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1974 (including covering contaminated soil with
clean soil and reducing smelter emissions) and
brought about a decrease in blood lead levels that
were measured a year later. The details of the blood
lead levels and their significance are presented in
Chapter 12. The conclusion to be drawn from this
study (and from the similar studies referred to
above) is that people who live in the vicinity of a ma-
jor industrial source of lead (e.g., a smelter) are ex-
posed to abnormally high lead concentrations.

7.4 DIETARY EXPOSURES
7.4.1 Food

The route by which most people receive the
largest portion of their daily lead intake is through
foods, with estimates of the daily dietary lead intake
for adult males ranging from 100 to 500 wg/day.26
Only a fraction of this ingested lead is absorbed, as
discussed in Chapter 10.

The sources of the lead content of unprocessed
vegetable foods have been noted earlier (Section
6.4.3). Studies of the lead associated with crops
(near highways) have shown that both lead taken up
from soil and aerosol lead delivered by deposition
are found with the edible portions of common
vegetable crops. However, there is enormous
variability in the amount of lead associated with
such crops and in the relative amounts of lead in and
on the plants. Several factors are involved, the most
prominent of which are: the plant species, the traffic
density, the meteorological conditions, and the local
soil conditions.27-33 The variability induced by
differences in the above factors, coupled with the
fact that many studies have neglected differentiation
between lead on plants versus lead in the plants,
makes it difficult to generalize. Data of Schuck and
Locke2? suggest that in some cases (e.g., tomatoes
and oranges), much of the surface lead is readily
removed by washing. But as noted in Section 6.4.3,
this is not universally true; in some cases much more
vigorous washing procedures are required.

In view of the wide variability of soil conditions
(pH, organic matter, cation exchange capacity,
phosphorus content, etc.), of meteorology
(especially wind conditions and rainfall), and of the
effects of species diversity on the routes of lead ac-
cumulation, only crude general correlations between
air lead levels and food crop lead levels are possible.
This is influenced by the fact that the lead associated
with plants may be derived from natural sources,
from automotive sources, and from other sources
such as manufacturing or combustion. One study in
Southern California reported that 60 to 70 percent

of the lead associated with oat tops was directly at-
tributable to automobile (aerosol) emissions, but it
did not distinguish between lead in the edible por-
tion (grain) and lead on the hulls or chaff.27 This
same study reported that lettuce grown in the Salinas
Valley had 3 to 25 ppm lead (dry weight) associated
with it, whereas the soil lead content was only 10
ppm. The lead content in the lettuce was reported to
be 0.15 to 1.5 ppm on a fresh weight basis. The
limited data accumulated were used to deduce that
the excess lead was delivered to the lettuce by aerial
emission from autos, and that removal of lead from
automobile exhaust would reduce the lead content
of the lettuce by as much as 80 percent.?? In other
areas, the contribution would be smaller. Though
these figures may be accurate, they are based on
some rather tenuous assumptions that are not well
supported by observation and very limited data. The
estimates must thus be considered with caution.
Moreover, one cannot extrapolate from lettuce or
oats to all crops.

The possible connection between air lead and
food lead may be underscored by comparisons be-
tween leafy vegetables and food grains. Studies have
shown that the edible portions of grains absorb very
little air lead,?? whereas the leafy vegetables retain
appreciable quantities.?’-2% An FDA survey3* shows
that grains contain approximately 20 percent as
much lead as the leafy vegetables. It cannot be con-
cluded, however, that 80 percent of the lead in all
leafy vegetables derives directly from air because
the difference must also reflect species-dependent
differences in uptake from soil.

An overall analysis of the data available supports
the contention that plants grown near busy highways
consistently have more lead in and on them than
those in other areas. This difference is typically very
hard to detect at distances greater than about 100 to
200 m from the highway, thereby reflecting the fact
that large percentages of the aerosol lead fall out
near roadways. It appears reasonable to point out
that the vast majority of edible crops marketed in
this country are grown at distances of more than 100
to 200 m from the highway and that much of the
aerosol lead can be removed from association with

the plants by processing. Clearly there are excep-

tions that will influence both sides of the question.
For the present, however, the available data are not
sufficient to permit the quantitative estimate of the
contribution of automotive lead to foodstuffs on a
national or even regional scale.

The concentrations of lead in various food items
are highly variable, and as much variation is found




within specific food items as between different food
categories. Schroeder and Balassa,s in a study of
American foods, have found that the ranges are 0 to
1.5 mg/kg (ppm) for condiments, 0.2 to 2.5 mg/kg
for fish and other seafood, 0 to 3.7 mg/kg for meats
and eggs, 0 to 1.39 mg/kg for grains, and O to 1.3
mg/kg for vegetables. All of these values refer to
unprocessed foods. A British report3¢ on lead in
foods describes similar ranges for meat and eggs,
grain products (flour and bread), and vegetables;
but concentrations up to 14 mg/kg were found in
condiments, and up to 18 mg/kg in certain shellfish.

The amount of lead taken in with food varies from
person to person. It depends on (a) the total amount
of food eaten, (b) the history of the food during
growth, (c) its opportunity to acquire intrinsic lead
(absorbed from soil or water) and extrinsic lead
(deposited insecticides or contaminated dusts), and
(d) dietary habits (such as using fresh rather than
canned foods). On a per-weight basis, the dietary in-
take of lead by children has been shown to be two or
three times that of adults. This additional dietary in-
take is especially significant when the lead added to
food by processing and to water by plumbing (vide
infra) is considered. A 1974 FDA survey of heavy
metals in foods3? found relatively high lead con-
centrations in metal-canned foods. In the adult food
category, canned foods averaged 0.376 ppm lead,
and non-canned foods averaged 0.156 ppm lead. In
the baby food category, canned foods (juices)
averaged 0.329 ppm lead, and foods in jars averaged
0.090 ppm. The report of the survey concludes that
from the age of about 1 year on, canned foods com-
prise 11 to 12 percent of a person’s diet, but they
contribute about 30 percent of the average dietary
lead intake. In a comparison made in the United
Kingdom,?® lead concentrations in canned foods
were found to vary widely with the precise nature of
the food, but they averaged about ten times greater
than those in fresh foods.

The soldered seam of tin cans is evidently the ma-
jor source of this additional lead in canned foods,
and increasing lead concentrations in samples of a
can’s contents taken progressively nearer the seam
have been found.3? Similarly, there is a correlation
between increasing lead concentrations in canned
products and the increasing ratio of the can’s seam
length to volume. Of 256 metal-canned foods ex-
amined, 37 percent contained 200 ug Pb/liter or
more; 12 percent contained 400 ug Pb/liter or more.
These levels are markedly above the potable water
standard of 50 ug Pb/liter (0.05 mg/kg) established
by the U.S. Public Health Service.
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Canned pet foods have been found to contain 0.9
to 7.0 ppm lead (approximately 900 to 7,000
ug/liter),40 and 18 products averaged 2.7 ppm (ap-
proximately 2700 ug/liter). Apart from the possible
toxic effects on pets, the products pose a hazard to
persons who may include them in their own diet.

The lead content in milk is of special interest
because it is a major component of the diets of in-
fants and young children. The FDA survey?? found
lead concentrations in whole milk ranging from 10
to 70 ug/liter and averaging about 20 ug/liter. In a
recent study by Ziegler et al.,#! seven samples of
baby formula and three samples of whole cow’s milk
were analyzed in duplicate. Mean concentrations of
lead were 18 ug/kg (range 15 to 20) in formula and
10 ng/kg (range 7 to 15) in milk (1 pg/kg is approx-
imately 1 ug/liter). Lead concentration in infant
fruit juices ranged from 23 to 327 ug/kg; in five
varieties of strained fruits, it ranged from 13 to 131
ung/kg; and in seven varieties of strained vegetables,
lead concentration was 14 to 73 ug/kg. Tolan and
Elton3® reported 30 wg Pb/liter in fresh milk in
Great Britain and 50 ug Pb/liter in canned (evapor-
ated) milk. Michell and Aldous? reported a com-
parable average for fresh whole milk purchased in
New York State — 40 ug Pb/liter. But their results
for evaporated milk averaged 202 wg Pb/liter and
ranged as high as 820 ug Pb/liter.

Hankin et al.42 suggest an additional food-related
source of potential lead exposure, again predomi-
nantly affecting children. The colored portions of
wrappers from bakery confections, candies, gums,
and frozen confections have lead concentrations
ranging from 8 to 10,100 ppm. The higher con-
centrations are attributed to lead-containing inks.
No related illnesses were identified, nor was con-
tamination of the food implied; but the eating of
foods from such wrappers and the licking or chewing
of the wrappers were postulated as one more avenue
for an additional increment to total lead exposure.

The presence of high lead concentrations in illicit
whiskey (moonshine), which is still popular in some
parts of the United States despite the repeal of
prohibition, causes lead poisoning in adults. The ap-
parent source of the lead is the soldered joints in the
distilling apparatus.

Another potential source of dietary lead poisoning
is the use of inadequately glazed earthenware vessels
for food storage and cooking. An impressive exam-
ple of this danger involved the severe poisoning of a
physician’s family in Idaho and stemmed from
drinking orange juice that had been stored in an
earthenware pitcher.43 Similar cases, sometimes in-
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cluding fatalities, have involved other relatively
acidic beverages such as fruit juices and soft drinks
and have been documented by other workers. 4445

Recent reports on lead in European wines4647
show concentrations typically averaging from 130 to
190 ug/fliter (0.13 to 0.19 ppm) and ranging as high
as 299 pg/liter (0.299 ppm). Measurements of lead
in domestic wines have not been undertaken; but if
the European data are indicative, wines could con-
tain lead concentrations comparable to processed
foods previously discussed.

