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ABSTRACT. In Amazonia, the main causes of deforestation are systems based on slash-and-burn
agriculture. The objective of this work was to evaluate temporal changes in the soil chemical attributes
after the vegetation has been slashed and burned in an area of native forest in the Western Amazon. For
this study, four hectares of forest in Cruzeiro do Sul, State of Acre, Brazil, was slashed and burned. The
soil in the study area was classified as Ultisol (Argissolo Amarelo Distréfico tipico). Soil samples were
collected over the course of one year, the first one being collected 16 hours after the burn and the others
at 30, 60, 90, 150, 210, 270, and 360 days after the burn. The soil surface layers were more sensitive to fire
action. Ashes from vegetation burn increased pH values, basic cations, and C values only in the first
months, resulting in higher basal saturation values (V%). The practice of slash-and-burn after 12 months
resulted in lower values of pH, Ca, Mg, K, and P and higher values of Al and H, as well as saturation by
aluminum in the soil, indicating this practice contributes to the reduction of soil fertility.
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Introduction

The Amazon region comprises an area of approximately six million km?, representing 40% of the
rainforest areas of the world, occupying most of the Brazilian territory, and extending into the neighboring
countries (Laurance et al., 2001). This region has a great diversity of environments with mosaics of multiple
vegetation and habitat types whose balance depends on the climate, water quality, soil, nutrient cycling,
and other environmental characteristics. However, this ecosystem is fragile, with most of the soils heavily
leached and weathered, usually with a dystrophic character (low saturation by bases) and often with high
levels of Al in addition to low saturation by bases (Anjos & Pereira, 2014).

Located in the western portion of the Amazon, the State of Acre has many areas that are difficult to
access, resulting in a lack of information on its natural resources. The main cause of deforestation is the
farming system followed by the Amazonian family farmers for their livelihood. This system is based on
slash-and-burn agriculture, which is the practice of preparing an area for planting by cutting, drying, and
burning the natural vegetation in a patch, which is then used for cultivation for a short period of time, after
which it is left fallow for a long duration (Pedroso Junior, Murrieta, & Adams, 2008; Morton et al., 2008).
The ashes resulting from the burn contain nutrients accumulated by the vegetation, which fertilizes the soil
and acts as an acidity corrector. This practice is low cost and easy to adopt and has persisted due to the low
fertility of most soils in the region, the high cost of fertilizers and correctives, and the lack of adequate
policies to foment and provide relevant technical assistance to this segment of producers.

The dynamics of nutrients under the slash-and-burn agricultural system in the Amazon have been
studied by several authors (Longo & Espindola, 2000; McGrath, Smith, Gholz, & Oliveira, 2001; Johnson,
Vieira, Zarin, Frizano, & Johnson, 2001; Fearnside & Barbosa, 1998; Fearnside, 2005; Markewitz, Davidson,
Moutinho, & Nepstad, 2004; Zarin et al., 2005; Davidson et al., 2007; Aratjo, Ker, Mendonga, Silva, &
Oliveira, 2011; Braz, Fernande, & Alleoni, 2013) Many of these studies have focused on changes in the soil
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nutritional status after slash-and-burn, but few relate the soil nutrient dynamics over time. Evaluating
carbon and nutrient stocks in the Amazon, Johnson et al. (2001) conclude that the effects of slash-and-burn
on C, N, and basic cation stocks are not sufficient to compromise secondary forest growth in the Amazon,
although the area under study has undergone several cycles of slash-and-burn cultivation.

