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A B S T R A C T

No-tillage planting in mechanically-chopped secondary-forest seeks to replace slash-and-burning
agriculture. We evaluated the effect of horizontal (HC) and vertical (VC) chopping-and-mulching
mechanisms on vegetation fragmentation and decomposition rate and nutrient release from chopped
residue, and on cassava production in eastern Amazon. Chopped-and-mulched residuewas classified into
four residue-size (Fs1 = 1–7, Fs2 = 7–25, Fs3 = 25–35, and Fs4 = >35mm) and six residue-type (with husk/
bark –WB, partially chopped – PC, compact – C, partially shredded into fibers – PS, completely shredded
into fibers – CS, and formless residue – F) classes. In litter-bags, residual drymatter (DM)was determined
at five different days after chopping-and-mulching and residue distribution on soil surface (DAD),
whereas release of N, P, K, Ca, andMgwas evaluated at four days. Residues-size and -type classes showed
similar decomposition behavior, with a reduction of approximately 60% of initial DM at 90 DAD.
Nevertheless, reduction in DM was slow, where 52 days are necessary for half of labile residue to be
decomposed, with part of labile and recalcitrant residue remaining on soil surface. DM and nutrients in
residue reduced over time. DMwas 25% for residues-size classes for HC, 20% for VC, and 26% for residue-
type classes, on average, at 300 DAD. Nutrients remaining in residues at 300 DADwere 26% and 27% of N,
26% and 22% of P, 29% and 22% of K,16% and 15% of Ca, and 17% and 23% of Mg, respectively for HC and VC.
Release of nutrients was, generally, greater for smaller residue-size classes, similar between chopping-
and-mulching mechanisms, and did not affect cassava yield.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

Biomass management in open areas is done mainly by means of
prescribedfires. However,firewas shown to produce degradation of
soils and vegetation (Guénon et al., 2013) and intense soil andwater
erosion losses (Cerdà, 1998a,b,b). The effect of fire disappear only
some years after the fire (Cerdà and Lasanta, 2005; Lasanta and
Cerdà, 2005), and mulching is a good strategy to reduce soil and

water losses after the fire (Prats et al., 2013). The use of other
managements is necessary and within them the use of chipped
biomass is being found useful, such as Lee et al. (2013) found in road
embankments, Jiménez et al., (2013) in afforested land, García-
Orenes et al. (2012) and Tejada and Benítez (2014) on agriculture
land, or Milder et al. (2012) and Mukhopadhyay and Maiti (2014).

Soil management systems traditionally used in eastern Amazon
consist of slashing-and-burning of secondary-forest that develops
in fallows period between agricultural crops, with further soil
turnover for planting (Denich et al., 2005; Béliveau et al., 2009).
Soil surface remainsmore exposed to raindrop impact, which leads
to soil degradation and greater soil and water losses through
surface runoff (Farella et al., 2001; Davidson et al., 2008). There is
also greater risk of accidental fires (Ruivo et al., 2007), greenhouse
gas emissions (Davidson et al., 2008), loss of nutrients through
leaching (Sommer et al., 2004; Béliveau et al., 2009), soil organic
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matter oxidation (Davidson et al., 2008), and consequent reduction
in cation exchange capacity (CEC) (Farella et al., 2007; Béliveau
et al., 2009; Adeniyi 2010). Further, after fires there is dispersion of
clays with reduction in aggregate stability and increase in soil bulk

density (Braz et al., 2013), increase in soil surface temperature
(Ferreira et al., 2002), and greater moisture variations from
increased solar radiation on soil surface layer (Cochrane and
Sanchez, 1982).

[(Fig._1)TD$FIG]

Fig.1. Residue-size classes fromchopping-and-mulching of secondary-forest vegetation throughhorizontal (a, c, e, g) and vertical (b, d, f, h) rotormechanisms. Photos by C.M.
P. Bervald.
Fs1 = 1–7mm (a and b), Fs2 = 7–25mm (c and d), Fs3 =25–35mm (e and f), and Fs4 = >35mm (g and h).
Numbers on scale bars are in mm.
White bulletswith capital letters in ‘e’, ‘f’ and ‘g’ represent residue-type classes, fromchopping-and-mulching of secondary-forest vegetation in both rotormechanisms:WB–

with bark, PC–partially chopped, C– compact, PS–partially shredded, CS– completely shredded, and F– formless.
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Thus, traditional secondary-forest management with burning
leads to unsustainable cropping systems (Hölscher et al., 1997a,b;
Sommer et al., 2004), and should not be recommended (Kanashiro
and Denich, 1998).

