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soil available P [11]. A study by Manunta et al., [8] with more than 56,000 soil analysis, has shown that
the majority of Alberta soils had a mean soil test P (Pkelowna) 0f 25-30 mg kg’1 in the top 15 cm that is
markedly below the agronomic threshold of 60 mg kg~! for most crops [12]. Therefore significant efforts
have been made to investigate soil test P and P fractionation in agricultural soils [13,14]. Accumulation
of different soil P forms is related to the land-use type, and several abiotic and biotic processes control
the accumulation of different soil P species within land-use types. For instance, organic matter inputs
associated with tree growth following grassland afforestation affected soil P dynamics over time [15].
Moreover, long-term soil management results in the transformation of Fe oxides in the soil [16] and that
inevitably alters the related P retention and bioavailability in the soil. Decreasing soil-water content in
cropland with increasing proximity to the forestland in shelterbelt systems [17] may also decrease crop
P uptake.

Phosphorus is expected to accumulate in agricultural soils where P-fertilizer is repeatedly
applied [18], which would increase the potential loss of P into surface waters and cause
eutrophication [19]. Phosphorus in the soil exists in several geochemical forms: exchangeable,
Ca and Mg-bound (Ca/Mg-P), Fe and Al-bound (Fe/Al-P) and organically bound P (Org-P) [20].
The distribution of P forms is strongly dependent on soil type [21], and management practices affect
P bioavailability in the soil [22], some of those effects are related to changes in soil pH as pH has a
strong control on P availability. For instance, most of the P applied to pasture, and cultivated soils were
transformed into Fe/Al-P and the Ca/Mg-P fractions, respectively [23], and P is known to be a nutrient
that should be studied in with regard to the changes in land-use [24]. In this context, it is helpful to
study various P forms that govern P availability in adjacent cropland and forestland in the same land
unit to determine if any difference exists between the two land-use types.

Integrating trees into the agricultural landscape enhances organic matter input to the soil from
litterfall [25], which can result in a high proportion of Org-P in the soil [26]. Although nearly 70% of
P in forest soil was Org-P, crop production and fertilizer P application resulted in decreased Org-P
concentrations and increased inorganic P in soils [27]. Inorganic and Org-P fractions in soils vary in
terms of their bioavailability and mobility and Org-P forms in general increase with decreasing soil
particle size in forest and cropland soils [28]. Although the Org-P and inorganic P fractions are likely
to change due to prolonged P fertilizer application in cropland, the relationship between inorganic and
organic P fractions and the plant-available P in soil is not always understood, and the land-use effect
on soil P fractions has not been studied in shelterbelt systems.

This study was conducted to evaluate the extent to which agricultural practices have altered the
inorganic and organic fractions of P in the land cultivated for crop production as compared to the
adjacent forestland in a shelterbelt system in Central Alberta, no such study has been done in the
past. The objectives of this research were to determine the effect of land-use type on inorganic and
organic P fractions and to identify the P fraction mostly related to the available P based on the study of
selected shelterbelt systems in central Alberta. Improved knowledge of the effect of land-use type on
the distribution of P forms will inform better management practices of soil P in shelterbelt systems that
could benefit agricultural production as well as environmental quality.

2. Materials and Methods

2.1. Site Description and Soil Sampling

This study was conducted at six sites (or six replications) located in three counties in central
Alberta: Sturgeon, Thorhild, and Lacombe (Figure S1). Two sites were selected from each county and
each site comprised of a cropland and forestland pair, allowing a pairwise comparison to be made.
Within each pair, the site conditions (e.g., soil properties and climatic conditions) for the two land-use
types (cropland vs forestland) were similar before the land diverged into cropland and forestland.
In the sites located in the north end (Thorhild) and south end (Lacombe) sampling area, the mean
annual air temperature based on the 19812010 tri-decadal climate period was 1.9 °C and 2.4 °C,
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respectively, and mean annual precipitation was 463 mm and 448 mm, respectively [29]. Having the
six pairs distributed widely allows our study results to be applicable over a broad geographic region,
rather than just for a single site. Luvisols (Boralfs in the USDA soil classification system [30], same
below), Dark Gray Chernozems (Boralfic Boroll), and Black Chernozems (Udic Boroll) [30] were the
dominant soils in the north, central and south areas, respectively, and the soils have a loam texture [31].

