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Abstract
Lead-polluted agricultural soils are a serious problem for food safety, with organic amendment being a promising mitigation
method from the environmental perspective. Therefore, the purpose of this study was to evaluate lead availability and the
effectiveness of the application of compost of biosolid with wood shavings and yard trimmings in contaminated soils. The
physicochemical (Pb distribution, organic matter, pH, electric conductivity, cation exchange capacity, nitrogen, phosphorus,
carbon, carbonates, exchangeable cations, sodium) and biological parameters (the microbial activity obtained by fluorescein
diacetate hydrolysis) in Pb-polluted and non-polluted agricultural soils were evaluated after the addition of biosolid with wood
shavings and yard trimming compost. Topsoils (lead-polluted and control) were collected in the vicinity of a former battery-
recycling plant, amended with compost (0%, 5%, and 10%), and incubated in controlled conditions for 118 days. The results
showed that lead availability decreased significantly, and the nutritional quality of the soils increased in the soils amended with
10% of compost. Taken together, the results of the present study indicated that compost amendment could be an effective method
for mitigating the negative effects of lead in agricultural soils.
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Introduction

Anthropogenic emissions of potentially toxic trace metals
have accelerated considerably in recent decades (Wong et al.
2006). One of the most toxic metals for humans is lead, which

can be found in the environment due to either natural process-
es or to a wide variety of anthropic activities, such as painting
and enamels (Needleman 2004), mining and industrial activ-
ities (Navarro et al. 2008), lead shot hunting (Romano et al.
2016; Selonen et al. 2012), battery residues (Salazar et al.
2012), and fuel additives. Moreover, it can remain bioavail-
able in the soil compartment a long time after being introduced
(Lavado et al. 1998; Mielke et al. 2011).

With regard to agricultural soils contaminated with heavy
metals, adverse effects have been reported on the production
and quality of crops, thereby generating risks for the health of
the population (Chen et al. 2000; Zheng et al. 2007; Salazar
et al. 2012; Rodriguez et al. 2014). The heavy metal remedi-
ation of agricultural soils represents a technological challenge
since the conventional physicochemical techniques (e.g., vit-
rification, chemical remediation, encapsulation, soil washing),
based on engineering usually employed for the remediation of
industrial soils, could result in negative effects on crop quality,
soil sustainability, and productivity. Despite high efficiency,
most of these techniques have the disadvantage of impairing
or even destroying the biological soil functionality, besides
being costly (Ghosh and Singh 2005; Henry et al. 2015;
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Khalid et al. 2016). Therefore, it is necessary to develop an
adequate soil remediation technology for agricultural soils
contaminated with heavy metals, which can also preserve
the quality of the soil in terms of its biological, chemical,
and productivity properties. Related to this, despite
phytoremediation being an economically environmentally
friendly alternative (Khalid et al. 2016), its application in-
volves the use of hyperaccumulator or phytostabilizator spe-
cies over a long time, which prevents agricultural production
during the treatment. Thus, soil remediation in situ methodol-
ogies that employ organic amendments to immobilize the con-
taminants and thereby decrease their bioavailability for the
crops could be a promising remediation alternative. Recently,
numerous studies have also reported that organic amendments
(e.g., compost, biochar) can reduce the bioavailability of con-
taminants in soils through their ability to immobilize heavy
metals as a result of their high organic matter content
(Ahmad et al. 2014). Organic amendments in the soils interact
with the metals and immobilize them through several mecha-
nisms, including adsorption, ion exchange, and surface com-
plexation, which can occur as a result of the highly porous
microstructure, cation exchange capacity, and active surface
functional groups of the organic amendment (Ahmad et al.
2014 and references therein). After their proper application,
soil amendments can reduce pollution by restricting the avail-
ability of metals in the environment and plant uptake (EPA
2007). In this way, many studies carried out with compost
produced from spontaneous microbial oxidation of agricultural
straw, livestock manure, and organic waste under aerobic con-
ditions indicate that the amendment was effective in the reten-
tion of heavy metals in polluted soils and at the same time
improved the soil physicochemical properties (Beesley et al.
2010; Karami et al. 2011; Liang et al. 2017;Mackie et al. 2015;
Soares et al. 2015). Despite this, other studies showed that the
mobility of some metals may also increases, whereas others
elements decrease in the same compost application (Huang
et al. 2016). Moreover, another problem related with
compost-amended soils is the potential release of heavy metals
over time as a result of external environment changes (e.g.,
pH), decomposition of organic matter, and other factors
(Henry et al. 2015; Huang et al. 2016 and references therein).
Therefore, it is important to evaluate the changes on the distri-
bution of the toxic metal among the soil fractions over time, in
order to understand the processes which ultimately determine
the bioavailability of the heavy metals (Blanco et al. 2016).

