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Abstract. American kestrels (Falco sparverius)
were randomly paired and fed 0, 10, or 50 ppm me-
tallic lead in their diet from November 1979-May
1980. Lead levels were elevated in bones and livers
of birds receiving the treated diets, particularly the
50 ppm treatment group. Differential deposition of
lead was noted between males and females, with
the highest levels in the females. No adverse effects
were evident with respect to survival, egg laying,
or initiation of incubation in any treatment group
nor was fertility or eggshell thickness affected.
Little or no lead was transferred to the egg contents
and although lead was present in the shell, the levels
were too variable for this to be considered a useful
measure of exposure.

Lead is a wide-spread contaminant that enters the
environment through a variety of sources. The pri-
mary source is from the combustion of lead-con-
taining fuels such as coal, fuel oil, and gasoline
(Corrin and Natusch 1977) but less common sources
such as lead shot also pose a hazard to wildlife
(Bellrose 1959; McConnel 1967). Birds of prey may
ingest lead in the form of shot from dead or crippled
game animals (Locke et al. 1969; Benson et al.
1974; Jacobson et al. 1977) or biologically-incor-
porated lead from lead-poisoned waterfowl (29.3
ppm, wet weight, Stendell 1980), roadside small
mammals (2.6-34.8 ppm, dry weight, Getz er al.
1977a; Goldsmith and Scanlon 1977), and inverte-
brates (682 ppm, dry weight, Williamson and Evans
1972).

Little is known about the sublethal effects of lead
ingestion on birds of prey but Grandjean (1976) re-

ported a correlation between shell thickness and
eggshell lead levels in European kestrels (Falco tin-
nunculus) and suggested that lead may cause shell
thinning in raptors. Edens et al. (1976) found lead
acetate incorporated in the diet caused a depression
in egg production in coturnix quail (Coturnix co-
turnix) at 1 ppm but inhibition of growth, reduced
hatchability, and soft-shelled eggs occurred only at
1,000 ppm. Stone and Soares (1974) also found that
1,000 ppm lead in the diet reduced egg production
and caused soft-shelled eggs in coturnix quail.
Morgan et al. (1975) found 500 ppm of dietary lead
acetate inhibited growth and produced anemia. In
a field study with barn swallows (Hirundo rustica)
associated with a heavily-travelled highway, repro-
ductive success was not affected although lead
levels were elevated and delta-aminolevulinic acid
dehydratase activity depressed 30 to 34 percent
(Grue et al., in press).

The exposure of birds of prey to lead may be
increasing. Peregrine falcons (Falco peregrinus) are
being released in eastern United States cities where
they prey on starlings (Sturnus vulgaris) and pi-
geons (Columba livia), both of which exhibited ele-
vated tissue lead levels in urban environments

(Getz et al. 1977b). Bald eagles (Haliaeetus leuco-

cephalus) also are exposed to lead in the dead or
crippled waterfowl they consume, sometime re-
ceiving lethal levels (Kaiser ef al. 1980). Since
American kestrels frequent roadsides and many
urban areas where elevated lead levels occur, an
evaluation of the effects of ingested lead on shell
thickness and reproduction was designed. The re-
sulting data should also bé useful in assessing the
hazards posed by ingested lead to other species of
raptors, particularly eagles and peregrines.
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Materials and Methods

Ninety-six 1 to 6-year-old American kestreis (48 maie. 48 female)
from the captive colony maintained at the Patuxent Wildlife Re-
search Ceater. Laurel. MD. were randomly paired and assigned
on 7 November 1979 to outdoor pens (14.5m x 3 m x {.8 m)
containing a nest box, 2 covered perches. 2 hanging perches. a
covered feeding platform, and a water bowl (Porter and Wie-
meyer (970). Birds were fed 100 g of commerical bird of prey
diet/pair/day. Sixteen pairs containing equal numbers of each age
class were assigned to cach of 3 treatment groups: 0 ppm Pb
(control). 10 ppm Pb, or 50 ppm Pb. Diets were prepared in a
Hobart vertical cutter mixer and contained the appropriate
amount of metallic lead powder (0. 10, or 50 ppm: Chemical
Abstract Service Registry No. 7439-92-1) and were supple-
mented with Vionate® (1%), calcium phosphate (0.5%), and of
180 (0.0055%  N-[S-nitro-2-furfurylidene]-3-amino-2-oxazoli-
done). Uneaten food was removed daily and consumption mon-
itored. Birds were maintained on these diets until completion of
their clutch (5~7 months), at which time they were killed and
selected tissues (tibia, humerus, liver) were removed and stored
frozen until residue analysis.

