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• Soil pellet density shows high variability between sites.
• Site Pb(II) concentrations in soil and
waters do not correlate with site pellet
density.
• Site Pb(II) concentration in grasses does
not follow site Pb(II) content in soil.
• Pellet Pb is oxidized, solubilized and
distributed over the site by surface waters.
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a b s t r a c t
The pollution of wetlands by lead derived from waterfowl hunting with lead shot was investigated. We determined soil pellet density and Pb concentration in soil, water and vegetation in natural wetlands and rice ﬁelds
in central-eastern Santa Fe province, Argentina. Pellet density varied greatly among hunting sites (between
5.5–141 pellets/m2) and pellets were present in some control sites. Soil Pb concentration in most hunting sites
(approximately 10–20 mg kg−1) was not much higher than in control sites (~5–10 mg kg−1), with the exception
of the site with highest pellet density, which also had a high Pb soil concentration. In water, on the other hand, Pb
concentration was similar in all sites (~4–7 μg L−1), both control and hunting, and higher than reference values
for aquatic media. Lead was also present in vegetation, including grasses and rice crops, in almost all cases. Most
soil-collection sites were slightly acidic, and were frequently ﬂooded. These results strongly suggest that metallic
Pb from spent shot is oxidized and dissolved due to wetland conditions. Thus, the pollutant is readily mobilized
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and distributed across all wetland areas, effectively homogenizing its concentration in locations with and without
hunting activities. The replacement of lead by nontoxic materials in pellets appears to be the only effective way to
prevent Pb pollution in wetlands.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Lead poisoning of waterbirds due to spent shot ingestion has been
widely reported around the world (Pain, 1992; Guitart et al., 1994;
Friend, 1999; Fisher et al., 2006; Pokras and Kneeland, 2008). Before
the substitution of lead shot by non-toxic alternatives, 1.5–3 million waterfowl were annually lost in the U.S.A. (U.S. Fish and Wildlife Service,
1990), and about one million in Europe (Mateo, 2009). High-risk sites
are those where intense hunting occurs and uncountable lead
pellets are introduced to the environment over many years (Kendall
and Driver, 1982; Pain, 1990, 1991; Guitart et al., 1994; De Francisco
et al., 2003; Mateo et al., 2007). Lead pellets can remain between 15
and 300 years in soil, depending on physicochemical conditions
(Jorgensen and Willems, 1987). In Denmark, pellet decomposition rate
is about 1% per year (Jorgensen and Willems, 1987), but under environmental conditions common in tropical and subtropical regions, such as
high temperature, moisture and rainfall, the decomposition rate increases, as well as with mechanical soil tillage in crop ﬁelds (Cao et al.,
2003).
In contact with soil, lead in shot is oxidized from metallic Pb to Pb(II)
by abrasion and weathering processes. In soil, Pb(II) soil is present in the
form of different chemical species of increasing stability until reaching
highly stable mineral forms (Lin et al., 1995; Cao et al., 2003; Vantelon
et al., 2005; Jensen et al., 2006; Torri and Lavado, 2008; Ferreyroa
et al., 2014). The most commonly found mineral forms are massicot or
litharge (PbO), cerussite (PbCO3) and hydrocerussite (Pb3(CO3)2(OH)2)
(Cao et al., 2003; Vantelon et al., 2005; Hashimoto et al., 2011;
Hashimoto, 2013). These transformation processes result in an important increase of the pollutant in soil, water, and vegetation (Cao et al.,
2003), often making it totally or partially bioavailable for its incorporation into the food chains (Guitart and Thomas, 2005; Dickerson et al.,
2007). In general, it is assumed that the bioavailable part of Pb is the soluble and interchangeable fraction (Magrisso et al., 2009; Osakwe,
2013), but other Pb chemical species can also be bioavailable, depending on the biological species considered.
Both spent lead pellets and leached Pb(II) can be incorporated into
living organisms through several pathways (Čelechovská et al., 2008).
Pellet ingestion is, however, the most common way of exposure in waterbirds (Behan et al., 1979; Eisler, 1988; Beyer et al., 1994, 1997;
Scheuhammer and Norris, 1995; Farag et al., 1998; Mateo, 2009;
Burco et al., 2012). Notwithstanding, estimating lead concentrations in
environmental compartments such as soil, wetland sediments and surface water, as well as that adsorbed by vegetation, allows for the evaluation of added indirect exposure risk for wildlife, domestic animals and
people associated with these environments (Braun et al., 1997; Rooney
et al., 1999; Guitart and Thomas, 2005; Romero et al., 2007; Pain et al.,
2010; Pareja-Carrera et al., 2014).
Central-eastern Santa Fe province is one of the most signiﬁcant
hunting sites for wild ducks in Argentina, attracting hunters from all
around the world (Ferreyra et al., 2014). Hunting has been ongoing
for over 20 years on a wide mosaic of natural and artiﬁcial wetlands
(e.g. rice ﬁelds) (Zaccagnini, 2002). Cartridges normally used in
Argentina for waterfowl hunting are caliber 12 with a mass of 30 g
(24 to 36 g range). The number of pellets per cartridge varies by pellet
size (160 N°3 pellets of 3.3 mm, 199 N°5 pellets of 2.9 mm, or 339 N°7
pellets of 2.5 mm) (Tagliaﬁco, 2014). Pellets are composed of 97% metallic lead (Pb), 2% antimony (Sb), 0.5% arsenic (As) and 0.5% nickel
(Ni) (Industrias Deriplom, 2014). Even though there is a restriction to
using lead pellets in Santa Fe wetlands since 2011 (Gobierno de Santa

