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a b s t r a c t

In addition to causing physical degradation and nutrient depletion, erosion of cultivated soils in the
Amazon affects aquatic ecosystems through the release of natural soil mercury (Hg) towards lakes and
rivers. While traditional agriculture is generally cited as being among the main causes of soil erosion,
agroforestry practices are increasingly appreciated for soil conservation. This study was carried out in
family farms of the rural Tapaj�os region (Brazil) and aimed at evaluating soil erosion and associated Hg
release for three land uses. Soils, runoff water and eroded sediments were collected at three sites rep-
resenting a land cover gradient: a recently burnt short-cycle cropping system (SCC), a 2-year-old agro-
forestry system (AFS) and a mature forest (F). At each site, two PVC soil erosion plots (each composed of
three 2 � 5 m isolated subplots) were implemented on steep and moderate slopes respectively. Sampling
was done after each of the 20 rain events that occurred during a 1-month study period, in the peak of the
2011 rain season. Runoff volume and rate, as well as eroded soil particles with their Hg and cation
concentrations were determined. Total Hg and cation losses were then calculated for each subplot.
Erosion processes were dominated by land use type over rainfall or soil slope. Eroded soil particles, as
well as the amount of Hg and cations (CaMgK) mobilized at the AFS site were similar to those at the F
site, but significantly lower than those at the SCC site (p < 0.0001). Erosion reduction at the AFS site was
mainly attributed to the ground cover plants characterizing the recently established system. Moreover,
edaphic change throughout AFS and F soil profiles differed from the SCC site. At the latter site, losses of
fine particles and Hg were enhanced towards soil surface, while they were less pronounced at the other
sites. This study shows that agroforestry systems, even in their early stages of implementation, are
characterized by low erosion levels resembling those of local forest environments, thus contributing to
the maintenance of soil integrity and to the reduction of Hg and nutrient mobility.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Soil erosion is considered a serious environmental issue because
of its important impacts on ecosystems (Haregeweyn et al., 2017;
Ledermann et al., 2010; Lü et al., 2007) and human populations
(Alfsen et al., 1996; Wei et al., 2009). Although it can be of natural
origin, anthropogenic activities e and more specifically agriculture
e are among the main causes of the problem (Enters, 1998; Wairiu,
iveau).
2017). Indeed, certain types of agricultural practices are accompa-
nied by marked soil disturbance by rain or wind. This often results
in increased erosion of top soil horizons, causing nutrient weath-
ering, fertility loss and altered soil structure and texture (Chaplot
and Le Bissonnais, 2000; Lal, 2001; Wairiu, 2017). Soil erosion can
impact plant nutrition and development, and consequently affect
agricultural sustainability (Alfsen et al., 1996; Enters, 1998; Lü et al.,
2007). In addition, depending on landscape morphology, the
transfer of soil particles and chemical elements towards aquatic
ecosystems can be enhanced (Baartman et al., 2013), leading to
nutrient enrichment, water pH modification, excessive
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sedimentation (Bodi

́

et al., 2014; Enters, 1998; Markewitz et al.,
2001; Lü et al., 2007), and to pesticides and heavy metals
contamination (Roulet et al., 1999, 2000; Willis and McDowell,
2009).

Erosion poses a particular concern in the tropics due to the
strong rainfalls and low fertility often characterizing these regions
(Alfsen et al., 1996; Enters, 1998). In the Amazon, unrestrained
forest conversion to agricultural fields through slash-and-burn is
widely appreciated by local farmers since it is a rapid way of
obtaining a cultivable land (Benhin, 2006; Christanty, 1986).
However, this agricultural practice causes modifications to the
hydroclimatology cycle as well as increased runoff and soil erosion
(Souza-Filho et al., 2016; Sternberg, 1987). Indeed, although ash
deposition following forest combustion can provide soil protection
(Pereira et al., 2015) and lead to a rapid soil fertility increase (Bodi
et al., 2014; Cochrane and S�anchez, 1982), ashes and nutrients in
cleared areas are then quickly washed out by frequent and intense
precipitation (McGrath et al., 2001; Nye and Greenland, 1964;
Pereira et al., 2013b; Soto et al., 1997), resulting in marked
edaphic changes and enhanced erosion vulnerability at soil surface
horizons (B�eliveau et al., 2015; Bodi et al., 2014; Pereira et al., 2015).

Furthermore, land use change and subsequent soil erosion have
been related to mercury (Hg) contamination of aquatic ecosystems
(Berzas Nevado et al., 2010). Past studies carried out in the Amazon
(Almeida et al., 2005; B�eliveau et al., 2009; Mainville et al., 2006;
Maurice-Bourgoin et al., 2003; Telmer et al., 2006) have shown a
relationship between deforestation and the mobility of natural soil
Hg through erosion, and its release to surrounding lakes and rivers
(Oestreicher et al., 2014; Roulet et al., 2000). Once Hg reaches
aquatic systems, it is methylated and then bioaccumulated
throughout the food chain (Sampaio et al., 2006), posing a risk for
the health of local populations who are exposed to the contaminant
through regular fish consumption (Barbieri and Gardon, 2009;
Fillion et al., 2006).

