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ABSTRACT 

An agroforestry system (AFS) describes the conjoint use of land for agricultural and 
forestry purposes. An AFS plays a strategic role in the mitigation of carbon dioxide 
(CO2) emissions, and stands as an alternative in land use that reduces mercury (Hg) 
remobilization in cultivated soils. This study evaluated the spatial variability of Hg 
concentrations as indicators of environment changes and soil quality in different land 
cover and use systems in a rural settlement in southern Amazon, Brazil. The 
methodological procedures were carried out as steps: the experimental units were 
defined, physical and chemical characteristics of soil samples were analyzed, and 
data were evaluated using conventional and spatial statistics. The AFS included had 
been established 10 years before or more, and had high Hg retention capacity , 
compared with Hg levels in soils on migratory agriculture or that are not fallowed . 
Therefore, due to low AFS improve soil quality due to the low intensity of harrowing, 
increasing retention of gaseous and particulate Hg in the soil. 

Keywords: Land use. Heavy metal. Spatial analysis. Soil quality. 
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ANÁLISE ESPACIAL DOS NÍVEIS DE MERCÚRIO COMO INDICADOR 
DE MUDANÇA AMBIENTAL E DA QUALIDADE DO SOLO EM SISTEMAS 

AGROFLORESTAIS NO SUL DA AMAZÔNIA 
 
RESUMO 

O sistema agroflorestal (SAF) é o uso da terra que integra no mesmo espaço o 
cultivo de espécies agrícolas e silviculturais. O SAF é apontado como estratégico na 
mitigação das emissões de dióxido de carbono (CO2) e, é uma alternativa de uso da 
terra capaz de atenuar a remobilização de mercúrio em solo cultivado. O objetivo do 
estudo foi analisar a variabilidade espacial das concentrações do mercúrio como 
indicador de mudança ambiental e da qualidade do solo em diferentes sistemas de 
uso e cobertura da terra no Assentamento Rural Umari, sul do Amazonas. Os 
procedimentos metodológicos compreenderam a descrição das unidades 
experimentais; procedimentos analíticos dos atributos físicos e químicos do solo e; 
aplicação de métodos estatísticos espaciais e convencionais. Os solos sob SAF’s 
com dez anos ou mais de implantação apresentaram elevada capacidade de 
retenção de mercúrio quando comparado ao solo  sob agricultura itinerante com ou 
sem pousio. Portanto, admite-se que os SAF’s promovem melhorias à qualidade do 
solo, contribuindo na retenção de mercúrio depositado na forma gasosa e 
particulada. 

Palavras chave: Uso da terra. Metal pesado. Análise espacial. Qualidade do solo. 
____________________________________________________________________ 

 
INTRODUCTION 

The indiscriminate use of agrochemicals to improve and maintain high soil production standards 
raised concerns in the USA in the early 1990s. Based on the intensive use of agrochemicals 
and synthetic fertilizers, this agricultural production system was complemented with the use of 
machinery during the several stages of grains production. The consequence of technological 
innovations included the modernization of agricultural activities, in what has been called “green 
revolution” (ANDRADE and GARMINI, 2007; VEZZANI and MIELNICZUK, 2009). 

Almost 30 years after Rachel Carson published Silent Spring and warned of the hazard posed 
by agrochemicals to human health and natural resources like soil and water mainly, Lal and 
Pierce (1991) renewed the alert, claiming that the soil management model that represented 
modernity in rural regions in the USA was affecting agricultural sustainability. This prompted the 
international scientific communities in the search for alternative, more efficient management 
approaches. 

The modernization of the rural landscape in the USA and the uncertainties around the health of 
natural environments in the country led Doran and Parkin (1994) to propose the most widely 
accepted concept of soil quality: the capacity of soils to support life and biological productivity 
within the boundaries of a natural or cultivated ecosystem, maintaining and improving air and 
water quality and conserving fauna, flora, and human health. At that time, Larson and Pierce 
(1994) declared soil quality promotes the growth and development of plants and animals, 
regulating water, gas, and energy cycles in the environment.  

From the same theoretical perspective, Vezzani and Mielniczuck (2009) recently claimed that a 
good quality soil works as ideal substrate to support fauna and flora. The authors argue that soil 
quality regulates and compartmentalizes water cycles in the environment, with a role in the 
storage and cycling of essential organic and inorganic nutrients in the biosphere. In addition, 
good quality soils work as natural reservoirs in the retention, regulation, and degradation of 
noxious compounds, especially those containing heavy metals like Hg, lead (Pb), cadmium 
(Cd), and others, besides persistent organic substances. 

In view of the numerous roles soil has in both natural and cultivated systems, the international 
as well as the Brazilian scientific communities have engaged in the effort to propose a set of 
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physical, chemical, and biological indicators to accurately measure quality of a given soil class 
in tropical and temperate ecosystems (DORAN, 2002; ARAÚJO et al., 2012). 

Both native inhabitants and renowned scientists will often say that a significant part of 
Amazonian soils are poor in macro and micronutrients. Natural soil fertility in the region is 
associated with the efficient nutrient recycling processes, when these are released from the 
decomposing biomass originating from the forest itself. These nutrients are incorporated into 
soils, being subsequently absorbed by the root system of plants through biogeochemical 
processes (LEPSCH, 2011; LINHARES et al., 2014). 

The dynamic of nutrients and the reasons behind the fast and progressive decline in quality of 
Amazonian soils, independently of anthropic intervention (conversion or different land use) in 
the forest have been studied by Araujo (2008), Campos et al. (2012), and Oliveira et al. (2015). 
On the other hand, little information has been published about the capacity of soil, especially in 
southern Amazon, to be a natural reservoir (retention) of heavy metals such as Hg after land-
use and land-cover change (LUCC).. 

More specifically, it has been shown that two processes describe the incorporation of Hg from 
both natural and anthropogenic sources into southern Amazonian soils with or without forest, 
agroforestry, and agricultural covers. In the first, part of the Hg from wet and dry atmospheric 
deposition is adsorbed onto the leaf tissue of plants that form the canopy, while part deposits 
directly on the soil. In the second, gaseous Hg is absorbed by the cell system of the stomatal 
cavity of plants (TEIXEIRA, 2008; NOELLE, 2009). 

