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Abstract Poultry litter is widely used as fertilizer in
soils and can be a relevant source of heavy metals for
agricultural environments. In this study, poultry litter
fertilization of long-term (< 1-30 years) was evaluated
in tropical soils. Our main goal was to investigate the
occurrence of temporal variation in the available frac-
tion of heavy metals (Cu, Cr, Zn, Pb, Cd, and Mn) in
soils, in addition to their environmental loads through
new indexes for risk assessment. The highest mean
concentrations in poultry litter were the following:
525 mg kg~ ' for Mn, 146 mg kg ' for Zn, and
94.4 mg kg ' for Cu. For soils, concentrations were
higher for the same heavy metals: Mn (906 mg kg '),
Zn (111 mg kg "), and Cu (26.3 mg kg "). Significant
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accumulation (p < 0.05) in fertilized soils was observed
for Cu, Cr, and Zn. The high estimates of poultry litter
input based on geological background (L) for Cu, Cr,
and Zn coincided with the accumulation observed in
soils, confirming the effectiveness of the index. The risk
of biogeochemical transfer based on fertilized soils
(LIgg) decreased for Cu, Cr, and Zn between 10 and
30 years of soil fertilization. For Mn, a very high Ligg
was estimated in all long-term fertilized soils. The pro-
posed indices, based on heavy metal concentration, can
be used in risk assessments to guide future studies that
analyze other environmental matrices possibly impacted
by manure and poultry litter fertilization.

Keywords Environmental risk - Trace elements -
Agricultural soils - Tropical soils

Introduction

Improving a sustainable agricultural production plays a
crucial role in meeting the United Nations target set in
the Sustainable Development Goals (UN-SDG), which
aims to eradicate hunger and malnutrition through food
security. In this context, agricultural wastes (poultry
litter and manure) have been widely used as soil fertil-
izers, and such use has been a matter of debate (Bolan
et al. 2004; Gerber et al. 2008; Williams 2013).

The use of poultry litter has shown to be effective to
increase crop yields, besides improving chemical, phys-
ical, and biological properties of agricultural soils
(Bolan et al. 2010). Among chemical attributes, poultry
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litter can be considered an effective source of nitrogen
(N), phosphorous (P), and potassium (K), reducing the
inorganic fertilizer application, as well as giving a pro-
ductive destination to poultry farming wastes (Celestina
et al. 2018; Vollu et al. 2018). However, the disadvan-
tageous side is the exposure of agricultural environ-
ments to sanitary products and food additives used in
the poultry production cycle. Among possible contam-
inants, veterinary antibiotics, natural hormones pro-
duced by chicken, and heavy metals can be mentioned
(Azeez et al. 2009; Ho et al. 2014; Parente et al. 2018).

Poultry litter may contain from trace to high heavy
metal loads that are usually added as supplementary
nutrients, such as copper (Cu), zinc (Zn), and manga-
nese (Mn), or occur unintentionally, as raw material
contaminant may contain cadmium (Cd), chromium
(Cr), and lead (Pb) (Han et al. 2000; Suleiman et al.
2015; Wang et al. 2015). According to Zhang et al.
(2012), large amounts of heavy metals have been de-
tected in Chinese chicken manure from 1990 to 2010.

Moreover, both mineral fertilizers and pesticides
raise heavy metal soil contamination well above the
geological background (Atafar et al. 2010; Gongalves
et al. 2014). On a global scale, Brazil is one of the
greatest fertilizer consumers. Indeed, only in 2015, the
country demanded nearly 30.2 million (t) of mineral
fertilizers (IEA 2016). In addition, the country is a major
consumer of pesticides, with >550,000 t marketed in
2016 (IBAMA 2017).

Continuous heavy metal inputs over agricultural soils
may increase the risk of human chronic exposure to
toxic levels through contaminated food (Khan et al.
2008, 2015). In addition, poultry litter organic matter
forms soluble complexes with heavy metals, which may
compromise groundwater and surface resources (Gerber
et al. 2008; Li and Shuman 1997).

In general, many previous studies have addressed the
problems related to heavy metal input in soils from
poultry litter and manure using total or pseudo-total
digestion methods (Azeez et al. 2009; Cang et al.
2004; Jiang et al. 2011; Karci and Balcioglu 2009).
However, the use of available fraction extraction
methods would be more appropriate to assess the poten-
tial risk of absorption by plants, as well as leaching and
contamination of water resources (Andrade et al. 2009).