Considering the pronounced impacts of traditional agriculture,
alternative farming methods inspired from agroecology principles
may represent interesting avenues for limiting soil degradation
(Altieri and Nicholls, 2012; Haregeweyn et al., 2017; Torralba et al.,
́

́

Fig. 1. Map of the study reg
2016; Wairiu, 2017), while being environmentally and economi-
cally viable (B�eliveau et al., 2016a, 2016b; Tremblay et al., 2015).
Indeed, the inclusion of trees in farming systems generally con-
tributes to soil conservation and fertility retention (Alfaia et al.,
2004; Long and Nair, 1999; Torralba et al., 2016). The application
of vegetative residues (Haregeweyn et al., 2017) and the presence of
perennial plants and grasses are also beneficial for reducing soil
erosion (Munson et al., 2011; Salah et al., 2016). However, soil Hg
mobility in agroforestry systems has not yet been analyzed. The
main objective of the current study was thus to compare soil Hg
mobility in three land uses: an agroforestry system implemented in
a family farm of the Tapaj�os region (PLUPH, 2017), a traditional
short-cycle cropland and a natural forest. Moreover, runoff and soil
loss rates as well as cation release in these three systems were
analyzed. At a larger scale, this research aimed at assessing if the
adoption of alternative agroforestry practices could represent an
efficient way to limit soil erosion, Hg mobility and fertility loss.
2. Methods

2.1. Study area

This study took place in the lower Tapaj�os (Par�a State, Brazilian
Amazon) (Fig. 1), a region that has been marked by important de-
mographic, socioeconomic and environment changes over the last
50 years, with the arrival of thousands of migrants originating from
other parts of Brazil who established small-scale family farms and
ranches (De Espindola et al., 2012; De Mello and Th�ery, 2003;
Margulis, 2004). Deforested surfaces have drastically expanded in
the last decades (Rozon et al., 2015), and forest loss is expected to
continue in the future due to the dynamics of resource and land
exploitation in the region (Nepstad et al., 2000). Data collection
took place in S~ao Tom�e (03�580 S � 055�320 W), a rural settlement
located near in the municipality of Aveiro. Subsistence agriculture
and fishing are the main activities, representative of most riparian
villages of the region (Oestreicher et al., 2014).

The studied sites are found in thewatershed of the lake Ipanema
(basin surface ¼ 17 km2), where the landscape has been
ion (Oestreicher, 2011).
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considerably transformed over the last decades. Indeed, deforested
areas (combining bare soils, pasture and croplands) represented
almost 40% of the basin surface in 2009 (Oestreicher et al., 2014;
Rozon et al., 2015). Topography is mostly uneven, and more than
32% of the Ipanema watershed has a slope of more than 10% (mean
slope ¼ 8%). The climate of the Tapaj�os region is defined as “Am”

(A ¼ tropical climate, m ¼ Monsoon rainfall regime) according to
the K€oppen-Geiger classification (Peel et al., 2007), and is charac-
terized by a marked dry season between July and November, not
found in other parts of the Amazon (Fitzjarrald et al., 2008). The
region's annual rainfall ranged from 2050 to 2720 mm between
2008 and 2012 at the Itaitubameteorological station (INMET, 2016).
2.2. Site description and experimental design

Runoff and soil erosion were measured at three sites repre-
senting a gradient of vegetation cover: a recently burnt short-cycle
cropping system (SCC), a 2-year-old agroforestry system (AFS), and
a mature forest (F). The SCC (03�5807600 S � 055�3204600 W)was a 4-
month-old cassava (Manihot esculenta) field and was characterized
by a mainly bare soil (more than 85% exposed). The AFS (03�5808200

S � 055�3204200 W) consisted of a multi-purpose tree system. The
studied site had been previously used for cassava cultivation and
had been left fallow for 5 years before being slashed-and-burnt. The
AFS was designed with a mix of silvicultural and fruit-tree species,
including andiroba (Carapa guianensis), Brazil nut (Bertholettia ex-
cels), mango (Mangifera indica), soursop (Annona muricata),
Barbados cherry (Malpighia glabra), araza (Eugenia stipitata) and
orange trees (Citrus sinensis), as well as acai palms (Euterpe oler-
acea), plantains (Musa sp.) and pineapple (Ananas comosus) plants.
An incomplete slash-and-burn combustion resulted in a partial
vegetation control, leading to the regrowth of natural grasses, but
systemmaintenance was done regularly with a brush cutter. At the
time of the study, 2½ years following system implementation, trees
were developing but there was no closed canopy. About 90% of the
Fig. 2. Mean surface runoff in studied sites and slopes. Different letters indicate that
mean values differed significantly between studied sites, for a given slope (p < 0.05,
Wilcoxon each pair multiple comparison test for non-parametric data). Error bars
represent standard errors.
soil was covered by mixed ground cover plants that grew naturally.
As for the F (03�5804700 S � 055�3207000 W), natural vegetation and
dead leaves covered most of the ground, and bare soil represented
less than 13% of the area.

Soils of the studied sites were representative of most of the
study region's soils, which are generally acid (Jordan, 1985) and
characterized by a highly weathered mineral horizon and by rela-
tively elevated natural mercury (Hg) contents (Roulet et al., 1998).
Soil textural classes were determined from collected soil samples,
according to the United States Department of Agriculture's classi-
fication, which is based on the proportion of sand, silt and clay
particles composing a given soil (Soil Survey Division Staff, 1993).
The soil surface of SCC and AFS was predominantly loamy (13% and
20% of clay particles, respectively), while F had a higher clay content
(36%). All sites had finer-grained subsurface horizons compared to
soil surface. SCC and AFS had a higher bulk density than F, both at
soil surface and subsurface. However, no surface crust nor clods
were present in any of the studied sites. No rills nor gullies were
observed. Ground cover has been estimated once during the
fieldwork through a visual evaluation of the percentage of the soil
exposed in a 1 m2 quadrat, in three different areas of each erosion
plot. The mean value of the three measures was recorded. Canopy
cover was determined through ocular estimation, inspired by the
methods discussed by Bunnell and Vales (1990) and Korhonen et al.
(2006). General information about the studied erosion plots is
summarized in Table 1.

Two erosion plots were implemented at each sampling site,
respectively on a moderate slope location and on a steep slope
location with ground cover representative of the overall site. Each
plot consisted of a PVC quadrat (6 m � 5 m) that was divided in
order to obtain three juxtaposed 2 m � 5 m (10 m2) inclined sur-
faces, oriented with the slope. PVC panels served to isolate the
erosion plots by delimitating the surface from which runoff water
and sediments would come. They were inserted into the soil at a
depth of about 10e15 cm, and extended 15e20 cm above the
ground. Each 10m2 inclined subplot was connected to a 25 L bucket
installed at its lowest end, buried into the soil. This design, inspired
by devices used in several previous studies (Boix-Fayos et al., 2007;
de las Heras et al., 2010; Hudson, 1993; National Soil Services
Centre, 2010), allowed the collection of runoff water in triplicate
from each erosion plot (a schematic representation of the sampling
device is provided as supplementary material). Plot inclination was
Table 1
Characteristics of the studied sites: short-cycle crop system (SCC), agroforestry
system (AFS) and forest (F).