In the two processes, Hg incorporates to soil aggregates through falling leaves, branches, 
flowers, and fruit that subsequently form litterfall. Besides, an important contribution of Hg 
comes from throughfall, that is, from rainwater that hits the canopy and becomes rich in Hg 
compounds adsorbed onto the surface of plant structures. Together, these events represent the 
direct deposition íon mercúrico (Hg

2+
) by rainwater (SILVA-FILHO et al., 2006; MELENDEZ-

PEREZ et al., 2014). 

The time required for 1 cm or 2.5 cm of soil to form in natural systems has been estimated at 
100 years (WICANDER and MOROE, 2009). However, the retention time of complexed Hg to 
organic matter in soils in temperate climates is observed 70 years into fallowing (GRIGAL et al., 
1994). In this sense, Bastos and Lacerda (2004) declare that retention and residence times of 
Hg in soils of the wet equatorial bioclimatic region of the Amazon are unknown, but believe that 
it may be near 100 years. 

Despite the doubts concerning Hg retention times in the Amazon soils, studies have shown that 
the AFS llows growing native woody tree species and temporary crops in the same area 
(TAGLIARI, 2009; TORRES et al., 2014; BÉLIVEAU et al., 2017). This plays a strategic role in 
the mitigation of greenhouse gas emissions, becoming an alternative in land use that reduces 
the remobilization of Hg adsorbed by leaf tissue that is released in the atmosphere together with 
CO2 during slash and burn of the forest biomass due to establish intensive pastures and 
subsistence farming practices in the agricultural border of the Amazon.  

In this scenario, the present study was based on the hypothesis that the introduction of AFSs to 
replace migratory agriculture and slash and burn practices increase the retention of Hg in soil 
ecosystems, reducing the mobilization of this trace metal to the atmosphere and local aquatic 
ecosystems. 

The LUCC in southern Amazon may be of two types, namely conversion and modification. 
Conversion is the replacement of one form of land use for another, within the same category (for 
example, migratory agriculture slash and burn practices as observed in small plots are replaced 
by pastures). In turn, modification includes the LUCC for another category of LUCC 
(BRIASSOULIS, 1999; ESCADA, 2003; LANDIM et al., 2003). The objective of the present 
study was to analyze the spatial variability of Hg levels as indicator of environmental changes 
and soil quality in different land use/cover category in a rural settlement in southern Amazon, 
Brazil. 
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Study area 

The study was performed in the rural community of 12 km of settlement Umari (64º40’14.4” and 
64º34’26.0” W, 07º21'16.5” and 07º18’06.4” S) is located in the municipality of Lábrea, state of 
Amazonas, Amazon (Figure 1). Covering 90.171 km², the settlement established in 1996 by the 
National Institute of Colonization and Agrarian Reform (INCRA) is home to 158 families (INCRA, 
2007). 

River Paciá flows across rural settlement Umari, along equatorial forested lowlands in southern 
Amazon. Climate in the region is equatorial wet, regulated by the equatorial continental mass 
(ECM). This presents a dry season that lasts from May to September and rainy season between 
January and March being January the month of larger indexes pluviometric (350mm). April and 
October are transition periods, and mean annual temperatures between 21,3ºC and 31,5ºC 
(MENDONÇA and DANNI-OLIVEIRA, 2007). 

Land-cover in the rural community of 12 km of settlement Umari is of two main types, namely 
the original forest (formed by rainforest evergreen amazonian of the lowland and rainforest 
evergreen Amazonian of holm), and agricultural and agroforestry cultivated covers. These 
systems occur on red and red-to-yellow clay-like, naturally dystrophic acrisols (V<50%) (IBGE, 
2012; LINHARES et al., 2014). 

 
Figure 1 – Map showing the study area. 

 
Source – Geographic Database (GDB) of municipal information base of natural resources of the Amazon 

Protection System – SIPAM. 
 
METHODOLOGY 

A map of soil use in the region was prepared based on survey data published by Linhares et al. 
(2014). The map on a 1:100 000 scale was prepared using a digital chart (SB.20-Y-C-IV, DSG, 
IBGE) and drainage, road, rural property, and altitude vectors (IBGE, 1982) complemented with 
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a satellite image (LANDSMAT 8/TM, 233/65, 30 x 30 m spatial resolution. All geographic 
information was processes in the software SIG SPRING 5.2 (INPE, 2015). 

Based on the soil and land use map, one 50 m x 50 m quadrat was defined in each AFS 
(FURLAN, 2008). In total, 23 quadrats were established, as follows: 10 in AFSs, eight in shifting 
agriculture areas, two in pastures, and three in native forests (controls) . Quadrats were marked 
with PVC tubes, numbered, and georeferenced by global positioning system (GPS).  

Three soil monoliths (two measuring 0.50 m x 0.50 m and one measuring 0.25 x 0.25 m, all 0.20 
m deep) were obtained according to Moreira et al. (2010). A 500-g parcel was retrieved from 
each monolith to determine levels of total Hg (THg) and physical-chemical characteristics. All in 
all, 232 samples were obtained (116 between the 0 cm - 10 cm layer and 116 between the 10 
cm - 20 cm layer). A 100-g aliquot was obtained from each sample and weighed. Clods were 
broken, and the material was sifted and homogenized to obtain a compound sample, as 
established by Brazilian environmental authorities (BRASIL, 2009). 

All samples were transferred to plastic bags, labeled, and transported to a refrigerated 
environment in the Environmental Biochemistry Laboratory, Federal University of Rondônia 
(UNIR), where THg levels were analyzed. 

 

Description of the experimental area 

The potential of Hg as indicator of environmental changes and soil quality due LUCC was 
analyzed based on collecting soil samples in different land use classes (In total, 11) located in 
the rural community of 12 km of settlement Umari. The record of land uses in these parcels 
follows described realized by Linhares et al. (2016): 

a) Native forest (NF): native vegetation typical of the southern Amazon forest classified as 
open lowlands with palms. Three conservation areas were used, one covering 300 hectares 
(NF

45
) and two covering 80 hectares (NF1 and NF44). The is no record of deforestation or wood 

extraction in these areas, which were likewise never used to grow plants using synthetic 
fertilizers or agrochemicals. Therefore, the quadrats in NF

1
 and NF

45
 were considered control 

areas. 

b) Extensive pasture (EP8): pasture formed by Brachiaria brizantha cv. Marandu eight 
years before, after slash and burn of the native vegetation, in 2007. 