Birds were weighed when the experiment started and moathly
thereafter. Nest boxes were filled with 15-20 cm of peat moss
and monitored until egg laying commenced. Once laying started,
boxes were checked each morning (0900 hr) and afternoon (1600
hr) and eggs sequentially numbered. Five to seven days after the
last egg was laid, eggs were removed and stored at 5°C. Length
and breadth were measured with a dial caliper (0.0l mm), then
each egg was opened by scoring the shell around the equator.
Fertility was determined on the basis of apparent embryonic
development. Egg contents were stored frozen in acid and sol-
vent-rinsed glass jars with teflon lid liners. Shells were stored in
egg cartons and air-dried a minimum of 30 days before shell
weight (0.0001 g) and thickness (0.01 mm) were determined. Rat-
cliffe indices were then determined (Ratcliffe 1967).

Lead residue analyses were done by Hazieton Raitech, Inc.,
according to the Association of Official Analytical Chemists
(1980) Methods 25.068-25.073 and 25.082-25.088. Lower limit of
reportable residues was 0.5 micrograms. All data herein are re-
ported as ppm, dry weight, except for diets. which were for-
mulated and analyzed on a wet weight basis. The shell and con-
tents of the third egg laid from each clutch (except for one 2-egg
clutch where the second egg laid was used) were analyzed for
lead as were all of the shells from five randomly selected clutches
(five egg clutches only) from the 50 ppm treatment group. The
livers from all the birds plus the tibias and humeri from 16 ran-
domly selected females (0 ppm = 5; 10 ppm = 6; 50 ppm = $)
were also analyzed. No bones from males were analyzed to re-
duce sample number and because it was felt that bone lead would
not be biologically significant in males whereas in females the
deposition of medullary bone and the importance of calcium me-
tabolism during shell formation necessitated an analysis of lead
levels in bones of females. Feed samples collected during the
study period were pooled into three samples per treatment and
analyzed for lead coantent.

The pooled feed samples were subsampied to provide a single
sample for nutrient analysis by Hazleton Raltech. Inc. Analyses
according to the Association of Official Analytical Chemists
(1980) were as follows: protein, Method 2.057; moisture, Method
16.233; fat, Method 7.058; ash, Method 14.006; crude fiber,
Method 7.066; vitamin A, Method 43.008; vitamin D, Methods
43.195 and 43.209. Other analyzed nutrients included carbohy-
drates (Watt and Merril 1963; p. 164}, calories (Watt and Merril
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Table 1. Mean body weights for male and female American kes-
trels fed 0, 10, or SO0 ppm metallic lead in their diet. November
1979-April 1980 (n = 6)

Weight (g) =
Treatment Sex standard deviation
0 ) 120.9 = 6.5

? 138.2 = 9.0
10 3 1206 = 7.8

Q 137.2 £ 89
50 ) 118.7 = 8.5

Q 1439 = 7.3

1963; p. 159-160), and total vitamin C (Roe and Kuether 1943).
Trace elements, including calcium and phosphorus, were deter-
mined by the method of Dahlquist and Knoll (1978) after sample
preparation according to Method 3.005 of the Association of
Official Analytical Chemists (1980).