In the short term, fire becomes a mineralizing agent, increasing the availability of nutrients for plant
growth, especially at soil depths of less than 0.5 cm, due to the high concentration of P, K, and Ca in the
ashes (Kauffman, Cummings, & Ward, 1994). In a study analyzing soil attributes after conversion of forest
to pasture in the Amazon, Braz et al. (2013) found that the pH values and the availability of P, Ca, and K in
the soil increased, and the levels of exchangeable Al decreased. Nevertheless, the fragile balance of the
system's nutrient cycling is compromised after the early burn of felled vegetation, since nutrients that are
not absorbed rapidly by the recolonizing vegetation will be leached and irreversibly lost (Sanchez, Bandy,
Villachica, & Nicholaides, 1982). Negative impacts are expected and are severe, since the basic mechanisms
of natural ecosystem functioning, with their effective recycling of organic matter and nutrients, are broken
(Kauffman, Cummings, Ward, & Babbitt, 1995).

The objective of this work was to evaluate temporal changes in the soil chemical attributes after
vegetation slash-and-burn, in an area of native forest in the Western Amazon.

Material and methods

The study was carried out in the municipality of Cruzeiro do Sul, State of Acre (7°45'S and 72°22'W), in the
Brazilian Western Amazon region, Brazil (Figure 1). The climate of the region according to the Koppen
classification is type Am, hot and humid equatorial. The average annual rainfall is 2,280 mm, with average
monthly values of 66 to 299 mm, and the average annual temperature is 24.9°C (Carvalho et al., 2016). The
selected area is in a smooth-wavy relief, with an altitude of 210m, and the soil is classified according to the
Brazilian Soil Classification System (BSCS) as typical Dystrophic Yellow Argisol (Santos et al., 2013).
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Figure 1. Location of the municipality of Cruzeiro do Sul, State of Acre in the Brazilian Western Amazon. (Adapted from: Medeiros et
al., 2015).

For this study, the forest was cleared and burned in an area of four hectares, in which only the
central hectare was sampled and subdivided into plots of 50 x 20m (Figure 2). Eight soil samples were
collected over the course of one year. The first was collected 16 hours after the burn, and the remaining
were collected 30, 60, 90, 150, 210, 270, and 360 days after the vegetation slash-and-burn on the dates
10/01/2010, 11/01/2010, 12/01/2010, 02/01/2011, 04/01/2010, 06/01/2011, and 09/01/2011, respectively.
In addition, samples were collected from the undisturbed forest area. For the sampling, three trenches
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(1 x 1 x 1 m) were randomly distributed within each subplot of 100 m? in the central hectare of the
evaluation area, from which samples were collected at seven depths (0-0.05, 0.05-0.10, 0.10-0.15, 0.15-
0.20, 0.20-0.30, 0.30-0.40, and 0.40-0.50 m). The subsamples were pooled to form a composite sample
for each treatment in the sampled area.

200 m

50 m

200 m

Figure 2. Study area after vegetation slash-and-burn (coordinates: 7°45'43.00"S and 72° 22'51.00"W) and sampling design. Source:
Google Earth (retrieved on Oct. 20, 2017 from https://www.google.com/earth/).

After collection, the samples were dried in the shade and passed through a 2 mm sieve to obtain air-dried fine
earth (ADFE) used in the analysis. The pH values were determined in H;O, in a soil: water suspension of 1:2.5;
aluminum (AI*, calcium (Ca?), and magnesium (Mg*")), were extracted with 1 mol L' KCI solution in the
proportion of 1 part soil to 10 parts solution; potassium (K*), sodium (Na*), and phosphorus (P), were extracted
with 0.05 mol L' HCI solution and 0.0125 mol L' H,SO,, in the proportion of 1 part soil to 10 parts solution,
where K* and Na* were determined by flame photometry and P by colorimetry; potential acidity (H + Al) was
extracted with 1 mol L calcium acetate solution according to Donagema, Campos, Calderano, Teixeira, and
Viana (2011). From the results, sum values of exchangeable bases (SBs), cation exchange capacity (T), base
saturation (V%), and aluminum saturation (m%) were calculated. To determine the organic carbon content (C),
the samples were ground and passed through a 0.2 mm sieve, and carbon was determined by organic matter
oxidation by potassium dichromate (K.Cr,O;) at 0.2 mol L' in sulfuric medium, and titrated using 0.1 mol L!
ammonia ferrous sulfate following the methodology of Yeomans and Bremner (1988). The determination of the
total nitrogen content (N) in the soil samples was done by the Kjeldahl method, described by Tedesco, Gianello,
Bissani, Bohnen, and Volkweiss (1995).