One alternative to traditional slash-and-burn management of
secondary-forest is managing standing vegetation to build up soil
surface mulch (Kato et al., 2002). In such, special equipment is
required for chopping-and-mulching the secondary-forest vegeta-
tion (Reichert et al., 2014). Two different mechanisms have been
tested: one uses hammer heads at high revolution that crush
vegetation up to 30-cm in diameter, where two passes are needed
to completely chop up biomass and shred wood material (Bervald
et al., 2007); whereas the second uses circular saws and helices
(helical knives) to cut off and chop up standing vegetation, where
only one pass is necessary to completely chop up wood trunks less
than 10-cm in diameter (Denich et al., 2004).

During decomposition of secondary-forest chopped vegetation
deposited on soil surface, organic carbon (C) is used as energy
source by microbial population, a portion of which is released as
CO2 to atmosphere. Nutrients like nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca) and magnesium (Mg) contained in the
residues are partially released to soil, thus increasing their
availability and uptake by plants such as cassava (Manihot esculenta
Crantz), increasing growth and production of dry matter and roots
(Cardoso Júnior et al., 2005; Pypers et al., 2012).

Residue decomposition and nutrient release are dependent on
degree-of-fragmentation and residue exposure to edaphic and
climatic conditions. Further, edaphic fauna diversity (Liao et al.,
2006; Santos et al., 2008), residue chemical composition (espe-
cially cellulose, lignin, and polyphenols contents), and C/N ratio
(Vasconcelos and Laurance, 2005; Auer et al., 2007; Barlow et al.,
2007) also affect the decomposition process. Residues with greater
lignin content and C/N ratio decompose and release nutrients to
soil in a slower and more gradual process (Vasconcelos and
Laurance, 2005; Auer et al., 2007), compared to residues with
lower lignin content, greater cellulose content and lower C/N ratio
(Auer et al., 2007).

For efficient and environmentally sound agricultural produc-
tion in naturally fragile soils of the Amazon, information is still in
an initial stage regarding residue decomposition and nutrient
release from secondary-forest residues (Cattanio et al., 2008),
whether with a defined degree-of-fragmentation or shredded into
fibers.

Our hypothesis was that “different chopping-and-mulching
mechanisms for secondary-forest vegetation management in the
Amazon provide residues of different sizes and fiber separation
degrees, where smaller, fiber-separated residue show greater
decomposition rate and nutrient release to soil for improved
cassava yield”. We evaluated the effect of horizontal and vertical
choppingmechanisms to chop-and-mulch secondary-forest on the
decomposition rate and nutrient release from chopped residues,
and on cassava production in sandy soil of the eastern Brazilian
Amazon.

2. Materials and methods

2.1. Study area

The study was conducted in municipality of Igarapé-Açu, in
northeastern Pará (01�1103700S and 47�3504300W) in eastern
Brazilian Amazon. Climate is tropical monsoon (Am) (Köppen
classification – Alvares et al., 2013), with annual rainfall between
2000 and 3000mm, and average annual temperature of 24.9 �C
(Diniz, 1991). The soil is classified as Oxisols (Soil Taxonomy –

USDA, 1999) and Latossolo Amarelo (Brazilian Soil Classification
System – EMBRAPA, 2006). Soil textures of soil layers in different

choppedmanagement systems are sand (0.00–0.10m), loamy sand
(0.10–0.30m), and sandy loam (0.30–0.50m). Most of the soil
pores are from 0.30–0.05mm (large pores) for all the layers,
responsible for rapid water drainage at low suctions and lowwater
storage capacity.

2.2. Chopping mechanisms

The area under study (1ha)was under original secondary-forest
maintained fallow for a period of 4 years, when a tree-shrub
vegetation through natural regeneration developed. In half
hectare, secondary-forest vegetation was chopped with a horizon-
tal rotor mechanism (HC) (Supplementary file 1), while on the
other half vegetation chopping was done with a double vertical
rotor mechanism (VC) (Supplementary file 2).

Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.agee.2015.02.005.

For the HC, vegetation (36.46Mgha�1) was chopped using a
mechanized unit composed of a universal shredding device with a
horizontal rotor system coupled to a tractor (Supplementary file 1).
The 120-kW tractor, reversible steering in the backward drive
operating process, Nokia 20.8-38 model rear tyres, and 7.50-Mg
weight exerted 60-kPa total pressure on the soil surface, as
calculated Wästerlund (1994) equation. Standing vegetation was
chopped in two operations: (i) thefirst passwas in reverse to knock
down vegetation, while the second pass was in normal operating
direction for chopping up plant residue.

For the VC, vegetation (44.44Mgha�1) chopping was per-
formedwith amechanized unit called Tritucap, which has a double
vertical rotor system coupled to a tractor (Supplementary file 2).
The effective width of the Tritucap was 1950mm and each rotor
weighed 400kg, for a total machine weight of 1300kg (Bervald
et al., 2007). Chopping of the vegetationwas carried out in only one
operation.