Considering the abovementioned issues, this study pro-
poses to evaluate the effect on lead availability in contam-
inated agricultural soils amended with a biosolid with
wood shavings and yard trimming compost over time,
through the analysis of the physical, chemical, and biolog-
ical parameters and subsequently determine the effective-
ness of the application of this amendment in the reduction
of bioavailable lead in these soils.

Materials and methods

Topsoil collection

Topsoil samples were collected from the surrounding area of a
former battery recycling plant in the town of Bouwer,
Córdoba Province, Argentina (31° 33′ 34.02″ S; 64° 11′
9.05″ W). The soil is an Entic Haplustoll, and the samples
corresponded to two different levels (low and high) of lead
content (pseudototal concentrations), which were chosen fol-
lowing a systematic sampling according to previous studies
(Vergara Cid et al. 2016; Rodriguez et al. 2014; Salazar and
Pignata 2014). The low level corresponded to control soil
(ConSoil ~ 22 mg kg¬1 pseudototal content; latitude 31° 34′
7.05″ S; longitude 64° 11′ 10.59″ W), and the high level
corresponded to lead-contaminated soil (PbSoil ~ 737 mg
kg-1 pseudototal content; latitude 31° 33′ 32″ S; longitude
64° 11′ 6.5″ W).

All soil samples were air dried, sieved to < 2 mm, homo-
geneously mixed, and stored under controlled conditions of
temperature in a range of 23–27 °C before being amended
with compost and incubated over time.

Chemical characteristics of compost and experimental
conditions of the incubation

In this study, compost from biosolid with wood shavings and
yard trimmings was used. This was provided by the Soil group
of the National University of Comahue (CRUB), Bariloche,
Argentina. Briefly, composting was performed according to a
turning pile system using compost treated with biosolids,
wood shavings, and yard trimmings, at a 1:1 ratio by volume
(biosolids:wood shavings + yard trimmings). For more details,
see Hang et al. (2015) and Laos et al. (2002). A summary of
the chemical characterization, stability-maturity indicators,
and heavy metal content (below the permitted levels
according to EPA 1995) of the compost is shown in Table 1,
which corresponds to a study of Hang et al. (2015). Is impor-
tant to note that the compost was produced under strict inter-
national quality standards; therefore, the characterization of
the compost used in this study was within the values of the
reported range of Hang et al. (2015).

An incubation experiment was conducted between the
years 2017 and 2018 with the purpose to assess the changes
over time in the availability of lead of the amended soil treat-
ments. Plastic containers were filled with 25 kg of soil (S)
amended with different proportions of compost (C) w/w in
triplicate: 0% C/100% S; 5% C/95% S; and 10% C/90% S.
Containers were covered with a perforated cap to limit water
evaporation while ensuring gas exchange and incubated in the
dark under controlled temperature in a range of 23–27 °C for
118 days. For each experiment, the moisture content of each
soil treatment was maintained at 70% water holding capacity
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(WHC) by adding the corresponding water volume calculated
by weight difference, being thoroughly mixed to ensure the
homogeneity of the soil performing mixtures using the quar-
tering procedure (EPA 2014).