Site Site characteristics Moderate slope Steep slope

SCC Mean slope 20.6% 42.8%
Soil textural class at 0e5 cm Loamy sand Sandy loam
Soil textural class at 50e55 cm Sandy clay Sandy clay
Bare soil 90% 86%
Type of soil cover Dead leaves, grasses Dead leaves
Canopy cover 0% 0%

AFS Mean slope 20.7% 44.8%
Soil textural class at 0e5 cm Sandy loam Sandy clay loam
Soil textural class at 50e55 cm Sandy clay Sandy clay
Bare soil 8% 7%
Type of soil cover Mainly grasses Mainly grasses
Canopy cover 0% 0%

F Mean slope 22.4% 35.1%
Soil textural class at 0e5 cm Sandy clay loam Sandy clay
Soil textural class at 50e55 cm Clay Clay
Bare soil (%) 8% 13%
Type of soil cover Dead leaves Dead leaves
Canopy cover 75% 60%
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measured with a clinometer at three places randomly selected in
each replicate, and the mean slope was then calculated. General
plot inclination was then calculated from the mean value of its
three replicates.

2.3. Data collection

Fieldwork was conducted between March 11th and April 9th,

2011, corresponding to the peak of the wet season in the study
region (INMET, 2016).

2.3.1. Rainfall measurements and characterization
Rainfall was recorded continually during the whole fieldwork

period with a tipping RainLog Data Logger (RainWise Inc, Bar
Harbour, Maine, USA), calibrated to 0.25 mm per tip. The rain gauge
was installed in the AFS site, at less than 1.5 m above the soil and far
enough from plantation margins and from planted trees to avoid
any interference with rainfall recordings.

A total of 20 rain events occurred during the study period.
However, three events that caused the sampling buckets to over-
flow were not used in the analyses. Rain events were characterized
following a method based on the minimum inter-event time (MIT)
approach, through which rain events were distinguished one from
another when the inter-event time (IET � interval between the end
of a rainfall and the beginning of the following one) lasted at least
3 h. The choice of this criterion to discriminate rain events was
made after a comparative study of different MITs used in previous
studies. A MIT of 3 h was adopted, consistent with past research
realized in the Central Amazon (Lloyd, 1990). The use of longer MIT
to distinguish separate rain events was regarded as not appropriate
for this project because of the precipitation pattern of the study
region, characterized by relatively abundant and frequent rainfalls.
Short rainfalls (records of less than 1 mm or single tips) were not
considered as events and were not included in the calculations and
analyses.

2.3.2. Surface runoff water and eroded soil particles sampling
Surface runoff water and eroded soil particles were collected

following each of the rain events that occurred during the study
period. Immediately after an individual rainfall ended, the three
study sites were visited. The amount of runoff water accumulated
in each bucket was recorded (water height was measured with a
rigid rule and then multiplied by the surface area of the bucket to
obtain water volume). Water was then stirred with a clean large
spoon to put eroded particles in suspension, and a 500 ml sub-
sample (one per bucket and per rainfall event) was quickly
collected and transferred into plastic bottles.

2.3.3. Soil sampling
Three representative soil sampling points were selected at each

studied site, two at a distance of 1 m from each erosion plot and the
third one between them. Litter, leaves and branches at the soil
surface were removed, and soil samples were collected at the
0e5 cm and 50e55 cm horizons. These sampling depths were
consistent with previous research carried out in the study region,
which showed that pedological and geochemical properties (e.g.
soil texture, total Hg) and processes (e.g. soil erosion and Hg
mobility) changed markedly after the first 5e6 cm under the sur-
face following land use changes (B�eliveau et al., 2009, 2015; Farella
et al., 2006; Roulet et al., 1998). Moreover, since edaphic properties
are relatively constant throughout the soil below a depth of
30e35 cm (Roulet et al., 1998), the 50e55 cm horizonwas sampled
to represent undisturbed conditions.

Soils were collected with a 100 cm3 AMS stainless steel soil core
sampler (AMS, American Falls, Idaho, USA). Most of the soil
moisture was lowered through air-drying, and samples were then
oven-dried at 40� Celcius until constant weight in order to remove
the rest of humidity before analyses.

2.4. Laboratory methods

2.4.1. Soil
Oven-dried 100 cm3 soil samples were weighed for bulk density

calculation (by dividing dry weight by volume). Then, soil samples
were sieved (2 mm) and each sample was divided in two. One part
was reduced to a fine and homogeneous powder with a 8000 M
Mixer/Mill steel percussion grinder (SPEX SamplePrep, Metuchen,
NJ, USA), freeze-dried at�40� Celcius in order to remove interstitial
soil water (Labconco Freeze Dryer 4.5, Kansas City, USA), and then
used for Hg analyses. A minimum of 50 g of each sample was kept
untreated for granulometric fractionation, exchangeable cation
analyses and pH measurement.

Total Hg was extracted with HCl and was then measured using
cold vapor atomic fluorescence (Pichet et al., 1999). The detection
limit of this method is 0.1 ng/g for a 250 mg sample. Accuracy was
verified using a Mess-3 certified standard. Replicates were run on
all samples to ensure measurement precision.

Available calcium (Ca2þ), magnesium (Mg 2þ), potassium (Kþ),
manganese (Mn2þ), aluminum (Al3þ) and iron (Fe2þ) were extrac-
ted with barium chloride (BaCl2), and measured by atomic ab-
sorption (ARL 906AA, GBC Scientific Equipment, Melbourne,
Australia) according to Hendershot et al. (1993)’s method. Most
available cations were measured with acetylene-air flame, except
for Ca2þ and Al3þ that were analyzed with acetylene-protoxyde
flame. Analytical blanks were included in each analysis, and final
results are average value of two replicates.