The results were submitted to analysis of variance, and the means were compared by the Tukey’s test (p <
0.05).

Results and discussion

The soil chemical attributes differed significantly between samples collected at different times (Figures
3, 4, and 5), showing the influence of burning on nutrient dynamics over time. The greatest variations were
observed in the superficial layers, up to the depth of 0.20 m. In the layers that were 0.30-0.40 and 0.40-0.50
m deep, similar values were noted for samples collected at different times, with no statistically significant
difference between them or when compared to the area before burning. The pH values in water ranged from
5.38 (0-0.05 m) to 4.95 (0.40-0.50 m) in the forest area and showed a significant increase immediately after
burning. Intense biological activity, combined with the hot and humid environment that predominates in
the Amazon region, promotes greater CO, production in the soil solution. This CO, acts as a source of
acidity, resulting in intense acidification, and as the driving force in the processes of chemical weathering
(Bohn, Mcneal, & O’connor, 2001; Dias-Filho, Davidson, & Carvalho, 2001). This acidification can explain
the soil pH values below 5.0 that were observed at greater soil depths.

At the depths of 0-0.05 and 0.05-0.10 m, the pH, 30 days after burning, reached values of 5.88 and 5.76,
respectively, reflecting the immediate corrective effect of the ashes on soil acidity. Several authors report
significant increases in soil pH after biomass slash-and-burn (McGrath et al., 2001; Silva, Silva, & Melo,
2006; Aradjo et al., 2011; Braz et al., 2013). When the base-rich ashes are incorporated into the soil, the
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H* ions are dissociated from the exchange complex, and the basic cation content is adsorbed to clay
surfaces, which helps raise the pH values. These results may also be associated with the rapid
mineralization of organic matter, resulting in a higher release of organic acids that may be complexing
in the initial months, as Al*> and H* ions are responsible for soil acidity. However, in the subsequent
period, there was a reduction in pH values related to the high rainfall conditions of the region, and
under these conditions, a noticeable loss of nutrients by leaching occurs.
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Figure 3. Mean values of pH in water and calcium (Ca), magnesium (Mg), potassium (K), and phosphorus (P) content at different
depths, sampled at different times. Means followed by the same letter do not differ by Tukey's test (p < 0.05).

The variations observed over time for Ca?* content and Mg?* content showed similar patterns, with significant
differences up to the depth of 0.20 m. We verified that burning the vegetation resulted in an increase in the
content of these elements, especially in the 0-0.05 and 0.05-0.10 m layers, for up to 30 days, which was followed
by a rapid decrease until the last collection, at 360 days after burning. These results reflect the fragility of the
system after vegetation removal, which indicates loss of nutrients by leaching under conditions of high
temperature and intense rainfall. Nutrient cycling in tropical forests involves a complex set of direct and indirect
feedback mechanisms between soil and vegetation (Ferreira, Luizdo, Miranda, Silva, & Vital, 2006). Vegetation
burn results in an imbalance of this system, causing an increase in the soil fertility only in the first months, with
negative effects in the long term. Similar results from other studies in the Amazon region have been reported by
Braz et al. (2013), Orrutéa, Melo, Motta, and Lima (2012), Numata, Soares, and Leonidas (2002), and McGrath et
al. (2001).