7.4.2 Water

The U.S. Public Health Service's standards for
drinking water specify that lead should not exceed
50 ug/liter (0.05 ppm). The average adult drinks
about 1 liter of water per day. The presence of detec-
table amounts of lead in untreated public water sup-
plies was shown by Durum*8 to be widespread, but
only a few samples contained amounts above the 50
pnglliter standard. Durfor and Becker4® analyzed
untreated and treated water for the Iargeét u.s.
cities, and almost all pairs ot samples showed a sub-
stantial decrease in lead that was ascribable to treat-
ment provided. A maximum lead concentration of
62 ug/liter was detected in finished water from one
of several wells used in Salt Lake City to supplement
their surface water supply. Some 95 percent of the
water supplies sampled, however, had less lead than
10 wg/liter in the treated water before entering the
distribution system. Eight of the water supplies dis-
tributed water with a pH of less than 7, which could
be corrosive to the distribution piping; most of these
were -in the Northwest. A chemical analysis of 592
interstate carrier water supplies in 1975 showed only
0.3 percent to exceed the 50 ug/liter standard.50
These samples were collected after treatment but
before distribution, and they represent both sus-
pended and dissolved lead. Interstate carrier water
supplies serve planes, trains, buses, and vessels in in-
terstate commerce, and they include almost all of
the largest U.S. water supplies.

The presence of lead in drinking water may result
from contamination of the water source or from the
use of lead materials in the water distribution
system. Although lead is a relatively minor constit-
uent of the earth’s crust, it is widely distributed in
low concentrations in sedimentary rock and soils (as
discussed in Chapter 3), and naturally occurring
deposits may be an important source of contamina-
tion in isolated instances. Industrial waste may also
contribute to the lead content of water sources, but
this appears to be a local and not a widespread prob-
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lem. The extensive use of lead compounds as
gasoline additives has greatly increased the
availability of lead for solution in ground and sur-
face waters. For example, in a study in east-central
Illinois,5' the urban portion of an 86-square-mile
watershed, which constituted 14 percent of the area,
contributed about 75 percent of the lead in the
drainage waters. The principal source of this lead is
identified as automotive emissions. Detailed data re-
ported for 1 month (June 1972) show that drainage
waters from this urban portion contained an average
total lead concentration of 69.5 wg/liter, including
6.3 ug/liter of soluble lead. The rural portion
yielded an average of lead concentration of 7.4
wug/liter of drainage water, including 2.1 ug/liter of
soluble lead.

The major source of lead contamination of drink-
ing water is the water supply system itself. Water
that is corrosive can leach considerable amounts of
lead from lead plumbing and lead compounds used
to join pipe. Several widely adopted codes, such as
the ASA-A40 Code, Uniform Plumbing Code, and
BOCA Code, allow the use of lead pipe and list lead
as an acceptable soldering material for joining pipes
that convey water. Lead pipe is currently in use in
many parts of the United States for water service
lines and interior plumbing, particularly in older ur-
ban areas. In a community water supply survey of
969 water systems conducted in nine geographically
distributed areas of the United States in 1969 and
1970, it was found that 1.4 percent of all tap water
samples exceeded the 50 ug/liter standard.’2 The
maximum concentration found was 640 pug/liter
total lead. The occurrence of samples exceeding the
standard was more prevalent in waters with a
relatively low pH and low specific conductance. It
was estimated that 2 percent of the survey popula-
tion of 18.2 million was exposed to high lead levels
at the tap. '

Hem and Durum33 discuss the solubility of those
species of lead that may be present in drinking water
and suggest that the solution of lead from environ-
mental sources may be an important contribution in
certain areas, depending on the chemical composi-
tion of the runoff water. Above pH 8.0, the solubility
of lead is below 10 ug/liter, regardless of the
alkalinity of the water. In waters near pH 6.5 with a
low alkalinity, however, the solubility of lead could
approach or exceed 100 ug/liter. Lazrus et al.>*
determined the lead content of precipitation at 32
points in the United States for a period of 6 months
in 1966 and 1967. They reported an average lead
concentration of 34 ug/liter after filtering the sam-
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ples. Samples of rainfall at Menlo Park, Calif., dur-
ing 1971 showed a wide range of lead concentra-
tions, from a few wg/liter to more than 100
ug/liter.53 Hem and Durum3? hypothesize that high-
er lead concentrations should be anticipated in
runoff water and impounded raw water supplies in
the Northeast, certain urban areas of the South, and
along the Pacific Coast because of low pH and
alkalinity in waters. However, in much of the rest of
the United States, lead fallout rates and the chemical
composition of the runoft (pH > 8; alkalinity >100
mg/liter) would minimize the problem. Information
to test their hypothesis is limited at present. Of the
few surveys of surface waters that have been con-
ducted, most were not done after periods of heavy
rainfall, and the surveys that have been done have
measured dissolved rather than total lead. Durum48
measured lead at 700 lake and river sites in the
United States. These measurements were primarily
single samples taken at times of relatively low
stream flows in October and November 1970.
Detectable concentrations of dissolved lead (>1
wng/liter) were found 1n 63 percent of the samples,
but only three samples contained more than 50
wng/liter. A large proportion of the samples for the
northeastern and southeastern states contained lead
above the detection limit, and quite a few of the sam-
ples showed levels above 10 ug/liter. This regional
distribution ot lead in stream water is in accord with
the idea that water composition in the eastern states
is more commonly tavorable for solution of lead. A
substantial number of samples from southern
California were high in lead, and these. influenced
the data from the southwestern states. Kopp and
Kroner35 presented data on dissolved lead in rivers
and lakes of the United States. The data were
gathered over a S-year period (1962 to 1967) and
represent more than 1500 samples. A detectable
concentration of dissolved lead was found in 305, or
19.3 percent of the samples; the observed values
ranged from 2 to 140 ug/liter. The highest con-
centration was detected on the Ohio River at
Evansville, Indiana. Twenty-seven of their samples
exceeded 50 ug/liter. Observed mean observations
of >30 ug/liter dissolved lead were found in the
following river basins: Ohio, Lake Erie, Upper
Mississippi, Missouri, Lower Mississippi, and Col-
orado.

7.5 OCCUPATIONAL EXPOSURES

The highest and most prolonged exposures to lead
are found among workers in the lead smelting, refin-
ing, and manufacturing industries.5¢ In the work
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areas, the major route of lead exposure is by inhala-
tion and ingestion of both lead-bearing dusts and
fumes. Airborne dusts settie out from the air onto
food, water, the workers’ clothing, and other objects
and are then transferred to the mouth in one fashion
or another. Therefore, good housekeeping and,
above all, good ventilation have a strong impact on
exposure. Exposure levels have been found to be
quite high in one factory and quite low in another
solely because of differences in ventilation engineer-
ing or housekeeping practices and worker education.

7.5.1 Exposures in Lead Mining, Smelting, and
Refining

The greatest potential for high-level exposure ex-
ists in the process of lead smelting and refining.5¢
The most hazardous operations are those in which
molten lead and lead alloys are brought to high tem-
peratures, resulting in the vaporization of lead. This
is because condensed lead vapor or fume has, to a
substantial degree, a small (respirable) particle size
range. Thus although the total air lead concentra-
tion may be greater in the vicinity of ore-proportion-
ing bins than it is in the vicinity of a blast furnace in a
primary smelter, the amount of particle mass in the
respirable size range may be much greater near the
furnace.

A measure of the potential lead exposure in pri-
mary smelters was obtained in a study of three typi-
cal installations in Utah.’¢ Air lead concentrations
near all major operations, as determined using per-
sonal monitors worn by the workers, were found to
vary from about 100 to more than 4000 ug/m3. Ob-
viously, the hazard to these workers would be ex-
tremely serious were it not for the fact that the use of
respirators is mandatory in these particular smelters.

Although there are no comparable data tor ex-
posures in secondary smelters, which are found in or
near most large cities, the nature of their operation is
similar to that of primary smelters except that no
ore-processing is involved, since secondary smelters
depend on the local supply of lead scrap in the form
of discarded electric storage batteries, cable casings,
pipes, and other materials for their supply of lead.
Consequently, the exposure hazard to workers in
secondary smelters is probably similar to that found
in the primary smelter study. Hundreds, perhaps
thousands, of the small scrap dealers that supply
these secondary smelters have their own neighbor-
hood or even backyard melting operations for ex-
tracting and-reclaiming lead. These operations can
contribute substantially to local airborne lead
levels.




High levels of atmospheric lead are also found in
foundries in which molten lead is alloyed with other
metals. Berg and Zenz57 found in one such operation
that average concentrations of lead in various work
areas were 280 to 600 wug/m3. These levels were sub-
sequently reduced to 30 to 40 pg/m? with the in-
stallation of forced ventilation systems to exhaust
the work area atmospheres to the outside.

Exposures for workers involved in lead mining
depend to some extent on the solubility of the lead
from the ores. The lead sulfide (PbS) in galena is in-
soluble, and absorption through the lung may be
slight. It is not really known how readily absorption
takes place. In the stomach, however, some lead
sulfide may be converted to slightly soluble lead
chloride, which may then be absorbed in moderate
amounts, ’

7.5.2 Exposures in Welding and Shipbreaking

When metals that contain lead or are protected
with a lead-containing coating (paint or plating) are
heated in the process of welding or cutting, copious
quantities of lead particles in the respirable size
range are emitted into the air. Under conditions of
poor ventilation, electric arc welding of zinc sili-
cate-coated steel (determined to contain some 29 mg
Pb/in? of coating) produced breathing-zone con-
centrations of lead reaching 15,000 ug/m?3, far in ex-
cess of 450 ug/m3, the current occupational short-
term exposure limit (STEL) in the United States.58
Under good ventilation conditions, a concentration
of 140 ug/m3 was measured.>®

In a study of salvage workers using oxy-acetylene
cutting torches on lead-painted structural steel
under conditions of good ventilation, breathing-
zone concentrations of lead averaged 1200 ug/m3
and ranged as high as 2400 ug/m3.90

7.5.3 Exposures in the Electric Storage Battery In-
dustry

At all stages in battery manufacture except for
final assembly and finishing, workers are exposed to
high air lead concentrations, particularly lead oxide
dust. Air lead concentrations as high as 5400 ug/m3
have been recorded in some studies.5¢ The hazard in
plate casting, which is a molten-metal operation, is
from the spillage of dross, resulting in dusty floors.
During oxide mixing, which is probably the most
hazardous occupation, ventilation is needed when
the mix is loaded with lead oxide powder, and fre-
quent cleanup is necessary to prevent the accumula-
tion of dust. In the pasting of the plates, whether by
hand or machine, the danger again is from dust
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which accumulates as the paste dries. Also the form-
ing and stacking processes are dusty, and ventilation
is needed there also. The data cited are sufficiently
alarming to suggest that respirators must be worn in
most of these operations.