Fe, 2011), hitherto this type of ammunition remains the only available
option locally.
In spite of recent studies showing high levels of lead exposure in waterfowl from spent shot in the provinces of Santa Fe and Corrientes
(Ferreyra et al., 2009, 2014, 2015), there is still no information about
the presence, concentration and distribution of Pb in other elements
of these ecosystems. The objective of this study is to estimate the density of spent lead pellets in the soil, and to assess the presence of lead in
different biotic and abiotic components (soil, water, and plants) of natural wetlands and rice ﬁelds where waterfowl hunting occurs.
2. Materials and methods
2.1. Study area
The area under study encompasses natural wetlands (W) and rice
ﬁelds (RF) located in San Javier and Garay departments, centraleastern Santa Fe province, where waterfowl hunting regularly occurs.
These sites are located in an old alluvial plain molded by the Paraná
River, as well as by different geomorphologic forces during the Quaternary period (Ramonell et al., 2013). Seventy percent of the plain is occupied by wetlands (Pilatti et al., 2002), where several plant communities
grow, dominated by hygrophilous species like Luziola peruviana,
Ludwigia peploides, Schoenoplectus californicus, Typha domingensis,
Eichhornia sp., Polygonum spp., as well as free-ﬂoating species like Azolla
sp. Limnobium sp., Nymphaea sp., Pistia sp., Salvinia sp., among others
(Hilgert et al., 2003). Wetlands are mainly used for cattle grazing
(Ramonell et al., 2013) though many are presently being drained and
converted to crop ﬁelds. Rice crops alternate ﬂooding and dry periods
(summer and winter, respectively), generating, together with natural
wetlands, a landscape that favors the establishment of several species
of waterbirds, particularly large populations of wild ducks (Blanco
et al., 2006). These birds are considered pests for rice crops due to
their trampling and consumption of shoots and grains (Bucher, 1983;
Zaccagnini, 2002). This is one of the reasons why sport hunting is
allowed in these habitats, though damage from birds has not yet been
quantiﬁed. The climate of this area is humid or subhumid, with 19–20
°C mean annual temperatures, 900 to 1100 mm mean annual rainfall,
concentrated in the summer (Hilgert et al., 2003).
2.2. Sampling and analysis
Six sites within natural wetlands were chosen for this study: four
with sport hunting (W-H1, W-H2, W-H3, and W-H4) and two without
hunting, as controls (W-C1 and W-C2). Similarly, three rice ﬁelds
were chosen: two where hunting occurs (RF-H1 and RF-H2) and one
where it does not (RF-C) (Fig. 1).
According to data from INTA (http://geointa.inta.gov.ar/visor/), the
soil of sites W-C1 and W-H1 are Typic Haplaquolls (USDA Soil Taxonomy); W-C2, RF-C, and RF-H1 are Thapto-argic Udipsamments, W-H2 is a
Typic Natraqualf, W-H3 is a Typic Natraquoll, whereas sites W-H4 and
RF-H2 are considered undifferentiated complexes, without classiﬁcation, as these are water runoff areas. Table A1 (Appendix A, Supplementary Material) summarizes the main characteristics of the upper
horizons (0–20 cm) of these types of soils.
Table A2 (Appendix A, Supplementary Material) details sampled
sites according to year and season. Sediment cores were sampled all
years, while soil and rice plants from rice ﬁelds were collected in 2009
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Fig. 1. Study area and sampling sites.