Data concerning clutch size, interval between eggs, date of
first egg laid, and fertility were statistically compared by one-
way ANOVA. Fertility data were arc-sine transformed prior to
analysis to provide a more normal distribution. Clutch size and
fertility were also compared by x?. Data on shell thickness and
Ratcliffe indices were averaged by clutch, then treatment means
compared by ANOVA. Nested ANOVA (Winer 1962) was used
to determine effects of treatment and egg order on shell thickness
and Ratcliffe indices. Residue data were not normally distrib-
uted, requiring log transformation of the data prior to statistical
testing. One-way ANOVA was then used to evaluate treatment
effects. Nested ANOVA also was used to examine the possibie
effects of egg order on eggshell lead levels. Where significant
treatment effects were detected, Tukey's or Boaferroni (Neter
and Wasserman 1974) multiple comparison procedures were
used to separate means. All tests of significance were done at
the 0.05 level.

Results

Food consumption was similar between treatment
groups. Body weights were also similar. Mean
weights (Table 1) for males and females for the pe-
riod November 1979-Aprii 1980 were not signifi-
cantly different between treatments. Reproductive
performance between treatments was virtually iden-
tical. Of the 16 pairs per treatment that started the
study, one pair from each was lost before egg laying
and all pairs but one 10 ppm treatment level pair
laid and initiated incubation. Average date of initi-
ation of egg laying, mean number of days between
eggs, average clutch size, and percent of eggs fertile
were not significantly different among treatments
(Table 2). Shell thickness was 0.202 mm and mean
Ratcliffe indices varied no more than 1.5% between
treatments (Table 3), none of the differences being
significant; egg order did not have a significant ef-
fect on these values.

All of the egg contents analyzed for lead were
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Table 2. Mean clutch parameters of American kestrels fed 0, 10. or 50 ppm metallic lead in their diet, November 1979-May 1980

) Clutch initiated Interval between eggs Clutch size Fertility
Treatment n (Date = S.D)) (Days = S.D.) (Eggs = S.D.) (% = S.D.)
0 15 April 11 = 10.7 191 = 0.28 46 = 0.83 65.5 = 247
10 14 Aprii 8 = 9.5 1.90 = 0.15 49 = 0.53 66.6 = 27.8
50 15 April 10 = 9.4 1.86 = 0.21 4.7 = 0.59 74.1 = 25.4

Table 3. Mean shell thickness and Ratcliffe indices for clutches
of American kestrel eggs from females fed 0. 10. or 50 ppm
metallic lead in their diet

Table 5. Mean lead levels (ppm. dry weight) in livers of male
and female American kestrels fed 0, 10, or SO ppm metallic lead
in their diet

Shell thickness Ratcliffe index Males Females
Treatment n (mm = S$.D.) (=S.D) Treatment n (ppm + S.D.) n (ppm = S.D))
0 ‘15 0.202 = 0.014 1.057 = 0.054 0 15 0.43 = 0.09A* 15 0.33 = 0.05A
10 14 0.202 = 0.013 1.073 = 0.045 10 15 0.67 = 0.76A 15 0.76 = 0.65A
50 15 0.202 = 0.015 1.063 = 0.066 50 16 1.3 = 1.00B 14 24 = 140C

Table 4. Mean lead levels (ppm. dry weight) in eggshells of
clutches from American kestrels fed 0. 10. or 50 ppm metallic
lead in their diet

Treatment n Shell lead (ppm = S.D.)
0 15 1.2 £ 1.7
10 14 1.7 = 2.7
50 15 0.6 =03

below the detection limit of 0.5 micrograms. Mean
eggshell lead (Table 4) was as high as 1.7 ppm. but
the variation was such that no treatment effects
were detected. In those clutches in which all shells
were analyzed, no effect of egg order was found.
Significant differences among treatment levels were
found in liver lead (Table 5). Males from the 50 ppm
treatment level had three times more lead than in
the livers of control males whereas the 50 ppm
treatment level females had 7 times more lead than
the control females. Lead levels in the livers of the
10 ppm treatment level were elevated but not sig-
nificantly. Additionally, the liver lead levels in the
50 ppm treatment level females were significantly
higher than in the males.