Regarding environmental risk assessment, there are
several approaches on human and ecological health, in
addition to the main fate and accumulation trends (Chen
et al. 2015; Shi et al. 2018; Wu et al. 2015). Risk
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assessment models can be important tools for evaluating
soil contamination impacts and predicting future mea-
sure managements to maintain ecosystem balance
(Kowalska et al. 2018). However, as far as we know,
the models that consider the contribution of poultry litter
or manure application on soils are scarce.

Therefore, the overall goal of this study was to assess
the heavy metal accumulation of available fraction in
agricultural soils over a long period (< 1 to 30 years) of
poultry litter fertilization. In addition, we propose a new
index with two variations as tools to environmental risk
assessment. The indices are based in the heavy metal
available fraction in poultry litter, geological back-
ground, and fertilized soils.

The study area was chosen as a model of a tropical
environment, since Rio de Janeiro upland region is
highly weathered, with annual mean rainfall >
2500 mm (Dourado et al. 2012). Moreover, its slope
relief contributes to erosive processes that may lead to
heavy metal soil-water mobilization through leaching
and runoff.

Material and methods
Study area and sampling

Poultry farms are located in Sdo José¢ do Vale do Rio
Preto (SJVRP) municipality, upland region (615 ma.s.l.,
mean elevation) of Rio de Janeiro state, in southeastern
Brazil. Poultry litter samples were collected at the end of
the production cycle (45 days). Soil samples (A horizon)
classified as Typic Hapludox (USDA 1999) and poultry
litter were sampled between October 2015 and Decem-
ber 2017, freeze-dried, and sieved at 75 pm. Thirty
poultry litter (PLitter) samples were collected from 17
poultry farms, as well as 65 soil samples (in agricultural
activity) were obtained. For soils, 15 samples were
collected inside poultry houses (Shed soil) from 4 poul-
try farms, and 50 fertilized soil samples were obtained in
accordance with the following classification in 5 groups:
short-term soil (ST soil—15 samples), with < 1 year of
agricultural use, medium-term soil (MT soil—10 sam-
ples) with 1.5 years, long-term soil 1 (LT soil 1—15
samples) with 10 years, LT soil 2 (8 samples) with
15 years, and LT soil 3 (7 samples) with 30 years
(Fig. 1). Additionally, two background pool soil samples
were also collected at forest and grass sites without
agricultural use.
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Analytical procedures and quality control

Extraction method was previous described by Fiszman
et al. (1984). Basically, for each 1 g of sample 20 mL of
HCI (0.1 M) were added. After that, the extract solution
was kept for 16 h to extract the available fraction of
heavy metals. Purification was made with slow filter
paper Whatman® n°® 42, 2.5 um (Kent, England).
Ultra-pure water from a Milli-Q® System
(18.2 2 m—high purity deionized water, Millipore/
Merck, Darmstadt, Germany) and a 0.22 pm filter were
used to prepare aqueous solutions. Standard solutions in
the working range were prepared from the stock solu-
tions (1000 mg L', Merck, Germany).

Heavy metals (Cu, Cr, Zn, Cd, Pb, and Mn) were
determined by flame atomic absorption spectrometry
(FAAS), using a Varian® spectrometer (AAS240FS,
Santa Clara, USA), equipped with deuterium back-
ground correction. The analyses were carried out in
duplicate, including the analytical blanks. Concentra-
tions were calculated as the mean of two measurements,
considering acceptable up to 15% coefficient of varia-
tion. Quality control for heavy metal quantification was
made by standard addition (Mitra 2003). Our recovery
results for metal determination standard addition were
satisfactory (80-110%), according to Association of
Analytical Communities (AOAC 2011) (Online
Resource Table S1). All procedures, including calibra-
tion curves, were used following some protocols
(APHA 1998; Dorneles et al. 2008; Lino et al. 2016).
The method detection limits (MDLSs) were calculated
using the following formula: (3 x Sb)/Xb x (V/M),
where Sb is the standard deviation of seven measure-
ments of the blank; Xb is the mean of the angular
coefficient of the calibration curve; V is the final volume
of'the sample solution; and M is the sample mass. MDLs
in mg kg_1 were 0.12, for Cu; 0.8, for Cr; 1.4, for Zn;
0.1, for Cd; 1.8, for Pb; and 0.6, for Mn.