In each site, trees were planted in 1-2 rows (3-5 m wide) to establish the forestland around
the edge of agricultural lands. Forestland was comprised of 20-50-year-old trees, and white spruce
(Picea glauca Moench) was the dominant species [32]. Adjacent to the forestland, the cropland was
typically rotated among barley (Hordeum vulgare), wheat (Triticum aestivum), canola (Brassica napus),
or pea (Pisum sativum) crops. Agricultural management practices included annual fertilizer application
up to 120 kg N ha~! year~! and 25 kg P ha™! year~! and minimum tillage [31]. At the minimum, those
forestlands had been out of the influence of direct agricultural management (such as P fertilization) for
30 years.

Soil samples were collected after crop harvest in September—October 2012. First, a transect of
30-50 m long was established in both the cropland and forestland. The transect in the cropland was
established at least one tree height (~30 m) away from the nearest tree to reduce the immediate impact
of trees at the proximity to cropland, while the transect in the forestland was located in the center of
the treed area. The paired cropland and forestland transects were located on the same ecosite with
similar slope, elevation, landform, and drainage class as much as possible. Mineral soil samples were
then collected along each transect from 0-10 and 10-30 cm depths using a 3.2 cm diameter corer, after
removing the surficial organic layer in soil and fresh litter. A composite sample for each depth and each
transect was obtained by mixing ten soil cores, and fresh soil samples were air-dried in the laboratory
at room temperature (2025 °C) and then passed through a 2 mm sieve.

2.2. Analysis of Basic Soil Chemical and Physical Properties

Soil pH was measured in a 1:2 (w:v) mixture of soil to 0.01 mol L~! CaCl, solution with a PHH-200
pH meter (Omega Eng. Inc., Stamford CT, USA. Total C was measured with the use of an ECS 4010
Elemental Analyzer (Costech International Strumatzione, Florence, Italy). Soil samples were taken
per depth in triplicate using metal rings (106 cm® volume) and oven-dried at 105 °C to determine
soil bulk density. The hydrometer method [33] was used to determine soil texture by dispersing 40 g
of soil (100 g for sandy or loamy sand soils) in 400 mL of Calgon® [(NaPOj3),] solution (50 g L™1).
Cation exchange capacity was determined by extracting 3 g of air-dried soil with 30 mL of 0.1 mol L™
BaCl, solution. The sample was slowly shaken for 2 h (15 rpm), centrifuged for 23 min, filtered
using Whatman No. 41 filter papers (20 um pore size) and atomic absorption spectrophotometry was
used to measure cations in the soil extract. Mehlich-3 extraction of soil samples was conducted to
determine extractable P, Ca®*, Mg?*, Fe3* and AI** [34]. A 2.5-g sample of soil was extracted using
25 mL of the Mehlich-3 solution that was composed of 0.2 mol L1 CH3;COOH, 0.25 mol L~! NH4NO3,
0.015 mol L~1 NH,4F, 0.013 mol L~! HNOj3, and 0.001 mol L~! EDTA. The soil and solution mixture
was shaken for 5 min at 120 strokes per minute, and then soil extract was filtered with a Whatman
No. 40 filter paper. A PerkinElmer Optima 3000 DV inductively coupled plasma mass spectrometer
(ICP-MS) (PerkinElmer Inc., Shelton, CT) was used to measure cation concentrations in the soil extract.