7.5.4 Exposures in the Printing Industry

In a printing establishment, the exposure to lead is
probably in direct proportion to the dispersion of
lead oxide dust, secondary to the remelt operation.

Brandt and Reichenbach®! have reported on a 1943-

study in which melting pots were located in a variety
of places where used type was discarded. The pots
were maintained at temperatures ranging from 268°
to 446°C. The highest air lead concentration
recorded was 570 ug/m3. Since this report was
published, working methods and industrial hygiene
conditions have changed considerably; but a
marginal degree of hazard still prevails. In 1960,
Tsuchiya and Harashima®2 found in several printing
shops in Japan lead levels of 30 to 360 ug/m3 at
breathing level.

7.5.5 Exposures in Alkyl Lead Manufacture

Workers involved in the manufacture of both
tetraethyl lead and tetramethyl lead, two alkyl lead
compounds, are exposed to both inorganic and alkyl
lead. Some exposure also occurs at the petroleum
refineries where the two compounds are blended
into gasoline, but no exposure data are available on
these blenders.

The major potential hazard in the manufacturing
of tetraethyl lead and tetramethyl lead is from skin
absorption, but this is guarded against by the use of
protective clothing. Linch et al.®3 found a correla-
tion between an index of organic plus inorganic air
lead concentrations in a plant and the rate of lead
excretion in the urine of the workers. The average
concentration of organic lead in the urine was 0.179
mg/m?3 for workers in the tetramethyl lead operation
and 0.120 mg/m?3 for workers in the tetraethyl lead
operation. The tetramethyl lead reading was proba-
bly higher because the reaction between the organic
reagent and lead alloy takes place at a somewhat
higher temperature and pressure than that employed
in tetraethyl lead production.

7.5.6 Exposures in Other Occupations

In both the rubber products industry and the
plastics industry there are potentially high exposure
levels to lead. The potential hazard of the use of lead
stearate as a stabilizer in the manufacture of poly-
vinyl chloride was noted in the 1971 Annual Re-
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port of the British Chief Inspector of Factories.6
The Inspector stated that the number of reported
cases of lead poisoning in the plastics industry was
second only to that in the lead smelting industry.
Scarlato et al.®5 and Maljkovic®® have reported on
other individual cases of exposure. The source of the
problem is the dust that is generated when the lead
stearate is milled and mixed with the polyvinyl
chloride and the plasticizer.

Sakurai et al.67 in a study of bioindicators of lead
exposure, found ambient air concentrations averag-
ing 58 ug/m3 in the lead covering department of a
rubber hose manufacturing plant. Unfortunately, no
ambient air measurements were taken for the other
departments or the control group.

7.5.7 Exposures Resulting from Manmade
Materials

At least two manmade materials in widespread use
are known to contain lead: paint and plastics.

In 1974, the Consumer Product Safety Commis-
sion collected selected household paint samples and
analyzed them for lead content.%8Analysis of 489
samples showed that 8 percent of oil-based paints
and 1 percent of water-based paints contained
greater than 0.5 percent lead (5000 ug Pb/g paint,
based on dried solids), which was the statutory limit
at the time of the study. The current statutory limit
for Federal construction is 0.06 percent. This limit is
equivalent to 600 ug Pb/g paint.68 Old paint that is
still on buildings will continue to pose a potential
hazard for some time. It can become accessible
through flaking, even though painted over with non-
toxic paints.

LLead in paint constitutes a potential health prob-
lem primarily for children with pica who may
habituaily ingest 1 to 3 g (or more) of paint per
week.68

Plastics contain a number of heavy metals that are
constituents of organometallic stabilizers added
during manufacture. The most commonly used lead-
containing stabilizer is dibasic lead stearate, in
amounts ranging from 0.5 to 2.0 parts per 100 parts
of resin.®9 This stabilizer is normally used in rigid
PVC products. Diffusion, or leaching by solvents, is
estimated to be quite slow — on the order of 10-10 to
10-12 cm?/sec at room temperature — but no defini-
tive information is available.

Incineration of lead-containing plastics may
become an increasingly significant source of
localized lead pollution. It has been estimated that
in the year 2000, for example, there could be ap-
proximately 2.54 times 109 kg of PVC plastic waste

7-14

to be disposed of annually, of which about 0.59
times 109 kg would probably be incinerated.”
Assuming that lead will be emitted from the un-
controlled incineration of PVC’s at the rate of 0.2 g
Pb/kg of waste’! (a figure applying to all solid
waste), about 1.2 times 105 kg of lead could be
released per year. This would be an increase of more
than fourteenfold over the estimate for 1975. Since
the greater part of the lead in these incinerated
plastic wastes will remain in the ash, electrostatic
precipitators can substantially decrease the emitted
fraction (to an estimated 0.03 g/kg). But this process
only aggravates the difficulties of residual solid
waste disposal with its attendant problems of fugi-
tive dust and the potential contamination of soil,
surface waters, and groundwaters through leaching
from landfill operations.

Lead is present in other products that may con-
stitute sources of lead exposure when used or dis-
posed of. Lead may be found in color newsprint,
craft and hobby materials, toothpaste tubes, cos-
metic products, candle wicks, pewter and silver
hollowware, painted utensils, and decals on
glassware. For example, lead in the paint on handles
of kitchen utensils has been found by Hankin et al.”2
to range from 0 to 9.7 percent (0 to 97,000 ppm).
More than half the paint samples (13 of 21) ex-
ceeded the allowable limit for painted toys, which is
0.06 percent.

7.5.8 Historical Changes

Perhaps the most impressive data on the mag-
nitude of environmental contamination by lead and
its increase over time are to be found in a small
group of recent historical studies that examined
levels of the metal in polar snow and ice (Chapter 6).
Of particular interest was the 200-fold increase in'
lead levels over several centuries found by
Murozumi et al.”3 in the interior of northern Green-
land, and the 10-fold increase through the last cen-
tury of ice layers reported by Jaworowski’™ in a
study of two Polish glaciers. These findings parallel
the results of a study by Ruhling and Tyler,”s which
indicated an approximate fourfold increase in lead
content in Swedish moss samples taken from the
period 1890 to the present. These historical records
reflect the increasing distribution of lead caused by
man.
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8. EFFECTS OF LEAD ON ECOSYSTEMS

It has been substantiated that lead is a natural
constituent of the environment, but natural, back-
ground levels of lead in the environment are not
known with any degree of certainty. As a natural
constituent, lead does not usually pose a threat to the
organisms of natural and agroecosystems. However,
the widespread use of lead in a variety of chemical
forms by man has redistributed the natural lead in
the environment and has consequently increased the
exposure of the biotic components of ecosystems to
unprecedented levels of lead. Concern now exists
about the possible threat to these biotic components
because of their inherent value to ecosystem stability
and because of the ultimate impact that effects of the
ecosystem would have on man. Figure 8-1 depicts
the environmental flow of lead and the possible ex-
posure routes for plants and animals in the
ecosystem.!
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Figure 8-1. Simplitied ecologic flow chart for lead showing
principal cycling pathways and compartments.!
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8.1 EFFECTS ON DOMESTIC ANIMALS,
WILDLIFE, AND AQUATIC ORGANISMS

8.1.1 Domestic Animals

LLead poisoning, a frequent cause of accidental
death in domestic animals for many years,? usually
results from the ingestion of lead or lead-containing
material. Substances that cause lead poisoning in-
clude lead-based paints, used motor oil, discarded
oil filters, storage batteries, greases, putty, linoleum,
and old paint pails. Animals such as cattle, dogs, and
cats that have natural licking and chewing habits are
particularly susceptible. Horses are not usually
poisoned in this manner because they normally do
not lick discarded materials. Animals grazing in the
vicinity of smelters, mines, and industrial plants -
from which lead fumes and/or dusts are being emit-
ted or that are fed vegetation harvested from such
areas may also be poisoned. The possibility of
animals being poisoned from ingestion of roadside
pasture contaminated by mobile sources is of con-
cern, but no case of this type has been reported in the
literature.3

Breathing of lead dusts can be another way
whereby animals are exposed to lead, but poisoning
of domestic and wild animals as a result of lead in-
halation has not been substantiated.

Incidents of lead poisoning in cattle and horses
caused by emissions from stationary sources have
been reported from Benecia, Calif.;3 Trail, B.C.;2
Belleville, Penn.;4 St. Paul, Minn.;5 and south-
eastern Missouri.® Deaths from lead poisoning of
lambs and sheep in Britain? and of horses, sheep,
and goats in continental Europe have been re-
ported.8-t1

Hammond and Aronson® have estimated that the
minimal cumulative lethal dose of lead for a cow is 6
to 7 mg/kg of body weight per day. They state that
this intake represents a concentration of about 300
ppm in the total diet. In cattle that consumed lead-
contaminated hay and corn silage grown in a field
adjacent to a smelter, fatal lead poisoning occurred
after approximately 2 months. In another study,!?




cattle were fed lead at the rate of 5 to 6 mg/kg per
day for a period of 2 years without the appearance of
visible clinical symptoms. A steer fed the same diet
for 33 months, however, showed clinical symptoms
of lead poisoning culminating in death.!3 The iength
of time required for the appearance of overt clinical
symptoms of lead poisoning is in most instances
directly related to the amount consumed per unit of
time.