Physical, chemical, and biological analyses

Soil nutrient and texture analysis

The nutritional quality of the soils was analyzed for samples
collected at the end of the incubation period, with the follow-
ing parameters being measured: pH and EC (1:2.5 soil:water);
OM% and oxidizable C % (Walkley and Black 1934); total N
(Kjeldahl method); C/N; N–NO3

− (Jackson 1958); S–SO4
2− ;

extractable P (Bray and Kurtz 1945); exchangeable K; ex-
changeable cations (Ca2+, Mg2+, Na+, K+); exchangeable
H+; CEC according to Lavkulich (1981); exchangeable sodi-
um percentage (ESP); base saturation %; and carbonate con-
tent (Soil Survey Staff 1996). In addition, the particle size
distribution was measured by laser-diffraction size analysis
using a Horiba LA-950 particle size analyzer according to
Gaiero et al. (2013). The texture was categorized as clay (<
0.2 μm), silt (two sizes: 2–20 and 20–50 μm), or sand (50–
2000 μm), according to the U.S. Department of Agriculture.

Selective sequential extraction

Lead (Pb) content in different fractions of the amended soils
was determined by selective sequential extraction (SSE) pro-
cedures. In order to analyze the changes in Pb concentration in
the available fractions during the incubation period, soil sam-
ples were collected periodically after mixing the soil by the
quarter method every 7 days in the first month; every 15 days
in the next two months; and finally once a month after that. In
these samples, the SSE of Maiz et al. (1997) was performed,
with the fractions I and II being measured, since these frac-
tions were often satisfactorily correlated with the uptake of
heavy metals by plants (Filgueiras et al. 2002; Maiz et al.
1997). For the purpose of evaluating the Pb distribution of
the more stable soil fractions, the SSE of Tessier et al.
(1979) (fractions I′, II′, III′, IV′, and V′) was carried out in
samples collected at the end of the incubation period in
PbSoil.

The soil samples were dried at room temperature, sieved at
2 mm with a stainless steel mesh, and then SSEs were per-
formed with a few modifications as follows. Regarding the
SSE ofMaiz et al. (1997), the mobile/exchangeable extraction
(I) was performed under continuous agitation for 2 h of soils
suspended in a solution of CaCl2 0.1 M (1:10 w/v).
Subsequently, the mobilizable fraction (II) was used with the
remaining soil from the previous extraction and suspended
under agitation in DTPA 0.005 M, CaCl2 0.01 M and TEA
0.1M at pH 7.3 (1:2 w/v) solution for 4 h. For each extraction,
the supernatant was obtained by centrifugation (3500 rpm)
and then filtered with Whatman® grade 542 filters. All the
extractions were analyzed using an AAS (Perkin-Elmer
AA3110, flame atomic absorption spectrometer; Norwalk,
CT, USA).

The five-step SSE of Tessier et al. (1979) was followed,
with a modification in the last extraction: I′, exchangeable
(MgCl2 1.0 M); II′, susceptible to changes in pH (NaOAc
1.0 M); III′, bound to Fe and Mn oxides (NH2OH–HCl
0.04 M in HOAc 25% v/v); IV′, bound to OM (HNO3

0.02 M + H2O2 30%, 85 °C); and V′, pseudo-residual (diges-
tion with HNO3 65% for 24 h). The sum of all extractions
corresponded to the pseudototal concentration of metals in
the soil.

Table 1 Chemical characterization, stability-maturity indicators, and
heavy metal content of biosolid with wood shavings and yard trimming
compost

Chemical and physical parameters

pH 6.5–6.7

EC (mS cm−1) 1.2–2.4

C (%) 23–27

TN (%) 1.5–2.0

C/TN 12–19

Ca (%) 1.4–1.5

Mg (%) 0.6

Na (%) < 0.1

K (%) 0.5–0.8

Ptotal (%) 1.3–1.4

Stability and maturity indicators

N–NH4
+ (mg kg−1) 28–56

N–NO3
− (mg kg−1) 500–1100

N–NH4
+/ N–NO3− 0.03–0.25

WSC (g kg−1) 1.2–4.7

WSC/TN 0.2–0.5

%GI (1:10, 100%) 72–90

Heavy metal content

As 3.5–3.8

Cd < 10

Cr 20–30

Cu 40–85

Hg < 7

Mo nd

Ni 15–20

Pb 53–59

Se < 15

Zn 115–755

Chemical and physical parameters, stability, and maturity indicators
reprinted from Hang et al. (2015). Heavy metal content are unpublished
data provided by the authors from Hang et al. (2015). EC, electric con-
ductivity;WSC, water soluble C; TN, total N asNK (NKjeldhal + N–NO3