2.3. Sampling and evaluation of the chopped residue

Chopping and mulching of secondary-forest maintained fallow
for 4 years provided 60% soil coverage by chopped residues for both
systems. Themean thickness of chopped residuewas 4.9 cm for the
VC and 5.0 cm for the HC. For each chopping mechanism (VC and
HC), a 0.20�10.0m (2.00m2) strip was marked off, an area
corresponding to four machine-passes for soil sampling. Three
samples of chopped residue were collected at random from each
strip for quantitative classification of residue fragmentation
degree, and three samples for qualitative classification of fiber
separation degree.

2.3.1. Residue-size classes
Three samples of chopped residues, taken from each chopping

mechanism (HC and VC), were screened through a set of four
sieves with of 35, 25, 7, and 1-mm mesh openings. Two
measurements of diameter and one of length were made and
residues were divided up into four chopped residue-size classes
(Fs): Fs1 (1–7mm), Fs2 (7–25mm), Fs3 (25–35mm), and Fs4
(>35mm) (Fig. 1). For the VC, distribution of the residues to each
class was, by dry volume, 17% (Fs1), 39% (Fs2), 16% (Fs3), and 28%
(Fs4) while, for HC, the distribution was 43% (Fs1), 21% (Fs2), 9%
(Fs3), and 27% (Fs4).

For decomposition analysis, five 50-g samples of residue were
taken from each Fs from the three samples collected in the field. A
total of 60 samples per chopping mechanism were collected, with
15 samples per residue-size class of chopped fragments from HC
and 15 samples per residue-size class from VC. Samples with Fs1
and Fs2 residues were placed in litter bags with 1.3-mm mesh
opening and dimensions of 0.15�0.25m (0.0375m2), whereas for
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Fs3 and Fs4 litter bags of 0.15�0.35 cm (0.0525m2) and mesh
opening of 1.3mm were used in the field.

2.3.2. Residue-type classes
Three residues samples collected in the field for degree-of-

fragmentation analysis were passed through a set of two sieves
with mesh opening of 35 and 25mm to obtain residues in the Fs3
(25–35mm) size-class of chopped fragments fromVC and fromHC.
These residue samples were mixed to obtain homogeneity and
three combined sub-samples (VC+HC) were analyzed. The Fs3
class was chosen for residue-type classes for analysis since
residues had more similar visual aspect.

These combined samples (VC +HC) were classified in six
residue-type classes based on fiber separation (Fig. 1; Supple-
mentary file 3) into (i) rounded residue, with the husk/bark
around the entire surface of the fragments (with bark – WB); (ii)
residue that remained with remnants of bark after chopper attack
(partially chopped – PC); (iii) residue chopped in a regular
manner, derived from chopping inner parts of secondary forest
(compact – C); (iv) residue that underwent the action of chopping
mechanisms derived from inner trunk, with little action of
chopping mechanisms (partially shredded – PS) (Fig. 1e); (v)
residue similar to partially shredded, but with a greater degree
fiber separation brought about by shredding mechanisms
(completely shredded – CS) (Fig. 1h); and (vi) residue consisting
of totally irregular parts of shrubs, basically shoots and vines
(formless – F) (Fig. 1g).

Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.agee.2015.02.005.

Afterwards, five 50-g residue samples were taken from each
class from the three samples collected in the field for
decomposition evaluation, which amounted to 90 samples
(VC +HC), with 15 residue samples per size class. The samples
were placed in litter bags with dimensions of 0.15�0.35m
(0.0375m2) and mesh opening of 1.3mm for field decomposition
analysis.

2.3.3. Decomposition and nutrient release from chopped residue
Sixty (60) litter bags of chopped residue-size classes from

HC, the 60 from VC, and the 90 from residue-type classes
(VC +HC) were placed under the mulch resulting from
chopping, between cassava plant rows, at 1.0-m intervals to
evaluate decomposition and nutrient release by means of
sampling in given time intervals. These litter bags were fixed to
soil using wood stakes of 0.5m height to avoid possible
displacement.

The litter bags were collected soon after (0 days) and at 30, 90,
180, and 300 days after distribution (DAD) of chopped residue on
soil surface for determining residual DM. Nutrient release was
evaluated soon after (0 days) and at 90 and 300 DAD. For each
analysis period, three litter bags were collected from each
chopped residue-size class, and five litter bags for samples
residue-type class. On each collection date, residues were
removed from litter bag and soil particles adhering to residues
were removed with a brush. This residue was dried in a forced air-
circulation laboratory-oven at 65 �C and residual DM was
determined.