Horses are more susceptible than cattle to poison-
ing from the chronic intake of lead. In the Trail,
B.C., study,? horses grazing near a lead smelter
developed overt symptoms of lead poisoning, but
cows in the same pasture were not clinically affected.
The minimal toxic dosage for a horse has been esti-
mated to be between 1.7 and 2.4 mg/kg body weight
daily,! which is approximately 80 ppm dry weight in
forage.

The reasons for the greater susceptibility of horses
are complex. An early symptom of lead poisoning in
the horse is paralysis of the nerves of the pharynx
and larynx. This interferes with breathing, especially
on eaercise, and causes the animal to breathe ster-
torously, or to roar. When severe, this paralysis can
produce suffocation and death. In addition, the
faulty action of the epiglottis (which closes off the
lung during inhalation) permits inhalation of food,
which can result in suffocation and death or in
severe pneumonia, which car also be fatal.

Colts pastured near the Trail, B.C., smelter2
showed loss of weight, generalized muscular weak-
ness, stiffness of joints, and harsh, dry coats. Distor-
tion of the limbs occurred, the joints became greatly
enlarged and the hocks touched. The laryngeal
paralysis usually associated with lead poisoning did
not occur. Hupka® noted the same symptoms in colts
that had grazed on pasture contaminated with flue
dust from a metal works. Autopsy showed that the
auricular cartilages were detached and loose in the
joint. Also noted was an acute catarrhal pneumonia
of both lobes of the lungs, with food particles in the
bronchi. Roaring typical of chronic lead poisoning
did not occur until quite late.

The clinical picture described above has come
under close scrutiny in various laboratory
studies.!4.15 because of the lack of consensus as to
whether it was the result of lead poisoning. Lead and
zinc coexist in many ores, and both were present in
the two situations referred to above. Under these
conditions animals being reared in the area would be
exposed to both elements simultaneously. Studies by
Willoughby et al.!4 indicated that lameness, blind-
ness, swelling at the epiphyseal ends of long bones,
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or an increase in the amount of joint fluid in foals
resulted from the intake of zinc by itself and zinc and
lead together, but not from lead alone. Gunther,!5 in
studies based on experimental exposure of colts,
reached similar conclusions.

Horses sometimes, though infrequently, pull up
plants and eat roots and soil along with leaves. This
practice may be a factor in increasing their lead in-
take!® relative to that of cattle grazing the same
pasture.

Lead poisoning in all domestic animals produces
various degrees of derangement of the central ner-
vous system, gastrointestinal tract, muscular system,
and hematopoietic system. Younger animals appear
to be more sensitive than older ones.!3 Calves may
suddenly begin to bellow and stagger about rolling
their eyes, frothing at the mouth, and crashing
blindly into objects. This phase may last up to 2 hr,
after which a sudden collapse occurs. In less severe
cases, depression, anorexia, and colic may be ob-
served. The animals may become blind and may
grind their teeth, move in a circle, push against ob-
jects, and lose their muscle coordination. Mature

cattle display fewer overt symptoms, although the

syndrome of maniacal excitement is not uncom-
mon.'

Clinical symptoms in sheep consist mainly of
depression, anorexia, abdominal pain, and diarrhea.
Anemia is also commonly associated with lead
poisoning in sheep.! Pavlicevic!! notes that clinical
symptoms in lambs consist of paralysis of the ex-
tremities, pharynx, tongue, and larynx; a rigidly
held neck; and an anemic mucous membrane. Lambs
may be poisoned through the mother’s milk when the
ewe is on contaminated pasture. Sterility and abor-
tion in ewes have been observed as a result of lead
ingestion.!

Toxic dosages of lead for domestic animals other
than horses and cattle have not been calculated from
statistically reliable studies.

The effects of lead on biological processes in
animals generally include effects on the nervous and
hematopoietic systems and the kidney tissue. These
effects have been studied with various types of test
animals (primarily the rat) at the enzymatic, sub-
cellular, cellular, and tissue morphology levels; and
systemically at the physiological and biochemical
levels.

The most sensitive indicator in rats is the decrease
of the enzyme &-aminolevulinic acid dehydrase
(ALAD) that regulates heme synthesis.!” Lead
clearly affects test animals at the subcellular and
enzymatic levels of biological function.




8.1.2 Wildlife

Lead has so permeated the environment that it is
now known to be a regularly occurring constituent of
-all animal life. Birds and other wild animals are ex-
posed to a wide range of lead levels. Measurable
amounts of lead may be found in the tissues of these
animals, and lead poisonings have occurred.

Toxic effects from the ingestion of spent lead shot
were first observed in ducks in 1919 and have since
been recognized as a major health problem in both
aquatic and upland species of waterfowl. It has been
estimated that thousands of ducks, geese, and swans
die of lead poisoning each year.'® Lead poisoning
from spent shot has also been reported in game birds
such as wild pheasants, mourning doves, and quail.!?
The scope of the problem becomes readily apparent
when it is noted that the majority of the birds die
after the hunting season is over; thus it is the breed-
ing stock that is lost. Spent shotgun pellets have been
removed from the gizzards of birds with lead
poisoning.20

Pieces of lead metal when swallowed are normally
not harmful to humans or other mammals because
they pass through the digestive tract too rapidly to
lose more than a minor portion of their surfaces to
digestive enzymes and other substances. But it
should be noted that persons who consistently eat
game often have somewhat elevated blood lead
levels and high fecal lead levels from swallowing
lead pellets. The gizzard of a bird, however, is a
comminuting organ for food that operates by grind-

-ing up the food in a muscular sack containing small
stones that the bird has swallowed. Spent shotgun
pellets lying in the sediment on the bottoms of lakes
are picked up by the bottom-feeding ducks in the
same manner as pebbles. Because the shot are soft,
they are ground fine and made quite susceptible to
digestive action rather than just coming into super-
ficial contact with the digestive tract, as in most
other animals.2! Lead released from the gizzard is
absorbed by the lower digestive tract. One number-6
lead shot can furnish enough lead to induce fatal
lead poisoning in a duck; but, the length of time a
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pellet is retained in the gizzard depends partly on its
size and partly on the fiber content of the diet. A
high fiber diet is especially conducive to lead
poisoning. The number of shot required to poison a
bird also depends on the size of the bird itself. Six
number-6 shot are always fatal for mallards, and
four or five number-4 shot are generally fatal for
Canadian geese.??

The symptoms generally associated with lead
poisoning in waterfowl are lethargy, anorexia, weak-
ness, flaccid paralysis, emaciation, anemia, greenish
diarrhea, impaction of the proventriculus, and dis-
tention of the gall bladder.22 Waterfowl appear to be
at least twice as sensitive to the biochemical effects
of lead as are man and other mammals.?? Death ap-
pears to be associated with the inhibition of
8-aminolevulinic acid dehydrase (ALAD) by
lead.?3-2% In instances where insufficient lead is in-
gested to cause death, sterility may result.!

In an attempt to prevent the deaths of waterfowl
through the ingestion of lead shot, the U.S. Fish and
Wildlife Service ordered the use of steel shot during
the 1976 hunting season in certain areas of the states
in the Atlantic Flyway. Despite strong opposition
from the National Rifle Association and hunters, the
plan is to extend this limitation to the Mississippi
Flyway during 1977.%3

Waterfowl mortality caused by the toxic effects of
lead mine wastes coupled with environmental stress
was reported by Chupp and Daike?® for the Coeur
d’Alene River Valley of Idaho. Because of their
feeding habits, feeding waterfowl consumed lead
from the sediments in the shallow areas of the river
along with metallic materials adhering to roots and
tubers of aquatic plants. Ingestion of plants contain-
ing lead can also contribute to lead poisoning in
waterfow!.

The puffin (Fratercula arctica), a sea bird, is in
serious decline. In studies to determine the cause,
Parslow et al.2” note the fact that puffins tend to con-
centrate lead through the food chain (Table 8-1).
The authors were not able, however, to associate ob-
served lead concentrations with the decline of the
species.

TABLE 8-1. ACCUMULATION OF CERTAIN HEAVY METALS FROM SEAWATER
BY FISH (Ammodytes AND Clupea) AND A PUFFIN??

Metal ieveis. ppm. wet weight

Approximate accumulation factors

Fish/ Putfin/ Putfin/
Metal Seawater Fish Puffin seawater fish seawater
Mercury 0.00003 0.037 0.79 1,230 21 26,300
Lead 0.00003 <0.002 0.36 <67 >180 12,000
Cadmium 0.00011 0.309 1.67 2,800 5.4 15,000
Copper 0.003 1.74 4.49 580 26 1,500
Zinc 0.01 53 95 5,300 1.8 9,500
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Measurements of lead levels in pigeons28-29 and in
song birds30 indicate that urban birds have higher
lead levels than rural birds (Table 8-2). Bagley and
Locke'? analyzed 28 species of birds and noted the
concentration of lead in the livers and bone tissue.
Lead in the livers was an indication of acute ex-
posure, and in the bone, of chronic exposure. Liver
levels ranged from 0.3 to 5.0 ppm, and bone levels

ranged from 0.2 to 26.0 ppm. As might be expected,
the highest levels were found in aquatic waterfowl;
however, ii.2 osprey (Pandion haliaetus), a predator,
also showed high bone levels. The bone lead levels
are an indication of continued exposure to lead and
serve as an indication of normal levels rather than
adverse exposure.'?