− ); GI, germination index; nd, not detectable
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As a quality control, blanks, a Pb standard solution, and a
certified reference material “BAM-U113 Soil” (heavy metal
polluted soil, Germany), were measured to check the quality
of the analytical procedures of the samples evaluated. These
results were found to be between 88 and 95% of the certified
value, with the data indicating a low error of typically less than
15%. The coefficient of variation of replicate analyses (n = 3)
was calculated for each determination and was less than 10%.

The detection limit of the flameAASwas 1 mg kg−1 for Pb,
which was calculated by considering the calibration curve of
lead, the weight of the sample, and the volume of extraction.

Fluorescein diacetate

The soil microbial activity was quantified by measure-
ment of the hydrolysis of fluorescein diacetate (FDA),
according to Adam and Duncan (2001). To carry this
out, soil samples were collected both at the beginning of
the incubation process and at the end (4 months). Briefly,
2 g of soil was added to 15 mL of 60 mM potassium
phosphate buffer (pH 7.6) in a conical flask. Then, the
substrate (FDA, 1000 mg mL−1) was incorporated to start
the reaction and flasks were placed in an orbital incubator
at 30 °C (100 rpm; 20 min). Subsequently, 15 mL of
chloroform/methanol (2:1 v/v) were added in order to stop
the reaction. Samples were centrifuged at 447 g for 5 min,
and finally, the supernatant was filtered and measured at
490 nm on a spectrophotometer (Perkin Elmer).

Data analyses

The data were subjected to general linear mixed models
(GLMM) with repeated measures, using the post hoc test
DGC for mean comparisons (Di Rienzo et al. 2002). The
cumulative percentage was calculated for the lead content in
the different fractions obtained in each sequential extraction
procedure, for each soil treatment over time. In addition, the
Pearson correlation coefficient was used with the purpose of
identifying the relationships between the nutritional soil vari-
ables and microbial activity in the different amended soils
(ConSoil and PbSoil). These analyses were performed using
the software Infostat ® coupled with R (Di Rienzo et al. 2011),
version 2012.

Results and discussion

Texture and nutritional status of the soil

The particle size distribution in the PbSoil is shown in Fig. 1,
which indicates a higher composition of silt in the fraction 2–
20 μm and a decrease in the sand fraction for the soil amended
with 10% compost.

Soil particle size has been widely studied in relation to the
distribution of metal concentrations in soils, due to its impor-
tant role in retention and availability. Finer particles have been
reported to have higher concentrations of heavy metals as a
result of increased surface area, and also to be closely related
to the soil particle compositions, such as OM, and Fe/Al ox-
ides (Gong et al. 2014; Liu et al. 2018; Qian et al. 1996;
Quenea et al. 2009). Quenea et al. (2009) performed an anal-
ysis using sodium pyrophosphate to dissolve soil OM in order
to extract the metals bound to the OM, and also the organo-
mineral forms. An important increase in Pb concentrations
was observed by these authors in relation to particle size re-
duction, with the fractions 20–2 μm and < 2 μm being asso-
ciated with the higher concentrations not only for Pb but also
for Zn, Cu, and Cd.

Taking into account the above findings, the significant in-
crease in finer particles in the 10% compost treatment may
represent a higher Pb retention/immobilization due to the sta-
ble interactions of OMwith the finer soil particle sizes and this
metal.