c) Extensive pasture (EP12): identical record as the previous parcel, though the plant 
species Brachiaria brizantha cv. Marandu was established in 2003. In 2010, the pasture was 
renovated by slashing, though with no burning of woody weed species. 

d) Temporary mechanized agriculture (Tma): the native vegetation was removed during 
the 2011 drought using a bulldozer. At that time, the land was ploughed and harrowed. Then, 
crushed leaves of manioc (Manihot esculenta Crantz) were spread. The area was left to fallow 
in 2015. 

e) Migratory agriculture (Ma): the native vegetation was recently slashed and burned. 
Next, crushed leaves of manioc spread (first slash and burn cycle) to produce manioc flour.  

f) Migratory agriculture with 13-year fallowing (Ma13): the forest was converted into a M. 
esculenta plantation. The first cycle was between 1997 and 2001. After the last harvest, the 
area was left to fallow from 2001 to 2014, when the secondary forest was felled and burned to 
start the second manioc plantation. 

g) Agroforestry system (AFS3): in 2011, the forest was modified with the establishment of 
a manioc plantation. Pineapple (Ananas comosus) was grown in the spacings. When M. 
esculenta reached 1 m, trees of the families Sterculiaceae (Theobroma grandiflorum Schum, 
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Theobroma Cacao L.), Lecythidaceae (Bertholletia. excelsa) and Arececeae (Astrocaryum 
aculeatum G. F W Meyer and Euterpe oleracea Martius, etc.) were planted. 

h) Home garden (HG15): the forest was modified to grow manioc in the first year (1999). In 
2000, the manioc plantation was converted to a home garden with the introduction of the first 
individuals of trees of the family Sterculiaceae (Theobroma grandiflorum Schum, Theobroma 
cacao L.), Lecythidaceae (Bertholletia. excelsa Humb), Meliaceae (Carapa guianensis Aubl.), 
Arecaceae (Astrocaryum aculeatum G. F W Meyer, and Euterpe oleracea Martius, etc.). 
limestone was used to correct acidity of the soil before the establishment of the home garden. 

i) Nineteen-year agroforestry system (AFS19): identical record as the previous system. 
The annual species grown were M. esculenta and Zea mays, which have been cultivated for two 
years. Next, the M. esculenta plantation was converted in agroforestry system with the 
establishment of tree species of the families Lecythidaceae (Bertholletia. excelsa Humb), 
Sterculiaceae (Theobroma grandiflorum Schum, Theobroma cacao L.), Arecaceae 
(Astrocaryum aculeatum G. F W Meyer, and Euterpe oleracea Martius). 

Besides the quadrats described above, 12 other quadrats were included, of which seven were 
AFSs established in rural settlement Umari, like HG35, HG35a, HG39, HG55a, HG56a, HG56, 
and HG60 and five were migratory agriculture (Ma61, Ma58, Ma33, Ma55, and Ma59; the 
superscript number indicates the code of lots in the INCRA system), totaling 23 quadrats. Land 
use conversion record of all quadrats was similar to what was observed for SAF19, HG15, and 
Ma (LINHARES et al., 2016).  

 

Physical and chemical characteristics of the soil 

The soil was characterized based on the concentrations of aluminum (Al), calcium (Ca), 
magnesium (Mg), potassium (K), phosphor (P), iron (Fe), and acidity measured in pH / H2O (pHw) 
(EMBRAPA, 1997). Organic matter (OM) was determined using air-dried fine soil (ADFS) and 
titration with ammonium iron(II) sulfate. Levels of OM were calculated using the equation CO = 
(40 – volume spent) x f x 0.6, and OM = C x 1,72, with f = 40/volume of ammonium iron(II) 
sulfate spent in the blank assay (MENDONÇA, 2005). Grain size distribution was obtained by 
total dispersion. ADSF samples were kept in the desiccator until reaching the room temperature. 
Next, they were weighed (0.0001 g for clay). The sand fraction (coarse plus thin) was separated 
by sieving (0.2 mm; #70), while the silt fraction was determined by difference (LINHARES et al., 
2016). 

 

Hg levels in soil 

THg levels were determined according to Bastos et al. (1998). Soil samples were wet-sieved to 
a 200 mesh (< 74 mesh). After drying in stove at 50ºC, samples were macerated in mortar and 
pestle. Next, approximately 0.500 mg of macerated soil was transferred to a test tube and 
solubilized with nitric acid and hydrochloric acid. Titration with potassium permanganate ensued 
(6 mL). Samples were heated for 30 min during the two acidification stages and then left to rest 
for 12 h. After, the solutions were reduced with hydroxylamine hydrochloride to an approximate 
ratio of 1 mL, when purple tips to clear. Immediately after, samples were shaken and filtrated by 
gravity in cellulose filters (Whatman

®
) in a 15-mL falcon tube to a final volume of 12 mL. 

Hg levels in soil samples were determined by cold vapor atomic spectrometry (Flow Injection 
Mercury System, FIMS, 400, Perkin-Elmer). Calibration indicated recovery of 95%. Data of Hg 
levels were processed in the software Winlab, Perkin Elmer. All analyses were carried out in 
duplicate, with control blanks and certified samples (SS/2/140-025-002-SCP Science) to ensure 
analytical quality. 
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Spatial analysis 

The statistical design to analyze levels of Hg and determine the physical and chemical attributes 
of soils was totally randomized. These variables were analyzed in four stages. The first was the 
organization of data, when the main module of the TerraView 4.2 geographic information 
system was used to generate a geographic databank (MySQL server) and the AR Umari AM 
project. Next, the study area was delimited using the Universal Transverse Mercator (UTM) 
conformal projection (UTM/zone 20) combined with the Geocentric Reference System for the 
Americas Datum/SIRGAS2000. 

During the import of the digital base map of AR Umari AM using the theme/view tool, five 
information plans (PIs) in the format SHAPFILE (SHP) were defined in connection to the 
following variables: Hg, OM, physical attributes (PHA), chemical attributes (CHA), and study 
area (STDA). By default, each area (theme class = parcel, or experimental unit) was given an 
identification (ID) organized as a table of alphanumerical attributes containing 23 lines 
representing each experimental unit. Next, for all PIs, a column was added to the soil attributes 
described above. 