: wetland-control sites,

: wetland-hunting sites,

and 2010, and soil, water and plant samples were collected in natural
wetlands in 2011 and 2012.
At each site, two parallel 500 m long transects were deﬁned, located
perpendicularly to, and at a distance between 30 and 60 m, of the shooting line. From a randomly selected point within each transect, ten sampling points separated by 50 m were set up. These sampling points were
georeferenced.
2.2.1. Lead pellets in soil
Samples were taken with a soil core sampler 16 cm in diameter and
15 cm in depth. Soil samples were air-dried at room temperature, and
later analyzed by radioscopy to detect the presence and location of
images compatible with lead pellets, which were later conﬁrmed by
manual recovering. Radioscopy was performed on a Siemens Vertix U
(500 mA–500 kV) with an exposure dose of 90 kV, 64 mA/s × 320 ms,
and a distance focus-plaque of 1 m. Images were processed with a Fuji
Film FCZ equipment with a digital capsule, using K-Pacs software from
Image Information Systems Ltd. Fig. B1 (Appendix B, Supplementary
Material), shows some examples of radioscopic images of lead pellets
within soil cores.
2.2.2. Lead determination in soil
From the same sampling points in the transects used for soil cores, a
second sample, 2.2 cm in diameter × 5 cm deep was taken, according to
EPA Standard Procedure SOP 2012 (02/18/2000) for lead determination
(i.e. 20 soil samples per site). Each single sample was divided in two aliquots, one of which was submitted for analysis while the other was
conserved as backup. Samples from natural wetlands were oven-dried
at 40 °C during 48 h until constant weight; all soil compositions reported are referred to dry weight. The dry samples were passed through a
2 mm stainless steel sieve and then digested with a MARS-5 Microwave
Digestion System, CEM Corporation, USA, using nitric acid Pro Analysis
Merck®, according to Method US EPA SW 846-3051 (power: 400 W;
pressure (max.): 800 psi; temperature (max): 200 °C; time: 30 min).
Lead analyses were conducted by inductively coupled plasmaatomic emission spectrophotometry (ICP-AES) (Shimadzu 9000,
Shimadzu Corporation, Kyoto, Japan), following 200.7 EPA standards
(U.S. Environmental Protection Agency). Standard Reference Materials
were used in 2011 and 2012 to validate results from soil (RTC-Trace Elements on Fresh Water Sediment, CNS 392-050, certiﬁed value of lead:

: rice ﬁeld-hunting sites and

: rice ﬁeld-control site.

121 mg/kg, DL: 0.5 mg/kg). Samples from rice ﬁelds were processed by
graphite furnace at STPGFAA conditions according to EPA 600/R-94/111,
200.9 standards, with a Perkin Elmer AAnalyst 800 Atomic Absorption
Spectrometer (Detection Limit (DL): 0.4 mg/kg).
2.2.3. Lead determination in water
Water samples were collected only from natural wetlands, following
standard method 3010B (Clesceri et al., 1999). At each sampling point
where surface water was found, 200 cm3 of water were collected in
plastic vials previously washed with distilled water and 0.5 M HCl. Single samples were kept at pH 2 with high purity HCl (SUPRAPUR; Merck
Labs). In a preliminary study, ten randomly selected unﬁltered water
samples were microwave-digested according to US EPA SW-3052 standard. Then, lead was quantiﬁed in aliquots of the digested and nondigested samples, ﬁltered through 2.0 μm membranes and the results
were contrasted. No signiﬁcant differences were found; thus, sample digestion was not further conducted. Lead analyses were carried out on
samples ﬁltered as above with the same methods used for soil samples
of natural wetlands as described in 2.2.2, at DL: 2 μg/L. Standard
Reference Materials (RTC-Trace Metals by AA-2, Constant Value QCI049, certiﬁed value of lead: 51.2 μg/L ± 1.49 μg/L/obtained value
49.9 ± 2.2 μg/L) were used.
2.2.4. Lead determination in vegetation
At each soil sampling point in natural wetlands the aboveground
vegetation biomass present in a 0.5 × 0.5 m area was collected. Samples
were repeatedly rinsed with collection-site water, and ﬁnally with distilled water. Then, plants were identiﬁed at family, genus or species
level. When the harvested dry biomass was not enough to perform Pb
determinations, plants of the same species, genus or family from two
or more sampling points from each site were pooled. Plant samples
were oven-dried at 60 °C during one week. Then, they were digested
and analyzed as in 2.2.2, together with a Certiﬁed Reference Material.
In all cases, the determinations were done with external calibration
using certiﬁed standards Chem-Lab, Zedelgem B-8210, Belgium
(Aquatic plant (Lagarosiphon major), Certiﬁed Reference Material BCR060, certiﬁed lead value 64.0 mg/kg. Institute for Reference Materials
and Measurements, Joint Research Centre, European Commission
(Feb 08, 2011), Retieseweg 111, 2440 Geel, Belgium) (DL: 0.25 mg/kg).
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Rice plants (n = 18) were only collected in the rice ﬁelds subjected
to sports hunting (RF-1 and RF-2). Samples were oven-dried at 60 °C for
a week. Then, they were microwave-digested in Milestone START D. Pb
determinations were done by electrothermal atomization at STPF conditions. External calibration curve with certiﬁed aqueous standards
was employed. A Perkin Elmer AAnalyst 800 Atomic Absorption Spectrometer was used (DL: 0.2 mg/kg).