Bouyoucos method (MEQ, 2003) was used for the wet frac-
tionation of unprocessed samples into clay (<0.002 mm), loam
(0.002e0.05 mm) and sand (0.05e2 mm) particles, for subsequent
determination of soil textural class from weighed dried fractions
(Soil Survey Division Staff, 1993). Soil Hg concentration was
measured on each of the soil fractions. Throughout this paper, Hg
associated to soil fine and coarse particles will respectively be
expressed as Hg-fp and Hg-cp.

2.4.2. Eroded soil particles
Eroded soil particles were collected in surface runoff water

samples through centrifugation at 3000 rpm (Beckman Coulter
Inc. centrifugator, Alegra 6 model, Palo Alto, California). Hg and
cation concentrations on these particles were measured with the
methods described previously. Granulometry of eroded particles
was determined after humid fractionation, using sieves with
three different meshes. We distinguished 1) a fine fraction
roughly representing clay and silt with diameters smaller than
63 mm, 2) a medium fraction with particle sizes comprised be-
tween 63 and 210 mm, and 3) a coarse fraction with particle sizes
ranging from 210 mm to 2 mm. This classification was used in
previous soil Hg studies that were carried out in the Tapaj�os
Region (B�eliveau et al., 2009; Farella et al., 2006) and was
maintained because significant relationships have been found
between these granulometric fractions and soil physicochemical
variables.

2.5. Data analyses

2.5.1. Soil characteristics
Soil properties of studied sites were compared using Anova or

Kruskall-Wallis tests according to data distribution, for both the
0e5 cm and 50e55 cm horizons. Soil property changes along soil
profiles were then compared between studied sites through
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multivariate analyses of variance (Manova), using the means of all
soil samples of a given horizon and of a given site.
2.5.2. Soil erosion indicators
Erosion indicators (that is, runoff volume, soil particles density,

total soil loss, Hg and cation concentration on eroded soil particles,
total Hg and cation losses) were calculated from field measure-
ments and samples (B�eliveau, 2016).

Multiple correlations were used in order to verify if significant
relationships existed between the studied erosion indicators and
specific site (ground cover %, slope and canopy cover) and rainfall
parameters (precipitation volume, mean and peak rainfall in-
tensity). Additional simple correlations were also analyzed to verify
the significance and strength of specific relationships between
some of the studied erosion indicators (for example, between Hg
and cation losses).

Erosion indicators were then compared according to land uses
and slopes. For each erosion indicator, means were first calculated
per site and slope, for the whole sampling period, excluding the
three extreme events. Then, sites with a given slopewere compared
with Wilcoxon multiple comparison tests for non-parametric data,
since most of the data were not distributed normally. Finally,
moderate vs. steep slopes for a given site were compared using
Wilcoxon tests. Statistical significance was determined at p < 0.05.
All tests were performed using the JMP software, versions 7.0.1 and
10 (SAS Institute, Cary, NC, USA).
3. Results

3.1. Rain events

Most rain events occurred at the end of the day or at night.
During the whole fieldwork, 10 days did not receive precipitation.
Intervals between rain events (IET) were highly variable, and
rainfall duration and intensity also varied strongly (Table 2). For
example, total precipitation ranged from 0.8 to 79 mm
(mean ¼ 15 ± 19 mm), and rain event duration varied from 21 min
to almost 30 h (mean¼ 9h33 ± 8.19). From the beginning to the end
of the field study period, we measured water level rise of 75 cm
(mean of 2.4 cm/day) in the Ipanema Lake near the sampling sites.
Table 2
Rain events characterization. PPT is precipitation and SD is standard deviation. Rain e
analyses.

Rain event date Total PPT (mm) Event duration (h

1 - 03/11 a.m. 49.9 29:46
2 - 03/11 p.m. 5.8 2:34
3 - 03/12 6.0 5:12
4 - 03/15 6.3 4:05
5 - 03/19 16.7 2:55
6 - 03/20 79.0 6:11
7 - 03/22 13.3 11:53
8 - 03/23 8.3 1:15
9 - 03/26 1.5 0:21
10 - 03/26 8.1 1:23
11 - 03/27 12.8 3:18
12 - 03/28 1.3 17:31
13 - 03/30 19.6 19:51
14 - 03/31 7.0 12:04
15 - 04/01 6.8 16:05
16 - 04/02 39.2 19:46
17 - 04/05 0.8 0:22
18 - 04/06 8.1 6:49
19 - 04/07 6.3 11:05
20 - 04/08 4.0 17:54

Mean ± SD 15.0 ± 19.5 9:33 ± 8:19
3.2. Soil properties

At the 0e5 cm horizon, SCC and AFS soils were significantly
denser and had a lower clay content than F soil (Table 3). SCC soil
had significantly higher CaMgK and Ca2þ concentrations than F soil,
while AFS soil presented intermediary values. On the contrary, Fe2þ

and Al3þ levels were significantly higher at F than at the two other
sites. However, surface Hg, Hg-fp and Hg-cp levels, as well as Mg2þ,
Kþ and Mn2þ concentrations, did not differ significantly among
sites.

At soil subsurface, edaphic differences among studied areas
were less pronounced, and only soil bulk density and clay content
remained contrasted at F compared to the two other sites. Indeed,
clay content at 50e55 cm was significantly higher at F than at the
other sites, while sand content was significantly higher at SCC than
at F. Moreover, soil bulk density was significantly higher in SCC and
AFS compared to F.