Among the nutritional parameters measured at the end of
the incubation period, the CEC indicated a greater buffer ca-
pacity of the PbSoil in comparison with ConSoil, which was
further increased by the addition of the amendment. Is impor-
tant to note that a higher CEC indicates a greater ability of the
soil to bindmore cations to the exchange sites, as in the case of
organic matter particle surfaces, which is directly related to
nutrient availability. As mentioned above, the higher CEC of
PbSoil observed may be due to the land use, leading to a
higher content of OM since no intensive farming was carried
out in soils contaminated with Pb in comparison with control
soils, tending to a higher accumulation of OM and nutrients.
Moreover, it was observed that the addition of an amendment
increased the total N and extractable P in both soils, as a
consequence of the content of the compost (Tables 1 and 2).
However, PbSoil without the addition of the amendment (0%)
revealed a higher total N and extractable P contents than
ConSoil (Table 2), as a consequence of land use. In contrast,
the nitrate content was higher in ConSoil than in PbSoil, but
the addition of the amendment significantly increased these
values in both soils. These results are consistent with the dif-
ferential use of both soils, as explained above, since for ex-
ample the PbSoil did not present any agricultural activity,
whereas the ConSoil, whose main crop is soybean (main
source of N is the biological fixation), in rotation with sor-
ghum and corn, requires N fertilization leading to the accu-
mulation of nitrate (Salvagiotti 2009).

Lead distribution in soil fractions

The results of Pb sequential extraction according toMaiz et al.
(1997) for ConSoil and PbSoil amended soils over time are
shown in Fig. 2. During the incubation period, Pb

Environ Sci Pollut Res (2019) 26:30472–30484 30327



concentration in the mobile (I) in the ConSoil and mobilizable
fraction (II) in the PbSoil were significantly different (p <
0.05) for the soils amended at 10% of compost. Stabilization
of Pb concentration was obtained only for this fraction in
PbSoil. However, a stable lead distribution in soil fractions
over time is not easily achieved in comparison with other
metals, as mentioned by de Santiago-Martín et al. (2015),
who performed soil incubation spiked with different metals,
indicating that Pb concentrations did not attain equilibrium
during the incubation time. In addition, other studies have
reported that soluble/exchangeable lead forms (Pb2+) in soils
become part of more stable fractions over either short or long

periods of time (Kabala et al. 2011; Arenas-Lago et al. 2014;
Ferreyroa et al. 2014).

At the end of the incubation period, the Pb distribution in
the available and stable fractions was evaluated using the SEE
of Tessier et al. (1979). ANOVA results (mean ± SEM) in
different fractions are shown in supplementary Table S1,
whereas Fig. 3 shows the cumulative percentage (mean ±
SEM) of Pb content in different fractions of PbSoil amended
with compost. These results showed that for PbSoil, no sig-
nificant differences were observed among soil treatments for
the mobile/exchangeable fraction (I′). On the other hand, the
PbSoil amended with 5 or 10% of compost showed a

Table 2 Soil nutrient analysis of
control and lead-polluted soils
amended with compost (0%, 5%,
and 10%) at the end of the incu-
bation period

Chemical parameter Treatment

CoS 0% CoS 5% CoS 10% PbS 0% PbS 5% PbS 10%

pH 6.96 6.65 6.74 6.95 6.82 6.67

EC (mS cm−1) 0.98 1.49 1.11 0.59 0.99 0.87

OM (%) 2.11 2.73 3.72 3.76 4.66 5.33

C (%) 1.22 1.58 2.16 2.18 2.70 3.09

TN (%) 0.13 0.16 0.22 0.22 0.28 0.30

C/N 9.49 9.84 9.72 9.96 9.71 10.32

N–NO3
- (mg kg−1) 220.25 296.27 248.48 138.91 169.10 218.29

Extractable P (mg kg−1) 44.46 137.90 167.44 79.81 143.43 171.44

Exchangeable K (mg kg−1) 1128.80 1111.93 835.75 682.75 1301.40 1061.72

S–SO4
−2 (mg kg−1) 4.76 4.87 5.91 5.80 3.99 7.64

Exchangeable cations
(meq 100 g−1)

Ca+2 11.78 12.87 13.86 15.25 14.95 15.05

Mg+
2

2.08 2.48 2.87 2.18 2.77 2.87

Na+ 0.26 0.26 0.30 0.17 0.17 0.17

K+ 2.89 2.85 2.14 1.75 3.34 2.72

Exchangeable H+ 1.10 1.54 1.28 1.05 1.21 1.36

CEC 18.11 20.00 20.45 20.39 22.44 22.17

Base saturation (%) 93.93 92.30 93.74 94.85 94.61 93.87

ESP (%) 1.44 1.30 1.47 0.83 0.76 0.77

Carbonates nd nd nd nd nd nd

CoS, control soils; PbS, lead-polluted soils; EC, electric conductivity; OM, organic matter; TN, total N; CEC;
cation exchange capacity; ESP, exchangeable sodium percentage; nd, not detected