2.3. Statistical analyses
Statistical analyses were carried out with Infostat software (available
at http://www.infostat.com.ar). The Kruskal–Wallis test was used to
analyze differences in pellet density, Pb in soil, Pb in water, and Pb in
vegetation among sites. For each sampling date, when signiﬁcant differences were detected a post hoc pair comparison analysis was carried out.

3. Results
3.1. Site scale analysis
3.1.1. Pellet soil density
A total of 441 soil cores were analyzed, distributed in 126 from control and 315 from hunting sites. Control site samples were 123 in W and
3 in RF, whereas those of hunting sites were 252 in W and 63 in RF.
Pellets were found in 98 samples, 4 from W control sites and 94 from
hunting sites (73 in W and 21 in RF). The average number of pellets
per core was 1.63 (range 1–5). Recovered pellets showed different conditions depending on the collection site. Most presented a clean surface
whereas others appeared eroded and coated with a layer of white. We
found pellets in soil from all natural wetlands sampled; however there
were signiﬁcant differences between sites and sampling dates (Fig. 2).
The site W-H2 registered the highest densities at all dates.
Pellets were also found in hunting RF soil cores at all sampling dates,
being higher for RF-H1 than for RF-H2 (Fig. C1, Appendix C, Supplementary Material).
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3.1.2. Lead in soil
A total of 390 soil samples were collected, 123 from control sites (all
in W) and 267 from hunting sites (240 in W and 27 in RF). Signiﬁcant
differences were observed in the Pb content between sites, at all sampling dates (Fig. 3). Control site W-C1 showed signiﬁcantly lower Pb
values than all hunting sites, except in May 2012 when its Pb values resulted similar to hunting sites W-H3 and W-H4. On the other hand, site
W-C2 presented Pb contents higher than W-C1, and did not signiﬁcantly
differ from hunting sites (Fig. 3). Thus, site W-C2 was considered an inadequate control site. Among hunting sites, site W-H2 presented the
highest lead content, which was about 450% higher than W-C1.
In hunting RF sites, Pb contents were similar to values found in natural wetlands with hunting (Fig. C2, Appendix C, Supplementary Material compared with Fig. 3). In February 2010, site RF-H1 presented
higher lead content than site RF-H2.
3.1.3. Lead in surface waters
Water samples were mainly collected in July 2011 due to an extended drought registered in 2012. Thus, a total of 109 water samples from
natural wetlands were obtained, distributed in 59 samples in July
2011, 36 in May 2012 and 14 in July 2012. In Table D1 (Appendix D, Supplementary Material), the water physicochemical parameters registered at the sampling sites between 2009 and 2012 are presented. pH
values in most cases ranged between 5.5–7.6, with some exceptions in
2011 and 2012 when higher values, up to 10.4, were found in some
sites. Oxygen content was very low in most cases, except when high
pH values were recorded, and where higher O2 concentrations (up to
19.3 mg/L) were found. Due to the aforementioned drought which hampered the collection of representative water samples in 2012, only Pb
concentrations for July 2011 are presented (Fig. 4); a high dispersion
of values was found in most cases, with sites W-H2 and W-H4 showing
the highest Pb concentrations.
3.1.4. Lead in vegetation
Fifty three percent (173 out of 360) of the vegetation samples collected in natural wetlands (formed by either one or more species per
sample) had grasses (Poaceae). The most representative grass species