Residues were ground in a Wiley type mill and screened
through a 30-mesh sieve. Total organic C and N, P, K, Ca, and Mg
contents were determined (Tedesco et al., 1995). Total organic C
was analyzed by the Walkley–Black method (EMBRAPA, 1997); N
was determined by Kjeldahl method, in which the NH4

+ produced
in digestion with H2SO4 is distilled in a strongly alkaline medium;
available P and exchangeable K were extracted with Mehlich
1 solution (0.05mol L�1 HCl + 0.0125mol L�1 H2SO4) andmeasured
by spectrophotometry and flame photometry, respectively; and

exchangeable Ca and Mg contents were extracted with 1mol L�1

KCl and measured with an atomic absorption spectrophotometer
(Tedesco et al., 1995).

2.4. Cassava growing

The Inhá cassava variety was planted in no-till planting system
in chopped secondary-forest area by only opening a planting hole
soon after chopping, without any complementary fertilization, at
1.0�1.0-m spacing. After ten months of cassava growth, plant
height and crop biomass and yield were evaluated, by harvesting a
total of 18 plants per treatment.

2.5. Statistical analysis

A non-linear regression model RDM =Ae�kt + (100�A) (Wieder
and Lang, 1982) was fit to the observed results of residual dry
matter percentage, in which RDM is percentage of residual dry
matter after a period of time t in days after distribution of residues
on the soil surface; A is labile compartment (more easily
decomposable); (100�A) is recalcitrant compartment; and k is
constant of decomposition. Themodel considers that dry matter of
residues may be divided into two compartments and reduces
exponentially at constant rates. The first fraction is transformed at
higher rates than the second, which is of more difficult
decomposition (recalcitrant compartment).

The non-linear regression model RN =A e�kt (Wieder and Lang,
1982) was used to fit the percentages of nutrients (N, P, K, Ca, and
Mg) remaining in dry matter, inwhich RN is percentage of residual
nutrient after the period of time t, in days after distribution of the
residues on the soil surface; A is initial percentage of the nutrient in
the dry matter; and k is constant of decomposition.

Once k values were determined half-life was calculated
(t1/2= 0.693/k(a,b)) (Paul and Clark, 1989), which expresses the

Table 1
Parameters of fitted model RDM=Ae�kt + (100�A) to values of residual dry matter
and half-life of residue-size and residue-type classes from mechanisms for
chopping-and-mulching secondary-forest in an area cropped to cassava.

Size
(mm)

Classa,b A
(%)

100�A
(%)

k
(day�1)

t1/2

(days)
r2

HCc

1–7 Fs1 87.6 12.4 0.0133 52 0.96
7–25 Fs2 84.5 15.5 0.0136 51 0.93
25–35 Fs3 85.6 14.4 0.0141 49 0.95
>35 Fs4 85.2 14.8 0.0133 52 0.96

VC
1–7 Fs1 89.0 11.0 0.0132 53 0.96
7–25 Fs2 88.3 11.7 0.0140 50 0.97
25–35 Fs3 94.2 5.8 0.0115 60 0.99
>35 Fs4 85.1 14.9 0.0136 51 0.94

Fiber separation (HC+VC)
25–35 WB 84.7 15.3 0.0138 50 0.95
25–35 PS 80.5 19.5 0.0134 52 0.94
25–35 PC 83.5 16.5 0.0141 49 0.95
25–35 C 87.5 12.5 0.0128 54 0.95
25–35 CS 84.7 15.3 0.0135 51 0.95
25–35 F 87.3 12.7 0.0126 55 0.94

a Residue-size classes: Fs1 = 1–7mm, Fs2 =7–25mm, Fs3 = 25–35mm, and Fs4 =
>35mm.
b Residue-type classes: WB–with bark, PC–partially chopped, PS–partially

shredded, CS– completely shredded, C– compact, F– formless.
c HC: Chopping-and-mulching of secondary forest with the horizontal rotor

mechanism; VC: chopping-and-mulching of the secondary forest with the vertical
rotor mechanism; A: labile compartment of the dry matter (easily decomposable);
(100�A): recalcitrant compartment of the dry matter; k: constant of decomposi-
tion of the dry matter of the labile compartment; t1/2: half-life; r2: coefficient of
determination.
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time period necessary for half of the residues decompose or when
half of the nutrients contained in residue is released.

Cassava parameters were subjected to analysis of variance
(F-test) and mean values were compared by Tukey test at 5%
significance, using Statistical Analysis System software (SAS,1990).

3. Results and discussion

3.1. Decomposition of residues and C/N ratio

Residual dry matter (DM) of plant residues diminished over
time and, on each collection date, was similar among residue-size
classes (Fs1, Fs2, Fs3, and Fs4) fromHC (Table 1 and Fig. 2a) and from
VC (Table 1 and Fig. 2b), and from residue-type classes (WB, PS, PC,
C, CS, and F) (Table 1 and Fig. 2c and d).