Poultry litter load index

Poultry litter load index (LJ) is firstly proposed here
to provide a relative ranking of heavy metal load
due to poultry litter application in soils. In this
context, two approaches are proposed herewith:
poultry litter load based on geological background
(L1gp), and poultry litter load based on fertilized
soils (LIgs).

The first approach, i.e., Li;p, assesses the potential
load of heavy metals derived from poultry litter on non-
impacted soils by agricultural activities.

Llip for a single element is defined as:

_ Cpoultry litter,,

LI
GB GB,

where C poultry litter,, is the heavy metal concentra-
tion (mg kg ') measured in each poultry litter sample,
and GB,, is the geological background for each element
in soils (mg kg '). We propose that the LIz be classi-
fied into five levels, adapted from “single pollution
index” described in Kowalska et al. (2018), as follows:
very low (LIg<0.1), low (0.1 <Llsp< 1), moderate
(1<Ligp<3), high 3<LIsp<5), and very high
(LiGp=5).

The second approach, i.e., Lirg, is proposed in this
study in order to provide a relative ranking of heavy
metal transfer from poultry litter to environment. The
index is based on the fact that the poultry litter applica-
tion on soil should contribute to increase heavy metal
concentrations in this matrix.

LIy for a single element is defined as:

C poultry litter,,

Llpg =
ES C soil,

where C poultry litter,, is the mean concentration
(mg kg ") measured for each heavy metal in poultry
litter samples, and C soil, is the concentration of each
fertilized soil sample (mg kg™ '). The proposed classifi-
cation is the same for the previous index.

Statistical analysis and heat map

Data normality was verified by Shapiro—Wilk test. Due
to the non-normal distribution, the Kruskal-Wallis test
was chosen with Dunn’s posttest which compares all
pairs of columns. For all statistical tests, the significance
level adopted was 5% (p < 0.05). GraphPad Prism 5.0®
statistical program was the software used for performing
graphs and tests. Heat maps interpolate a raster surface
from points using a two-dimensional minimum curva-
ture spline technique. The resulting smooth surface
passes exactly through the input points.
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Fig. 1 Study area and sampling points

Results and discussion
Heavy metals in poultry litter samples

Among heavy metals, Mn had the highest concentra-
tions 525 +294 mg kg ' (mean = SD), followed by Zn
(146+85.5 mg kg ') and Cu (94.4+54.5 mg kg ).
Essential for plants, these elements are expected to occur
unintentionally in Eucalyptus spp. sawdust and digested
soybean and maize, the main materials forming poultry
litter (Nagajyoti et al. 2010). However, since the extrac-
tion method is suitable for evaluating the available frac-
tion, it is expected that the measured levels of heavy
metals are due to their addition in the feed. Manganese
monoxide, zinc, and copper sulfate, as example, are
added to husbandry feed. Previous studies reported Cu
concentration in feed 15 times higher than the 8 mg kg
required, and 100 times higher than 40 mg kg ' needed
Zn (Cang et al. 2004; Gerber et al. 2008; Nicholson et al.
1999). Copper concentrations in poultry litter were in a
similar range than those reported in previous studies
(81.8-134 mg kg '), where strong extraction methods
were used (Ravindran et al. 2017; Xiong et al. 2010).
Chromium (Cr) occurred in all poultry litter samples,
with low mean concentration (2.21+1.19 mg kg™ ')
compared to previous studies (30.5-225 mg kg~ (Karci
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and Balcioglu 2009; Zhang et al. 2012). In addition,
studies reported very high Cr concentration in poultry
feed (162-936 mg kgﬁl) (Cang et al. 2004; Zhang et al.
2012). For Pb, all poultry litter samples were below the
MDL, while Cd was detected in only 37% of them,
ranging from <MDL to 0.55 mg kg™'. According to
Wang et al. (2013), Cd concentrations in poultry manure
from China increased 196% between 2002 and 2008,
reflecting a progressive risk of human exposure to Cd
through transfer of this toxic metal to water resources
and edible plants.