Fig. 2. Pellet density (number of pellets/m2) in natural wetlands, both control (W-C) and hunting (W-H) at different sampling dates. For each case different letters indicate signiﬁcant
differences (p b 0.05). Boxplots embrace 25th and 75th percentiles, the median being shown. Whiskers show 10th and 90th percentiles. Numbers in brackets show the sample size for
each site.
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Fig. 4. Pb concentrations in water at natural wetlands sites, both control (W-C) and
hunting (W-H) in July 2011. For each case different letters indicate signiﬁcant differences
(p b 0.05). Boxplots embrace 25th and 75th percentiles, the median being shown. Whiskers show 10th and 90th percentiles. Numbers in brackets show the sample size for
each site.

sites W-H2 and W-H3 had higher lead contents than all other sites
(Fig. 5C).
In hunting RF sites, Pb content in rice plant stems (Fig. E1, Appendix
E, Supplementary Material) was similar to that of grasses from hunting
W sites (compared with Fig. 5). Site RF-H1 presented higher Pb content
than site RF-H2.

Fig. 3. Pb soil contents in natural wetlands control (W-C) and hunting (W-H) sites
at different sampling dates. For each case different letters indicate signiﬁcant differences
(p b 0.05). Boxplots embrace 25th and 75th percentiles, the median being shown. Whiskers show 10th and 90th percentiles. Numbers in brackets show the sample size for
each site.

were L. peruviana, Cynodon dactylon, Echinochloa sp., whereas the
most common non-grass species were L. peploides, Polygonum spp.,
S. californicus, Azolla sp., Salvinia sp. Nymphaea sp., among others.
Table E1, Appendix E (Supplementary Material) shows several plant
species in which Pb was recorded that are commonly eaten by waterbirds and cattle. For the analysis of the relationship between soil and
plant Pb contents, only grass samples were considered. In natural wetlands Pb was recorded in all grass samples (Fig. 5). In July 2011 and
May 2012, Pb concentration in grasses from site W-H2 was higher
than in all other sites (Fig. 5A and B). In July 2012, grass samples from

3.1.5. Relationship between pellet density and Pb contents in all environmental compartments
Fig. 6 shows the relationship between lead concentration in soil,
water and grass samples (Poaceae) and pellet density. In spite of an
apparent increasing trend, a general correlation between pellet density
and soil Pb (Fig. 6A) was not observed. For instance, in control site W-C1
no pellets were found, yet the average Pb concentration was the same as
site W-H1, which had an important pellet density. On the other hand, at
RF sites, the pellet density in RF-H1 was noticeably higher than in site
RF-H2, whereas Pb content was only slightly higher. In site W-H2 both
pellet density and Pb concentration were the highest of all sites studied,
being the only case where an apparent correlation was observed; moreover, this site also presented the highest Pb concentrations in water
(Fig. 6B) and plants (Fig. 6C). Site RF-H1 had a pellet density considerably higher than RF-H2, whereas Pb content did not follow the ratio observed in pellets. Finally, in both wetland-control sites, W-C1 and W-C2,
Pb was found in soil in different concentrations, albeit pellet density was
similar in all cases.
Likewise, no correlation was found between Pb in surface water and
pellet density (Fig. 6B), nor between Pb in grasses and Pb in soil
(Fig. 6C). For example, Pb soil concentration in site W-H2 was considerably higher than in sites W-H1 and W-H3; however, the mean Pb content in grasses did not follow the same order, being 2.61, 0.79 and
2.21 mg/kg, respectively.