After an initial rapid rate the decline in DM slowed (Fig. 2). For
HC residual DM at 90 days after distribution (DAD) was
approximately 40% of the initial DM. At 300 DAD residual DM
was near 25% (Fig. 2a). The more easily decomposable DMwas, on
average, 86% of the total initial DM (Table 1). The half-life (t1/2) of
residue-size classes ranged from 49 (Fs3) to 52 (Fs1 and Fs4) days
(Table 1). However, at 300DADmean residual DMwas greater than
14%, which corresponds to DM of more slowly decomposable

compartment. Thus, even at 300 DAD the soil still contained
residues deposited on soil surface during chopping-and-mulching.

Reduction in residual DM over time in VC was similar to HC.
Greatest reduction of residual DM was observed up to 90 DAD.
However, at 30 and at 300 DAD residual DM of the smallest
residue-size (Fs1) was greater than for other treatments, 91 and
27%, respectively (Fig. 2b). Residue t1/2 ranged from 50 (Fs2) to 60
(Fs3) days among residue-size classes (Table 1). At 300 DAD mean
residual DMwas greater than 11%, which corresponds to DM of the
most slowly decomposable compartment.

Comparing the two chopping mechanisms, at 300 DAD in VC
residual DM of the smaller residue-size classes was 1.3 (Fs1), 7.9
(Fs2), and 12.3 (Fs3) percentage points less than for residues from
HC (Fig. 2a and b). For greater residue-size class (Fs4), residual DM
for VC was 2.9% points greater than that observed for the same
class from HC (Fig. 2a and b).

Residue DM reduction was more pronounced up to 90 DAD
(Fig. 2c and d). Mean residual DM among residue-type classes was
approximately 40% of initial DM. The easily decomposable DMwas,
on average, 84% of total initial DM (Table 1). At 300 DAD residual
DM was 23.6% (C), 25.9% (WB), 30.5 (PS), 25.5 (CS), 25.0 (F), and
26.4% (PC) (Fig. 2c and d), values greater than 16% that corresponds
to DM of most slowly decomposable compartment. Shortest t1/2

[(Fig._2)TD$FIG]

Fig. 2. Residual dry matter of residue-size classes (a) from chopping-and-mulching of secondary-forest with horizontal rotor mechanism (HC), (b) from chopping-and-
mulching of secondary-forest with vertical rotor mechanism (VC) and (c and d) from residue-type classes (HC+VC) in an area cropped to cassava.
Residue-size classes: Fs1 = 1–7mm, Fs2 =7–25mm, Fs3 = 25–35mm, and Fs4 = >35mm. Residue-type classes: WB–with bark, PS–partially shredded, PC–partially chopped,
C– compact, CS– completely shredded, F– formless.
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was observed at 49 DAD for partially chopped residues (PC), while
longest t1/2 was at 55 DAD for formless residues (F) (Table 1).

Mean decomposition constant (k) for the easily decomposable
compartmentwas 0.0136day�1, 0.0131day�1, and 0.0134day�1, for
residue-size classes from HC, from VC, and from residue-type
classes, respectively (Table 1). Lower k values indicate that
decomposition rate and nutrient release from surface residues is
slower (Doneda et al., 2012).

For residue-size classes (Fs1 to Fs4) fromHC (Table 1 and Fig. 2a),
fromVC(Table1 andFig.2b),andfromresidue-typeclasses (HC+VC)
(WB, PS, PC, C, CS, and F), reduction in residue DMover the 300 DAD
occurred because of microbial activity and leaching of soluble
compounds (Christensen et al., 1985; Musvoto et al., 2000),
stimulated by rainfall and air and soil temperature increase
(Espíndola et al., 2006). Nevertheless, during the decomposition
process, labile compounds aremore rapidly decomposed and, more
slowly, recalcitrant compounds are decomposed (Fig. 2a–d)
(Reinertsen et al., 1984; Hunt et al., 1988; Doneda et al., 2012).
Cattanio et al. (2008) evaluated residue decomposition in the
Amazon and also observed exponential pattern of residue weight

loss, which shows that residues contain labile and recalcitrant
fractions, with different degrees of degradation resistance by
microbial population.

Similar percentage of residual DM in each collection date for
residues-size from HC and VC and from residues-type (HC+VC)
would not be the expected decomposition behavior because,
normally, less fragmented residues tend to have a lower specific
surface area in contact with soil, which may diminish microbial
activity decomposition rate, measured by residual DM (Hyvönen
et al., 2000). Further, they state, for residues with same chemical
composition, the more fragmented residues are decomposedmore
rapidly and are a source of nutrients in a shorter period of time,
whereas concentration of nutrients in less fragmented residues is
more important in the long-term, since there is an inverse
correlation between residue constituents diameter and residues
decomposition rate. However, the results of our study may be due
to the fact that, with the exception of Fs4 in HC (Fig. 3a) and Fs3 in
VC (Fig. 3b), residues of other residue-size and residue-type classes
exhibited a similar C/N ratio over the experimental period (Fig. 3a
and b). Further, residue C/N ratio of all residue-size and type classes
was greater than 20 in all sampling times (Fig. 3a and b). Thus, they
are composed by residues with hindered microbial colonization
since there is less N available formicrobial tissue build up (Cattanio
et al., 2008), which explains the similar values of residual DM over
time. Cattanio et al. (2008) observed that, in addition to high
quantity of organic C in relation toN, lowcontent of other nutrients
in residues applied as soil surface mulch limits energy available to
microorganisms.