Heavy metal load based on recommended poultry litter
application

The technical recommendations of poultry litter appli-
cation in agricultural soils are generally based on their N
and P concentrations, in addition to the required content
for each crop (Bolan et al. 2004). However, analytical
methods are often inaccessible to farmers, which may
lead them to apply doses far above those required,
resulting in an environmental overload (Gerber et al.
2008). The Brazilian Agricultural Research Corporation
(Embrapa) established a safety criterion for poultry litter
application between 5 and 20 tha ' to soils from Rio de
Janeiro state (Embrapa 2013). Considering the higher
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Table 1 Heavy metal loads based on the poultry litter application recommended for agricultural soils

Heavy Max. conc.” Max. application” Four applications—year® Limit USA%—year Limit Brazil®*—year
metals (mg kgﬁl) (kg ha ') (kg ha ) (kg ha ) (kg ha )

Cu 252 5.04 20.2 75 137

Cr 5.08 0.10 0.41 150 154

Zn 232 4.64 18.6 140 445

Cd 0.55 0.01 0.04 1.9 4

Mn 975 19.5 78.0 n.d. n.d.

n.d. not determined

# Maximum concentration measured in poultry litter samples (all samples were <MDL for Pb)

®Maximum recommended application (20 t ha ')

¢ Heavy metal load based on four applications per year

4US-EPA Part 503 (1994) load limit permitted from sewage sludge

¢ Conama no. 375/ 2006 load limit permitted from sewage sludge

heavy metal concentration measured in poultry litter and
the maximum recommended application, we predicted
the worst-case scenario (Table 1). This approach is a
useful concept in risk management that allows assessing
the maximum potential risks. The estimate of four ap-
plications per year is based on short cycle crops.

Due to the lack of regulatory limits for heavy metals
inmanure, we compared the present estimative with the
annual load limit established for sewage sludge applied
to soils from USA and from Brazil. Although the esti-
mated annual load (kg ha ') is high for some elements,
values are below the set limits for soil application. The
high estimated Mn load should be carefully considered,
since its geological background is high and there are no
soil quality values established by Brazilian legislation
(Conamano. 420/2009). In agreement with our results,
Mattias et al. (2010) pointed out that pig slurry in-
creased available fraction of Cu, Zn, and Mn in Brazil-
ian agricultural soils. Among global agricultural pro-
ducers, Brazil, China, India, Russia, and USA account
for 50% of the heavy metal input into agricultural soils
through manure fertilization (Leclerc and Laurent
2017). Therefore, it is crucial to establish limits for
heavy metal loading in soils due to fertilization with
animal waste.

Poultry litter load index based on geological
background

Poultry litter load indices (LI5p) varying from high (3 <
Ll < 5) to very high (LIg>5) were estimated for Cu,
Zn, and Cr. The high Cu and Zn concentrations found in

poultry litter samples influenced the estimated Llsz
(Fig. 2).

Using other estimative model, Xiong et al. (2010)
also reported high Cu load in soils due to manure
fertilization. According to Brazilian legislation (IN
no. 25/2009), soil fertilization with manure is exclu-
sively permitted for pasture. However, in the study
area, there is no inspection to avoid this type of
application to other crops. Negative impacts related
to Cu and Zn release in soils include co-selection for
antibiotic resistance genes (Baker-Austin et al. 2006;
Ji et al. 2012). In addition, high Cu and Zn levels in
soils can cause toxicity to plants, chronic exposure to
animal husbandry through pasture, and increase risk
of human exposure through food (Khan et al. 2015;
Xiong et al. 2010). The moderate to very high Llsz
estimated for Cr was influenced by its low geological
background concentration (0.80 mg kg™'). Chromi-
um is toxic to most vascular plants even at very low
concentrations (0.10 mg kg "), affecting physiologi-
cal processes including reduction of seed germination

1004 r—

3 Very high
80+ 3 High
ZA Moderate
3 60+ Low
3
= 3 Very low

404

204

04
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Cu Cr Zn Pb Cd Mn

Fig. 2 Percentage of poultry litter load index based on geological
background (L/gp) for each heavy metal
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and root growth rate (Nagajyoti et al. 2010). The
toxic elements Pb and Cd had very low (LI55<0.1)
to low load indices (0.1 <LIgz< 1), because of their
low concentrations in samples. Among heavy metals,
Mn had the highest poultry litter concentrations.
However, a predominantly low L/sz was estimated
for Mn, which seems to be a consequence of the high
geological background (974 mg kg™ ') measured in
the study area.

Heavy metals in soil samples

The available fraction for each heavy metal in fertilized
soils did not exceed the prevention limit of Brazilian
legislation (Conama no. 420/2009), based on strong acid
extraction methods. However, the same legislation rec-
ommends that reference values should be considered at
the regional level. In this context, most of the sample
sets presented concentrations above the measured geo-
logical background (Table 2).