3.2. Analysis at the wetland scale
3.2.1. Pellet density and lead content in environmental compartments
Fig. 7 compares results at the wetlands scale. In all hunting sites,
both natural wetlands and rice ﬁelds, pellet density was signiﬁcantly
higher than in control sites (Fig. 7A). In natural wetlands, Pb contents
in soil and grasses were higher in hunting sites than in control ones
(Fig. 7B and D), whereas Pb values in hunting RF were similar to hunting
W sites (Fig. 7B and D). Finally, in W, Pb content in water was similar in
hunting and control sites (Fig. 7C).
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Fig. 6. Plots of soil Pb concentration as a function of pellet density (A), water Pb concentration against pellet density (B) and Pb in grasses (C) against Pb in soil, for all sampling dates
together. W and RF indicate natural wetlands and rice ﬁelds, respectively; C indicates control sites, and H hunting ones.

distance from alternative lead sources (urban areas, roads, etc.) seems
to rule out these options.
4.1. Pellet density and Pb contents in soil and water

Fig. 5. Pb contents in grass samples from natural wetlands in control (W-C) and hunting
(W-H) sites at different sampling dates. Boxplots embrace 25th and 75th percentiles,
the median being shown. Whiskers show 10th and 90th percentiles. Numbers in brackets
show the sample size for each site.

4. Discussion
This study shows for the ﬁrst time important Pb levels in soil, water
and vegetation from hunting areas, both in natural wetlands and rice
ﬁelds, of central-eastern Santa Fe province, Argentina. The high pellet
density observed in soil at hunting sites suggests that Pb of hunting origin generates or contributes to those pollution levels. Furthermore, we
found broad Pb bioavailability in the environment, which implies risk of
long term exposure to this toxicant for wildlife and other species. The
relative isolation of most study sites support this hypothesis, as the

Pellet densities ranged from 7.5 to 141 and 5.5 to 38.7 pellets/m2 in
hunting W and RF sites, respectively. As the pellet density is usually very
heterogeneous, concentrated nearby the shooting points, extrapolation
to higher areas could be inaccurate. Nevertheless, we scaled the present
results from square meters to hectares to allow comparisons with other
studies. Thus, the high level of site W-H2 of 1.41 × 106 pellets/ha is
similar to the highest densities found in French wetlands of about
2 × 106 pellets/ha (Taris and Bressac-Vaquer, 1987; Pain, 1990), and
higher than values reported in USA and several European countries, in
the range of 2 × 104 to 5.4 × 105 pellets/ha (Guitart et al., 1994).
These last values are comparable to the results obtained in rice ﬁelds
in our study (5.5 × 104 to 3.9 × 105 pellets/ha). Concurrently, previous
studies in our study area reported high levels of pellet ingestion and
Pb tissue accumulation in wild ducks (Ferreyra et al., 2009, 2014,
2015). In similar environments, pellet densities comparable to those
found in our study have been associated with high pellet ingestion
and mortality of ducks and swans (Kendall and Driver, 1982; Guitart
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Fig. 7. Pellet density (A), Pb concentration in soil (B), Pb concentration in water (C) and Pb contents in grasses (D), in natural wetlands and rice ﬁelds, both hunting and control sites.
Boxplots embrace 25th and 75th percentiles, the median being shown. Whiskers show 10th and 90th percentiles. Symbol * indicates a non-sampled site.

et al., 1994), ﬂamingos (Mateo et al., 1997), as well as prey and carrion
birds (Jacobson et al., 1977; Lambertucci et al., 2011), among others.
Of notice is the presence of spent pellets in control sites WC-1 and
WC-2, and of Pb in soil, water and vegetation in all sites. While poaching
can't be ruled out as a source, the half-life of pellets is much higher than
that of hunting restrictions in these areas (about 20 years). Thus the pellet levels found could well be from previous hunting activities. Water
birds, like ducks, can also transport pellets. It was shown that ingested
pellets can remain in the duck's digestive tract for up to 30 days, and
that 10% are expelled, with different erosion levels, within 10 days following ingestion (Stendell et al., 1979; Brewer et al., 2003; Rodríguez
et al., 2010). Lead pellet ingestion by ducks in our study area varied between 7.6–50%, depending on species, site and year (Ferreyra et al.,
2009, 2014). Thus, it is conceivable that ducks could act as pellet
spreaders transporting them from areas with high level of pellets to
non-hunting sites (Calabuig et al., 2010; Don Pablo Res.T., 2012).
In contrast to published reports from other areas, we did not ﬁnd a
clear correlation between Pb concentration in soil and pellet density
(Cao et al., 2003; Vantelon et al., 2005; Perroy et al., 2014). However,
most published studies were conducted in ﬁelds polluted by mining activities or in shooting ranges, which have very different environmental
and soil conditions than our study area, and tend to have a very high
content of metallic lead. Notwithstanding, the lack of correlation in
our study could be due to oxidation of metallic Pb through abrasion
and weathering processes, resulting in dissolution and, eventually, precipitation of Pb(II) in mineral forms.
In most soils under normal humidity regimes, metallic Pb is oxidized
and evolves through several chemical species, of increasing stability,
reaching ﬁnally stable mineral forms (Lin et al., 1995; Cao et al., 2003;
Vantelon et al., 2005; Vodyanitskii, 2006; Ferreyroa et al., 2014). However, in soils of wetland areas, which are frequently ﬂooded, there is
an increased possibility of mobilization for soluble pollutants, increasing
bioavailability. In the present study, the Pb content in soil of most hunting sites was only slightly higher than in control sites, with the exception of site W-H2, where the highest values of pellet density (Fig. 2)
and Pb soil concentration were found. Despite the evidently higher
hunting activity at this speciﬁc site, there are clear differences in soil
with other sites: this soil is a Typic Natraqualf, with a high pH (10.1)

