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The goal of the study was to investigate the accumulation
and spatial patterns of spent lead (Pb) shot pellets and the
prevalence of shot ingestion in red-legged partridge in a driven
shooting estate. Soil was collected using a regular sampling
design perpendicular to three shooting lines. Factors involved in
shot spatial distribution were investigated by a causal
structural equation model (SEM). Shot ingestion prevalence
and liver and bone Pb concentrations were studied in partridges
hunted in 2004 and 2006. Shot soil-burden averaged 73 600 units/
ha (i.e., 8.1 kg/ha). Shot density was significantly higher in
front of than behind shooting lines, with greatest accumulation
occurring at between 40-110 m and in certain ecotones
(i.e., shrubland-drycropland).Analysesrevealed7.8%ofpartridges
with evidence of Pb shot ingestion. Particle size in diet, grit-
size composition, and shot ingestion prevalence were significantly
higher in 2004 than in 2006, indicating that supplying partridges
with large seeds (i.e., corn) may increase the risk of Pb
shot ingestion. Moving shooting lines into croplands and
controlling seed size used for diet supplementation may reduce
shot ingestion.

Introduction
Lead (Pb) poisoning of waterfowl by ingestion of shot pellets
spent in hunting activities has been observed for well over
a century and is currently recognized as a major ecological
problem in many European countries and in North America
(1, 2). There can often be a high accumulation of pellets in
flooded sediments where shooting has taken place in the
same places year after year. In addition, if there is also a
scarcity of adequate grit to serve as gastrolites, certain
wetlands can pose a high-risk of Pb exposure as waterbirds
are highly likely to ingest Pb pellets instead of grit (3, 4).

Unfortunately, shot ingestion is not restricted to wetland
ecosystems. Locke and Friend (5) reviewed available infor-
mation and reported that 31 free-ranging nonwaterfowl avian
species had died due to Pb pellet ingestion. Reports on
galliform species poisoned by Pb shot ingestion have

proliferated in recent years (6–10). Kendall et al. (11) warned
that there was increasing evidence of widespread deposition
of Pb in terrestrial ecosystems, and recommended that further
work be done to investigate the prevalence of Pb shot
ingestion in birds and to assess the risk of toxic effects from
hunting activities outside wetlands. Recent reports have noted
the incidence of Pb poisoning in grey partridge (Perdix perdix)
over the last four decades in the UK (9), and high bone Pb
concentrations in American woodcock (Scolopax minor) in
Canada (12). Despite this scenario, few detailed studies on
spent-shot burden in upland habitats are available (13–17).

In Spain, the risk of Pb poisoning in upland gamebirds
may increase because recreational upland hunting estates
have proliferated rapidly in recent times. There has been a
growing demand for red-legged partridge (Alectoris rufa;
hereafter partridge), and this has led to an artificial increase
in hunting bags (>4 million/year (7)) by the release of farm-
reared partridges in many areas. Although hunting partridge
is very important in southern European countries, there is
currently little information on Pb shot prevalence in this
species (7, 8).

The main goals of the present work were focused on the
analysis of Pb-shot burden in a terrestrial system represen-
tative of small-game estates in Europe and the estimate of
Pb prevalence in the most important upland gamebird species
in Spain. Specifically, we aimed to define spatial patterns of
spent-shot accumulation in the soil and the factors influenc-
ing this, as well as to determine the real risk that the degree
of exposure observed may pose.

Material and Methods
Study Area. The study was carried out on a private upland
small-game hunting estate located in a farm called Orán with
a surface area of 3500 ha, in central-southeastern Spain. Two
thirds of the land is occupied by irrigated and dry cereal crop
fields (corn, Zea mays, and barley, Hordeum vulgare,
respectively). Dry cropland is managed traditionally, by
alternating yearly cultivation (November-June) with fallow.
For the last two decades, cornfields have been irrigated using
center-pivots, which has resulted in a highly productive agro-
system allowing one April-November cultivation cycle every
year. The remaining surface area is covered by natural
vegetation, consisting of sparse middle-height shrubland
dominated by Stipa tenacissima, Rosmarinus officinalis,
Thymus vulgaris, Quercus coccifera, and Juniperus oxycedrus.
The soil is thin, stony, and formed of basic calcareous
material. The climate is Mediterranean (annual mean tem-
perature ) 13.6 °C, annual rainfall ) 367 mm), with a
pronounced summer drought during July and August.