In the second stage, after input of physical and chemical variables in the tables of each 
view/theme (PIs) of TerraView 4.2.2, global Moran’s I (Im) and local Moran’s I (Li, or Lisa), 
described by Anselin (1995) were generated. In the view tree (PIs), the view of interest and the 
table of events (soil variable) were selected. Next, the option statistical analysis of Im and Li 
(significance at p-value ≤ 0.05) was selected on the menu. By default, seven new columns for 
the global Moran’s I and local Moran’s I were added. The spatial representation of the local 
index (map of clusters of concentration of soil attributes) was analyzed using the interpolation 
algorithm of the quantic function, density calculation. These procedures afforded to generate a 
set of map of three-dimensional matrix cell for all parameters evaluated. 

In the third stage, the mapped representation of soil parameters was exported in the GEOTIFF 
format to SIG/SPRING 5.2. The maps of the concentration of physical and chemical variables of 
the soil were prepared by inspection of the screen, based on the overlapping of information 
contained in the three-dimensional cell array (tones 0 - 255/dark grey > Hg levels, and light grey 
< Hg levels, which were associated by automatic processing to five vectors classes of 
concentration (very low, low, medium, high and very high), defined in the model of theme data. 

Based on Anselin (1995) and Medeiros et al. (2015), the criteria to interpret local spatial 
autocorrelation indices were defined for Hg levels and physical and chemical characteristics of 
soils. Six autocorrelation or spatial dependence classes were defined in the mapping of 
geographic phenomena. The indices or levels of spatial dependence are shown in Table 1. 

 
Table 1 – Criteria of spatial interpretation of physical and chemical characteristics of the soil. 

Spatial autocorrelation 
index 

 
Intervals of values 

Classes of levels of physical 
and chemical attributes of the 

soil 

Zero  Li or SCI = 0 Zero 

Minimal 0 > SCI ≤ 0.089 Very low 

Weak 0.089 > SCI ≤ 0.174 Low 

Moderate 0.174 > SCI ≤ 0.545 Medium 

Strong 0.545 > SCI ≤ 0.745 High 

Perfect 0.745 > Very high 

Note – Li or SCI local spatial correlation indices is significant when p-v ≤ 0.05. Source: 
Modified from Medeiros et al. (2015). 
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In the fourth stage of analysis, the physical and chemical parameters organized as tables of 
SIG/Terraview values were organized as a single spreadsheet, which was exported as a xls file 
to the software Past version 3.0. This software was used to carry out the descriptive statistical 
analysis (mean, median, analysis of variance, standard deviation, coefficient of variation, etc.) 
and the Tukey mean (α = 0.05) in the classification of the variation of soil attributes. Person 
correlation coefficients were calculated for the values of texture, pHw, OM, total exchangeable 
bases (V%) as well as Al and Hg levels. 

 

RESULTS 

Percent base saturation of all categories and classes of land use were below 50%, indicating 
the dystrophic character of the soil in rural settlement Umari. However, the cation exchange 
capacity (CEC) was low in the soil collected in AFS60 (3.44 cmolc/dm³), average in soils in NF, 
PE08, Tma, Ma, Ma13, AFS3, AFS19, HG55, HG56, HG56a, HG35, and HG35a (between 7.91 
cmolc/dm³ a 11.18 cmolc/dm³), and high in soils in HG39, HG15, and EP12, where CEC was 
always below 11.30 cmolc/dm³ (Figure 2). Oppositely, Al saturation (%) values were higher than 
80% for soils in AFSs, Ma, Tma, and NF. In soils EP08, EP13, and Tma13 these values were 
between 61.33% and 77.91%. The high saturation of Al explains the alic character and the low 
base saturation in soils of rural community of 12 km of settlement Umari. 

The soil of all land use class assessed presented high acidity  (mean pHw = 4,1). Acidity the 
below the average of the area of NF, control area was observed in the soil under HG15, HG39 
and HG55 (3,85, 3,95 e 3,80, respectively). This may be associated with the high levels of OM 
in HG15, HG39 and HG55, which had been established for over 10 years (LINHARES et al., 
2016). 

The sandy loam and sandy clay textures of samples prevailed in all categories of soil use and 
cover. The results of the analysis of variance indicate no statistically significant differences in 
levels of clay, silt, sand. In other words, texture composition of soils in AFSs, migratory 
agriculture with or without fallowing, cattle farming, and native forest did not vary significantly. 
This suggests the hypothesis that the experimental units were established on the same soil 
class. 
 

Figure 2 – Mean of chemical attributes in the 0 - 20 cm layer soil under different land use / cover. A. 
Base saturation (V%); B. Aluminum saturation (m%). C. Cation exchange capacity (CEC). D. sum 

calcium + magnesium.. 
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Note – Native forest (NF), cattle farming (EP), mechanized agriculture (Tma), migratory agriculture (Ma), 
migratory agriculture with 13-year fallowing (Ma13), agroforestry systems (AFSs) established for 3, 15, 
and 19 years, home garden (HG56a) established for over 10 years. (CEC = cmolc/dm³). Aluminum 
saturation (m%).calcium + magnesium (Ca+Mg = cmolc/dm³). 
 

Hg levels in soil in different soil use and cover systems 

The modification of forest cover (NF) based on migratory agriculture (Ma) or slash and burn, 
which is used to clear the land used to grow manioc, is one of the activities that promotes the 
remobilization of Hg to the atmosphere in rural environments in southern Amazon. 
Subsequently, the Hg remobilized is incorporated by other natural cultivation systems by wet 
deposition. Mean Hg levels in the 0 – 10 cm layer under Ma varied between 87 ng/g and 121 
ng/g, confirming this trend. On the other hand, Hg levels were high in the 10 – 20 cm layer in all 
soil samples in Ma, with mean values between 103 ng/g and 258.25 ng/g. 

In the land use system with no biomass burn or harrowing, Hg levels varied between 55 ng/g (0 
– 10 cm) in pastures and 317 ng/g and 327 ng/g in native forest and in agroforestry home 
garden established for 15 years (HG15). Also, Hg levels in pasture (EP12) and forest (NF1, 
NF44, and NF45) were similar to values obtained in other studies in the Amazon.(ALMEIDA et 
al., 2005; HERMANN et al., 2009; LACERDA et al., 2012) 

The Hg levels in soils had strong negative correlation with pH (r = -0.88) in the 0 – 10 cm layer, 
moderate negative correlation with the parameter (r = -0.64) in the 10 – 20 cm layer. Hg levels 
had moderate positive correlation with clay (r = -0.47) and moderate negative correlation with 
silt (r = 0.68) in the 0 – 10 cm layer. Also, Hg levels had weak positive correlation with sand 
(Table 2). Similar behavior was observed for Fe levels, with significant negative correlation (p < 
0.05) with Hg levels, CEC, and clay, and positive correlation with pH. High acidity and low 
silt/clay ratio (r = 0.64 in the 0 – 10 cm layer and r = 0.71 in the 10 – 20 cm layer), which 
prevailed in all soil samples, indicate that the red acrisol is under strong weathering effect in the 
area studied.  