[(Fig._3)TD$FIG]

Fig. 3. Residual C/N ratio in dry matter during decomposition of residue chopped
with horizontal rotor mechanism (HC) (a) and vertical rotor mechanism (VC) (b) of
chopping-and-mulching secondary-forest vegetation in an area cropped to cassava.
Residue-size classes: Fs1 =1–7mm, Fs2 = 7–25mm, Fs3 = 25–35mm, and Fs4 = >35
mm.

Table 2
Parameters of fitted model RN=Ae�kt to observed values of residual nitrogen (N),
phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) and half-life of
residue-size and residue-type classes from mechanisms for chopping-and-
mulching secondary-forest in an area cropped to cassava.

Classa A k t1/2 r2 A k t1/2 r2

(%) (day�1) (days) (%) (day�1) (days)
HC VC

N
Fs1 99 0.0105 66 0.96 96 0.0065 107 0.92
Fs2 99 0.0120 58 0.87 98 0.0035 196 0.99
Fs3 94 0.0057 121 0.84 98 0.0046 151 0.98
Fs4 93 0.0062 113 0.76 98 0.0087 80 0.96

P
Fs1 100 0.0154 45 0.97 98 0.0063 111 0.97
Fs2 97 0.0085 82 0.89 nd nd nd nd
Fs3 94 0.0041 169 0.86 100 0.0062 111 1.00
Fs4 95 0.0064 108 0.85 96 0.0050 140 0.94

K
Fs1 100 0.0189 37 0.94 100 0.0146 47 0.94
Fs2 nd nd nd nd 98 0.0058 119 0.99
Fs3 nd nd nd nd 107 0.0035 201 0.91
Fs4 nd nd nd nd 98 0.0090 77 0.95

Ca
Fs1 99 0.0123 56 0.97 100 0.0164 42 0.90
Fs2 99 0.0108 64 0.95 100 0.0210 33 0.95
Fs3 98 0.0088 79 0.96 99 0.0093 74 1.00
Fs4 102 0.0039 179 0.99 99 0.0098 71 0.97

Mg
Fs1 100 0.0150 46 0.97 96 0.0069 100 0.88
Fs2 98 0.0100 69 0.91 96 0.0079 88 0.82
Fs3 nd nd nd nd 99 0.0090 77 0.99
Fs4 nd nd nd nd 98 0.0108 64 0.87

HC: chopping-and-mulching of secondary-forest with horizontal rotormechanism;
VC: chopping-and-mulching of secondary-forest with vertical rotor mechanism; A:
initial percentage of the nutrient in the drymatter; k: constant of decomposition; t1/
2: half-life; r2: coefficient of determination; nd: not determined.

a Residue-size classes resulting from chopping-and-mulching Fs1 = 1–7mm,
Fs2 =7–25mm, Fs3 = 25–35mm, and Fs4 = >35mm.
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Slow decomposition over time of a portion of the different
residue-size classes and residue-type classes is desirable. At the
end of first crop year, part of residues from chopped-vegetation
should still remain on soil surface, contributing to raindrop kinetic
energy dissipation, reduction in soil degradation (Farella et al.,
2001; Davidson et al., 2008) and in surface runoff (Braz et al., 2013;
Comte et al., 2012), and increase in soil total organic carbon (Bayer
et al., 2004; Sommer et al., 2004).

3.2. Residual nutrients in residues

In residues from HC, lower percentages of residual N over time
were observed in largest residues-size classes (Fs1 and Fs2), in
relation to smaller residue-size classes (Fs3 and Fs4) (Table 2).
Residual N was similar among residue-size classes at 90 and at
300 DAD, with mean values of 35.1 and 26.1%, respectively. The t1/2

of N ranged from 58 to 121 days for Fs2 and Fs3, respectively, in
which mean k of residual N was 0.0086day�1 for all residue-size
classes from HC (Table 2).

Residual N in VC was less for less residue-size classes (Fs4);
nevertheless, Fs4 did not exhibit expected decomposition behavior
when taking into consideration the degree-of-fragmentation. At
90 DAD Fs4 had the lowest percentage of residual N (39.6%), while
the greatest was observed for Fs2 (67.9%). The same behavior
occurred at 300 DAD, inwhich lowest percentage of residual Nwas
17.4% for Fs4 and greatest was 36.3% for Fs2. The t1/2 of N for VC
ranged from 80 to 196 days for Fs4 and Fs2, respectively, in which
mean k of residual N for residues of all residues-size classes from
VC was 0.0058day�1 (Table 2).