The partridge hunting season extends from October to
February. On the estate studied, partridges are hunted by
driven shooting (“ojeo” in Spanish), a common and wide-
spread technique in Spain. In this hunting technique,
gamebirds are flushed from plant cover over a line of hunters.
In the study area used, there were 30 fixed shooting lines,
with 16 stations at each one. Stations consisted of 2 m wide
stony parapets, which were spaced around 40 m apart, usually
hiding one hunter each. Ammunition employed were car-
tridges of caliber no. 7 (or no. 6 to a lesser extent). The
partridge population (3000-4000; A. Sánchez, Pers. comm.)
was wild (i.e., stocks for shooting were not supplemented by
reared-gamebird releases), although birds were supplied with
water by means of small artificial water-holes during summer,
and with additional food by spreading corn and barley seeds
on paths crossing the shrubland areas. Hunting on the estate
has been practiced since the 1950′s. The intensity of shooting,
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however, is markedly variable. The frequency of partridge
hunting events (i.e., several driven shootings in a day) per
year ranges 0-2, depending on the reproductive success of
partridge in the previous brooding season. The number of
hunter ranges could vary from 6 to 16 per line, and the
selection of lines for hunting was not systematic (although
central zones were used more frequently). Hence, gathering
precise data on hunting history was not possible. European
rabbits (Oryctolagus cuniculus) are abundant in the area.
Their population is controlled by hunting, which concentrates
on the shrubland-cropland ecotones, the preferred habitat
of this species. Here, stones removed from croplands are
piled at the edges, forming brood refuges for rabbits.

Spent-Shot Estimate. Three shooting lines (zones) were
selected, each having similar features, except for the distance
to the croplands. The entire line and its influence area (i.e.,
200 m around it, the maximum trajectory of no. 6 and no.
7 pellets (18)) were located within the shrubland zone and
did not interfere with other lines or their influence areas.
Orientation of lines was always SW-NE, and the territory
was flat at all three locations.

In each shooting line, five perpendicular linear transects
were established. Transects were 300 m long: 200 m ahead
and 100 m behind the shooting line. The separation between
two consecutive parallel transects in the line was three
shooting stations (around 120 m).

Sampling was carried out during September 2004. At each
transect, 30 plots were arranged at fixed intervals of 10 m,
i.e., 20 plots ahead and 10 behind the shooting line. This
design is justified since hunters shoot ahead much more
frequently than they do behind. Plots were 1 × 2 m in area,
positioning the longer plot-side parallel to the shooting line.
In each plot, five soil quadrants of 15 × 15 cm were randomly
placed and excavated to 1 cm depth (16), using a garden
spade. Soil-depth sampling is justified since partridges often
scratch the soil surface with the beak and feet when looking
for food (19), and so, slightly buried pellets are potentially
available. The five soil samples from each plot were gathered
together in one labeled plastic bag forming a composite soil
sample. Hence, we collected 150 soil samples at each shooting
line. Distances between transects, sampling plots, and from
plots to ecotones (if changes occurred), were confirmed by
means of digital ortho-photographs using ArcMap 9.1
software (ESRI, 2001) and/or GPS geo-references.

In the laboratory, soil samples were poured through 1 cm
and 1 mm mesh sieves, in order to eliminate big elements
and to reduce soil bulk and aggregation, respectively. The
remaining soil fraction was checked with a binocular
microscope for the presence of Pb shot. Noneasily recogniz-
able or surface-degraded Pb pellets in the soil were scratched
with a scalpel to confirm their presence in the sample. A
random sample of spent shot pellets recovered from the soil
(n ) 30) was weighed and sieved at different mesh sizes
(those used in the granulometric analysis of grit; see below)
to determine their dimensions.