Fig. 1 Percentage composition of
silt (2–20 μm, 20–50 μm) and
sand (> 50 μm) corresponding to
the lead-polluted soils (PbSoil)
with 0, 5, and 10% of amend-
ment. No clay minerals were de-
tected. Texture classification
made according to U.S.
Department of Agriculture
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significant decrease in the Pb content in soils susceptible to
changes in pH (II′) (149 ± 8; 118 ± 2; and 90.3 ± 0.6 mg kg−1

for 0, 5, and 10%, respectively, at p < 0.05). Moreover, the
fractions bound to the Mn and Fe oxides (III′), and OM-
sulfites (IV′) revealed a significant decrease in the Pb content
for the PbSoil amended with 10% of compost (60 and 36 mg
kg−1 less than the unamended soil, respectively, for the frac-
tions III′ and IV′). However, for the pseudo-residual (V′) frac-
tion, the highest values of Pb content were found in the PbSoil
amended with 10% of compost (83 ± 3 mg kg−1) in compar-
ison with the control, and 5% of compost-amended soils,

which showed that all the Pb decreases in the other frac-
tions (II′, III′, IV′) at the highest concentration of com-
post, was strongly bound to the most stable components
of the soil (Table S1; Fig. 3). In agreement, Manios et al.
(2003) indicated that compost added in contaminated sub-
strate can decrease the mobile and exchangeable metal
fractions by organic binding. Moreover, similar results
to those reported in our study were found by Zhou
et al. (2017), who performed a remediation study of ag-
ricultural multi-heavy metal–contaminated soil, using red
mud and compost, with a decrease of heavy metal bio-
availability in the soil fractions bound to carbonates, OM,
and Fe–Mn oxides in the amended soils. The increment
of Pb concentration in fraction V′ for PbSoil 10% is also
related to OM since in the soil mineral fraction (repre-
sented by SEE fraction V′) is also present and its different
functional groups play an important role as ligands (Dube
et al. 2001). Regarding this, Ferreyroa et al. (2014) per-
formed a study about Pb incorporation to soils, finding
that Pb was incorporated highly associated to carboxylic
functional groups in the clay-silt mineral fraction, and
that OM was covering different mineral surfaces. Thus,
our results indicate the effectiveness of the application of
biosolid with wood shavings and yard trimming compost
for the reduction of the bioavailable Pb concentration in
agricultural soils, since there was a change in the pollut-
ant distribution by becoming part of the mineral fraction
of the soil in a higher proportion in comparison to the
unamended treatment.

Fig. 2 Pb content variations over time in control soils (ConSoil) inmobile
fraction I (a) and mobilizable fraction II (b), and in lead-polluted soils
(PbSoil) in mobile fraction I (c) and mobilizable fraction II (d). Different

small letters indicate significant differences between mean Pb concentra-
tions at 118 days of incubation time (ANOVA, p < 0.05). SEE used
according to the modified method of Maiz et al. (1997)

Fig. 3 Cumulative percentage (mean ± SE) of Pb content in different
fractions (I′, II′, III′, IV′, and V′) of lead-polluted soils (PbSoil) amended
with compost (0, 5, and 10%). Different letters indicate significant differ-
ences between mean Pb concentrations corresponding to different soil
treatments (ANOVA, p < 0.05). No significant differences were found
for the I′ fraction; SEE used according to the modified method of Tessier
et al. (1979)
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Microbial activity in soils amended with compost
over time