It was expected that the soil in the native forest in the rural community of 12 km of settlement 
Umari presented Hg levels above the values observed for the other systems at all periods and 
layers, since soils under natural vegetation tend to be exposed to less disturbance compared 
with cultivated systems. 

 
Table 2 – Pearson correlation coefficient of the physical and chemical characteristics soil in the 0–10 
cm layer  in the rural community of 12 km of settlement Umari, Amazon, Brazil. 

Attributes Hg pHw CEC Clay Silt Sand OM Al Fe 

Hg 1.00         

pH /H2O -0.88* 1.00        

CEC 0.59 -0.54 1.00       

Clay 0.47* -0.59 0.66* 1.00      

Silt -0.68* 0.63 -0.23 -0.09 1.00     

Sand 0.11 0.00 -0.35 -0.71 -0.63 1.00    

OM 0.40 -0.31 0.91* 0.40 -0.00 -0.30 1.00   

Al 0.07 -0.11 -0.39 -0.45 -0.06 0.40 -0.27 1.00  

Fe
 
 -0.80* 0.80* -0.76* -0.80* 0.24 0.45 -0.58 0.13 1.00 

Note – Acidity measured in pH / H2O (pHw), cation exchange capacity (CEC), clay, silt, and sand (g/kg), 
organic matter (OM), Al (cmolc/dm³), Fe (mg/dm³), *significant correlation with 95% confidence in the 
Tukey test (p < 0.05). 
 

Nevertheless, the soils of home gardens HG15, HG39, and HG35a
 
had mean Hg levels above 

the values recorded for the 0 – 20 cm layer in the dry and rainy seasons (Figure 3). 
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Figure 3 – Levels of soil Hg concentrations in land use/cover classes at different seasons. A. Hg 
concentrations in the 0 – 10 cm layer in the dry and rainy seasons; B. Hg concentrations in the 10 – 20 cm 

layer in the dry and rainy seasons. 

 
Note – Native forest (NF), agroforestry systems (AFSs) established for 3, 15, and 19 years with home 

garden (HG15, HG35, HG35a, HG39,HG56 and HG56a) established for over 10 years. 
 

Higher levels of Hg accumulated in NF, HG, and AFS. Approximately 84% of samples collected 
in the dry season and 92% of those obtained in the rainy season had Hg levels above 50 ng/g. 
However, these values did not exceed the maximum prevention value of 500 ng/g for 
agricultural areas defined by Brazilian environmental authorities (BRASIL, 2009). 

Hg levels in the 0 – 10 cm layer in the dry and rainy seasons in HG56 and HG56a were below 
quality reference values (BRASIL, 2009). The more marked topographic gradient may promote 
the leaching of Hg in clay to small water bodies that flow across in rural community of 12 km of 
settlement Umari (ALMEIDA et al., 2005). 

Based on the local spatial autocorrelation analysis (Li) it was possible to observe that it varied 
from perfect to strongly positive direct, with significance level below 5% (p < 0.05) for Hg levels 
in quadrats in AFS3, HG35a and HG56a

 
in the 0 – 10 cm and 10 – 20 cm layers in the dry and 

rainy seasons. Similar results were observed for mean Hg levels in the 0 – 20 cm layer in 
quadrats in HG39, HG35a, HG56a

 
(dry season) and HG35a (rainy season) wit > confidence 

level > 5% (Table 3). 

 
Table 3 – Local spatial variability of Hg levels in the 0 – 10 cm and 10 – 20 cm layers 

different land uses. 

System 
Spatial analysis 

Hg  Li. Hg Li 

0 - 10 cm dry period 0-10 cm rainy period 

NF01 119 -0.7210 242 -0.5600 
NF44 200 0.1987 200 -0.07210 

NF45 153 0.14326 153 0.9328 
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EP8 62 0.04185 - - 

EP12 48 -0.5059 - - 

Tma 68 -0.0410 105 -0.0569 

Ma 86 -0.1214 124 -0.0887 

Ma13 90 -0.4029 - - 

AFS3 184 1.7342** 224 1.7524** 

HG15 219 -0.6231 292 -1.0455 

AFS19 100 -0.1083 117 -0.0346 

AFS55
 

127 -0.0494 78 -0.01340 

HG56
 

37 0.02596 38 -0.0041 

HG56a
 

33 -0.1140 109 0.2167 

AFS60
 

73 -0.0599 72 0.0039 

HG39
 

212 -1.7410* 228 -1.4907* 

HG35a
 

126 -0.5506 131 0.01351 

HG35
 

140 0.4384 104 0.4657** 

10 – 20 cm dry period 10 – 20 cm rainy period 

NF01 158 -0.7949* 215 -1.2780 

NF44 150 -0.1611 194 -0.3323 

NF45 239 0.2522 137 0.2029 

EP8 77 0.04856 - - 

EP12 118 0.0345 - - 

Tma 89 -0.0630 112 -0.0707 

Ma 66 0.0086 138 -0.1752 

Ma13 159 -08039 - - 

AFS3 85 0.1206 160 0.6762 

HG15 327 -1.2643 308 -0.7966 

AFS19 190 0.03602 100 0.1110 

AFS55
 121 -0.2129 94 0.0551 

HG56
 87 0.0170 113 0.03417 

HG56a
 146 0.5747 114 05818* 

AFS60
 112 -0.1688 64 0.0009 

HG39
 225 -1.3967* 238 -1.4683* 

HG35a
 235 0.0751 197 0.2131 

HG35
 126 0.5880** 148 0.8654** 

Note – Native forest (NF), extensive pasture (EP), Temporary mechanized agriculture (Tma), migratory 
agriculture with 13-year fallowing (Ma13), agroforestry systems (AFSs) established for 3, 15, and 19 
years, home garden  (HG56a) established for over 10 years. Local spatial correlation index (Li or SCI). 

SCI or Li significant when p < 0.05. (*) Significance and cartographic representation when p ≤ 0.001 (**). 