Prevalence of Pb Shot Ingestion in Partridge. The owners
of the estate donated 10 and 54 gamebirds that were shot
and killed during two driven shootings at the beginning of
the hunting season (at the end of October) in 2004 and 2006,
respectively (in 2005, partridge hunting was not practiced
on the estate). Twelve additional partridge gizzards taken
from birds that were also driven-shooting hunted were
received for analysis in 2006. Partridges were weighed and
wing and tarsus were measured before necropsy. Sex was
determined by gonad examination, and juveniles (<1 year
old) were identified by the presence of the Fabricius bursae.
Samples of liver and femur were collected for Pb analysis.
Crop content was examined by counting and identifying
elements (seeds for the most part). Samples of seeds (n ) 10
for each species, if possible) recovered from the crops were

weighed. The gizzard examination followed the protocol
established by Pain and Eon (20) and Butler (8). Gizzards (n
) 76) were checked for shot entry holes and dissected.
Content was washed and examined under a binocular
microscope. All pellets found were checked for signs of being
shot into the gizzard. Such shot tended to be deformed by
impacts and was therefore not round in shape. Likewise it
had fresh, exposed Pb surfaces which were shiny. Ingested
shot tends to be very round and dull in appearance. Grit in
gizzards (excluding pellets) was sieved through 5, 4, 3, 2, 1,
and 0.5 mm mesh-sizes.

Lead Determination. Samples of liver and femur were
freeze-dried and 0.3-0.5 g were digested with 3 mL of HNO3

(69% Analytical grade, Panreac, Spain), 1 mL of H2O2 (30%
v/v Suprapur, Merk, Germany) and 4 mL of H2O (Milli-Q
grade) with a microwave digestion system (Ethos E, Milestone,
Italy). Samples were diluted to a final volume of 50 mL with
Milli-Q H2O. The determination of Pb was achieved using a
graphite furnace-atomic absorption spectrometer (AAnalyst
800; Perkin-Elmer, U.S.) equipped with an autosampler AS
800 (Perkin-Elmer) and used 50 µg NH4H2PO4 and 3 µg
Mg(NO3)2 as a matrix modifier (Merck) in each atomization
for Pb. Calibration standards were prepared from a com-
mercial solution with 1 g/l of Pb (Panreac). The limit of
detection was 0.073 µg/g dry weight (d.w.). Blanks were
processed in each batch of digestions. Reference samples of
bovine liver (BCR 185R, Community Bureau of Reference)
and bone ash (SRM 1400, National Institute of Standards
and Technology, U.S.) were analyzed (n ) 8 and 12,
respectively) and the recovery (mean ( SE) of Pb was 94.4
( 5.8% and 94.5 ( 1.8%, respectively. Concentrations are
given in dry weight (d.w.).

Data Analysis. Data on Pb-shot density in soil (log
transformed) were subjected to a multifactor ANOVA, in order
to test significant differences depending on zone and shooting
direction. Cases responsible for differences were detected
using the Fisher least significant difference test (LSD test) at
p < 0.05.

To show a smoothed spatial distribution of the number
of pellets within each zone, we carried out a local deter-
ministic interpolation technique based on the extent of
similarity (Inverse Distance Weighted, IDW (21)), using
ArcMap 9.1 software (ESRI, 2001). IDW interpolation explicitly
implements the assumption that things that are close to one
another are more alike than those that are farther apart. Thus,
IDW assumes that each measured point has a local influence
that diminishes with distance. It works better if sample points
are evenly distributed throughout the area and if they are
not clustered (21), such as in our sampling design.