TABLE 8-2. SUMMARY OF LEAD CONCENTRATIONS IN BIRD ORGANS
AND TISSUES FROM AREAS OF HIGH-LEAD AND LOW-LEAD ENVIRONMENTS
(ppm, dry weight)

Species and lead level? Feathers Gut Liver Lung Kidney Bone? Muscle®
Red-winged
blackbird:

Low(10) 26.5 2.1d 58 04 2.1d 6.9 0.8¢

High(4) 66.8 2.6d 1.2 4.1 4.1d 9.1 0.69
House sparrow: ‘

Low(16) 270 23 06 09 35 16.9 09

High(11) 158.3 26.2 12.0 6.9 339 1304 2.1
Starling:

Low(11) 6.4 1.3 4.0 2.8d 36 128 0.8¢

High(13) 2251 6.0 16.1 5.2d 98.5 213.0 2.4d
Grackle:

Low(10) 36.0 1.4 25 2.3d 35 215 08

High(11) 81.4 10.2 124 2.74 135 62.8 14
Robin:

Low(10) 25.3 3.2 24 22 73 413 1.0d

High(10) 797 245 10.5 10.3 25.0 133.7 1.20

8 High-lead and low-lead environments are urban and rural areas respectively: high-tead area for red-winged blackbirds is 10 m from an interstate highway. Sample size in

parentheses.
® Femur.
€ Pectoral.

d Differences between low- and high-tead environments not significant at the 0.05 level. all others significant at ieast at the 0.05 level.

Studies of lead exposure and effects in wild
animals other than birds are infrequent. Braham?3!
studied the distribution and concentration in the
California sea lion (Zalophus californianus). He
noted that accumulation was occurring in the species
but could detect no adverse effects at the time of the
study. The exposure of small mammals and selected
invertebrates near roadways has also been
studied.32-38 In general, gradients in body lead con-
centrations declined with increasing distance from
the road. The body lead gradients usually were simi-
lar in pattern to, though lower than, the soil level
gradients; but interesting exceptions were observed
in some cases. No evidence of toxicity was observed
in any of these animals individually or in relation to
population distributions.

An analysis of lead concentrations in 3 species of
small mammals from 11 sites in Huntingdonshire,
Great Britian,32 showed that the lead concentrations
in the animals were more closely associated with the
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type of food consumed than with nearness to the
highway where the air lead concentrations were
highest.

One hundred and one mammals — 51 long-tailed
field mice (Apodemus sylvalicus), 27 bank voles
(Clethrionomys glariolus), and 23 field moles
(Microtus agrestis) — were trapped along road-
sides.32 The concentration- of lead was significantly
higher in Microtus than in Clethrionomys or
Apodemus (Figure 8-2). The marked differences
among the lead concentrations of the three species
can be accounted for by species behavior and food
consumed. Microtus eats grass as its staple food,
whereas Apodemus feeds on grain, seedlings, buds,
fruit, hazel nuts, and animals such as snails and in-
sects. The range of food for Clethrionomys encom-
passes that of both the other species, but the habitat
is restricted to hedges rather than the open field
(Apodemus) or the roadside (Microtus). Differences
in food and food contamination may therefore ac-
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count for the differences in lead concentrations in
the three species.
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Flgu'rp 8-2. Concentration of lead In three species of small
mammals trapped beside major and minor roads and at ara-
ble and woodland sites.33

In a study in central Illinois, samples of small
mammals were obtained from a range of environ-
ments including those within 10 m of a high-traffic-
volume road (> 12,000 vehicles/24hr), those within
5 m of medium-use roads (2000 to 6000 vehicles/24
hr), those within 5 m of low-use roads ( <2000 vehi-
cles/24 hr), and those in urban areas (approximately
100,000 inhabitants).38

All species except the white-footed mouse
{Peromyscus leucopus), showed higher concentra-
tions of lead in habitats adjacent to high-traffic-
volume situations, especially in urban areas. Since
the home range of this species averages more than 50
m in diameter, even those individuals caught nearest
the highway were undoubtedly spending considera-
ble time much further removed from the traffic
source, possibly accounting for the low lead levels in
these animals.

There was also a correlation between habitat re-
quirements and lead concentrations in small mam-

mals captured near high-traffic roadways. Species

requiring dense vegetation — the prairie vole

e
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(Microtus ochrogaster), the short-tailed shrew
(Blarina brevicauda), the least shrew (Cryptotis par-
va), and the white harvest mouse (Reithrodontomys
megalotis) — had higher total body lead burdens and
higher levels in selected tissues than did those
species such as the white-footed mouse (Peromyscus
maniculatus) and the house mouse (Mus musculus)
that extend their home ranges into cultivated fields.
There was also a correlation between feeding habits
and lead concentrations in body tissues. Insectivores
(the shrews) had the highest lead concentrations;
herbivores (voles) had intermediate concentrations;
and granivores (deer mice, white-footed mice, and
house mice) had the lowest concentrations, reflect-
ing the fact that lead concentrations in seed tissue
are usually extremely low (<1 ppm).

It is highly doubtful that the very low concentra-
tions of lead in these mammals (Table 8-3) could be
having a significant impact on their population
dynamics.

Studies of lead concentrations in insects in central
Illinois ecosystems have shown positive correlations
with lead emission levels, decreasing from areas ad-
jacent to heavily traveled roads to areas remote

.from roads (Table 8-4).3° There was also a strong
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trend of increasing lead content from sucking to
chewing to predatory insects collected near high-
traffic roadways (Figure 8-3). Chewing insects pro-
bably ingested more lead from deposits on leaves
than did insects that suck liquids from the internal
vascular tissues of plants. Data on predatory insects
that feed on lead-containing herbivores suggest that
lead is selectively retained in the body, leading to
biological concentration in this two-trophic (feed-
ing-level) system .39

Definitive studies correlating toxicity with en-
vironmental lead concentration have not been done.

8.1.3 Aquatic Organisms

Acute lead toxicity in aquatic organisms has been
observed and studied experimentally. Lead toxicity
in fish is partially related to drainage from metallic
wastes into streams. Early experiments were carried
out in England where contamination of naturai
waters by lead mining caused the disappearance of
fish from streams.! Although the effect of lead on
lower forms of life is not well documented, it ap-
pears to be less toxic than in higher forms.!40

Apparently, lead and other metals are irritating to
the skin of many freshwater fish and cause an
unusual reaction. The presence of metal in the water
around them causes a copious secretion of mucus
over the whole body surface, particularly in the gill




TABLE 8-3. MEAN LEAD CONCENTRATIONS IN ORGANS AND TISSUES OF SMALL MAMMALS FROM
INDICATED AREAS OF ENVIRONMENTAL LEAD EXPOSURE3?
(ppm, dry weight)

Species and Total
exposure area body Gut Spleen Liver Lung Kidney Bone® Muscle?
Blarina brevicauda:
High 18.4 240 45 46 16.9 124 671 97
Medium 6.7 7.0 36 2.0 5.6 5.8 19.9 57
Low 5.7 341 23 1.0 78 39 12.2 54
Microtus ochrogaster:
High 5.1 11.0 5.3 16 28 8.1 16.6 8.2
Medium 59 18.4 2.2 1.2 18 76 23.2 3.0
Low 19 28 24 1.0 13 28 46 20
Peromyscus maniculatus:
High 6.3 19.2 19.4 35 6.4 79 246 6.8
Medium 4.3 6.0 30 1.7 24 9.0 8.0 7.4
Low 33 45 6.5 18 6.1 30 6.4 1.8
Controlc 31 4.3 37 1.1 1.5 18 5.7 21
Mus musculus:
High 6.8 186 121 29 28 8.1 19.2 59
Medium 6.0 88 31 16 34 6.6 210 39
Low 6.7 48 5.1 16 17 31 235 34
Control¢ 20 27 21 1.9 34 34 9.3 38
Reithrodontomys megalotis:
High 123 17.8 145 47 209 —_ 109.5 275
Medium 3.0 6.2 9.2 1.1 4.2 2.1 — 44
Low 27+ 35 5.6 23 47 48 18.4 —_
8 Femur.
B Thigh.

€ Control areas are fietds more than 50 m from a road.

TABLE 8-4. LEAD CONCENTRATIONS OF INSECTS AT TWO
DISTANCES FROM A HIGH-TRAFFIC-VOLUME ROAD
(INTERSTATE HIGHWAY)3

(ppm)
Distance
0to 7 m from 13 to 20 m trom

Feeding type pavement pavement
Sucking 15.7 9.8
Chewing 27.3 104
Predatory 310 200

Mean 247 13.4

area. Analysis of this mucus has revealed the pre-
sence of “considerable quantitities” of lead.4' The
mucus does not, however, prevent absorption of lead
into the fish. If the metal level is low, the process is
harmless because the excreted film is readily shed;
but if higher levels are present, the mucus blanket
generated may suffocate the animal before it can be
shed. The phenomenon has been observed only in
freshwater fish and is subject to modification by
water hardness, temperature, and other factors. It
should be emphasized that the process described
above is entirely external and unrelated to lead
levels in the body of the fish. In some cases of lead
poisoning in freshwater fish, mucus formation has
not been observed.
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Symptoms of chronic lead poisoning in fish in-
clude anemia, functional damage to the inner
organs, possible damage to the respiratory system,
growth inhibition, and retardation of sexual
maturity,!42

A study in central Illinois*? of both urban and
rural tributaries of the Saline Branch of the Ver-
milion River showed that lead appears to be taken
up by aquatic organisms by means of external con-
tact rather than by ingestion. Lead concentrations in
aquatic organisms were found to be related to the
amount of contact with substrates, such as sediments
(Figure 8-4), that contain the highest lead con-
centrations in the streams. Thus species differences
in ¢oncentrations are determined in part by habitat
preference and feeding habits.