 

Hg levels in soil in NF1 and HG39 were different (except in the 0 – 20 layer), which presented 
perfect negative spatial indirect correlation, with significance level of zero (p = 0) in the 0 – 10 
cm layer and in the 10 – 20 cm layer in both seasons. This confidence level indicates that Hg 
concentrations in these land use and cover classes tended towards independence, just like the 
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Hg concentrations in Ma13 in the 0 – 20 cm layer in the dry season, which varied from minimal 
to perfect negative and positive correlation with significance level > 5% for Hg levels in soil. 

The cluster maps of Hg levels (Figure 3) generated using local Moran’s i (Li or SCI) afforded to 
identify the formation of two distinct areas concerning the distribution and spatial variability of 
Hg levels in the soil samples in the 0 – 10 cm layer. Area A1 is formed by clusters with perfect 
significant SCI (p ≤ 0.05) for Hg levels in AFS3.  

 
Figure 3 – Spatial variability of soil Hg levels at different land use and years seasons. A. Hg levels in 
the 0 – 10 cm, 10 – 20 cm and 0 – 20 cm layers in the dry seasons. .B. Hg levels 0 – 10 cm and 10 – 

20 cm .layers in the rainy seasons. 

 
 

This area is associated with areas of strong spatial correlation for Hg concentration, 
concentrating in the native forest fragments (NF44 and NF45) and AFS19, though with 
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significance over 5% (p > 0.05). At the ends of A1, SCI was minimal for Hg concentrations in 
migratory agriculture (Ma) and temporary mechanized agriculture (Tma).The second area (A2) 
was formed by clusters with perfect spatial local correlation indices for Hg levels in soil in HG39. 
Nevertheless, confidence level was zero (p = 0). This means that Hg concentration in this soil 
tends to spatial Independence, with significance in spatial representation of Hg concentration < 
0.001. HG15, AFS19, HG55, and HG35a are included in this cluster, with SCI of Hg levels in 
soil varying from perfect to minimal, all with confidence levels > 5% (p > 0.05). 

The interpolation of spatial association coefficients (Li or SCI Moran’s) of Hg levels in soil 
collected in the dry season (Figure 3 A) obtained for the 0 – 10 cm and 10 – 20 cm layers with 
different land use/cover presented a similar pattern of spatial distribution for the variable Hg, 
observed in the rainy season (Figure 3 B). However, the maps of clusters  prepared using mean 
Hg levels in soil in the 0 – 20 cm layer had distinct spatial patterns, with three categories (NF, 
Ma, and AFS) and five classes of landl use/cover (areas or polygons) with spatial correlation 
varying from perfect to moderate in the dry season (Figure 3A). 

 
DISCUSSION 

Lucc and retention of Hg in soil 

The change from NF to migratory agriculture with or without fallowing (Ma and Ma13), 
temporary mechanized agriculture (Tma), and pastures (EP08 and EP12) for extensive cattle 
farming reduce levels of OM and Hg in soil. On the other hand, the change in the use of soil 
from migratory agriculture (Ma) for agroforestry systems (HG15, HG35a, HG35, AFS19, and 
HG39) represented an increase in OM in soil, CEC, and Hg concentration. These results show 
that the indicators of soil quality may differ significantly in time and space when the change in 
land use takes place by conversion and/or modification (Figure 4). 

Concerning the effective time needed for the soil to recover its ecological functions, the 
agroforestry systems established for more than 10 years in rural community of 12 km of 
settlement Umari had significant resilience capacity and Hg retention capacity, especially in the 
soils in HG15, HG35a, HG35, and HG39. A similar Hg retention pattern was observed for AFS3, 
where migratory agriculture had been replaced by AFS for three years. 

The soils where migratory agriculture was practiced (Ma) presented Hg levels below those 
observed for NF in the 0 – 10 cm layer (Figure 4). The low concentration of Hg in the soil in 
quadrats in Ma is associated with two factors. Firstly, the high temperature (> 60º C) observed 
during biomass burning enabled the volatilization of Hg contained in litterfall and on the surface 
layer of soil (MELENDEZ-PEREZ et al., 2014). Secondly, with the loss of forest cover, the soil 
was exposed to the kinetic effect of raindrops, which promoted the erosion of the fine fraction 
(clay) of the soil, where Hg is adsorbed more efficiently. Comparable results were obtained by 
Mainvelle et al. (2006) in a study that investigated the effect of the change in land use on Hg 
distribution in soil of the Peruvian Amazon. Also, Lacerda et al. (2012) claimed that the slash 
and burn of primary vegetation to establish subsistence agriculture areas is the main aspect 
behind the remobilization of Hg to the atmosphere as well as the aquatic and terrestrial 
environments of the tropical Amazon. 

It was expected that Hg levels in the soil (in the 0 – 10 cm layer) in the areas with migratory 
agriculture with fallowing (Ma13), after the regeneration of the secondary vegetation would be 
accompanied by OM and Hg levels that are similar to the values observed in native forest (NF) 
and agroforestry systems (AFSs) established for more than 10 years.(GRIGAL et al.,1994; 
BÉLISVEAU et al., 2009; COMTE et al., 2013). Nevertheless, no significant Hg accumulation 
was observed in soil with migratory agriculture, even 13 years into fallowing. 

In Ma13, mean Hg concentration before sample collection in August 2014 (138 ng/g ± 10.03) 
and after the slash and burn of the secondary vegetation (124.25 ng/g ± 40.75), which emerged 
13 years into fallowing was of the same order of magnitude. On the other hand, higher mean Hg 
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levels in the 10 – 20 cm layer were observed after the second growth of M. esculenta (beginning 
of August 2015). 
 
Figure 4 – Concentration of Hg in a time sequence of native forest (NF), migratory agriculture (Ma), and 
agroforestry home garden (HG) established for aver 10 years. 

 
 Note – Native forest (NF), extensive pasture (EP), mechanized agriculture (Tma), migratory agriculture 
with 13-year fallowing (Ma13), agroforestry systems (AFSs) established for 10 and 19 years, home garden 
(HG15, HG35a, HG35, HG39, HG55, HG56 and HG56a,) established for over 10 years.  