Manova analyses showed that soil properties evolved distinctly
along the soil profiles of studied sites. Indeed, SCC and AFS were
both characterized by a marked granulometric textural change
from soil surface to inferior horizons, which contrasted signifi-
cantly with F site, where texture was less variable throughout soil
profile. Moreover, Hg diminution towards soil surface was signifi-
cantlymore pronounced at SCC than at F (�59% vs�15%), while AFS
pattern was intermediate (�38%). Finally, CaMgK levels remained
constant along F soil profiles, which contrasted significantly with
SCC and AFS ones, where values decreased markedly with depth.
3.3. Runoff and soil erosion

3.3.1. Relationships between erosion indicators, rain events and site
characteristics

Multiple correlations revealed that most soil erosion indicators
weremore strongly related to ground cover % than to other site and
rain event parameters (Table 4). Indeed, soil particle density in
runoff water and total particle loss were mostly correlated with
ground cover (r ¼ 0.5121, p < 0.0001 and r ¼ 0.4515, p < 0.0001,
respectively). This was also the case for total Hg and cation loss.
However, Hg concentration on eroded soil particles was mainly
correlated with canopy cover (r ¼ 0.7697, p < 0.0001).
vents # 1, 6 and 16 caused the buckets to overflow and were not considered in the

r: min) Mean intensity (mm/hr) Peak intensity (mm/hr)

1.7 30.5
2.2 14.0
1.2 2.8
1.5 3.4
5.7 31.7
12.8 53.8
1.1 3.6
6.6 8.6
4.3 4.3
5.8 13.1
3.9 8.6
0.1 9.0
1.0 16.4
0.6 8.1
0.4 9.0
2.0 30.5
2.0 2.0
1.2 25.2
0.6 3.9
0.2 6.3

2.7 ± 3.08 14.2 ± 13.50



Table 3
Soil physicochemical properties at each sampling site. Different letters indicate that a significant difference existed between study sites for a given variable, at a given soil
horizon (Anova or Kruskall-Wallis, p < 0.05). N ¼ 9, and values are means ± SD. Hg-fp ¼ Hg content on fine particles, and Hg-cp ¼ Hg content on coarse particles. NA indicates
that these variables were not analyzed for the 50e55 cm horizon.

Short-cycle crop system Agroforestry system Forest

0-05 cm 50-55 cm 0e5 cm 50e55 cm 0e05 cm 50e55 cm

Density (g/cm3) 1.35 ± 0.087a 1.42 ± 0.020a 1.38 ± 0.021a 1.41 ± 0.055a 1.17 ± 0.046b 1.31 ± 0.019b
Clay % 13 ± 6.5b 41 ± 6.7b 20 ± 5.2b 40 ± 3.8b 36 ± 4.7a 55 ± 1.6a
Sand % 81 ± 7.3a 54 ± 7.0a 73 ± 5.3a 52 ± 2.2ab 53 ± 4.7b 41 ± 0.4b

ng/g ng/g ng/g
Tot Hg 47 ± 15.7a 116 ± 13.7a 48 ± 13.6a 78 ± 15.9a 80 ± 17.5a 94 ± 18.6a
Hg-fp 162 ± 10.4a NA 183 ± 10.4a NA 153 ± 35.2a NA
Hg-cp 18 ± 9.6a NA 17 ± 4.9a NA 11 ± 2.1a NA

cmol/kg cmol/kg cmol/kg
CaMgK 3.93 ± 1.731a 0.33 ± 0.159a 2.80 ± 0.840ab 0.26 ± 0.024a 0.58 ± 0.205b 0.18 ± 0.307a
Ca 3.04 ± 1.179a 0.17 ± 0.138a 2.09 ± 0.801ab 0.15 ± 0.014a 0.27 ± 0.113b 0.08 ± 0.010a
Mg 0.81 ± 0.548a 0.07 ± 0.056a 0.56 ± 0.056a 0.07 ± 0.015a 0.21 ± 0.064a 0.05 ± 0.035a
K 0.09 ± 0.033a 0.09 ± 0.067a 0.15 ± 0.50a 0.04 ± 0.010a 0.10 ± 0.052a 0.05 ± 0.059a
Mn 0.01 ± 0.008ab 0.00 ± 0.001a 0.03 ± 0.009a 0.00 ± 0.002a 0.01 ± 0.004b 0.00 ± 0.001a
Fe 0.00 ± 0.002b 0.01 ± 0.002a 0.01 ± 0.007b 0.01 ± 0.004a 0.14 ± 0.017a 0.01 ± 0.003a
Al 0.04 ± 0.017b 0.71 ± 0.176a 0.14 ± 0.132b 0.99 ± 0.231a 1.60 ± 0.138a 0.81 ± 0.036a

Table 4
Correlations between sites, rain events and soil erosion indicators. Only significant relationships were included in the table. Numbers are the r values for individual
correlations. For each studied erosion indicator, the strongest relationship is highlighted in bold. PPT is an abbreviation for precipitation. n ¼ 51.

Erosion indicator Site characteristics Rain events

Slope Ground cover Canopy cover Event length PPT volume Mean intensity Peak intensity

Runoff vol. (L/m2) 0.1921 �0.2648 �0.1618 �0.1255 0.4142 0.1133 0.3864
Eroded part. density (g/L) ¡0.5121 �0.2765
Total soil loss (g/m2) 0.0472 ¡0.4515 0.2165
[Hg] on erod. part. (ng/g) 0.4979 0.7697
Total Hg loss (ng/m2) 0.2206 ¡0.5245 �0.2514
[CaMgK] on eroded part. (cmol/kg) ¡0.2972 �0.2437
Total CaMgK loss (cmol) ¡0.5419 �0.3069
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3.3.2. Influence of rain events variability on soil erosion indicators
The amount of surface runoff was significantly correlated with

all studied parameters, but more strongly with total precipitation
(r ¼ 0.4142, p < 0.0001) and peak rain intensity (r ¼ 0.3864,
p < 0.0001). The strength of the relationships between surface
runoff volume and rain event parameters varied according to
location, with stronger correlations at the SCC site compared to AFS
and F.