At 300 DAD in HC, residues-size classes with a greater degree-
of-fragmentation had residual N of 8.8 (Fs1) and 12.6 (Fs2) percent
points less than observed in residue-size from VC. Residual N in
residue-sizewith lower degree-of-fragmentationwas 2.3 (Fs3) and
16.0 (Fs4) percent points greater for HC in relation to that observed
for the same residue-size classes from VC.

Reduction of residual N in residue-size classes from HC and
from VC over time probably increased soil mineral N, such as
ammonium and especially nitrate, which may be taken up by the
plants. However, for larger residue-size, as in Fs3, both in HC and VC
residual N showed a tendency of being greater than in more
fragmented residues. This behavior may be explained by the lower
surface area in contact with soil surface, thus affecting microbial
activity, and/or because residue C/N ratio was greater than 25,
which stimulates N immobilization by soil microbial population
(Reinertsen et al., 1984; Cattanio et al., 2008).

Lowest percentage of residual P over time was observed in
greatest residue-size class (Fs1) fromHC as compared to residues of
Fs2, Fs3, and Fs4. At 90 DAD mean residual P was 37.7%, and at 300
DAD it was 25.6%. The t1/2 of P ranged from 45 to 169 days for
residues of Fs1 and Fs3, respectively, inwhichmean decomposition
constant was 0.0086day�1 for residue-size classes from HC
(Table 2). For VC, residual P values were greater and similar
among different residue-size classes at 90 DAD when compared to
the P values from the HC. Mean residual P was 69.8 and 29.3% at 90
and 300 DAD, respectively. The t1/2 of P ranged from 111 (Fs1 and
Fs3) to 140 days (Fs4), in which mean decomposition constant was
0.0058day�1 for residue-size classes from VC (Table 2).

Comparing the two chopping mechanisms, at 300 DAD residual
P of the more fragmented residue-size from HC (Fs1) was 9.4%
points less than for same residue-size class from VC. Residual P in
residues of Fs3 was 22.5 percent points greater for HC compared to
the observed for same class from VC.

Residual P in residue-size from HC and VC over time decreased
because plant-tissue P is foundmostly in cell vacuole in the form of
inorganic P and monoesters (Giacomini et al., 2003), soluble in
water and thus easily released. Other forms of residual P soluble in

water, such as diesters (nucleic acids, phospholipids, and
phosphoproteins), are released by microbial activity (Frossard
et al., 1995; Giacomini et al., 2003). The Fs1 residue-size class,
especially in the HC, showed less residual P over time, probably
because the contact area with soil surface is greater, which
stimulates microbial activity (Hyvönen et al., 2000).

The percentage of residual K decreased over time in residue-
size classes, from HC and from VC. Residual K among residues-size
of Fs1 and Fs2 in HC was similar at 90 DAD, with 17.3 and 19.1%,
respectively. However, in VC residues with greater degree-of-
fragmentation (Fs1) exhibited lower residual K over time, in
relation to less residue-size class (Fs2, Fs3, and Fs4). At 90 DAD
residual K for Fs1 was 24.2%, while for Fs3 it was 90.9%. At 300 DAD
residual K was similar among residue-size classes, with a mean
value of 21.9. In VC, t1/2 of K ranged from 47 to 201 days for Fs1 and
Fs3, respectively, in which mean decomposition constant was
0.0082day�1 (Table 2).

Contrasting the two chopping mechanisms, residual K of
smaller residue-size class from HC (Fs1) was only 0.8% points less
than for same class from VC. Residual K of Fs2 was 19.5% points
greater than same class from VC. The decrease in percentage of
residual K in residue-size classes in HC and VC occurred because K
is a cation not associated to any plant tissue structural component
(Cattanio et al., 2008) and is normally found in soluble form in
residues deposited on soil surface (Giacomini et al., 2003). Thus, K
is easily released from residues deposited on soil surface, a process
accelerated by high rainfall in the Amazon (Cattanio et al., 2008).
This explains the percentages of residual K near zero at 300DAD for
residue-size classes in HC and, for example, in Fs1 in VC, which are
of smaller residue-size class and, consequently, have a greater
surface area for contact with soil. Fast release of K in surface
residues is in agreement with other studies undertaken in the
Amazon region (Cattanio et al., 2008).