Factors determining the spatial distribution of spent shot
pellets were investigated by structural equation modeling
(SEM), also called “path analysis” (22). SEM is an advanced
statistical method which operates on the basis of causal
relationships, in contrast to classical statistical methods (e.g.,
ANOVA), where the data usually come from controlled
experimental design with a predictive or explicative goal.
Therefore, SEM can be used to confirm or discard a
hypothesized causal model (i.e., causal relationships in
observed data). For the estate studied, available information
on variables related to hunting activity (e.g., abundance and
distribution of hunting species, number of individuals killed,
number of cartridges fired) was incomplete. We neither found
data about flight height of partridges during driven shootings,
average angle (azimuthal and zenithal) of shootings, wind
effect on deviation of partridge flight, etc. Consequently, we
were forced to define some variables subrogated to factors
to be investigated. We hypothesized that (i) the spatial
distribution of pellets depends directly on the driven shooting
practice, exerting an uncontrolled (unknown) effect on
partridge flight features, and on the physical characteristics
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(angles) of shooting; (ii) the spatial distribution imposed by
driven shooting practice is broken when, in addition, other
hunting techniques are carried out on the same estate; and
(iii) the density of pellets depends directly on shooting
quantity, which in turn depends on the abundance of game
animals.

As a consequence of Hypothesis 1, some places within a
shooting-line area should have a higher probability of
containing Pb shot pellets than others. To locate these places,
we have defined two variables, i.e., the distance from any
sampling point to the central shooting station (DC), and to
the northern shooting station (DN). Regarding Hypothesis
2, it is well-known that rabbits are especially abundant near
certain ecotones (see the study area description). Here, there
is a higher probability that shots will be fired straight at the
soil, when rabbits are hunted. The distance from sampling
point to the nearest ecotone (Deco) is a reasonable way of
quantifying the unexpected high concentration of Pb shot
due to rabbit hunting. Hypothesis 3 is based on the knowledge
that partridges do not reproduce within irrigated croplands.
Consequently, where there is a higher amount of irrigated
surface, there will be a lower partridge density in a zone.
Conversely, the higher the distance is to irrigated croplands,
the higher the partridge population. We have quantified this
hypothesis by the ratio “irrigated surface (ha)/square distance
(km2) from gravity center of the irrigated surface to the
shooting station”. There were two important irrigated surfaces
on the estate: one located to the north of our study zones
(the ratio was denoted as R1) and other one to the southeast
(R2). Moreover, we have added an indicator variable to denote
the direction of shooting (S, with value equal to 1 to refer to
the area in front of the shooting line, and equal to 0 to refer
to the area behind). All possible covariants between exog-
enous (independent) variables were also considered in the
modeling. SEM was performed using AMOS 6.0 software.

The dependence of Pb concentration (log-transformed)
in liver and femur on shot ingestion (i.e., shot pellets in
gizzards), year of sampling, sex, and age was investigated
with a general linear model (GLM). Pb-shot ingestion was
compared between years by a contingency table with the
Fisher’s exact test. The size-class composition of grit in
gizzards, obtained in the granulometric analysis, was com-
pared between years by a MANOVA. Normality and ho-
moscedasticity of samples were previously confirmed. The
effect of Pb on body condition of birds was studied with a
GLM using the ratio between body mass and wing length as
a dependent variable, sex as a factor and lead concentration
in liver or femur as covariants. The effect of Pb on the mass
of the liver, spleen or abdominal fat was also studied including
these dependent variables instead of body condition in the
model.

Results
Spent-Shot Availability and Spatial Patterns. The average
number of pellets in the soil was 73 600 units/ha, which is
equivalent to 8.1 kg/ha (assuming a mean weight of 0.110 g
per pellet; SD ) 0.021; n ) 30). Pellet density did not differ
significantly among zones in spite of the interzone variability
registered (range: 59 400-96 000 pellets/ha). Shooting direc-
tion affected shot pellet accumulation significantly, which
was 3-fold higher in front of than behind shooting lines. The
highest shot-pellet density was located between 40 and 110 m
in front of lines (Figure 1). All spent shot pellets (n) 30) were
sized within the 2-3 mm range.

Different patterns in the spatial Pb shot distribution were
detected among zones (Figure 1). Shot distribution is well
explained by the hypothesized path diagram (Figure 2). The
reduced model explained adequately the variance-covariance
matrix of the sample (p ) 0.74) and did not differ from the
original one (�2 ) 3.65, p ) 0.30). All causal variables except

R2 had a relative high importance in explaining shot content
in sampling points (Figure 2). Zones 2 and 3 showed similar
general patterns in spatial shot distribution, but greatly
differed from that in Zone 1 (Figure 1). This zone also differed
in the magnitude of subrogated variables Deco (lower) and R1

(higher), which contrasts with the similarity between the other
two zones.