Although the relationships between rain event parameters and
soil erosion indicators (other than surface runoff volume) were
weak when the three sites were grouped together, distinct patterns
emerged when sites were considered separately. Indeed, at the SCC
site, significant relationships existed between total precipitation
and almost all studied variables (i.e. runoff volume, eroded soil
particles density, total soil particles loss, Hg concentration on
eroded soil particles, and total Hg and CaMgK losses). In contrast,
the strength of the relationships between erosion indicators and
total precipitation was lower at the F and AFS sites.
3.3.3. Relationships between soil erosion indicators and land cover
and slope

3.3.3.1. Surface runoff. On steep slopes, runoff was significantly
higher at SCC than at the two other studied sites (AFS ¼ p < 0.0055
and F ¼ p < 0.0151). However, on moderate slopes, inter-site vari-
ations were less marked. Furthermore, in SCC, slope had a marked
effect on runoff sincemeasured water volumes in the study buckets
were almost three times higher in the steep slope compared to the
moderate slope. In contrast, at the other sites, runoff did not vary
pronouncedly according to slope steepness (Fig. 2).
3.3.3.2. Soil particle loss. The highest soil particle loss was found at
the SCC site, for both steep and moderate slopes. Eroded soil par-
ticle density in collected runoff water samples reached a mean of
54 g/L in SCC moderate slope, which represented about 30 times
AFS and F values (1.9 g/L and 2.2 g/L respectively). In contrast, no
significant difference was observed between AFS and F eroded soil
particles densities, in moderate slopes (p < 0.6187) as well as in
steep slopes (p < 0.7659) (Fig. 3a).

Total particle loss was correlated with runoff volume
(r ¼ 0.3586, p < 0.0001), but even more with soil particles density
in runoff water (r ¼ 0.8561, p < 0.0001). Mean values were signif-
icantly higher at SCC compared to AFS and F (p < 0.0001). At the
latter sites, total soil particle loss was low (mean¼ 1.7e2.0 g/m2) in
steep slopes, and negligible (mean ¼ 0.5e0.6 g/m2) in moderate
slopes (Fig. 3b). Moreover, the types of particles that were eroded
varied according to soil texture. Indeed, sediments lost from the
finer-grained F site contained a higher proportion of fine particles
than the other sites.

3.3.3.3. Soil Hg release. Overall, the mean Hg concentration on soil
eroded particles was higher at F than at the two other sites (Fig. 4a).
However, total Hg loss was markedly higher at SCC than at AFS and
F (p < 0.0001) (Fig. 4b). This was related to the strong correlation
between total Hg loss and soil loss (r ¼ 0.9154, p < 0.0001), and to
the fact that total soil loss was much higher at SCC compared to the
other studied areas.

3.3.3.4. Soil cation mobility. SCC had significantly higher total
cation loss compared to other studied sites, in both slope types
(Fig. 5). Total cation loss was strongly correlated to total soil loss



Fig. 3. Mean soil particle loss in studied sites and slopes. Different letters indicate that mean values differed significantly between studied sites, for a given slope (p < 0.05,
Wilcoxon each pair multiple comparison test for non-parametric data). Error bars represent standard errors.

Fig. 4. Soil Hg loss in studied sites and slopes. Different letters indicate that mean values differed significantly between studied sites, for a given slope (p < 0.05, Wilcoxon each
pair multiple comparison test for non-parametric data). Error bars represent standard errors.
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(r ¼ 0.9174, p < 0.0001), as it was the case for Hg. A significant and
strong correlation between total cation loss and total Hg loss
(r ¼ 0.8452, p < 0.0001) was also observed.

4. Discussion

4.1. Role of land use on soil erosion and soil surface properties

This project highlights the predominant influence of land use on
soil erosion processes in the humid tropics in comparison to slope
and rainfall parameters.

4.1.1. Reduced soil erosion and Hg weathering in agroforestry
systems

This study confirms that soil erosion depends primarily on land
use and supports the hypothesis that agroforestry systems are
efficient for controlling soil erosion (Altieri and Nicholls, 2012; Long
and Nair, 1999), at least when considering a short period of time
and early development stages. Moreover, it showed that the gran-
ulometry of displaced particles reflects site soil texture
(Podwojewski et al., 2008), which in turn is also related to ground
cover (Holmes et al., 2005). These findings are consistent with
previous research reporting that land cover changes strongly in-
fluence the weathering of terrigenous particulate matter (Farella
et al., 2001; Svoray and Ben-Said, 2010). Indeed, the pronounced
contrast between soil loss levels in short-cycle crop fields
compared to other types of systems such as fallows, tree gardens or
agroforestry plantations, has often been reported in different parts
of the world (Bruijnzeel, 2004; McDonald et al., 2002; Valentin
et al., 2008).

Land use also has a preponderant influence on Hg weathering.
Comparable low levels of Hg were released from either the



Fig. 5. Total soil CaMgK loss in studied sites and slopes. Different letters indicate that
mean values differed significantly between studied sites, for a given slope (p < 0.05,
Wilcoxon each pair multiple comparison test for non-parametric data). Error bars
represent standard errors.
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agroforestry plantation or the forest, while in contrast, a markedly
higher Hg mobility in the short-cycle cropland reflected the higher
soil erodability of that kind of system (Valentin et al., 2008). Overall,
in the studied sites, the trend for total Hg losses followed that of soil
erosion. Therefore, although the particles eroded in the agrofor-
estry and forest sites had high Hg concentration, due to their finer
texture (B�eliveau et al., 2009), the total Hg weathered at those sites
weremuch lower than those of the cropland since their soil erosion
level was much lower. This study thus stresses that the amount of
eroded soil particles e which mainly depends on land use e has a
direct repercussion on total Hg release, confirming the efficiency of
agroforestry systems for limiting soil Hg mobility.