Copper concentrations in all fertilized soils (14.1 +
12.1 mg kg ") were similar to those reported in soils
from USA and Nigeria (11.2-12.4 mg kg '), where
strong digestion methods were applied (Azeez et al.
2009; Gupta and Charles 1999). Ninety-eight percent
of the soil samples presented higher concentrations than
the background value (Cu 0.13 mg kg ). The highest
value among mean Cu concentrations was found in LT
soil 3 (26.3+14.4 mg kg '), which was 200 times
higher the background level. The highest mean Cr con-
centration was 3.02 + 1.94 mg kg ' in a soil inside shed.
In total fertilized soils, the mean Cr concentration (1.54
+1.31 mg kg ") was lower than the levels reported in
previous studies 7.67-80.2 mg kg ' in agricultural soils
(Azeez et al. 2009; Karci and Balcioglu 2009). In addi-
tion, 62% of soil samples had concentrations above the
background value (0.80 mg kg ).

The Zn concentrations of fertilized soils (66.8 +
69.2 mg kg ) were higher than those found in previous
studies, ranging 31.4-52 mg kg ' (Azeez et al. 2009;
Gupta and Charles 1999; Jaja et al. 2013). Moreover,
91% of the samples had Zn concentrations above the
reference value (11.9 mg kg™ "). Despite its supplemen-
tation in animal feed, Zn is widely added in commercial
fertilizers due to its metabolic function related to plant
protein synthesis, respiration, and photosynthesis
(Gongalves et al. 2014).

The highest value among mean Pb concentrations
was found in MT soil (4.79 + 1.38 mg kg™ '). However,
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our results suggest that poultry farming did not consti-
tute the main Pb source to soils, since poultry litter
samples showed concentrations below MDL. Atafar
et al. (2010) reported mean Pb concentrations in chem-
ically fertilized soils ranging from 3.59 (before cultiva-
tion) to 8.76 mg kg ' (after harvest). According to
Gongalves et al. (2014), low-quality micronutrient
sources containing toxic metals, including Pb, are not
uncommon in Brazil. Previous studies reported poultry
litter as Pb source to soils, with highest concentrations
between 14.7 and 22 mg kg ' (Gupta and Charles 1999;
Jaja et al. 2013).

Among all soil samples, only 8% were above Cd
reference value (0.40 mg kg ). The highest Cd concen-
trations occurred in ST soil (0.36 £0.09 mg kg ). Pre-
vious studies measured higher Cd concentrations (0.74—
2.07 mg kg ') in fertilized soils with poultry litter and
manure (Azeez et al. 2009; Gupta and Charles 1999).
Moreover, Dziubanek et al. (2017) highlighted high Cd
concentrations (13.2-68.5 mg kg ') in soils treated with
fertilizers and sewage sludge in Poland. According
Gongalves et al. (2014), among agrochemicals, phos-
phate sources present high levels of toxic metals to
agricultural soils, which is especially important for Cd.

Manganese (Mn) concentrations were the highest
among all elements, reaching 906 +902 mg kg ' in
samples from LT soil 2. The high Mn background value
(974 mg kg ") surely influenced the higher concentra-
tions compared to previous studies ranging from 33 to
227 mg kg ' (Azeez et al. 2009; Gupta and Charles
1999). Rehman et al. (2018) reported the mean Mn level
of 285 mg kg ' on agricultural soils from Pakistan. In
agreement with our findings, the latter authors suggested
the Mn was mainly originated from geological sources
and from agrochemicals. Moreover, Mn is an essential
macronutrient for plant metabolic functions and this
metal can be applied to soils through commercial fertil-
izer formulations, in addition to be the second most
abundant metal in the Earth’s crust (Gongalves et al.
2014).