2.3. Soil P extraction and Fractionation

The Pkelowna extraction was done by extracting soil using the modified Kelowna reagent that was
composed of 0.015 mol L1 NH4F, 0.25 mol L~ CH3COONHj, and 0.25 mol L~! CH3COOH [35]. A 2.5 g
of soil was extracted with 25 mL of the reagent by shaking for 15 min, and then the molybdate-ascorbic
acid method was used to measure P in the filtered solution colorimetrically at a wavelength of
882 nm [36] using a spectrophotometer (GENESYSTM 10 Series). The Pyjeniich Was determined
together with the analysis of Mehlich extractable cations by extracting the soil with Mehlich-3 solution.
The P adsorption maximum was estimated using a single point P adsorption (P159) determined at
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150 mg P L~! concentration (made in 0.01 mol L~! KCl) by extracting 2 g of air-dried soil with 20 mL of
the 150 mg P L' solution [37]. The soil suspension was shaken for 24 h at room temperature after
adding two drops of toluene to inhibit microbial activity and then centrifuged at 3000x g for 10 min.
The soil suspension was filtered using a 0.45 pm Fisherbrand™ syringe filter and P concentration was
determined using the molybdate-ascorbic acid method as described above. The P saturation index
(Psi) was determined as the molar ratio of Mehlich-3 extractable P to Mehlich-3 extractable (Al + Fe) in
mmol kg’1 [38].

Chemical fractionation of P was conducted by sequentially extracting 2 g of soil with 20 mL
of extractants in the following order: deionized water, 0.1 mol L~! NaOH, and 0.5 mol L~! HCI to
determine water-extractable P, Fe/Al-P, and Ca/Mg-D, respectively [39]. The amount of Org-P was
calculated by the difference between the total P concentration in the digested and undigested NaOH
extracts. Inorganic P determination in soil extracts and digests was carried out colorimetrically
according to the molybdate-ascorbic acid method. The Kjeldahl digestion (HCIO4 and HNOj3 acid
digestion) of soil samples [40] and the colorimetric method were used to measure pseudototal P in the
soil. The sum of Water-P, Fe/Al-P, and Ca/Mg-P will be named as the inorganic P fraction hereafter.
The difference between total P and the total extractable P was identified as Residual P.

2.4. Statistical Analysis

All statistical analyses were performed using the SAS software (SAS 9.2, SAS Institute Inc., Cary,
NC, USA. Analysis of variance was conducted based on a split-plot design to determine the effects of
land-use type (main plot) and soil depth (subplot) and their interaction on soil physical and chemical
properties. Normality of distribution was tested using Shapiro-Wilk’s and log transformation was
applied to Pxelowna, PMenlich, Water-P, Fe/Al-P, total P and Residual P to make the distribution normal
prior to statistical analysis. The transformation was conducted to meet the assumptions (e.g., normality
of distribution) for statistical analysis. However, untransformed data are presented in this paper.
A Pearson correlation analysis was performed between P55, soil properties, and concentrations of
soil P fractions in the 0-10 cm layer of both cropland and forestland. Linear regression analysis was
conducted between Pkelowna, PMehlich, Psi and concentrations of P fractions in both soil layers in each
land-use type. Tukey’s multiple comparison test was conducted for multiple comparisons. Given the
study was conducted across a wide geographic range with large variation in soil properties as well
as vegetation composition, a p-value of 0.10 was used to evaluate the significance so that the risk for
committing a type II error is reduced [31,41].

A principal component analysis (PCA) was conducted to reveal the differences between cropland
and forestland within each site. The PCA was applied to Pkelowna, PMehlich, concentrations of P fractions
and Mehlich extractable cations of 0-10 cm layer in all sites using the PROC FACTOR procedure.
A correlation matrix was used to derive principal components (PC), and the final component structure
was unrotated. Only PCs with eigenvalues greater than one were considered.

3. Results

3.1. Subsection Soil Properties and P Status in Cropland and Forestland

There were no differences in soil properties in the 0-10 cm layer except that the bulk density was
greater in cropland than in forestland (Table 1). The mean pH in the 0-10 cm soil was 6 in both the
cropland and forestland. A land-use by depth interaction was found for Pkejowna, PMehtich, P150, and
Psi. The Pkelowna ranged from 10 to 170 and 2 to 57 mg l(g‘1 in cropland and forestland, respectively.
As expected Pxelownas PMenlich and Pisg in the 0-10 cm layer were greater in cropland than in forestland,
but this was not the case in the 10-30 cm layer (Figure 1a). Moreover, Pkelowna and Pyjenlich Were greater
in the 0-10 cm than in the 10-30 cm layer only in cropland (Figure 1a). The Pyeniich Was greater than
Pkelowna in the soil samples measured when the total sampling depth (0-30 cm) was considered in each
land-use type given the slope for the regression line was less than one (Figure S2). The extractability of
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Mehlich-3 solution was approximately two-fold greater than that of the modified Kelowna solution
(Figure S2). The inorganic P fraction was greater in the 0-10 cm depth of cropland compared to that of
forestland (Figure 1c).

