northern than in the Southern Hemi- 
sphere. 

We have yet to establish whether 
these changes show a definitive world- 
wide pattern and to determine in what 
manner these trends are associated 
with changes in solar radiation, general 
stratospheric photochemistry, or fluc- 
tuation in the stratospheric circulation. 
The marked hemispheric difference in 
the trends, however, would seem to 
preclude any direct solar influence. 
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We report here on our investigations 
of a common but unproved assump- 
tion, that natural concentrations of 
lead exist within plants and animals in 
open country; our conclusions are 
based on measurements of lead inputs 
and outputs for a natural ecosystem, 
on identification of the natural and in- 
dustrial leads within the ecosystem, and 
on measurements of the distribution 
of lead within a food chain within the 
ecosystem. Our studies were carried 
out in Thompson Canyon which is 
located in the crest of the High Sierra 
in California and which lies within a 
single batholithic rock type (Cathedral 
Peak quartz monzonite) that was 
stripped clean by Wisconsin glaciation. 
The soils of the canyon were formed 
during post-Wisconsin weathering of 
local quartz monzonite. The input of 
lead-containing aerosols less than 1 ,um 
in diameter collected by dry deposition 
on foliage, measured with a deposition 
instrument, was about 1 kg of lead en- 
tering the 14-km2 watershed during the 
four summer months. The input of 
lead-containing aerosols coprecipitated 
in snow within 14 km2 was estimated 
to be 12 kg of lead for the eight winter 
months. Rain contributes only 5 per- 
cent of the total water input and was 
not analyzed. About 97 percent of the 
aerosol lead entering Thompson Can- 
yon is, on the basis of Pb/(K + Ca) 
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ratios, of industrial origin. The value of 
this ratio is 2.0 in Los Angeles air, 0.02 
in Thompson Canyon snow, 0.01 in 
Thompson Canyon foliar dust, and 
0.0005 in Thompson Canyon rocks. 
Mass balance estimates of the output of 
industrial lead aerosols from both the 
Los Angeles and San Francisco areas 
[based on the 5 metric ton/day emission 
from Los Angeles estimated by Hunt- 
zicker and Friedlander (1) and a 2 
ton/day emission from San Francisco 
obtained by normalizing to the Los 
Angeles value on the basis of popula- 
tion ratios] suggest that the share of this 
emission available for deposition within 
Thompson Canyon from a uniform dis- 
persal area 2000 km in diameter should 
be about 10 kg of lead per year, which 
is within the limits of the observed input 
of 13 kg of lead per year. We deter- 
mined the output of lead from the 
canyon by streams by analyzing the 
lead content of stream waters and using 
water output data to obtain the total 
average yearly lead output, 0.2 kg of 
lead per year from 14 km2. Stream 
runoffs and snow accumulations were 
monitored throughout the year by 
Hinkley (2). 

The difference between lead input 
and lead output shows that, at present, 
about 98 percent of the industrial lead 
entering the valley as aerosols remains 
there. We believe that the strongly 
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Lead Aerosol Pollution in the High Sierra Overrides 
Natural Mechanisms Which Exclude Lead from a Food Chain 

Abstract. Most of the lead contained in sedge and voles (mountain meadow 
mice) within one of the most pristine, remote valleys in the United States is not 
natural but came from smelter fumes and gasoline exhausts. In a food chain, 
natural mechanismzs do not allow lead to accompany the bulk of the nutritive 
metals as they proceed to higher trophic levels. This exclusion can be expressed 
quantitatively by a comparison of lead/calcium ratios at successive trophic levels. 
This ratio decreased by an overall factor of 200 in proceeding from rock, to soil 
moisture, to sedge, to vole. This factor would have been 1200 if lead aerosols 
had not collected on sedge leaves and circumvented the tendency by sedge to 
exclude lead from the nutritive metals it absorbed from soil moisture. 
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Table 1. Isotopic compositions of Thompson Canyon leads and urban sources. 