Temporal trend in heavy metal concentrations in soils

The ST soil to LT soil 3 areas present a temporal varia-
tion (< 1 to 30 years) related to the time of land use. The
accumulation trend of Cu, Cr, Zn, and Pb in the same
area, with two periods of poultry litter fertilization, is
presented on Fig. 3a, while Fig. 3b illustrates trends over
the years in three different areas.
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Table2 Heavy metal concentrations (mg kgﬁl) in geological background (GB), soil inside the shed (Shed soil), short-term fertilized soil (ST

soil), medium-term soil (MT soil), long-term soils (LT soils 1, 2, and 3), and basic statistics

Heavy metal Sample Mean GB* Mean SD Median Max. Min.*
Cu Shed soil 0.13 12.8 5.19 12.0 27.1 6.9
ST soil 10.2 11.8 4.14 333 0.11
MT soil 155 4.05 16.5 18.9 5.57
LT soil 1 5.50 2.91 4.49 12.1 2.79
LT soil 2 19.7 14.6 143 53.1 8.53
LT soil 3 263 14.4 23.8 44.6 6.85
Cr Shed soil 0.80 3.02 1.94 3.12 7.24 0.64
ST soil 0.51 0.52 0.21 1.62 021
MT soil 273 0.95 3.12 3.79 0.64
LT soil 1 0.58 0.20 0.48 0.99 0.48
LT soil 2 1.57 0.93 1.28 2.82 0.48
LT soil 3 3.42 0.58 348 426 2.55
Zn Shed soil 119 87.6 76.8 60.9 326 233
ST soil 38.1 482 22.4 173 1.03
MT soil 111 85.3 87.2 351 63.0
LT soil 1 27.0 203 27.5 73.0 1.29
LT soil 2 84.2 90.7 493 290 23.8
LT soil 3 102 52.8 101 166 20.0
Pb Shed soil 1.80 <MDL n.d. n.d. <MDL <MDL
ST soil 1.69 2.16 0.48 6.30 0.48
MT soil 479 1.38 5.11 6.33 1.11
LT soil 1 2.40 1.93 1.22 5.69 1.22
LT soil 2 5.15 226 6.50 7.56 1.22
LT soil 3 5.71 2.54 6.44 8.22 2.19
Cd Shed soil 0.40 0.18 0.10 0.15 0.43 0.04
ST soil 0.21 0.13 0.24 0.45 0.07
MT soil 0.07 0.00 0.07 0.07 0.07
LT soil 1 0.36 0.09 0.34 0.53 0.23
LT soil 2 0.04¢ nd. n.d. <MDL <MDL
LT soil 3 0.04¢ n.d. n.d. <MDL <MDL
Mn Shed soil 974 286 267 216 933 33.7
ST soil 293 398 72.1 1216 9.99
MT soil 212 210 145 570 16.6
LT soil 1 626 222 647 845 43.1
LT soil 2 906 902 665 2017 8.68
LT soil 3 567 766 44.7 1714 927

SD standard deviation, <MDL below method detection limit, 7.d. not determined

#Mean geological background concentration (GB) from pool soil samples of a local forest and field

® Maximum concentration

¢ Minimum concentration

4 Concentration <MDL in soil areas in which at least one quantified sample was estimated through the equation: Df x MDL, where Df is the
detection frequency in each area (Das et al. 2017)
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Fig. 3 a, b Mean heavy metal concentration (log, mg kgfl) in fertilized soils

We found a similar trend of accumulation over the
years—ST soil to MT soil (Fig. 3a) and among LT soils
(Fig. 3b) related for the four elements, with significant
difference (p < 0.05) highlighted with asterisks. The signif-
icant accumulation confirms the effectiveness of the L/sp
index as a preliminary risk assessment tool, since the index
pointed out great Cu, Cr, and Zn load. In addition, the
continuous poultry litter application changed the soil
chemical parameters over the years. Organic carbon con-
tent (and consequently organic matter (OM)), increased
from 2.2% in ST soil to 6.8% in LT soil 3. Poultry litter also
influenced in increasing soil pH (reaching > 6) and cation
exchange capacity (CEC), from 13 to 25 Cmol, dm > in
ST and LT soil, respectively. Soil chemical parameters are
presented in Online Resource Table S2. In acidic condi-
tions, soil OM and CEC have a great capacity to influence
the adsorption of cationic species in soils (Violante et al.
2010). According to Jaja et al. (2013), poultry litter appli-
cation sharply increased Cu concentration in soil upper
layer (0—10 cm). In these situations, Cu is mainly adsorbed
on OM and clay minerals (ATSDR 2004). Among cation
species, Cr (II) and Zn (I) are the most frequent forms,
tending to complex both with organic and inorganic
binders, resulting in low mobility due to sorption reactions
(ATSDR 2005, 2012a; Gerber et al. 2008). Although Pb
also showed an increasing trend over the years, poultry
litter samples were below the MDL. Our results suggest
that agrochemical applications could be the main source of
Pb inputs, since this practice usually occurs during the
same period of poultry litter fertilization.