Lead Shot Ingestion and Tissue Pb Concentrations in
Partridges. Liver Pb concentration depended on shot inges-
tion (F ) 10.77; df ) 1; p < 0.05; Table 1), but not on year
of sampling, sex, age, or any interaction of factors. In contrast,
femur Pb concentration did not correspond with shot
ingestion (Table 1), but increased with age (F ) 6.11; df )
1; p < 0.017) and was higher in 2004 than in 2006 (F ) 9.33;
df ) 1; p < 0.004; Juveniles 2004 (mean ( SE): 4.64 ( 3.16,
Juveniles 2006: 0.74( 0.32, Adults 2004: 18.68( 17.31, Adults
2006: 1.74 ( 0.37 µg/g).

The prevalence of Pb pellet ingestion varied between years
(Fisher’s exact test; p < 0.05). In 2004, 20% of partridges
sampled (n ) 10) had ingested Pb shot-pellets in the gizzard
in contrast with only 1.5% in 2006 (n ) 66; 54 complete
partridges analyzed plus 12 additional gizzards; Table 1). No
effect of Pb prevalence on body condition, weight of liver
and spleen, or abdominal fat was detected.

Partridges from 2004 had a higher weight of total grit in
gizzards (mean ) 2.98 g; SD ) 0.60; n ) 10) than those from
2006 (mean ) 2.28 g; SD ) 0.69; n ) 66; t74 ) 3.02; p < 0.01).
In addition, the size-class composition of grit significantly
differed between years (MANOVA: Wilks Lambda ) 0.75; F
) 3.68; p < 0.01), whereby the 2-3 mm fraction was higher
in 2004 (20.4%) than in 2006 (11.9%; F ) 11.85; df ) 1, 73;
p ) 0.001).

The analysis of seed content in crops revealed interyear
variations in the diet of partridges. In 2004, the diet was
predominantly formed of corn seeds (90.7% of total biomass
recovered from crops). In 2006, barley (72%) and smaller
seeds (Teucrium capitatum and Datura stramonium) were
the major component, whereas corn represented 21,5%.

Discussion
Spent-Shot Availability and Spatial Patterns. Although
comparisons with other studies are difficult due to differences
in methodological aspects, two general remarks can be made.
Our results are in accordance to the general trend deduced
from the literature: Pb shot densities are often lower in
terrestrial than in wetland habitats (see for instance Mateo
et al. (23, 24), who found 1.5-3.3 million pellets per ha in the
upper 20 cm of sediment of Spanish wetlands). This would
reflect the extremely high hunting pressure that many
wetlands have suffered historically. Second, the estimates
assessed in the present study were within the range of
magnitudes usually recorded in upland ecosystems dedicated
to intensive game hunting (13–17, 25). However, our records
were higher than many prehunt (13, 14, 16) shot densities
estimated in mourning dove (Zenaida macroura) fields, even
though these systems accommodate more intense hunting
regimes. Such differences may be explained because the soil
in the study area is not tilled, as opposed to the cultivated
mourning-dove fields. Tillage periodically redistributes par-
ticles into the soil, reducing the density of pellets accumulated
near the surface throughout the hunting season (13, 14, 26).
In addition, the compact nature of the soil analyzed
(particularly dry and stony) may significantly attenuate the
shot settlement rate (27, 28). Such upper soil-layer shot
accumulation, in combination with the scratching feeding
activity of partridges (19), may be critical as regards to Pb
exposure risk for this species.