Sample 2'')Pb/'-'Pb 20"Pb/20 Pb ,'Pb/2sPb 

Los Angeles air filter: 18.47 1.196 0.4894 
San Francisco air filter ' 18.40 1.185 .4870 
Snow pack* 18.32 1.183 .4800 
I-Iumus (O to 15 cm) 20.17 1.289 .5098 
Groundwater (70 cm) 19.10 1.211 .4897 
Humus (70 to 80 cm) 19.92 1.279 .5070 
Thompson Canyon rock leach 25.87 1.631 .5929 
* Lead accumulated sometime during the period from September 1972 to February 1973. 

chelating humus fraction of the canyon 
soil probably extracts most of the in- 
dustrial lead from snow meltwaters. 
The total reservoir of humus and lead 

sesquioxide film now present in 14 km2 
of the canyon is about 3 tons, as esti- 
mated from the concentration of lead 
in humus, the amount of humus in 
soil, the area covered by soil, and its 

average depth. 
We used the historical record of in- 

dustrial lead aerosols deposited in 
northern Greenland snow strata, nor- 
malized to the present lead concentra- 
tions in Thompson Canyon snow, to 

integrate the total industrial lead input 
to Thompson Canyon via snow over 
the past 80 years (3), and it came to 
0.5 ton of lead per 14 km2, divided 
about equally between smelter fume 
and gasoline exhausts. This is an ap- 
preciable fraction of the amount now 
retained in humus and indicates that 
natural concentrations of lead in 

Thompson Canyon humus were smaller 
three centuries ago. 

It is likely that the natural lead from 

Thompson Canyon rocks originally 
contained in vegetation has now been 

exchanged for industrial lead. We in- 

vestigated to see whether or not the 

isotopic composition of humus lead 
had been changed by industrial lead. 
We assume that lead leached from 
crushed quartz monzonite with dilute 
acid represents the natural lead origi- 
nally occurring in humus because the 
latter probably came from minerals 

readily decomposed by weathering. 
This is likely since 60 percent of the 

canyon surface is bare rock and gruss, 
and existing soils are thin, immature, 
and only a few centuries to a few 
thousand years old. As shown in Table 

1, the isotopic composition of lead in 
meadow topsoil humus is intermediate 
between that of the snow and rock 
leads but lies close to that of snow 
lead, suggesting that 2 tons of indus- 
trial lead may have been added to 0.5 
ton of natural lead in humus within 

Thompson Canyon. The isotopic com- 
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position of humus lead in meadow soil 
at a depth of 80 cm was found to be 
about the same as in humus lead at 
10 cm, but this may have resulted 
from the exchange of industrial lead 
in melted snow with humus at a depth 
of 80 cm, as shown by the isotopic 
composition of lead in groundwater 
flowing through the humus at a depth 
of 80 cm. The total mass of such deep 
humus in the canyon is negligible. 

Concentrations of nutritive calcium 
and nonnutritive strontium, barium, 
and lead were determined in a food 
chain in Thompson Canyon which 
consisted of quartz monzonite, soil 
moisture, sedge, and meadow vole. If 
these metals are arranged simply as 
ratios of one of the nonnutritive metals 
to nutritive calcium in the food chain 
materials at successive trophic levels, 
the biological distribution of the metals 
in the ecosystem can be understood in 
a way that is much more satisfactory 
than if absolute amounts of nonnutri- 
tive lead in wet, dried, or ashed mate- 
rials are compared at successive trophic 
levels. Data on the metal ratios in the 
food chain are displayed in Table 2. We 
see a pattern of depletion of strontium, 
barium, and lead with respect to cal- 
cium at successive trophic levels. On a 
calcium basis, voles appear to have 
acquired only 13 percent of the stron- 
tium, 2 percent of the barium, and 
0.5 percent of the lead from rocks they 
would have if calcium enrichment pro- 
cesses were not operative in their food 
chain. 