 
In this sense, Grigal et al. (1994) investigated the pattern of Hg distribution in different pedo-
geomorphologic environments and land use in the rural area of the municipality of Anoka, 
Minnesota, USA. The authors observed that the curve of exponential increase of OM in soil and 
of Hg complexed to OM stabilized after 70 years of fallowing. This contribution enables 
concluding that the history of land use, the process of change of land cover and the effective 
resilience time of the plant cover, whether spontaneous or cultivated, affect the quality of soil 
and the capacity of accumulation and retention of OM and Hg in the tropical soil. 

The low level of clay in the surface layer of red acrisol and red to yellow acrisol and the 
prevalence of loam to clay-sand texture and clay-sand texture reduced the surface available to 
adsorb Hg that reached the soil with no natural or cultivated land cover. It is possible that, 
during the first rains in the rainy season in southern Amazon, Hg from dry deposition was 
percolated to the subsurface layer (10 – 20 cm) in Ma13. 

The conversion of the migratory agriculture area to agroforestry system (AFS) in the rural 
settlement Umari, where soil was managed based on the absence of biomass burning, 
recovered the capacity of AFS soil to retain higher levels of OM and Hg more efficiently than the 
soil with migratory agriculture with and without fallowing. Concerning the retention of Hg in AFS 
soil, Tagliari (2009) to the assess the soil loss and Hg in different land use classes in the 
microregion of the low Tapajós River (state Pará) observed high loss of soil and Hg in area of 
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migratory agriculture, bushland, and pasture of 27.6 kg Hg/ha/year, while in NF and AFS the 
value was 1.00 kg Hg/ha/year. 

The replacement of slash and burn and of the farming of manioc by perennial woody tree and 
bush species of the families Steculiaceae (Theobroma cacao and T. gradiflorum Schum), 
Meliaceae (Carapa guianensis Aubl.) and Lecythidaceae (Bertholletia excelsa Humb.), which 
are deciduous or semideciduous, formed a thin layer of litterfall that nevertheless was thick 
enough to incorporate OM in soil and retain Hg from dry deposition (gaseous Hg and particulate 
Hg adsorbed and absorbed by leaf tissue) and wet deposition (throughfall and Hg precipitating 
directly on the soil with rain) (TEIXEIRA et al., 2012). 

 
Temporal-spatial dynamic of Hg in agroforestry systems 

Local spatial correlation (Moran’s Li) of OM and Hg levels in HG35a, HG35,
 
HG39,

 
HG56a, and 

HG56, all established for over 10 years. Intrinsic and extrinsic pedogenetic factors induced the 
increase in Hg and OM levels in the 0 – 20 cm layer in AFSs. However, extrinsic factors of soil 
like anthropic (activities associated with cultivation like fertilization, liming, management and 
land use/cover ,agricultural vehicle traffic, conversion of land-use/ cover, and others) induced 
the highest retention of OM and Hg in southern Amazon. In other words, soils in AFSs 
established for over 10 years by settlers in rural community of 12 km of settlement Umari have 
high potential to work as Hg and carbon (C) sink, despite the differences associated with pest 
management, maintenance of AFS, and production logistics. 

The variations in Hg levels on the interface between litterfall and soil were investigated in 
studies carried out in Brazil as well as other countries (ROULET et al., 1999; SILVA et al., 2009; 
GAMBY et al., 2015). In this context, recently Melendez-Peres (2013) evaluated Hg emissions 
from forest burning in another state in the Amazon (Acre) and concluded that litterfall accounts 
for 10% of the biomass of the native forest under the soil. The total burning of this amount of 
biomass represents the remobilization of 92% of the Hg in the soil-litterfall compartment to the 
atmosphere. Similarly, agroforestry systems are agroecosystems whose ecological features and 
functions are similar to those observed for a primary forest (MENEZES et al., 2008; 
RODRIGUEZ, 2015). 

Therefore, Hg levels in litterfall and soil of AFSs in rural settlement Umari were proportional to 
the levels observed in the interface between litterfall and soil in the native forest of southern 
Amazon used as reference (SILVA et al., 2012). This distribution pattern was observed in 
HG15, HG35a, and HG39, where Hg levels in soil were statistically identical to values observed 
for NF. 

In the spatial analysis (local Moran’s Li), by default, omits outliers too distant from the vector 
mean, with or without significance (p > or < 0.05). This is the case of the soil in AFS3, 
AFS≥1060, AFS19, and HG15. For this reason, these values should be evaluated in depth 
concerning the seasonal behavior of Hg levels in these land use and cover systems. 

It was expected that AFS3 established for three years only had Hg levels in the 0 – 20 cm layer 
in the rainy and dry seasons lower than those observed for NF and AFSs established for longer 
times. However, contrasting with the logical Hg geochemical cycle in recently deforested and 
burned soil, Hg levels in AFS3 differed little from the values observed in NF; however, they were 
almost twice as high as those recorded for AFS19. 

It is possible that the biomass produced and the complex root system of Imperata brasiliensis 
Trin (Brazilian satintail) played a protective role in soil against external agents (rain, temperature 
and runoff) that are active on soil aggregates (sand, silt, and clay) (MASCARENHAS et al., 
1999). In addition, the loam, clay and sandy texture of the soil, the lanes established in the 
cultivation of A. cosmosus and M. esculenta Crantz (Figure 5) increased the percolation of 
water and humic organic compounds, when Hg is adsorbed and dissolved by geophysical-
chemical bonds. 
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Mean Hg levels in AFS3 (0 – 10 cm layer) presented contrasting behavior compared with the 
soil in AFS19, established for longer. Oppositely, significant Hg levels were observed in the 10 – 
20 cm layer in the dry and rainy seasons (except in AFS19) in home gardens established for 
more than 10 years, though values differed little when compared with those recorded in NF. 

It is important to mention that all agroforestry systems (AFS19, AFS60,
 
and HG15) investigated 

in rural settlement Umari were implemented in small farms, where the forest was removed to 
introduce subsistence agriculture that subsequently was converted in AFS in the late 1990s, 
more precisely from 1997 on. This period coincides with the marked decrease in gold mining 
and, therefore, in the emission of Hg in the Amazon (BASTOS e LACERDA, 2004; LACERDA et 
al., 2012). 

 
Figure 5 – Area of migratory agriculture in the rural community of 12 km of settlement Umari. (A) Partial 

view of the cultivation of A. cosmosus, (B) M. esculenta Crantz plantation overwhelmed by Imperata 
braziliensis Trin 

.  
Source – Authors 

 

Mean Hg levels in AFS≥1060
 
in the 0 – 10 cm layer both in the rainy and dry seasons were 72 

ng/g and 73 ng/g, respectively. These numbers are similar to the values observed for pastures 
established by Brachiaria brizantha. Nevertheless, mean Hg levels were lower (64 ng/g) in the 
10 – 20 cm layer in the rainy season, while a mildly higher value was observed in the rainy 
season (112 ng/g).