For K*, unlike Ca*?, and Mg*? values, no significant increase in its content was observed when compared to the
forest area at any of the collection periods. At the fifth month after burning, the values of this nutrient presented
a significant reduction in the 0-0.05 and 0.05-0.10 m layers, which remained until 360 days, with a mean of 0.11
cmol. kg'l. The release patterns of the nutrients contained in the ashes can vary considerably among nutrients.
Due to its higher solubility, K is more susceptible to leaching because it has an extremely rapid release rate. In a
study on nutrient cycles in the Amazon, Vitousek (1984) has reported that 80% of the K can be lost in the first 30

days of plant material decomposition; on the contrary, elements linked to the structure of leaves, such as Ca?,
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and to a lesser extent Mg?*, may present an initial accumulation phase, with a later release phase. Some authors
report K levels increase in the conversion of forest areas to pastures in the Amazon region, but this pattern is
related to cycling through animal excreta (Braz et al., 2013; Araujo et al., 2011; Couto, Klamt, & Stein, 2000).

P levels showed high sensitivity to fire action, especially in the superficial layers. The forest area presented a
mean value of 2.9 mg kg™ up to the depth of 0.15 m. At 360 days, at the same depth, the mean value was 1.1 mg
kgl. The reduction of soil pH and the increase in Al*> concentration (Figure 4) increase the adsorption sites of this
macronutrient to the Fe and Al oxides and hydroxides of the soil, thus reducing its availability. In a similar study
under laboratory conditions, Galang, Markewitz, and Morris (2010) found results indicating that in the 0-0.05 m
soil layer, organic P stocks are converted to inorganic P, and this conversion declines with increasing
temperature and time. The slash-and-burn of forests leaves the soil surface prone to erosion, and since a large
part of the amount of phosphorus available to plants is present in this layer, soil losses can result in large losses
of this macronutrient.

Except for the samples collected at 30 and 60 days in the 0-0.05 m layer, a reduction in the organic carbon
content (C) was observed when compared to the forest before the burn (Figure 4). This reduction can be
attributed to the high temperatures caused in the soil by the forest burn, which accelerates the mineralization of
soil organic matter and causes the loss of C as CO, and CH, to the atmosphere (Davidson, Verchot, Cattanio,
Ackerman, & Carvalho, 2000; Cerri, Volkoff, & Eduardo, 1985). The high temperatures also eliminate much of
the soil C contained in the microbial biomass, which could be related to the observed results. Another factor is
that forest burn reduces C inputs in the soil that come from the litter and the roots, causing the output rate of C
to be higher than the input, and reducing its soil content as a function of time. The increase of C levels at 30 and
60 days can be explained by the resumption of microbial activity due to the momentary increase of more labile
forms of C generated by mineralization of organic material after the forest burn. The microbial species are also
consumed and their levels reduced as a function of time due to the lack of organic material entry into the system
to ensure organic matter stability.
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Figure 4. Mean values of total organic carbon (C), total nitrogen (N), exchangeable aluminum (Al), and exchangeable hydrogen (H) at
different depths, sampled at different times. Means followed by the same letter do not differ by Tukey's test (p < 0.05).
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N values decreased shortly after the burn, especially in the superficial layers, up to the depth of
0.20m. Several studies report the loss of N in the soil by volatilization after vegetation burn (DeBell &
Ralston, 1970; Grier, 1975; DeBano, Eberlein, & Dunn, 1979; Raison, Khanna, & Woods, 1985; McGrath,
Comerford, & Duryea, 2000a; McGrath, Duryea, Comerford, & Cropper, 2000b; McGrath et al., 2001;
Rheinheimer, Santos, Fernandes, Mafra, & Almeida, 2003). Nitrogen losses by volatilization are related
to burning of organic matter, which contains significant amounts of N, and can result in losses of 50-
90% of the N content stored in the vegetation and soil (Holscher, Moller, Denich, & Folster, 1997,
Kauffman, Cummings, & Ward, 1998; Kauffman et al., 1995; Mackensen, Holscher, Klinge, & Folter,
1996). In general, C and N levels are more susceptible to surface changes (Desjardins, Barros, Sarrazin,
Girardin, & Mariotti, 2004; McGrath et al., 2001), where physical changes resulting from vegetation
removal can increase processes such as erosion, runoff, and leaching.