Although the mass of lead aerosols 
deposited in 14 km2 of Thompson 
Canyon on foliage during the summer 
(- 1 kg) is small compared to the win- 
ter deposition of lead aerosols in snow 
(- 12 kg), it is apparent from the re- 
lations shown in Table 2 that small 
amounts of lead aerosols deposited on 

sedge leaves and eaten directly by voles 
may pollute them as seriously as large 
amounts of lead aerosols coprecipitated 
in snow and adsorbed in humus. Some 
5/6 of the total lead in sedge leaves 

was found in acid-washings (10 per- 
cent HCI) of the leaf surfaces. The 
rate of lead aerosol accumulation esti- 
mated from the acid-washing of nat- 
ural sedge leaves, 0.03 ng of lead per 
square centimeter per day (assuming 
none was removed by rain), compares 
favorably with the rate determined 
from plastic sedge leaves, 0.016 ng of 
lead per square centimeter per day in 
a 10 km/hour wind. These measure- 
ments indicate that at least 80 percent 
of the lead ingested by meadow voles 
in Thompson Canyon collects on leaf 
surfaces by aerosol deposition and 
originates from lead mines. The body 
burdens of lead in unpolluted voles liv- 
ing in Thompson Canyon more than 
300 years ago were probably less than 
0.01 part per million (ppm), compared 
to the 0.06 ppm now observed, because 
pollution lead on leaf surfaces occurs 
in the form of inorganic salts which 
may be more easily assimilated than 
lead in plant tissues, and because lead 
burdens in mammals tend to increase 
more or less linearly with an increase 
in nutritional exposure. 

These findings show that a wide- 
spread assumption, that lead pollution 
is mainly confined to urban complexes 
and is essentially absent in open coun- 
try, is improbable; instead they show 
that there is no place in the United 
States where one can assume that grass 
or mice contain amounts of lead that 
are even approximately natural. This 

report demonstrates that, until investi- 

gators make careful mass balance stud- 
ies of lead pollution inputs and outputs 
and determine the influences of lead 

pollution on food chains within any 
remote area they wish to use as a nat- 
ural baseline reference, the flora and 
fauna in all such areas must be sus- 

pected of serious lead pollution. This 

report also shows that lead cannot be 
assumed to accumulate at the higher 
ends of terrestrial food chains in the 

way that DDT does; instead, it shows 
that multiplicative natural purification 
processes exclude lead from the upper 
end of the vole food chain. Thus it is 

possible for those small amounts of in- 
dustrial lead that circumvent natural 

purification processes to seriously pol- 
lute higher organisms. 

Analytical mnethods and study area. 
Stable isotope dilution mass spectro- 
metric analytical techniques were used, 
together with clean-laboratory proce- 
dures, to determine the concentrations 
of lead, calcium, strontium, and bar- 
ium in all substances studied. The 

SCIENCE, VOL. 184 



14-km2 study area of Thompson Can- 
yon is located at 38009'N, 119?30'W, 
at an altitude of 3170 m within the 
northern part of Yosemite National 
Park in the crest of the High Sierra, 
46 km from Yosemite Village, 480 km 
from Los Angeles, 240 km from San 
Francisco, 17 km from the nearest 
road ending, and 3 km from the near- 
est park foot trail (all direct line). 
Toiyabe National Forest and the 
Hoover Wilderness Area lie between 
the edge of the park where the canyon 
lies and outlying grazing lands and 
small communities. More than half the 
exposed surface of the interior part of 
the canyon is barren rock. The canyon 
is sparsely forested, contains no lakes, 
and its streams contain no fish, but it 
does possess one broad, poorly drained 
meadow. 

Deposition and snow lead input. We 
obtained dry aerosol deposition data in 
the canyon by exposing 1300 pieces of 
glycerin-coated, acid-cleaned, rough- 
ened nylon, cut to simulate sedge 
blades under known conditions, and 
then acid-washing them. Our measured 
accumulation of 0.016 ng of lead per 
square centimeter per day in 10 km/ 
hour wind was scaled up on the basis 
of estimated vegetative cover to in- 
clude the entire foliar surface in 
Thompson Canyon. 