The similar trends in Hg concentrations found along the
agroforestry and forest soil profiles also indicate that agroforestry
consortiums are as efficient as natural environments for retaining
the contaminant. The slightly more pronounced Hg change
observed throughout the agroforestry soil profile compared to the
forest probably resulted from the burning that was used to
implement the system. Hg mobility is indeed triggered by slash-
and-burn in the first months following forest clearing (B�eliveau
et al., 2009; Farella et al., 2006). Such early Hg mobility thus
probably existed in the very first stages following agroforestry
system implementation, when the soil was still exposed. However,
in contrast to the short-cycle crop field where the soils remain
uncovered (Ribeiro Filho et al., 2013), soils in systems that include
trees and annual grasses (such as the studied agroforestry con-
sortium) are rapidly protected, as soon as native and planted
vegetation starts to grow (Cerd�a and Doerr, 2007). Perennial
ground cover limits soil erodability (Munson et al., 2011; Pereira
et al., 2013a; Santos et al., 2016) and consequently reduces asso-
ciated Hg mobility. Furthermore, contrary to slash-and-burn
agriculture that usually involves several burning cycles
(Christanty, 1986), agroforestry practices generally imply a
reduced use of fire, which diminishes medium and long term soil
erosion, and consequently, overall Hg loss with time. Past research
indeed highlighted that Hg loss was enhanced with repeated
burns (Patry et al., 2013), supporting the idea that the adoption of
systems based on limited use of fire can contribute to restrict soil
Hg release.

4.1.2. Contrasted impacts of land uses on soil fertility
The enhanced textural variations among studied sites superior

soil horizons also reinforce that land use changes have strong im-
pacts on soil texture and fertility (Islam and Weil, 2000; Lü et al.,
2007; McGrath et al., 2001). In the current research, the rapid
textural change observed in short-cycle cropland top horizons
confirms that most Amazonian soils, when exposed, are poorly
resistant to disturbance and quite vulnerable to erosion (Cochrane
and S�anchez, 1982). Fine particle loss following land cover changes
in turn affects soil structure and fertility (B�eliveau et al., 2015;
Ribeiro Filho et al., 2013), since they play a key role in aggrega-
tion complexes and chemical bonding (Brady and Weil, 2002; Lü
et al., 2007).

The amount of cations released in the current study depended
on the overall soil particle loss within a given area (Soto et al., 1997),
which in turn varies with land use (Cerd�a and Doerr, 2005; Salah
et al., 2016). It has been previously shown that land cover has a
strong influence on nutrientmobility (Lü et al., 2007; Sommer et al.,
2004) and more specifically, that slash-and-burn cultivation fields
generally have a weak nutrient retention capacity (Christanty,
1986; Ribeiro Filho et al., 2013). In the current research, the high
soil surface cation levels in the slash-and-burn cropland probably
resulted from forest combustion fertilization (Nye and Greenland,
1964; Sommer et al., 2004), which may have enhanced the total
amount of cations subsequently mobilized at that site (Pereira et al.,
2013a). It is widely documented that the rapid and massive cation
input typically observed in burnt areas (Bodi

́

et al., 2014; Farella
et al., 2007; H€olsher et al., 1997; Markewitz et al., 2004) is usually
followed by an important nutrient release through soil erosion and
runoff processes (McGrath et al., 2001; Nye and Greenland, 1964;
Pereira et al., 2013a), within the first year following the burn
(B�eliveau et al., 2015). Fertilization is indeed an important
contributor for enhanced nutrient mobility in agricultural areas (Lü
et al., 2007). In the current research, although the studied agro-
forestry site also benefited from an initial slash-and-burn and
chemical fertilization and therefore had elevated cation concen-
trations at soil surface, the much lower cation loss observed at that
site, when compared to the short-cycle cropfield, highlighted the
efficiency of agroforestry systems for nutrient retention. In a more
general way, it confirmed the crucial impact of land cover on soil
nutrient dynamics (Lü et al., 2007; McDonald et al., 2002).

4.2. Ground cover controlling soil erosion in young agroforestry
systems

Although the studied young agroforestry system does not have
the structural properties of a mature forest (that is, a closed canopy
and a developed root system), it was nonetheless efficient for
limiting soil erosion, mainly due to the ground cover that charac-
terized the young plantation. Indeed, while in natural environ-
ments, low soil erosion levels are generally attributed to the
combined effect of soil, litter and canopy properties (Bruijnzeel,
2004), in other types of land-uses, the presence of grasses and
perennial plants has positive impacts for soil conservation (Munson
et al., 2011; Salah et al., 2016). In the studied agroforestry system,
ground cover plants (mostly herbaceous) represented a barrier that
limited the impact of raindrops onto the soil, which resulted in a
diminution of particle detachment and transport. Indeed, runoff
water in that site carried a lower amount of particles compared to
what was observed in the short-cycle cropfield, highlighting the
low soil protection level in traditional cropping systems (McDonald
et al., 2002; Ribeiro Filho et al., 2013).
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The predominant importance of surface properties and ground
cover conditions compared to the percentage of tree cover per se
has also been previously highlighted (Valentin et al., 2008). In the
current project, thee initially unplantede ground cover plants and
grasses, which resulted from a partial vegetation control associated
with the incomplete slash-and-burn of the field, had an unexpected
beneficial effect in terms of soil erosion reduction. This positive
impact turned out to represent a trade-off balancing the possible
plant competition for soil nutrients that could eventually result
from the marked presence of weeds (Went, 1973; Wright, 2002).
Indeed, in a system in transition such as the studied agroforestry
plantation, ground cover plants play a crucial role for soil protection
since they act as a buffer that reduces the impacts of rainfall vari-
ations until the development of a structure approaching that of a
natural forest. These findings are consistent with Salah et al. (2016)
who addressed the benefits of intercropping with annual plants,
and also support Santos et al. (2016) who highlighted the value of
silvopastoral systems that include a grass layer (that may also serve
as a pastureland). Furthermore, in the current case, the presence of
developing roots, foliage and branches of young planted trees may
also have contributed to lowering the impact of erosion agents. Our
study thus confirms that sites in regeneration can rapidly reach
pre-disturbance erosion limitation capacity (Bruijnzeel, 2004).

4.3. Secondary importance of rainfall

Rainfall is frequently considered as one of the main factors
triggering soil erosion (Svoray and Ben-Said, 2010;Wei et al., 2009).
Among other rainfall parameters, peak rain intensity generally has
a major impact on soil erosion processes (Chaplot and Le
Bissonnais, 2000; Svoray and Ben-Said, 2010; Wei et al., 2009).
However, in the current study, the influence of rainfall on erosion
indicators was moderate (except for surface runoff volume) when
all sites where considered together.