Significant treatment effects were evident in the
tibia and humerus lead levels (Table 6). Females
from the 50 ppm treatment levels accumulated 3.8
times more lead in their humeri and 19 times more
lead in their tibia than control females. Although
the 10 ppm treatment ievel females exhibited a trend
towards elevated bone lead. the difference was not
significant. The tibia tended to accumulate more
lead (Table 6); levels were 4.6 times greater than
humerus levels in 50 ppm treatment level females.

Actual lead levels found in the diets are shown in
Table 7. Wet weight levels were within 10 percent

* Means which do not have a letter in common were significantly
different (p < 0.05)

Table 6. Mean lead levels (ppm, dry weight) in humeri and tibias
of American kestrel females fed 0, 10, or 50 ppm metallic lead
in their diet

Humeri ) Tibias
Treatment n (ppm = S.D.) (ppm = S.D))
0 5 3.5 = 2.4A® 3.2 2 24A
10 6 4.4 = 1.6A 9.1 = 6.0A
50 5 13.5 = 5.2B 62.0 + 25.0B

% Within a column, means which do not have a letter in common
were significantly different (p < 0.05)

of projected levels. Nutrient content (Table 8) and
trace elements (Table 9) are provided as background
information. The calcium/phosphorus ratio was
1.6/1.0.

Discussion

No detectable reproductive effects associated with
the lead ingested by the American kestrels in this
study were found. Food consumption and body
weights were similar between treatment groups
throughout the study. Significant lead exposure had
occurred since Franson et al. (1983) found that
the same birds as in this study exhibited a signifi-
cant depression in delta-aminolevulinic acid dehy-
dratase (ALAD) activity of 61% in the 10 ppm treat-
ment group and 80% in the 50 ppm treatment group
when sacrificed. As in the measurements reported
here. no other adverse effécts were evident. Dosing
mourning doves (Zenaida macroura) and ringed
turtle doves (Streptopelia risoria) with lead shot re-
sulted in a 87-90% inhibition of ALAD (Kendall and
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Table 7. Mean lead levels (ppm, wet weight and dry weight) in
diets fed to American kestrels, November 1979-May 1980

Table 9. Trace clement analysis (mg/100 g) of the diet given
American kestrels, November 1979-June 1980

Lead, wet weight Lead, dry weight

Treatment n {(ppm = S.D.) (ppm = $.D))
0 3 0.1} = 0.03 0.23 = 0.04
10 3 9.7 =0.12 19.80 = 0.66
50 3 540 = 0.25 104.40 + 5.60

Table 8. Nutritional analysis of the diet given American kestrels,
November 1979-Jjune 1980

Protein (%) 19.1
Moisture (%) 56.7
Fat (%) 9.4
Ash (%) 5.4
Crude fiber (%) 0.6
Carbohydrates (%) 8.8
Calories (per 100 g) 196.0
Vitamin A (IU/100 g) 560.0
Vitamin C (mg/100 g) >1.5
Vitamin D (1U/100 g) <18.

Scanlon 1982b; Kendall er al., 1982). The lead
powder seemingly mimicked lead shot exposure
and biologically-incorporated lead relatively well.
Bone and liver lead levels were higher than in
American kestrels dosed for 60 days with lead shot
or homogenized, lead-poisoned ducks (29.3 ppm
lead, wet weight) (Stendeil 1980) but egg contents
were below those reported in American kestrels by
Lincer and McDuffie (1974). Their level of sensi-
tivity for lead was lower than in this study. Damron
and Wilson (1975) found lead acetate and lead shot
to be more toxic to bobwhites (Colinus virginianus)
than lead powder. Liver and bone lead levels were
lower than reported in doves dosed with lead shot
(Kendall and Scanlon 1982b; Kendall er al. 1982),
suggesting a lower rate of uptake of lead powder in
kestrels compared to lead shot in doves. However,
under the experimental conditions reported here, it
is felt that a realistic exposure level was obtained.