Although Cd can be immobilized by increased OM
content (ATSDR 2012b), we observed an opposite trend
over the years, compared to the other measured ele-
ments. There was a decreasing temporal trend in Cd
concentrations over the period of land use. In soils with
acidic conditions, Cd tends to be available in the soil
solution (Dziubanek et al. 2017). Therefore, the lowest
pH (5.1) in MT soil suggests that the concentrations
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below MDL in this sample set can be due to the greatest
Cd mobility.

Regarding Mn, a slight increase over the years was
observed, suggesting that Mn content from poultry litter
is being mobilized or changing to less available chem-
ical states. Mn can be immobilized in soils through
cation exchange reactions, being retained by clays at
low concentrations and desorbed by ion exchange reac-
tions on soil solution at high concentrations (ATSDR
2012c). The bioavailability of this metal can be in-
creased at pH < 5.5 and by redox potential, resulting in
increasing Mn (II) levels in soil matrix, which is the
most soluble and available chemical species for plants
(Millaleo et al. 2010).

Poultry litter load index based on fertilized soils

The proposed index reflects the ratio between the mean
of each element in poultry litter samples and the con-
centration measured in fertilized soils. The index is
based on the assumption that if the input of heavy metals
is greater than the measured in soils, a biogeochemical
transfer is occurring. In this case, the lower concentra-
tions in soil samples are indicative that the heavy metals
were transferred to the biota and other environmental
matrices (e.g., deeper layers of the soil, leaching, runoff,
and air particles).

According to the index Lirg high to very high load
percentages were estimated for Cu, Cr, Zn, and Mn in
fertilized soils (Fig. S1). Considering these critical heavy
metals and the long-term application of poultry litter in the
study region, we present heat maps based on L/ for long-
term fertilized areas 1, 2, and 3 (Fig. 4).

Predominantly high and very high LIzs were estimated
in LT soil 1 (10 years of fertilization). Azeez et al. (2009)
observed, in a similar period of fertilization (9 years), Cu,
Pb, and Mn mobilization to depth soil layers (80—120 cm).
In addition, heavy metal mobilization through
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Fig. 4 Heat maps based on L/xg
for Cu, Cr, Zn, and Mn in long-
term soils (LT soils 1, 2, and 3)

environmental matrices is expected, leading to risks of
accumulation by edible plants (Khan et al. 2015; Mattias
et al. 2010; Millaleo et al. 2010).
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On the other hand, temporal trends of decreasing Liyg
were estimated for Cu, Cr, and Zn over the years (LT soil

1 to 3). The decreased risk of biogeochemical transfer
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was probably influenced by changes in soil chemical
parameters due to poultry litter application, such as
increased pH, OC, and CEC (Online Resource
Table S2). Among heavy metals, Mn presented a differ-
ent pattern maintaining very high Llgg in all areas (Fig.
4). According to this preliminary tool of environmental
risk assessment, in addition to crops, water resources
and surrounding drainage basins should be monitored
with respect to possible high heavy metal availability.

Conclusions

Through the assessment based on technical recommen-
dations of poultry litter application in agricultural soils,
it was possible to estimate high annual loads of Mn, Zn,
and Cu. However, due to the high soil variability, heavy
metal load should be monitored considering geological
background. In this context, our proposal of a load index
based on geological background (LIp) was effective as
a preliminary environmental risk assessment tool. The
Ll predicted very high (> 5) loads of Cu, Cr, and Zn,
in agreement with the observed significant accumula-
tion of these metals in fertilized soils over the years.
According to the second proposed index, based on
fertilized soils (LIxg), the risk of biogeochemical transfer
changed with the assessed heavy metal and over the
years of poultry litter fertilization. The estimated Llxg
decreased for Cu, Cr, and Zn between 10 and 30 years of
soil fertilization. For Mn, very high LIg were estimated
in all long-term fertilized soils. The LIyg can be a simple
and effective tool to guide future monitoring studies in
agricultural areas where poultry litter and manure are
largely applied. In this context, heavy metal bioaccumu-
lation mainly by edible plants should be investigated.
Furthermore, the possible impacts of heavy metal con-
tamination on water resources through leaching and
runoff should be monitored.
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