Distinct soil erosion patterns nonetheless emerged when stud-
ied sites were considered independently, which indicates that the
impacts of rainfall volume and intensity varied depending on land
use. This is related to the fact that ground cover regulates soil and
nutrient losses through its effect onwater infiltration, which in turn
affects runoff volume and velocity (Bruijnzeel, 2004). In the current
study, the lower influence of rainfall in the agroforestry and forest
sites when compared to the short-cycle cropfield wasmainly due to
the distinctly more exposed soil in the latter site, which was
characterized by a reduced capacity for water infiltration. This has
important implications considering that soil erosion is often trig-
gered by only a few major rainfall events (Ledermann et al., 2010)
and since increased runoff on unprotected and compacted soils
may create deep gullies and landslides (Bruijnzeel, 2004). This
study indicates that agroforestry plantations, similarly to natural
forests, have a good water-storage capacity and an ability to buffer
the system for limiting the impacts of rainfall volume and intensity
variations (McDonald et al., 2002). It thus reinforces that the effect
of rainfall is modulated according to the presence or absence of
ground cover (McDonald et al., 2002; Valentin and Janeau, 1990).

5. Conclusion

This project highlights the clear soil Hg retention efficiency of
agroforestry systems, an important benefit that had not been pre-
viously reported. In addition, it confirms the positive impacts of
these systems on soil fertility maintenance through the reduction
of soil fine particles and cation losses. This study shows that soil
conservation effect exists in early stages of agroforestry systems in
spite of the absence of a closed canopy, which stresses the short
term value of adopting such practices.
This study was carried out in situ in rudimentary family farms of
the Amazon, and thus reflects the soil erosion dynamics that may
be found in agricultural settlements of the region. In the humid
tropics, the impacts of forest conversion to cultivated lands are
enhanced by the vulnerability of most soils to erosion, as well as by
the strong rainfall characterizing the area. Furthermore, environ-
mental changes will undoubtedly lead to increasingly unpredict-
able meteorological variability in many parts of the world e

including the Amazon, which means that more frequent extreme
rain events and enhanced wet/dry season intensity may be ex-
pected. This reinforces the crucial importance of favouring sound
land uses that ensure soil conservation, especially in environments
that aremore susceptible to erosion. Hence, this study suggests that
agroforestry systems are an interesting avenue for limiting soil
degradation since they have the ability to buffer the effects of
rainfall variability, similarly to what can be observed in natural
environments. However, although agroforestry has undeniable
benefits for ecosystem and human health compared to traditional
short-cycle crop farming, the reduction of Hg mobility nonetheless
remains intangible for local populations, and does not currently
seem to constitute a strong incentive for adopting alternative
agricultural practices in rural Amazonian communities. Indeed, the
adoption of alternative production systems can represent a real
challenge for subsistence farmers, and more initiatives aiming at
supporting them in their steps towards a more sustainable agri-
cultural model that could meet their needs while having lower
impact on the environment should be prioritized.
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31 pp.

Santos, D.d.C., Guimar~aes Júnior, R., Vilela, L., Pulrolnik, K., Bufon, V.B.,
França, A.F.d.S., 2016. Forage dry massaccumulation and structural character-
istics of Piat~a grass in silvopastoralsystems in the Brazilian savannah. Agric.
Ecosys. Environ. 233, 16e24.

SAS Institute, 2003. JMP e Versions 7.0.1 and 10. Computer statistical software,
Cary, NC, USA.

Soil Survey Division Staff, 1993. Soil Survey Manual. Soil Conservation Service. U.S.
In: Department of Agriculture Handbook, vol. 18. Washington, DC.
Sommer, R., Vlek, P.L.G., Sa, T.D. de A., Vielhauer, K., De Fatima Rodrigues Coelho, R.,
Folster, H., 2004. Nutrient balance of shifting cultivation by burning or
mulching in the Eastern Amazon e evidence for subsoil nutrient accumulation.
Nutr. Cycl. Agroecosyst. 68, 257e271.

Soto, B., Basanta, R., Diaz-Fierros, F., 1997. Effects of burning on nutrient balance in
an area of gorse (Ulex europaeus L.) scrub. Sci. Total Environ. 204 (3), 271e281.

Souza-Filho, W.M., de Souza, E.B., Silva Jr., R.O., Nascimento Jr., W.R., Versiani de
Mendonça, B.R., Guimar~aes, J.T.F., Dall’Agnol, R., Siqueira, J.O., 2016. Four de-
cades of land-cover, land-use and hydroclimatology changes in the Itacaiúnas
River watershed, southeastern Amazon. J. Environ. Manag. 167 (1), 175e184.

Sternberg, H.O., 1987. Aggravation of floods in the Amazon river as a consequence of
deforestation? Geogr. Ann. Ser. A, Phys. Geogr. 69 (1), 201e219.

Svoray, T., Ben-Said, S., 2010. Soil loss, water ponding and sediment deposition
variations as a consequence of rainfall intensity and land use: a multi-criteria
analysis. Earth Surf. Proc. Land 35, 202e216.

Telmer, K., Costa, M., Ang�elica, R.S., Araujo, E.S., Maurice, Y., 2006. The source and
fate of sediment and mercury in the Tapaj�os River, Par�a, Brazilian Amazon:
ground- and space-based evidence. J. Environ. Manag. 81 (2), 101e103.

Tremblay, S., Lucotte, M., Reveret, J.-P., Davidson, R., Mertens, F., Passos, C.J.,
Romana, C., 2015. Agroforestry systems as a profitable alternative to slash and
burn practices in small-scale agriculture of the Brazilian Amazon. Agroforest.
Syst. 89, 193e204.

Torralba, M., Fagerholm, N., Burgess, P.J., Moreno, G., Plieninger, T., 2016. Do Euro-
pean agroforestry systems enhance biodiversity and ecosystem services? A
meta-analysis. Agric. Ecosyst. Environ. 230, 150e161.

Valentin, C., Janeau, J.L., 1990. Les risques de d�egradation structurale de la surface
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