  

The decrease in Hg levels in soil in AFS60
 
may be associated with three main factors. The first 

is the morphology and the longer lifespan of leaf tissues of the species Euterpe precatória and 
Theobroma grandiflorrum Schum, which afforded a lower amount of plant material, reducing the 
incorporation of OM and Hg complexed in it. The second is the absence of large volumes of 
litterfall under the soil in AFS60, which reduced biological activity of detritivore and 
saprophagous organisms with active roles in soil aeration and fragmentation and decomposition 
of fresh OM and several chemical species (such as those of Hg) bound to OM in the soil 
(TAPIA-CORAL et al., 1999; SOUZA et al., 2014). The third is the periodical removal of dead 
leaves and branches and wood bits in AFS60

 
by settlers in order to produce organic fertilizer 

based on OM that is burnt or buried for a given period of time and to clear prospective 
cultivation areas, interrupting the formation of litterfall and, as a result, blocking the transfer of 
organic substances and Hg to the soil in AFS60. This may be the reason behind the decrease in 
Hg levels in soil in AFS60, since litterfall is one of the main Hg deposits in the environment in 
southern Amazon. 

The factors that influence the levels of Hg in soil in AFS19 are similar to those observed in 
AFS60, except for the absence of litterfall, which was not removed by settlers in the area during 
the study period. So, Hg levels in the 0 – 10 cm and 10 – 20 cm layers in the dry season (100 
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ng/g and 190 ng/g, respectively) and rainy season (16 ng/g and 99 ng/g, in that order) were 
higher than the values observed for AFS60. 

The biogeochemical and pedobiological variables observed indicate that HG15 is a peculiar site 
for analysis in the Area. Mean Hg levels in the rainy and dry seasons (273 ng/g and 300 ng/g, 
respectively) were higher than the values recorded for the control area (NF).  

The difference between HG15 and the other classes of land use in the AFS category 
concerning Hg levels (except AFS39) and other substances present in the soil compartment 
may be explained based on the high variety of tree species of families like Sterculiaceae, 
Lecythidaceae, Meliaceae, Myrtaceae, and Rubiaceae, which worked as a source of nutrition to 
a larger group of animal species with an active role in soil biology. Moreover, the presence of 
tree species such as Theobroma grandiflorum Schum, Bertholletia excelsa Humb, Carapa 
guianensis Aubl, and Syzygium malacense promoted the formation of a thicker, high quality 
layer of litterfall. In addition, the formation of a more open and layered canopy increases 
humidity and irradiance, which are dynamic bioclimatic elements with an essential part in the 
decomposition of OM.  

This set of biogeographical factors favored the natural ecosystem in HG15 concerning the 
fixation of organic carbon, production of oxygen (aeration), and retention of Hg and organic and 
inorganic compounds (VENZZANI e MIELNICZUK, 2009; KORASAKI et al., 2013). 

The pedogenetic and bioclimatic characteristics of the region studied promoted the development 
of a diversified community both above and below the soil level in quadrats in HG15, HG35a, and

 

HG39. These factors enabled the recovery of the capacity to retain higher levels of OM and Hg 
compared with the levels recorded in NF (control area), migratory agriculture (Ma), and 
extensive pasture (EP) as well as the other agroforestry systems established more recently in 
rural settlement Umari. 

The results of the analysis of Hg and OM levels confirm the hypothesis that AFSs established 
for 10 years or more induce the effective retention of OM and Hg. The local Moran correlation 
indices (Li or SCI) reveal the significance dependence of the spatial distribution pattern of these 
two indicators between a given class of land use (AFS and HG) and the neighboring areas (NF 
and Ma13). 

 
CONCLUSION 

In the second cycle of artisanal gold mining, the Hg was widely used in gold mining in the Amazon. 
In this time and space, specialists in geochemistry that the levels of Hg detected in the Amazonian 
ecosystem were associated to the release of Hg promoted by the artisanal gold mining. 

With the depletion of the gold fields there was a significant reduction in all mining fronts of the 
Amazon basin. Proportions to the decline in gold production were the direct Hg releases in the 
Amazon environment. However, almost twenty years after the second gold cycle peak, distant 
locations of old mining areas in a remote region of the Amazon continue to have concentrations of 
Hg in the soil higher than the reference value (140 ng g

-1
). 

This alone prompts us to poder that Hg detected in the surface layer of the soil into different 
categories of land use / cover in the rural community of 12 km of settlement Umari is originates of 
their own substrate geologic region’s which originated the southern Amazon soils and mainly of the 
remobilization of Hg, originating from the burning of solid waste in the open sky, burning of fossil 
fuels and deforestation followed by burning of the biome for implantation of farming and pasture 
promoted in other regions of the country. In this case, the input of Hg (gaseous and particulate) in 
soil under NF, AFS, HG, EP, Ma, Ma13, and Tma in the study area has been occurring via wet and 
dry atmospheric deposition. 

The levels of Hg used as indicators of environment changes and soil quality show that the 
removal of the native plant cover to establish migratory agriculture (manioc) show marked loss 
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of Hg. In other words, this trace metal was remobilized to the atmosphere and other ecosystems 
mainly through erosion. On the other hand, the Hg levels in soils in native forest (NF) allow 
concluding that this pedoenvironment works as a Hg sink. Therefore, a native forest is able to 
mitigate the release not only of CO2, but also of Hg to the atmosphere. Consequently, the 
remobilization of Hg from the atmosphere to other ecosystems is also reduced. 

The results obtained show that the capacity of cultivated soils to stock Hg (both organic and 
inorganic) depends on the type of soil and morphological, physical, chemical, and biological 
attributes in addition to the kind of soil preparation and management of the crops grown. In 
other words, agricultural systems exposed to low intensity harrowing (AFS and HG) improve soil 
quality in the mid and long term. 

The conversion of the migratory agriculture areas or those exposed to slash and burn practices 
in agroforestry systems increased the retention of Hg in soil in rural community of 12 km of 
settlement Umari. The results indicate that AFSs have increased potential to store Hg and 
mitigate the release of the metal in the soil of southern Amazon. 
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