Filtered water from the two streams had con-
centrations of lead varying from O to 15 mg/liter of
water (ppm), and suspended solids in the water con-
tained 15 to 200 ppm lead. The highest levels occur-
red in the urban stream. The upper 10 cm of sedi-
ments in the urban stream contained an average lead
concentration of 387.5 ppm, more than 10 times
greater than that in the rural stream. Fish in the
rural stream contained an average of 1.4 to 4.1 ppm
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Figure 8-3. Mean lead content in grouped insect samples

taken from low- and high-lead-emission areas for sucking,
chewing, and predatory feeding types.3?

of lead in dry tissue (Table 8-5).43 No fish were
found in the urban stream. Lead levels in the inver-
tebrates ranged from about 5 to 20 ppm in the rural
stream to more than 350 ppm in the urban stream.
These data appear to be in agreement with relative
lead levels found in tubificid worms, clams,‘and fish
in the Illinois River.40

Hardisty et al.** studied lead levels in estuarine
fish, but were unable to determine any biological
effects of lead. Merlini and Pozzi*’ studied lead ac-
cumulation by freshwater fish. Ionic lead (as Pb+ *)
was concentrated threefold when the pH of the lake
water was lowered. Lead toxicity in fish was not re-
ported.

Toxicity varies with pH, temperature, hardness,
and other water properties.*® The concentrations of
lead injurious to fich and other aquatic and marine
life may be found in Water Quality Criteria, 1972.4¢
The 96-hr LC,, value in soft water for rainbow trout
(Salmo gairdneri) has been reported to be 1 mg/liter.
Pickering and Henderson*7 list the soft water LCj,
values for fathead minnows (Pimephales promelas)
and bluegills (Lepomis macrochirus) as being 5 to 7,
and 23.8 mg/liter, respectively. In hard water, the
LC,, values for the last two species are reported as

400 'l\
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Figure 8-4. Mean lead levels in representative organisms and
sediments of the compartments of the drainage basin of the
Saline Branch of the Vermilion River, 1.4

being 482 and 442 mg/liter, respectively;*’ whereas
for rainbow trout, Davies and Everhard®? report
471 mg/liter. Detrimental effects on fish species oc-
cur at concentrations as low as 0.1 mg/liter. In
studies of rainbow trout, mortalities attributed to
lead occurred at the high test concentrations, which
in soft water were 95.2 ug Pb/liter and in hard
water, 3.24 mg/liter total lead or 0.064 mg/liter free
lead.4? Physical abnormalities occurred between
11.9 and 6.0 ug Pb/liter in soft water and between
0.12 and 0.36 mg/liter total lead (0.018 and 0.032
mg/liter free lead) in hard water. In Daphnia magna,
an effect on reproduction has been observed at O 03
mg Pb/liter. 48

A study of long-term effects of lead exposure on
three generations of brook trout (Salvelinus fon-
tinalis) indicated that all second generation trout ex-
posed to 235 and 474 ug Pb/liter developed severe
spinal deformities (scoliosis), and 34 percent of
those exposed to 119 ug Pb/liter developed
scoliosis. Of the newly hatched third generation
alevins exposed to 119 ug Pb/liter, 21 percent
developed scoliosis. Analysis of residues in eggs,
alevins, and juveniles indicated that accumulation of
lead occurred during these lite stages.4?

Weir and Hine30 utilized a conditioned avoidance



- TABLE 8-5. LEAD CONCENTRATIONS OF PREDOMINANT
ORGANISMS FROM THE RURAL, URBAN, AND COMBINED
COMPARTMENTS OF THE DRAINAGE BASIN OF THE
SALINE BRANCH OF THE VERMILION RIVER, ILL.43
(ppm, dry weight)

Arithmetic Numberof Standard

Compartment and organism mean samples  deviation
Rurai:
Piants:
Cladophora 201 11 5.1
Potam- geton 30.0 15 54
Invertebreu.¢ s:
Hirudinea 1286 12 148
Oligochaeta 13.2 7 76
Tubificidae 16.0 13 11.8
Sphaeriidae 55 11 3.1
Lirceus fontinalis 76 5 34
Hexagenia limbata 10.4 15 97
Anisoptera 6.6 6 24
Chironomidae 201 12 18.2
Decapoda 47 23 5.2
Fish:
Catostomus commersoni
(white sucker) 24 19 16
Etheostoma nigrum
(Johnny darter) 41 9 2.4
Ericymba buccata
(Silverjaw minnow) 18 29 09
Notropis umbratilus
(Redfin shiner) 1.9 29 0.6
Pimephales notatus
(Bluntnose minnow) 27 83 2.7
Semotilus atromaculatus
{Creek chub) 14 35 0.6
Urban:
Plants:
Claauphor 1 347 6 139
Invertebrates.
Tub' cidae 367 29 373
Chironomidae 153 5 106
Decapoda 11 4
Combined:
Plants:
Elodea 89.9 22 93.3
Cladophora 349 7 75
Invertebrates:
Tubificidae 486 71 339
Chironomidae 427 12 16.4
Physa 41.7 10 255
Psvchodidae 32.3 4 255

technique to assess the deleterious effects of four
metal ions, including lead, on goidfish. Behavioral
impairment was noted following sublethal con-
centrations of lead nitrate (Table 8-6). The lowest
concentration that gave significant impairment was
0.07 ppm.

Shellfish have been reported to concentrate lead.'
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TABLE 8-6. SUMMARY OF GOLDFISH TOXICITY DATA®0

lon LCsg. ppmab LCy. ppm®  Slope

Arsenic 32.0(41.6t024.6) 15 14

Lead 110.0 (121.0 to 100.0) 60.0 1.2
Lead (without

calcium carbonate) 6.6(9.2t04.7) 1.5 16

Mercury 0.82 (0.90t0 0.75) 0.36 1.2

Selenium 12.0(17.01079) 1.0 25

4 Based on a 7-gay survival time.
b owest concentrations of ions that significantly impaired conditioned avoidance
responses and their fractions of the 50- and 1-percent lethal concentrations.

Two species of marine gastropods were shown to
concentrate lead in their shells.5! However, Valiela
et al.32 reported that three species of estuarine
bivalves showed no increase in lead when sludge fer-
tilizer containing lead was added to experimental
plots in a salt marsh. Furthermore, the lead ap-
parently was trapped by the marsh surface sedi-
ments, since no increases were recorded downstream
in the detritus on creek bottoms or in filter-feeding
bivalves. Lead uptake by the cordgrass Spartina
alterniflora reduces by a small amount the quantity
of lead in the sediments. 33

Aquatic lead concentrations of 0.5 mg/liter have
been shown to be toxic to flagellates and infusoria,
the microscopic animals that frequently develop in
decaying organic matter. Bacterial decomposition of
organic matter is inhibited by lead concentrations of
0.1t0 0.5 mg/liter.54

8.2 EFFECTS ON PLANTS
8.2.1 Routes of Plant Exposures

Plants may be exposed to lead through the leaves,
stems, bark, or roots. The extent of exposure de-
pends on the amount of lead in the immediate en-
vironment and the form and availability of that lead.

8.2.1.1 LEAVES, STEMS, AND BARK

Particulate substances in the air, including lead,
are deposited on plant surfaces by fallout, impac-
tion, and precipitation.’3 Precipitation may, in addi-
tion to depositing material, wash off or leach out
material from the plant surface or tissue. Wind and
sloughing of the cuticle wax may also remove
deposited material. Thus, meteorological factors are
important in determining the fate of compounds that
come into contact with plant surfaces., The
morphology of the plant surface, however, plays the
major role in determining the type and quantity of
material that will be retained by that plant sur-
face.’6-7 Epidermal cells of the aerial parts of plants
are usually coated with a waxy substance, cutin, and
often form unicellular or multicellular hairs, spines,
or glands. In addition, secretions from glandular




hairs may make leaf surfaces sticky; thus, particulate
material can accumulate on the plant surface, partic-
ularly the leaves. However, particulate matter must
enter the internal plant tissues to affect the plant.%¢
FrankeS® suggests that the cutin is penetrable via in-
termolecular spaces and that cuticle has been shown
to be permeable to both organic and inorganic ions
and to undissociated molecules. The capability of an
ion to penetrate is determined by its charge, adsorb-
ability, and radius.

Vascular plants have small surface openings,
called stomata and lenticels, that function in gas ex-
change. Stomata are also sites of exchange of
aqueous substances under certain conditions. 8
Stomata occur in the epidermis of leaves and young
stems. Lenticels are found on older stems of woody
species. Surrounding the stomatal pores are guard
cells that open and close the pores through changes
in their turgidity. Gas exchange, which takes place
through the stomata as the result of a concentration
gradient, is a passive phenomenon unlike the active
breathing of animals.

Large deposits of inert, insoluble metal com-
pounds on the leaves are probably of little conse-
quence to a plant. The most important factor in
determining foliar penetration is the solubility of the
individual metal. 3038 The insolubility of lead is un-
doubtedly a major reason that little incorporation
and accumulation occur through the leaf surface.’®

Carlson et al.’7 experimentally fumigated soybean
(Glycine max L.) with PbC1 , aerosol particulate; no
intraplant movement was noted. Simulated rainfall
removed up to 95 percent of the topically applied
lead. Studies by Arvik and Zimdahl3960 indicated
that only extremely small amounts of lead could
penetrate plant cuticles, even after extended ex-
posure. Increased penetration of some cuticles oc-
curred after the removal of waxes, but penetration
seemed more related to plant species than to cuticle
thickness. Oats (Avena sativa L.) and lettuce (Lactuca
sativa var. Black-Seeded Simpson) are two species,
according to Rabinowitz, whose leaves atmospheric
lead is capable of penetrating.®! The only conclusion
possible from current data is that airborne lead can
be taken up by the foliage of some plants, but only in
extremely small amounts.