Most subrogated variables were included in the significant
causal model for dispersion of shot pellets. In terms of the
three hypotheses underlying the analysis, as regards Hy-
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pothesis 1, the driven shooting technique induces shot pellets
to accumulate in the central area in front of the shooting
lines, reaching the highest density between 40 and 110 m
from the stations. Bonet et al. (29) found a similar pattern
in sediments of two lagoons in SE Spain, whereby the highest
shot concentration was found between 70 and 120 m in front

of shooting stations, and the lowest between 180 and 200 m.
Our study also demonstrates that other techniques, apart
from driven shooting, can affect spatial patterns (Hypothesis
2). Rabbit hunting is widespread in the Iberian Peninsula,
and here, caused increased shot concentrations in dryland-
shrubland ecotones. In addition, unsuitable habitat for game

FIGURE 1. Spatial distribution mapping of shot pellets within each shooting line, resulting from the inverse distance weighted
interpolation. Arrows show shooting direction from lines. Quadrants denote location of shooting stations included in sampling
transects.

6274 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 16, 2008



animals may be used less, i.e., shot pellets in areas close to
irrigated cornfields were less abundant (Hypothesis 3). The
strong influence of these factors in Zone 1, rather than in
Zones 2 and 3 (reflected by the contrasting values in
subrogated variables Deco and R1) may explain the different
spatial patterns detected. In Zone 1 shot was concentrated
in the SW area, whereas Zones 2 and 3 showed higher relative
densities in the central and NE areas. Dryland-shrubland
ecotones were more abundant and close to Zone 1, in the
S and W areas. In addition, partridges may fly in this direction
rather than toward the irrigated cornfield area (to the north)
when escaping during driven shooting, seeking the cover of
natural shrubland. From these observations, it can be
concluded that the spatial distribution of spent shot pellets
in an upland area is quite variable, even among locations
that are near each other. Likewise, it is strongly influenced
by local traits such as the proximity of croplands and, of
course, the hunting techniques practiced.

Lead Shot Ingestion and Tissue Pb Concentrations in
Partridges. Our data show that 7.8% of partridges had either
shot in the gizzard, and/or >5 µg/g d.w. of Pb in liver. There
is little information on shot ingestion in A. rufa, in spite of
the interest in this species as a gamebird. Soler et al. (7)
found one partridge with ingested shot when analyzing a
small sample (n ) 7) from eastern Spain. The prevalence
assessed in the present study can be considered high if
compared with Butler’s (8) results, who determined 0.16%
and 1.4% prevalence when analyzing historical and current
data on British partridge populations, respectively. Walter
and Reese (6) detected 5.7% Pb shot prevalence in gizzards

of chukars (A. chukar) in a shrub-steppe community. Our
study also demonstrates that ingestion is a major pathway
for Pb exposure in partridge. Indeed, elevated Pb levels in
partridge livers were positively related to shot ingestion.
Neither age nor sex influenced Pb concentrations in liver,
which is in contrast to several studies on waterfowl species
(e.g., refs 30and 31). The good concordance between the
presence of shot in gizzards and Pb concentrations in livers
suggests recent exposure to Pb shot (23). In addition, the
femur analysis would indicate long-term Pb exposure of
partridges in the study area. Lead absorbed tends to
accumulate in bones (30). Thus, significantly higher femur
Pb concentration in adults than in juvenile partridges is
consistent with the idea that the partridge population
analyzed has been exposed to shot for long time. These results
highlight the risk of A. rufa being exposed to Pb shot in upland
game estates, and there is now a need for further research
and monitoring in order to evaluate the risk posed and the
scale of the issue for this important gamebird species.

We found no evidence of a link between elevated Pb levels
in tissues and any health indicators (i.e., body condition,
organ weight, abdominal fat). Partridge and other galliforms
may be more resistant to Pb toxicosis than other species
(7, 32) but Pb-pellet dosing studies on partridges are needed
to confirm this. In addition, a certain percentage of upland
birds may ingest large numbers of pellets (g2) but may be
unavailable to hunters because they exhibit sickly sheltering
behavior, or die quickly as a consequence of the acute lead
toxicosis (11, 16). It is possible that our study did not detect
these partridges with pathological symptoms and that there