and presence of calcite (Table A1). All other sites, including RF, had considerably lower pHs, between 5.6 and 6.8. Low pH values decrease or directly inhibit precipitation of common Pb(II) soil minerals, namely
massicot and litharge (PbO), cerussite (PbCO3) and hydrocerussite
(Pb3(CO3)2(OH)2) (Hashimoto et al., 2011):
PbOðsÞ þ 2Hþ ⇌Pb

2þ

þ H2 O

ð1Þ

2þ

ð2Þ

PbCO3 ðsÞ þ 2Hþ ⇌Pb

þ CO2 þ H2 O

Pb3 ðCO3 Þ2 ðOHÞ2 ðsÞ þ 6Hþ ⇌3Pb

2þ

þ 2CO2 þ 4H2 O

ð3Þ

Reactions (1–3) suggest that in acidic medium Pb(II) can be brought
to solution, as long as, for reactions (2–3), the CO2 concentration can be
kept low. In ﬂooded soils like those studied here the dissolution of CO2 is
clearly hampered, thus favoring Pb(II) dissolution. Thus, it can be expected that in slightly acidic wetland soils Pb0 can be oxidized and
solubilized; this is supported by chemical speciation calculations
(Appendix F, Supplementary Material). This is also consistent with the
macroscopic condition of many pellets recovered, which appeared
eroded and uncovered, whereas in the literature (studies on soils
under a normal hydrological regime), pellets are found covered with a
crust formed by some of the above mentioned minerals (Cao et al.,
2003; Vantelon et al., 2005; Hashimoto, 2013). In the case of rice ﬁelds,
constant plowing further modiﬁes the soil structure and the location of
remnant pellets.
More thorough estimates of pellet density, Pb concentration and the
correlation between pellet density and Pb contents in the different environmental compartments, would require a study period comparable
with the mean life of pellets in the environment, especially in stable locations where plowing and other land labors are not performed. Furthermore, the soil processes leading to Pb(II) ﬁxation in soil should
also be considered (Jensen et al., 2006; Vodyanitskii, 2006), as well as
those causing metal mobilization (Shahid et al., 2012; Klitzke and
Lang, 2009). It would also be important to analyze the chemical speciation of the metal in soil (Ferreyroa et al., 2014). As this information is not
known, the comparison at the same sampling time is valid under the
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assumption that hunting activities and plowing operations (in cultivated areas) are constant in time.
In view of the aforementioned ﬁndings, our results strongly suggest
that pellets undergo oxidation and solubilization processes. In an environment such as a wetland, with frequent ﬂooding, it is expected that
Pb(II) will be mobilized relatively easily (Yin et al., 2010), leading to a
relative homogenization of Pb(II) water concentrations, explaining its
relative uniformity in the different sampling sites, including those
where pellets were not found (W-H4), or those without hunting history. This Pb(II) homogenization is also consistent with the lack of correlation between Pb contents in soil samples and plants, as the soluble
Pb(II) present in water would clearly be preferably incorporated.
4.2. Pb incorporation in vegetation
Several studies have shown Pb incorporation in crops and pastures
growing in polluted substrates (Beyer et al., 1997; Braun et al., 1997;
Guitart and Thomas, 2005; Čelechovská et al., 2008; Salazar et al.,
2012; Rodriguez et al., 2014), as well as in different elements of the
food chain (Vighi, 1981; Eisler, 1988; Henny et al., 1991; Laskowski
and Hopkin, 1996; Darling and Thomas, 2005). This is in agreement
with the present ﬁndings of Pb contents in grasses of natural wetlands,
as well as in rice plants. Moreover, in some sites (RF-H1, W-H2 and WH3) the metal concentration was higher (2.83, 2.61 and 2.21 mg/kg, respectively) than baseline values reported for grasses and clovers in
other areas of the world (2.1 and 2.5 mg/kg, respectively) (Kabata
Pendias and Pendias, 1992).
In both rice plants and wetland grasses there was no apparent relationship between plant and soil Pb contents. In particular, it should be
noted that even though site W-H2 had the highest Pb concentration in
soil and considerably higher levels than sites W-H1 and W-H3, the
lead contents in grasses did not follow soil concentrations; in most
cases Pb in plants only presented small differences between sites.
There is one exception, site W-H3 at the last sampling time (July