The microbial activity response revealed a soil effect, with the
highest activity being associated to the PbSoil. In addition, a
time effect was also observed, as the microbial activity at the
end of the incubation period was higher, independent of the
soil used or the amendment (Fig. 4). Regarding ConSoil, the
increase in microbial activity towards the end of incubation
corresponded to an increase in OM and other associated var-
iables, such as N, C, sulfates, and P (Table 3). Lee et al. (2009,
2011) have also found a higher microbial activity after the
application of organic amendments in soils. In contrast, in
PbSoil, a negative association was observed between the mi-
crobial activity and EC, K, and CEC (Table 3). While some
authors have found a negative correlation between microbial
activity and heavy metal concentrations in soils (Kızılkaya
et al. 2004; Lee et al. 2009), no significant correlations were
found among Pb concentration in soils and microbial activity
(FDA) in our work. This lack of correlation may be due to
many years of pollution persistence in PbSoil, which could
have arisen the development of resistant microorganisms to
Pb toxicity (Blanco et al. 2016). Moreover, the higher micro-
bial activity in PbSoil in comparison with ConSoil could also
be due to land use since ConSoil has been exposed to an
intensive agricultural production, including the use of pesti-
cides, which can affect soil microorganisms.

Our findings showed that the microbial activity was asso-
ciated to the content of organic matter and nutrients from the
soil, either because of the amendment addition or the soils
characteristics due to land use (see “Texture and nutritional
status of the soil” section for PbSoil). However, it was not

possible to find a clear pattern of response for incubation time
in all soils, and between amendment treatments in PbSoil,
which could be related to the variation of the microbial com-
munity of the studied soils, being probably different in abun-
dance and richness. In this context, variations in the native
microbial communities of soils have shown different effects
on the chemistry of Pb in soils depending on numerous phys-
icochemical characteristics, being not easily transferred the
results from laboratory experiments to real soils (Henry et al.
2015 and references therein).

Conclusions

Our findings showed that lead distribution in the mobile and
mobilizable fractions did not attain equilibrium during the
incubation period. In addition, PbSoil revealed different phys-
icochemical properties (higher OM, CEC, total N, and P) than
ConSoil, which were directly related with the land use history
of the polluted soils. These parameters were also increased
with the incorporation of the biosolid with wood shavings
and yard trimming compost as an amendment in both soils.
The microbial activity of soils was higher in PbSoil, without a
strong response being observed related to the incorporation of
the amendment. However, our findings showed that the appli-
cation of the amendment potentially decreased the available
Pb content in the studied soils, with 10% of compost being the
best. This treatment modified soil texture with an increase in
fine silt (2–20 μm) as well as lead sorption in soil by changing

Table 3 Pearson’s correlation coefficient between nutritional soil
parameters and microbial activity (FDA/g of soil) at the end of the
incubation period for amended soils

Chemical parameter CoS PbS

pH − 0.43 0.233

EC 0.076 − 0.776

OM % 0.829 − 0.333

C % 0.829 − 0.332

TN % 0.833 − 0.471

C/N 0.393 0.498

N–NO3
− 0.172 − 0.153

Extractable P 0.71 − 0.437

Exchangeable K − 0.802 − 0.804

S–SO4
−2 0.811 0.564

Exchangeable H+ 0.202 − 0.281

CEC 0.688 − 0.699

Base saturation % 0.026 0.027

Italicized values indicate a statistically significant difference with a p
value of less than 0.05.

CoS, control soils; PbS, lead-polluted soils; EC, electric conductivity;
OM, organic matter; TN, total N; CEC, cation exchange capacity

Fig. 4 Fluorescein diacetate (FDA) hydrolysis in ConSoil and PbSoil at
the beginning and end of the incubation experiment. Mean values and SE
are shown. Different letters indicate significant differences (ANOVA, p <
0.05)
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its distribution among the different soil fractions, with an in-
crease of this metal bound to the mineral fraction. These re-
sults may suggest that organo-mineral complexes were
formed in 2–20-μm particles, which would represent stable
Pb binding to soil. Hence, our results are a promising addition
towards the goal of achieving the safe use of agricultural soils
contaminated with lead. Nevertheless, further studies related
to the potential of this toxic metal to interact and be absorbed
by living organisms should be performed, in order to evaluate
the toxicological risk of these contaminated soils amended
with compost.
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