We determined the lead content of 
the snow pack by analyzing an entire 
vertical section sampled at the time of 
maximum mass. The lead content of 
the 7 April 1973 snow pack (depth, 
3.3 m; density, 0.44 g/cm3) averaged 
0.59 part per billion (ppb). The surface 
of aged snow will show high lead con- 
centrations because of dry aerosol dep- 
osition. The lead concentration was 3.5 
ppb in a 4-cm surface layer on ithe 
4 May 1972 snow pack and 57 ppb 
in a layer 2 cm thick on the 4 June 
1973 snow pack. 

Lead output. The average concentra- 
tion of lead in stream runoff from 
Thompson Canyon was 0.015 ppb, 
which is 1/30 of the median lead 
concentration and 1/20 of the ana- 
lytical sensitivity limit for 170 High 
Sierra lakes reported by Bradford et al. 
(4). These investigators bailed their 
samples out of the lakes from a heli- 
copter which was fueled with leaded 
gasoline. This could account for their 
excessively high lead values. The lead 
content in free-flowing groundwater 
within the saturated water table zone 
in the meadow was 0.05 ppb. 

Integrated lead accumulation. The 
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Table 2. Moles of metal per 10' moles of calcium within a Thompson Canyon ecosystem. 

Unwashed Metal Rock Soil moisture sedge leaes Vole 

Ca 1,000,000 1,000,000 1,000,000 1,000,000 
Sr 16,000 12,000 7,300 2,000 
Ba 15,000 3,800 2,000 330 
Pb 280 210 54 1.4 

After acid-washing of the sedge* 
Pb 280 210 9 0.2 

* Acid-washing theoretically reduces the body burden of lead in the vole by 83 percent. 

general trends of industrial lead aerosol 
concentrations with time in the atmo- 
sphere of the Northern Hemisphere 
during the past several centuries can 
be obtained from data on the lead con- 
tent of Greenland snow (3), and this 
record can be used to estimate the rela- 
tive rates of past deposition of lead 
aerosols in the High Sierra. Lead con- 
centrations in Sierra snow in 1940 
were probably only one-third of pres- 
ent concentrations, the rise after 1940 
being caused by increases in the rates 
of burning of lead alkyls. From about 
1890 to 1940 lead concentrations in 
Sierra snows were regulated largely by 
smelter fumes. A major primary lead 
smelter producing tons of lead aerosols 
annually operated in San Francisco 
from 1886 to 1970. Our integral is a 
lower limit, since there were substantial 
lead inputs for a century further back 
in time. 

Lead in humus. The top 15 cm of a 
typical meadow soil in the canyon con- 
tained 9.2 ppm of lead (wet basis), but 
only 10 percent of this lead was found 
to reside in humus and in sesquioxide 
films [15 ppm (dry) at a depth of 10 
cm, 4 ppm (dry) at 80 cm], the re- 
mainder being contained in igneous 
minerals. This was determined by a 
brief 0.1 N HN03 leach of the soil 
after it had been completely oxidized 
at room temperature in an excited oxy- 
gen plasma. Residual igneous minerals 
contained most of the lead in the soil 
but, because of their stabilities and in- 
significant surface areas, contributed 
little lead to the acid leach and did not 
interfere with the humus lead deter- 
mination. Size and mineral analyses by 
Hinkley (2) showed that amorphous 
clays (allophane?) are present in very 
low abundance in the soil, and so clay 
minerals probably did not contribute 
significantly to the lead in the acid 
leach either. 

Isotopic composition of leads. We 
carried out the disaggregation of 
minerals in a sample of fresh rock 
without producing much fine powder 
by using a hydraulically operated mor- 

tar. The resulting mass was leached 
with 0.1N HNOa for 30 minutes, and 
the lead in the acid leach solution was 
analyzed. This lead comprised 0.5 per- 
cent of the total lead in the rock. The 
leach lead is excessively radiogenic be- 
cause of contributions from readily 
decomposed uranium-rich, lead-poor 
apatite (0.3 percent abundance) and 
lead-poor uranothorite (present). In- 
dustrial lead from Thompson Canyon 
snow is much less radiogenic, and, as 
Table 1 shows, probably originates 
from San Francisco and Los Angeles. 
The isotopic composition of snow lead 
is typically nonradiogenic. During the 
early 1960's the 206Pb/207Pb ratio was 
1.144 in Sierra snow (5). 