A recent report®? suggests that grasses and small
herbaceous plants in the field, as well as pea plants
(Pisum sativum L.) and pine tree seedlings (Pinus
sylvestris L.) in the laboratory, when grown in
nutrient solution, release lead and zinc into the air.
It is questionable whether the lead exuded from
plant leaves adds appreciably to the atmospheric
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burden. The complexities of lead movement from
soil into plants make it unlikely that plants are capa-
ble of exuding large amounts into the air.

Particles containing lead, in addition to chlorine
and bromine, have been found embedded in the bark
of both pine and elm trees growing near highways.
The lead content of the particles on the trees
decreased over a 3-year period, and the particles on
the bark of elm trees showed less lead than those on
pine trees.®3 No evidence exists to show that lead en-
tered the trees through the bark.

Trees have been used as indicators of increasing
environmental lead concentrations with time.6
Studies in central Illinois have shown a fivefold in-
crease in lead in tree rings during the last 50 years
(Figure 8-5). This graphically illustrates the increase
in environmental lead uptake that has occurred in
that time. However, data reported by Holtzman on
four hardwood trees in a rural suburban area and on
one tree in a suburban area near Chicago (tree ages
were 100 to 120 years) showed no consistent in-
crease or decrease in lead in the tree rings.5°

'L 10.year AVERAGE,
1963 — 1973

== 7.9 ppm Pb, RURAL

r 13.1 ppm Pb, URBAN

3

10-year AVERAGE,
1910 — 1920

1.9 ppm Pb, RURAL

2.7 ppm Pb, URB.'QN

Figure 8-5. Tree ring analysis of lead concentrations in urban
and rural trees.s3

8.2.1.2 ROOTS

The root system is the major pathway of plant ex-
posure to lead, as lead in the soil may be absorbed by
the roots and moved into the plant,60:66:77 Byt the
total lead content of the soil is only one of several in-
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teracting factors determining plant uptake. These
factors are not well understood, but uptake is known
to be influenced by plant species and by the availa-
ble lead pool in soils.%6.71-74 The pool of available
lead is determined by soil pH, soil organic and clay
fractions, and the cation exchange capacity as well as
other soil sorption characteristics.6:70-81 Absorption
of lead by plant roots is inversely related to cation
exchange capacity.”7980 The total lead in the soil in
relation to cation exchange capacity determines lead
availability.80 Roots take up minerals that are in the
soil solution ;5982 thus lead movement into roots is in
the form of ions from the soil solution or from weak
sorption sites,60.66.74

Baumhardt and Welch7® have shown that the per-
centage of soluble lead in soil decreases with time as
sorption occurs. Soil phosphate60.75.77.78 and lim-
ing,60.75.83.84 3¢ well as cadmium?®? in soil, reduce the
uptake of lead by plant roots. Olson and Skoger-
boed¢ have identified the primary lead species in
their soil tests as lead sulfate (Chapter 6). At pres-
ent, the capability of plants to take up this relatively
insoluble form is not understood.’™ Jones et al.?’
have reported that lead uptake is enhanced by a defi-
ciency of sulfate in the soil. In this study, the lead in
rye grass tops was higher than that in the roots when
the soil was deficient in sulfur.

Once lead enters the plant from the soil solution,
mrost of it remains in the roots.69:6.72.77 Distribution
to other portions of the plant does occur, but it is
uneven and variable among species.”!-7277 Plant age
and season of the year also affect internal distribu-
tion.%.721n all cases, the levels are quite low because
of the small amounts of available lead in the soil
solution.

8.2.2 Effects on Vascular Plants

Lead is a normal soil constituent, but it has not
been shown to be essential for plant growth.%6.69 The
response of plants to lead is therefore dependent on
the extent to which normal metabolic processes are
disturbed. Metabolic disturbances manifest them-
selves as growth abnormalities (the visible symptoms
of which may be growth stimulation, stunting,
yellowing or purpling of leaves) or, in the event of
acute toxicity, senescence and death.82 Metabolic
disturbances are most likely to occur in response to
high available lead levels and to highly soluble
forms of lead entering the plant,66.69

Antonovics, Bradshaw, and Turner38 state that
lead uptake is constant with increasing levels of soil
lead until a certain point is reached at which lead
uptake becomes unrestricted and rises abruptly. Lit-
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tle is known, however, about the mechanism of lead
uptake. Undoubtedly, lead in solution moves into
the plant through the root hairs along with mineral
nutrients and is translocated to other areas of the
plant. The vascular tissue is the pathway of water in
the root, through the stem, into the petioles, and into
the leaf veins.89 After entering the root hairs, water
containing lead and nutrients must pass through the
root cortex to reach the central core of vascular
tissue. Because the movement of water through the
cortex is from cell to cell with no specific pathway
such as vascular tissue, lead possibly may not pass
easily through cell membranes. This may explain
why plant roots show higher lead contents than other
plant organs. Malone et al.% have shown that some
of the lead that enters the root is concentrated in dic-
tyosome vesicles and subsequently moves via the
vesicles to the cell wall, where fusion with the cell
wall occurs. :

Lead has been reported to have both a beneficial
and an inhibitory effect on plant growth.66.69
Brewer®? cites studies in which lead nitrate resulted
in increased nitrification and increased plant growth
when added to the soil. However, when lead nitrate
was added to solution cultures, retardation of root
growth occurred. In neither case was the metabolic
action of lead nitrate observed in the plants. The
chemical identity of lead in plants is as yet not
known.60

Most studies®0.66.69 that describe growth inhibition
and plant toxicity caused by lead compounds are
based on visible growth responses resulting from
lead added to soils or to solution cultures and do not
deal with specific metabolic processes.

The effects of lead compounds on such plant pro-
cesses as photosynthesis,00.91-93 mitosis,! €066 and
water uptake9? have been reported. Miles et al.,9!
using isolated chloroplasts from spinach leaves,
found that lead salts inhibit photosynthetic electron
transport. Wong and Govindjee%* have shown in
isolated maize chloroplasts that lead salts affect
photosystem I, inhibiting P700 photooxidation and
altering the Kinetics of re-reduction of P700. In
laboratory studies, lead has been found to have a
damaging effect on cell walls, nuclei, and
mitochondria. Lead retarded cell proliferation but
permitted an increase in size.! Spindle disturbances
and chromatid formation in root tips of Allium cepa
induced by lead nitrate have been found to be in-
distinguishable from those induced by colchicine.!

Miller and Koeppe9 and Bittell et al.9 studied
the effects of lead on mitochondrial respiration.
Lead effects are related to the phosphate status of
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the respiratory system as well as to the oxidation of
nicotinamide adenine diphosphonucleotide
monchydrogen (NADH). The lead levels used in
this study approximated the levels found near
heavily traveled highways. The form of lead used,
PbCl,, and the isolated mitochondria were not typi-
cal of field conditions, but lead in plants does associ-
ate with mitochondria and chloroplast
membranes,60.66.75

The presence of lead in plants has also been shown
to have indirect effects on plant growth. For exam-
ple, absorption of phosphorus and manganese, two
essential elements for growth, is inhibited when lead
is present in the plant.97 Lead may also contribute to
copper deficiency in plants.98

The majority of the studies reporting lead toxicity
have been conducted with plants grown in artificial
nutrient culture. As a result of the studies, the con-
cept has emerged that the effects of lead, whether
stimulatory or inhibitory, depend on a variety of en-
vironmental factors, including associated anions and
cations within the plant and in the growth media,
and the physical and chemical characteristics of the
soil itself. Because lead interacts with so many en-
vironmental factors, specific correlations between
lead effects and lead concentrations are extremely
difficult to predict.®0

Lead toxicity has not been observed in plants

growing under field conditions. This observation -

may be explained by the fact that ambient lead con-
centrations in the environment have not been high
enough, except under unusual conditions (near
mines and smelters) to cause a toxic effect or a
decrease in crop yield.0

In summary, the effects of lead on vascular plants
appear at this time to be minimal. The most impor-
tant effects may be those resulting from ingestion of
topical and internal plant lead by grazing animals
(the next trophic level). From the standpoint of eco-
nomic consequences, evidence developed on the
effects of lead in agroecosystems indicates that topi-
cal lead contamination of plants is more likely to
have economic consequences than internal lead (see
Section 6.4.3).

8.2.3 Effects on Nonvascular Plants

8.2.3.1 MOSSES AND LICHENS

Mosses have been shown to have unique capacity
for sorbing heavy metal ions to their surfaces. Traces
of copper and lead are sorbed readily even in the
presence of other metal ions (calcium, magnesium,
potassium, sodium).%9 These ions are sorbed through
the leaves of the moss because mosses have no root
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system for uptake of nutrients from soil or other
substrates. Mosses also have neither epidermal cells
nor a cuticle (waxy layer), so the internal
parenchymal cells are readily exposed to substances
from the air.99.100 Accumulation of heavy metal ions
in mosses is generally from precipitation, which is a
very dilute solution of metals and water. The ac-
cumulation occurs because of the chemical complex-
és formed between these heavy metal ions in pre-
cipitation and negatively charged organic growth.10!

Lichens, like mosses, have no roots; therefore all
minerals are absorbed through the cell membranes.
Mechanisms similar to those found in mosses may
also be responsible for the uptake of metal ions by
lichens. But lichen accumulation of lead is not as ex-
tensive as that in mosses. 9!