No detectable shell thinning occurred. The cor-
relation between lead in the shells and shell thick-
ness in European kestrels reported by Grandjean
(1976) could not be confirmed in American kestrels.
Lincer and McDuffie (1974) also failed to find any
relationship between lead levels and shell thickness
in American kestrels. The sample utilized by
Grandjean (1976) was a biased one because it rep-
resented unsuccessful eggs rather than a random
sample from the population; the organochiorine res-
idues reported also were biased by discarding the
embryos prior to analysis. The correlations re-
ported were weak (R? = 31-35%), not surprising

Calcium 1470.0
Phosphorus 900.4
Magnesium 534
Sodium 231.6
Aluminum 3.66
Barium 0.93
Iron 13.6
Strontium 3.0
Boron 0.14
Copper 0.46
Zinc 8.0
Manganese 3.0
Chromium 0.054

considering the natural variation in eggshell thick-
ness and lead residues and the variation in mea-
suring these factors. No correlations between shell
lead and shell thickness existed in this study and
shells from the 50 ppm treatment level were as thick
as those from control birds. The evidence strongly
suggests that lead does not contribute significantly
to eggshell thinning and the correlation between
shell thickness and lead reported by Grandjean
(1976) was spurious.

Liver lead levels approximated those reported as
background levels in other species. The 10 ppm
treatment level birds had liver lead levels similar to
those reported by Maedgen et al. (1982) in royal
terns (Thalasseus maximus) and Sandwich terns (T.
sandvicensis) and exceeded those of meadowlarks
(Sturnella neglecta and S. Magna) associated with
an interstate highway in Kansas (Udevitz er al.
1980). The higher liver lead levels in the 50 ppm
treatment group were lower than those reported in
the livers of laughing gulls (Larus atricilla) from
Texas (Munoz et al. 1976) or pigeons from urban
environments (Hutton and Goodman 1980; Johnson
et al. 1982), more resembling the rural songbirds
examined by Getz et al. (1977b) and the rural pi-
geons examined by Johnson et al. 1982 or Kendall
and Scanlon 1982a. In contrast to these studies,
bone lead levels in these kestrels were low or in-
termediate. These tissue lead levels probably reflect
the relatively short exposure time (5-7 months) but
do indicate the test was a valid one for chronic ex-
posure. None of the earlier referenced ficld studies
found any adverse effects associated with the lead
exposure in the species they examined.

Although bone lead levels were not compared be-
tween sexes, Finley et al. (1976) and Hutton and
Goodman (1980) found differences between males
and females that they associated with differential
calcium absorption during eggshell formation.
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Hutton and Goodman (1980) speculated that intes-
tinal lead absorption might also be greater at this
time. This study appears to confirm this hypothesis,
since female liver lead levels were higher than the
comparable males, and the tibia (a major storage
site of medullary bone) was considerably higher in
lead content than the humerus (a minor medullary
bone storage site). Differential absorption and de-
position of lead was evidently occurring. However,
little of this lead was transferred to the eggshell or
egg contents and there was no apparent effect on
eggshell formation.

The kind of chronic, sublethal lead exposure this
study attempted to duplicate is undoubtedly
common. Cases of lead shot poisoning in raptors
exist and lead poisoning is an important source of
mortality in bald eagles (Pattee et al. 1981); nine of
168 dead bald eagles (5.4%) examined 1975-1977
died of lead poisoning (Kaiser er al. 1980). Ex-
cluding outright mortality, the results of the present
study suggest that the typical chronic lead exposure
most raptors receive is unlikely to cause reproduc-
tive problems through the initiation of incubation
nor is lead a major cause of shell thinning under
normal conditions. Adverse effects associated with
hatching, growth and survival of young, or long-
term exposure were not investigated. Effects of
lead, such as shell thinning, might occur if the diet
was nutritionally inadequate but would probably be
minor when compared to the effects of poor nutri-
tion.
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