Metals in the food chain. Calcium, 
strontium, and barium values used here 
for quartz monzonite and soil moisture 
are those reported by Hinkley and 
Patterson (2, 6): calcium, 0.63 ppm; 
strontium, 0.017 ppm; barium, 0.008 
ppm; and lead, 0.0007 ppm in soil mois- 
ture. A soil moisture sample was col- 
lected on cleaned, dried, and weighed 
filter disks pressed against the wet soil in 
the field at sedge root depth. The disk 
contacting soil was discarded, and the 
remaining disks containing some 200 
mg of moisture were weighed and 
analyzed. The soil is classified as 
Entisol: Andeptic Cryofluvent (7). 

Food eaten by voles at our study 
area consisted mainly of Carex scopu- 
lorum (a sedge). Voles do not hiber- 
nate and apparently eat sedge nodes 
and rhizomes under snow in winter. 
We have trapped voles under snow and 
have also found sedge rhizomes to 
exist in a viable, partially unfrozen 
condition in soil that was only partially 
frozen beneath the snow pack in deep 
midwinter. The concentrations of all 
four of the metals analyzed were found 
to be higher in sedge leaves collected 
in the fall, compared to midsummer 
sedge leaves, showing the effects of 
senescence. Average values in nonacid- 
washed sedge leaves were as follows: 
calcium, 1200 ppm; strontium, 19 ppm; 
barium, 8 ppm; and lead, 0.33 ppm 
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(wet). About 10 percent of the alka- 
line earths inside the leaves were 
leached out by 10 percent HCI (1 
minute), mainly from the cut ends. The 
calcium/strontium and calcium/barium 
ratios in the washings were the same 
as those found inside the leaves but 
different from those in soil or in dust 
collected on plastic, an indication that 
these metals came from inside, so they 
were added by calculation to those 
found on the inside. The situation was 
different for lead; 83 percent of that 
metal was found on leaf surfaces and 
was collected by aerosol deposition as 
shown above by comparison with in- 
strument collection data. The average 
concentration of lead in acid-washed 
sedge leaves was 0.06 ppm (wet). 

Vole (Microtus montanus) muscle 
and bone from a single 30-g adult were 
analyzed, and metal values in these tis- 
sues were used to estimate total body 
burdens according to known distribu- 
tions of lead and alkaline earths in 
mammals (8); the proportions of these 
tissues in rats (9) were scaled accord- 
ing to the body measurements of our 
vole specimen. The body burdens were 
as follows: calcium, 7800 ppm; stron- 
tium, 34 ppm; barium, 9 ppm; and 
lead, 0.06 ppm. The concentration of 
lead in vole muscle (biceps femoris) 
was found to be 0.0015 ppm (wet), 
whereas that in bone (femur) was 1.1 
ppm (wet). These values were deter- 
mined on an animal that had been 
dissected and chemically processed 
under strict clean-laboratory conditions 
which provided very low contamination 
levels, and whose parts had been ana- 
lyzed by stable isotope dilution in a 
high-resolution thermal emission mass 
spectrometer which provided uniquely 
accurate concentration data. These 
factors, together with the nature of 
the collecting site, account for the dif- 
ference between the above data and 
much higher lead concentration data 
reported by others in similar animals. 