2012), when a high Pb level in grasses was found in comparison with
other sites (except W-H2). These results show that soil Pb concentration
is not determinant for plant Pb uptake, and is thus consistent with Pb(II)
mobilization in the aquatic medium and homogenization across ﬂooded
areas. The increase observed in site W-H3 in July 2012 could be attributed to occasional changes in ﬂooding and water movement (an extended
drought in October 2011 was followed by an important ﬂood a few
months later) which could have carried Pb-concentrated water to this
site. It could also be related to random differences in the vegetation
sample pools collected.
4.3. Environmental concern
The Pb levels found in this study are below the limits established for
agricultural soils in Argentina (Ley Nacional de Residuos Peligrosos N°
24.051), and are similar to the baseline values reported for the Pampas
region (Lavado et al., 2004). However, the above reference values refer
to non-wetland or non-ﬂooded agriculture lands. Wetlands are more
comparable to waterways, in which case reference levels for protection
of aquatic life in surface waters (1 μg/l and 10 μg/l for fresh and salty waters, respectively) apply. The values of Pb in water found in our study
are well above the limit for freshwater. Regarding international standards, according to the Criteria for Priority Toxic Pollutants (EPA,
1992), the values found here for wetlands are above the acceptable
basal level in most cases. In the speciﬁcations of the EPA — Water Quality Standards, “Natural soils may contain as much as 10 ppm total lead
and normal lead levels in various plants range from 0.5 to 3 ppm”. Considering the highest concentration of a material in ambient water to
which an aquatic community can be exposed indeﬁnitely without
resulting in an unacceptable adverse effect, lead concentration could
range between 1.3 to 7.7 μg/l depending on the water hardness.
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Several plant species in which lead was detected (Appendix E, Supplementary Material) are eaten by ducks and other wildlife, as well as
domestic animals like cows and horses. Moreover, the presence of
lead in natural wetlands under agriculture raises the need to intensify
research, especially regarding Pb mobility in the different physical and
biological environmental compartments (Braun et al., 1997; Rooney
et al., 1999; Guitart and Thomas, 2005). Likewise, it is advisable to increase research on lead incorporation in rice and the possible consequences for consumers (Ok et al., 2011). Finally, the impact of Pb on
each part of the food web in polluted environments, as well as on consumers of hunted meat potentially polluted with Pb(II) or carrying metallic pellets, should also be addressed.
In contrast to other environmental pollution problems, contamination due to hunting activities is reversible. The substitution of lead ammunition by nontoxic materials can lead to signiﬁcant reductions in the
damage to wildlife in a short time (Moore et al., 1998; Anderson et al.,
2000; Samuel and Bowers, 2000; Mateo et al., 2014). This study contributes essential information for the application of precautionary measures
based on scientiﬁc arguments in Argentina, and highlights the importance and urgency to substitute lead shot when hunting occurs in wetlands and other aquatic environments.
5. Conclusions
The following conclusions stem from the present work:
1. High pellet density and high Pb levels in soil, water and vegetation
were found in hunting areas, both in natural wetlands and rice ﬁelds,
of central-eastern Santa Fe province, Argentina.
2. Pb was found in both rice plants and wetland grasses, but no apparent relationship was observed between plant and soil metal contents.
3. The results strongly suggest that pellets undergo oxidation and solubilization processes, with the consequence of mobilization and homogenization through the wetland.
4. This study contributes essential information for the application of
precautionary measures based on scientiﬁc arguments, and highlights the importance and urgency to substitute lead shot when
hunting occurs in wetlands and other aquatic environments.
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