FIGURE 2. Path diagram for variables affecting dispersion of Pb spent shot-pellets in hunting zones studied. Shot number was log
transformed (LOG9(Pb)). Two headed curved arrows depict standardized covariances (correlations). One headed arrows depict causal
relationships. Positive effects are showed by dashed lines and negative ones by solid lines. Numbers near arrows indicate
standardized path coefficients. Widths arrows are proportional to path coefficients. Likelihood Chi-square ) 5.98, df ) 9, p ) 0.74.
Subrogated variables: DC ) distance from any sampling point to the central station of the shooting line, in meters; DN ) distance
from any sampling point to the northern station of the shooting line, in meters; Deco ) distance from any sampling point to the
nearest ecotone (dry cropland-shrubland), in meters, R1 ) surface of irrigated croplands in Area 1 divided by the square distance
from gravity center of the irrigated surface to the shooting station, in ha/km2; R2 ) same for Area 2 (see the text for more details).

TABLE 1. Lead Concentration in Liver and Femur of Partridges

liver Pb (µg/g) femur Pb (µg/g)

year Pb shot ingestiona n mean ( SE range mean ( SE range

2004 - 8 2.17 ( 1.18 NDb-10.09 14.21 ( 10.71 0.87-87.90
+ 2 21.51 0.19-42.83 1.46 0.70-2.21

2006 - 53c 0.58 ( 0.15 ND-5.73 0.84 ( 0.28 ND-14.62
+ 1 30.73 3.47

a +, Partridges with Pb shot ingested; -, partridges without Pb shot ingested. b ND ) nondetectable. c Plus 12 additional
gizzards examined.
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has then been an underestimation in the level of pellet
ingestion, and its impact at the population level.

The study revealed trends in shot ingestion prevalence,
grit-size composition, and particle size in diet with time, in
that all three traits were significantly higher in the sample
from 2004, than in that from 2006. The consumption of harder
and coarser foods is generally associated with the use of
larger grit by birds (33), and the corn supplemented in 2004
may have resulted in a higher requirement for 2-3 mm sized
grit. The size of the spent shot-pellets recovered from the
soil in our study was 2-3 mm, and this change in grit selection
may have increased the risk of Pb shot ingestion. Pain (3)
and Mateo et al. (4) found an interspecific relationship
between lead shot ingestion and the presence of grit >2 mm
in Anatidae. In an experimental study, Trost (34) observed
a similar selection by mallards of grit and shot mixed in a
feeder, but they had the ability to discriminate between shot
and food (corn or sorghum). Although these studies indicate
the confusion of Pb shot with grit particles in waterbirds,
another reason for shot-ingestion should be also considered
in upland birds living in habitats where grit is not limiting.
Schulz et al. (16) suggested that pellet ingestion by mourning
doves may be due to confusion with seeds, since a high
percentage of birds contained large numbers of pellets in
the gizzard. Soler et al. (7) found a partridge with 14 shot
pellets ingested. Indeed, Fumaria fruits resembling the shape
(spherical) and size (2-2.25 mm) of shot pellets were
recovered from crops of partridges analyzed in the present
study. If partridges actively select spent pellets by misiden-
tification with seeds, then the risk of Pb exposure would be
higher than that deduced only from pellet density in the soil.
Experimental research is urged in this direction.

Conservation and Management Implications. Physical
characteristics of partridge shrubland-habitat severely restrict
the practice and effectiveness of most common remediation
measures suggested in the literature for alleviating shot
ingestion. An eventual solution however should be consid-
ered: shooting lines and their influence area (i.e., 200 m
around) could be moved into dry-crop fields, next to
shrubland areas from where partridges would be driven.
There, tillage (26) and other practices (e.g., removal of upper
soil (29), gunshot removal by hand (24)) are possible. It should
also be stressed that artificial supplementation of partridge
diet by offering seed supply rich in corn should be avoided,
since it is likely to increase shot ingestion.

However, the substitution of Pb by nontoxic ammunition
is the only unique, effective, long-term solution, and is
probably less expensive than the periodic operations cited
above. Most national legislation has systematically ignored
ecosystems other than wetlands thus far, in restricting the
use of Pb ammunition. Recent studies, including this one,
should encourage governments to consider terrestrial eco-
systems that are vulnerable to this problem, and priority
should be given to monitoring and evaluation of the potential
risks on terrestrial estates, extending current restrictions on
Pb shot use where necessary.
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