Of all grossly abundant nutritive 
metals, calcium is most useful to com- 
pare with nonnutritive lead in various 
components of a food chain because, 
like lead, the bulk of it is contained not 
in cell fluids in plants and animals but 
in and near membranes where it is 
relatively immobile. Calcium and lead 
have similar migration tendencies dur- 
ing senescence in plants; they are ab- 
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of the gut and are excreted by the 
kidney in similar fashion in animals. 
Calcium might be expected to become 
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purified of lead in nutritive steps in- 
volving active transport across mem- 
branes, because such transport mecha- 
nisms work specifically for certain nutri- 
tive metals but only inadvertently and 
less efficiently for other metals. 
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We have developed a micro fluorimet- 
ric assay technique for measuring 0f- 
glucuronidase in single mammalian 
cells. The amount of fluorescent product 
formed is measured by means of a 
fluorescence microscope equipped with 
a photomultiplier microphotometer. The 
technique is derived from the method 
originally introduced by Rotman for 
the study of single molecules of ,f- 
galactosidase in Escherichia coli (1). 

Single cell measurements of enzymes 
may prove useful in prenatal diagnosis 
after amniocentesis, and they are well 
suited to fundamental studies in cell 
biology. 

Rotman's conception of using micro 
droplets to minimize background fluo- 
rescence and thus increase the signal- 
to-noise ratio embodies an important 
principle in developing a sensitive micro- 
assay for a fluorescent product. We 
found optimal those droplets whose 
volumes were 1 to 10 nl. Smaller drop- 
lets do not have an appreciably lower 
background in our system and are 
much harder to work with; larger drop- 
lets do have a higher background and 
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present no compensating advantages. 
The micro droplets were deposited under 
oil on a microscope slide (25 by 75 
mm). The slide was 1 mm (uniform) in 
thickness and was modified to contain 
oil by glueing glass rods 2 mm in diame- 
ter to the edges with silicone rubber. 
After trials with other oils, we chose 
Amoco white oil 35 (American Oil 
Company). White oil has a higher 
viscosity than commercial mineral oils 
and a lower water solubility than sili- 
cone oil. The oil (1 ml) was spread 
evenly over the slide just before the 
droplets were made. 

The droplet "dispenser" was a piece 
of polyethylene tubing (0.3 cm, inside 
diameter, with a 0.15-cm wall) that was 
heated slowly over a small flame until 
transparent and then drawn to an out- 
side diameter of 0.1 to 0.2 mm. The 
tubing was allowed to cool and then cut 
so that one end was at least 0.1 mm in 
diameter and the other end wide 
enough for attachment to a pump or 
aspirator. Uniformly spaced and sized 
droplets were deposited in rows under 
oil on the microscope slide by drawing 

SCIENCE, VOL. 184 

present no compensating advantages. 
The micro droplets were deposited under 
oil on a microscope slide (25 by 75 
mm). The slide was 1 mm (uniform) in 
thickness and was modified to contain 
oil by glueing glass rods 2 mm in diame- 
ter to the edges with silicone rubber. 
After trials with other oils, we chose 
Amoco white oil 35 (American Oil 
Company). White oil has a higher 
viscosity than commercial mineral oils 
and a lower water solubility than sili- 
cone oil. The oil (1 ml) was spread 
evenly over the slide just before the 
droplets were made. 

The droplet "dispenser" was a piece 
of polyethylene tubing (0.3 cm, inside 
diameter, with a 0.15-cm wall) that was 
heated slowly over a small flame until 
transparent and then drawn to an out- 
side diameter of 0.1 to 0.2 mm. The 
tubing was allowed to cool and then cut 
so that one end was at least 0.1 mm in 
diameter and the other end wide 
enough for attachment to a pump or 
aspirator. Uniformly spaced and sized 
droplets were deposited in rows under 
oil on the microscope slide by drawing 

SCIENCE, VOL. 184 

Enzyme Measurements on Single Cells 

Abstract. A simple and sensitive procedure has been developed for enzymatic 
assays in single cells and applied to the measurement of /3-glucuronidase in single 
parenchymal cells of liver. Cells deposited in microdroplets under oil were ruptured 
by freezing and thawing and allowed to react with a fluorogenic substrate. The 
fluorescence is developed by diffuising an organic base into the droplets and 
measured in a fluorescence microscope equipped with a photomultiplier. 
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