8.2.3.2 ALGAE

Trollope and Evans,'92 in a study of algal blooms
in the Lower Swansea Valley, Wales, noted the sen-
sitivity of algae to the heavy metal content of water.
A marked difference was observed in the nature of
algal blooms found in three different groups of
waters at |2 different stations (Table 8-7). The algae
most tolerant to high lead concentrations were: Coc-
comyxa, Mougeotia, Tribonema, and Zygnema. Less
tolerant were Microspora, Oscillatoria and Ulothrix,

and the least tolerant were Cladophora, Oedogonium,

and Spirogyra. All of these algae were subject to con-
tamination from run-off water and dust from the
zinc smelter. The concentrations of lead in the plants
varied among genera and within a genus. The uptake
of individual metals by algal blooms appears to be
regulated. Mean metal concentrations in the three
groups of algae are ordered Fe >Zn >Pb >Cu
>Ni, whereas the mean metal concentrations in the
aquatic bodies were ordered differently: Adjacent to
the source, Zn >Pb >Fe >Ni >Cu; near, Zn >Ni
>Pb >Fe >Cu;distant (6to 10 km), Fe >Zn >Ni,
Pb >Cu. Concentrations of metals in the algae were
directly related to the concentrations in the water,
with the algae in the most polluted waters having the
highest concentrations. No experiments were con-
ducted to determine whether the algae found in the
least polluted waters would grow in more polluted
ponds.

Observations in the New Lead Belt of south-
eastern Missouri!?3 have shown that relatively high
concentrations of lead in stream bottom sediments
do not have much effect on algal growth in these re-
latively hard natural waters. Under these conditions,
the dissolved lead salts are in very low concentra-
tions and well below the limits of tolerance of most

8-11




P.21

TABLE 8-7. CONCENTRATIONS OF SELECTED HEAVY METALS IN FRESH WATER AND IN FRESHWATER ALGAL BLOOMS102

Concentrations in fresh waters, g g/ml

Concentrations in freshwater algal blooms. u g/mg

Area of water Cu Fe Ni Pb Zn Algal bloom Cu Fe Ni Pb Zn
Water adjacent to
zinc smelting waste:
1 0-03 0-24 015 0-31 3441 Mougeotia 0-38 1761 0-24 6-19 4494
Tribonema a 0-4 9-97 0-16 5-45 19-93
Tribonema b 0-7 3392 0-26 494 17-61
2 002 011 01 1-24  19-61 Tribonemac 0-67 23-37 0-29 368 21-11
Tribonema d 1-33  30-6 0-24 14-19 17-44
3 001 025 012 0-1 11-44 Coccomyxa 0-65 49-51 0-15 3-23 19-05
Zygnema 0-46 39-85 0-7 2-6  45-89
4 002 0-28 0-15 0-1 196
Mean 002 0-22 0-13 0-44 16-78 Mean 0-66 29-26 0-29 5-75 26-57
Water near zinc
smelting waste:
5 002 0-27 0-12 041 1-96 Oscillatoria 0-34 2-8 1-07 0-58 188
6 005 056 2-2 0-31 49 Ulothrix 0-48 7-78 0-3 2-38 3-56
7 0-06 056 294 291 4-9 Microspora 1-02  42-31 0-11 2-16  9-26
Mean 004 046 1-75 1-11 3-92 Mean 0-61 1763 0.49 1.70  4-89
Water distant from
zinc smelting waste:
8 003 039 007 01 0-21 Cladophora a 006 394 003 0-23 0-8
Spirogyraa 0-22 303 0-13 04 1-59
Spirogyrab 0-29 766 0-12 0-11 192
9 0-02 041 006 041 0-08 Oedogonium 0-11 0-7 007 006 0-12
10 001 039 012 04 0-08 Cladophora b 0-05 281 0-1 0-09 0-97
11 002 039 0-12 01 0-16 Spirogyrac 0-23 046 009 0-13 1-09
12 002 011 0-12 01 0-05 Spirogyrad 0-05 893 003 004 0-32
Mean 002 0-28 041 0-1 0-12 Mean 0-14 395 008 0-15 0-98

algae, including the sensitive Cladophora. Extensive
blooms of Cladophora weré observed in one stream
where bound lead associated with the filaments ex-
ceeded 5000 ppm. These results indicate that lead
chelated or bound to the cell envelopes apparently
had no major physiological effect on algae under the
existing natural conditions.

8.2.3.3 BACTERIA

The response of certain bacteria to lead has been
studied by Tornabene and Edwards.!04.105 Micrococ-
cus luteus and Azotobacter sp., when grown in lead-
containing media under experimental conditions,
were able to take up substantial quantities of lead
with no apparent effects on cell viability. Most of the
lead became associated with the cell membrane. Sev-
eral studies'96.107 indicate that bacteria in lake sedi-
ments under anaerobic conditions react differently.
Methylation of mercury and arsenic by microorgan-
isms is a well-known phenomenon,!08.109 but the
methylation of lead is not. The first evidence for the
methylation of lead was demonstrated experimen-
tally by Wong et al.110 Microorganisms in lake sedi-
ments were able to transform certain inorganic and
organic lead compounds into a volatile tetramethyl

lead (Me,Pb) when the sediment was enriched with
nutrient broth and glucose to stimulate growth and
growth occurred under anaerobic conditions. The
Me, Pb lead production was greatly increased when
inorganic lead nitrate or organic trimethyl lead ace-
tate (Me,PbOAc) was added at 5 mg per liter of
sample. The biological methylation from trimethyl
lead (Me,Pb) to Me,Pb appeared to proceed quite
readily. This conversion was demonstrated using
pure species of bacterial isolates from lake sediments
without the sediments being present. They were able
to show that Pseudomonas, Alcaligenes,
Acinetobacter, Flavobacterium, and Aeromonas sp.
growing in a chemically defined medium could
transform lead nitrate, lead chloride, and trimethyl
lead acetate (Me,PbAc) into volatile tetramethyl
lead (Me,Pb). None of the bacteria were able to con-
vert insoluble lead to Me,Pb. Schmidt and
Huber,'97 however, have observed that Pb2+ can be
biologically alkylated and transformed to Me,Pb
(see Section 6.4.2.2).

Generally, most naturally occurring bacteria can
tolerate lead without toxicity. 04110 However, there
is wide variation in effects. For example, lead has
been shown to stimulate growth of a bacterium iden-
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tified as Micrococcus flava Strevisan,!!! producing an

insoluble lead metabolite; but lead has also been

shown to be widely inhibitory to aerobic activated
sludge bacteria,!!'2 aerobic river water bacteria,'!3
and marine sulfate-reducing bacteria.!!4 These re-
ports seem to indicate that lead has a relatively
casual relationship with bacterial cells, with no
specific inhibitory role; but this should be viewed
with caution.

Previously, the presence of lead in estuarine sedi-
ments was mentioned. The methylation of lead in
this environment and its effects on the biota existing
there have not been studied.

Effects of the addition of 1000 ppm of copper,
nickel, lead, and zinc on carbon dioxide release dur-
ing aerobic incubation of soil alone and after treat-
ment with straw were studied.!!5 Carbon dioxide re-
lease during incubation from soils without added
straw was decreased by all metallic elements. Car-
bon djoxide release from soil plus straw was
decreased by lead. The toxic effects of the high con-
centration of elements on the activity of the
microorganisms attacking organic matter were
believed to be caused by the ability of the elements
to compete with essential elements (manganese, iron,
and zinc) for the active sites (SH, NH,, = NH) of
enzymes. Nickel and lead werc slightly more in-
hibitory than copper and zinc.!15

Cole!!¢ found that addition of lead to soil resuited
in 75- and 50-percent decreases in net synthesis of
amylase and a-glucosidase, respectively. The
decrease in amylase synthesis was accompanied by a
decrease in the number of lead-sensitive, amylase-
producing bacteria, whereas recovery of synthesis
(usually in 24 to 48 hr) was associated with an in-
crease in the number of amylase-producing bacteria,
presumably lead-resistant forms. The results indi-
cated that lead is a potent but somewhat selective in-
hibitor of enzyme synthesis in soil and that highly in-
soluble lead compounds such as PbS may be potent
modifiers of soil biological activity.

8.3 EFFECTS ON RELATIONSHIPS BE-
TWEEN ARTHROPODS AND LITTER
DECOMPOSITION

A study!17 of the impact of a lead smelting com-
~ plex in southeastern Missouri focused on forest-
floor litter arthropod fauna. Litter-arthropod food
chains and the possible transfer of lead through
plant-herbivore-carnivore food chains were studied
as ‘a means of detecting perturbations in this
ecosystem. Both point and fugitive sources con-
tributed to heavy metal levels in the study area.

Lead, cadmium, zinc, and copper were the primary
elements studied. Litter mass, heavy metal and
macronutrient content (Ca, P, K, and Mg), cation
exchange capacity, and pH were studied to charac-
terize the arthropod food base. Arthropods were
removed from litter by Von Tullgren funnel extrac-
tion. The arthropods were taxonomically classified
according to their feeding habits or levels:
detritivore, fungivore, littergrazer, omnivore, and
predator. Level refers to the sequential location of a
particular organism in the food chain or web. Their
population density at each trophic level, biomass,
and heavy metal and macronutrient content was
determined.

Changes in litter decomposition and nutrient cy-
cling were reflected in the population dynamics of
litter arthropods and macronutrient pools. Reduced
arthropod density, biomass, and richness (an esti-
mate of maximum diversity) were observed. The
macronutrients Ca, K, and Mg in the 01 and 02 litter
layer at a site 0.4 km from the smelter were signifi-
cantly reduced. Two litter layers or horizons are
recognized by the Soil Science Society of America.
The 01, or surface layer, is that in which dead plant
material still retains its original conformation. The
02 layer is that layer in which the material is frag-
mented and no longer recognizable as to species or
origin.

Mean heavy-metal concentrations were greater in
the undecomposed 02 litter layer collected at 0.45
and 0.8 km from the smelter. The Pb concentration
was 103,000 ppm; Zn was 4910 ppm; Cu was 6080
ppm; and Cd was 179 ppm. At these sites, heavy-
metal concentrations correlated with 02 litter layer
accumulations. A change from the normal was also
noted in the cation exchange capacity and pH of the
soil.

In summary, the results of this study!!? indicate
that the dynamics of forest-nutrient cycling pro-
cesses are seriously disturbed near these lead
smeltering complexes.
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