The percentage of residual Ca in residue-size classes from HC
and from VC decreased over time. In HC, in comparison with Fs1,
Fs2, and Fs3 residue-size classes, the Fs4 showed greater percentage
of residual Ca, with 75.8% at 90 DAD and 29.2% at 300 DAD. The
mean percentage of residual Ca for Fs1, Fs2, and Fs3 was 33.9 and
16.3% at 90 and 300 DAD, respectively. In HC, the t1/2 of Ca ranged
from 56 to 179 DAD for Fs1 and Fs4 residues, respectively, in which
mean decomposition constant was 0.0089day�1 (Table 2). The
percentage of residual Ca at 90 DAD was greater for classes with
larger residue-size (Fs3 and Fs4) in relation to smaller ones (Fs1 and
Fs2), and similar at 300 DAD in VC. At 90 and 300 DAD mean
percentage of residual Ca was 28.3 and 15.2%, respectively. The t1/2

of Ca ranged from 33 to 74 DAD for Fs2 and Fs3 residues,
respectively, with mean decomposition constant of 0.0141day�1

(Table 2).
Comparing the two chopping mechanisms, only residual Ca of

residues with greater degree-of-fragmentation (Fs1) was less, by
6.6% points, in HC compared to VC at 300 DAD. Residual Ca in
residues-size of HC was 1.6 (Fs2), 7.7 (Fs3), and 13.8 (Fs4) percent
points greater in relation to residual Ca in the residues-size of VC.

The Ca in plant-tissue is connected with cell-wall pectates
(Serbin et al., 2009) and, thus, its release is highly associated with
soil surface residue degradation by microbial population, which
may be one of the possible explanations for limited release and,
consequently, greater percentage of residual Ca, i.e., in residues
with greater residue-size class (Fs4) from HC and even from VC. In
Fs4 residue-size classes from VC, a tendency for lower residual DM
was observed. In addition, reduced release of Ca may be associated
with luxury uptake of element by fungal hyphae (Cattanio et al.,
2008).

The percentage of residual Mg in residue-size classes from HC
and fromVC decreased over time. In HC residualMgwas similar for
residues with greater degree-of-fragmentation (Fs1 and Fs2) at
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90 and 300 DAD. The t1/2 of Mg was 46 and 69 DAD for Fs1 and Fs2
residues respectively, with mean decomposition constant of
0.0125day�1 (Table 2). In VC residual Mg was similar among
residue-size classeswithmean values of 85.7% at 90 DAD and 77.2%
at 300 DAD. The t1/2 of Mg ranged from 64 to 100 DAD for the Fs4
and Fs1 residues, respectively, with mean decomposition constant
of 0.0087day�1 (Table 2). At 300 DAD in HC, residual Mg in
residues with greatest degree-of-fragmentation was 14.3% (Fs1)
and 6.9% (Fs2) points less than observed in residues from VC.

Decrease in the percentage of residual Mg of residue-size
classes, in HC and VC, occurred over time and were similar among
the sampling times because of partial nutrient release fromcellular
constituents (Crusciol et al., 2008), corresponding to rapid release
phase, and part of Mg bound to structural constituents which is
released more gradually over time during residue decomposition.

3.3. Cassava yield

Plant height, shoot biomass, and yield of cassava were not
affected by land preparation systemswith double vertical (VC) and
horizontal (HC) rotor mechanisms (Table 3). Since there was no
real control, i.e., zero residue, it is difficult to interpret the cassava
yield data. In cropped area with distribution of chopped
secondary-forest, Secco and Kato (2003) observed production of
14.5Mgha�1 of cassava, similar to the yield obtained in our study.

Lack of effect on crop production may occur because nutrients
contained in residues are slowly released to soil, which contributes
little to increased soil organic matter and nutrient availability to
plants (Denich et al., 2005). Sometimes, fertilizing crops like
cassava is necessary when grown in soil with secondary-forest
vegetation decomposition (Kato et al., 1999; Denich et al., 2004).
Kato et al. (2007), for instance, observed greater yield of cassava
root in soil subjected to management through chopping-and-
mulching of secondary-forest vegetation combined with mineral
fertilization.

4. Conclusions

Alternative systems of chopping-and-mulching secondary-
forest vegetation with double vertical and horizontal rotor
mechanisms resulted in different residue-size and residue-type,
but they exhibited similar decomposition behavior and reduction
of approximately 60% of initial dry matter at 90 days after
distribution on soil surface.

Residue dry matter reduction was slow and 52 days would be
necessary for decomposition of half the labile residue, but still
maintaining a significant part of labile residue and most of
recalcitrant residue of difficult decomposition on soil surface.

Release N, P, K, Ca and Mg nutrients from plant residues
diminished over time, and on each collection date was generally
greater for smaller residue-size classes, but similar between
chopping-and-mulching mechanisms.

Release of crop nutrients, in general, tended to be greater for
smaller residue-size and similar for chopping-and-mulching
mechanisms for secondary-forest vegetation management, but
this difference was insufficient to affect cassava yield.
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HC 206 a1 3.89 a 13.06 a
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