For the soil acidity components Al* and H", a similar pattern of variation was observed over time,
with a reduction in the first months in relation to the values observed before the burn, followed by an
increase between the fifth and the seventh months, which persisted until the last period analyzed. As
discussed earlier with reference to pH, we can infer that up to five months after the burn, release of
organic acids occurred by soil organic matter mineralization, either by the action of fire or by soil
microbial activity. Such organic acids may have been involved in complexing these cations and
reducing their levels in the soil. These results can be corroborated by the analysis of the content of C,
Al*®, and H* (Figure 4), wherein the C content increases, while the Al*® content and H* content reduce
(0.0-0.15 m). Similarly, Numata et al. (2002) also related the increase of Al concentration in the soil to
the release of this cation from organic complexes through decomposition of organic matter.

The lack of replacement of the organic material in the soil and the intense microbial activity on the
carbon that still existed in the soil may have led to a reduction in the C content of the soil in the third
month after the burn. Consequently, Al* and H* that were previously complexed are returned to the
soil, favoring the increased availability of these cations. These results demonstrate the great
importance of soil organic matter in combating soil acidity in this region. Soils in the Amazon region
are considered to have a low nutrient content and acid content, and a low cation exchange capacity
(Anjos & Pereira, 2014). Over time, the burning of natural forest vegetation promotes a reduction in
the organic C content, directly influencing soil fertility by increasing acidity and nutrient availability.

In the first months, an increase in the values of the sum of bases (SB) and base saturation (V%) was
observed up to a depth of 0.20m when compared to the forest soil before the burn (Figure 5). This
increase in the base concentration is associated with rapid release by biomass burn (Kauffman et al.,
1994). In a study on the nutrient balance in Ultisol (Argissolo Amarelo) soil in the Amazonian
rainforest after a burn, Sampaio, Fontes, Costa, and Jucksch (2003) found significant amounts of
nutrients, mainly Ca?* and Mg?, in the ashes. Nevertheless, two months after the forest burn, the
values of SB and V% were reduced as a function of evaluation time, with levels lower than before the
forest burn. This reduction of the sum of bases may have occurred due to cation losses by erosion and
soil leaching, or even due to the absorption of Ca?*, Mg?*, and K* by plants that colonized after burning.

The variation in the cation exchange capacity (T) values and aluminum saturation (m%) after the
burn in the more superficial layers (0-0.15 m) are consistent with AI®* and H* dynamics, which were
reduced in the first evaluated periods, followed by an increase that remained up to 12 months. In the
Amazon region, soils are generally acidic, with high exchangeable aluminum saturation (m%) (Seubert,
Sanchez, & Valverde, 1977; Korning, Thomsen, Dalsgaard, & Negrnberg, 1994; Botschek , Ferraz, Jahnel,
& Skowronek, 1996; Brouwer, 1996). High T-value is often largely due to high concentrations of Al3* in
soils with low concentrations of basic cations. The high nutrient recycling efficiency observed in
Amazonian forests has been correlated with their high biological diversity. Nutrient recycling
counteracts soil leaching because it represents a mechanism for conserving nutrients in the ecosystem,
while promoting biological productivity and the good nutritional status of plants. The lower
concentration of nutrients verified in the area after the burn indicates the importance of vegetation
cover for the cycling of nutrients and maintenance of this ecosystem.
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Figure 5. Means of the sum of bases (SB), cation exchange capacity (T), base saturation (V%), and saturation by aluminum (m%) at
different depths, sampled at different times. Means followed by the same letter do not differ by Tukey's test (p < 0.05).

Conclusion

The superficial layers of soil were more sensitive to the fire action. In these layers, the burn caused
changes in all the chemical attributes evaluated.

Ashes from vegetation burn increased pH values, basic cations, and C values only in the first months,
resulting in higher basal saturation values during this period.

The practice of slash-and-burn after 12 months resulted in lower values of pH, Ca, Mg, K, and P and
higher values of Al and H, as well as saturation by aluminum in the soil, indicating this practice contributes
to the reduction of soil fertility.
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