Table 1. Soil properties in the 0-10 cm layer of selected cropland and forestland in shelterbelt systems
in central Alberta. Standard deviations are given in parenthesis (1 = 6).

Soil Properties
Land-Use Type Sand Silt Clay Total C pH Bulk Density
(gkg™) (Mg m~3)
Cropland 27.74(14.76) 46.73(5.88) 25.51(11.0) 47.88(9.75)  6.07(0.85) 1.47(0.10)a 2
Forestland 29.50(10.07) 44.07(12.8) 26.44(6.96) 65.75(23.95) 6.04(0.67)  1.24(0.20)b
Soil Properties
Land-use type  Cation exchange capacity Ca Mg Al Fe Mn
(cmolc kg™ (mg kg™ 1
Cropland 41.58(11.93) 4.83(0.84)  0.83(0.66)  0.57(0.18)  0.30(0.84) 0.06(0.84)
Forestland 42.91(12.80) 4.98(0.77)  0.69(0.18)  0.52(0.06)  0.24(0.05) 0.06(0.03)

! Mehlich-3 extractable concentration. 2 Lower case letters indicate significant difference between the land-use types
at p < 0.1. No significant difference was found where there is no mean separation indicated.

Cropland Forestland
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Figure 1. (a) The average concentrations of modified Kelowna extractable P (phosphorus), Mehlich-3
extractable P and P sorption index, (b) P saturation index and total C:P ratio, (c) inorganic P and
organic P concentrations in 0-10 and 10-30 cm depths in studied cropland and forestland in shelterbelt
systems in central Alberta. Pxelowna and Pyehiich are P extracted with modified Kelowna and Mehlich-3
extractions, Pysp, P sorption index, Psi, P saturation index. Different lower-case letters indicate a
significant difference between two depths for a particular soil parameter in cropland at p < 0.01 and
asterisks indicate significant differences of particular soil parameters between two land-use types in the
0-10 cm depth at p < 0.01 (n = 6).

The Py59 was different between the cropland and forestland in the 0-10 cm layer but did not differ
between the two layers in each land-use type (Figure 1a). The P15 in the 0-10 cm layer was positively
correlated with total C in cropland and Fe, Al and Fe/Al-P in the forestland (Table 2). The Psi was
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greater in the 0-10 cm than in the 10-30 cm layer only in the cropland. The C:P (based on total P)
ratio was higher in the forestland than in the cropland while the C:P did not differ with depth in each
land-use type (Figure 1b).

Table 2. Pearson correlation coefficients (r) and p values (in brackets) for correlation analysis between
P sorption index (P350) and some soil properties in the 0-10 cm layer of cropland and forestland in
shelterbelt systems (1 = 6).

Soil Property
Land-Use Type Sand Clay  Total C pH All Fel Mn!  Fe/Al-P!  Org-P!
(gkg™ (mg kg™
Cropland 077 077 094  —082 ~0.77
©007) (007 (<001) (004 NS NS NS NS 0.07)
Forestland —-0.82 N NS -0.82 0.88 0.77 —-0.82 0.77 NS
©o4 NS ©04)  (001) (0.07)  (0.04) (0.07)

1 Mehlich-3 extractable Al, Fe and Mn concentrations and P fractions associated with Fe and Al and organic
compounds, respectively. > NS non-significant.

3.2. Soil P Fractionation in Cropland and Forestland

The Water-P was greater in the 0-10 cm than in the 10-30 cm layer in both land-use types (Table 3).
Among all P fractions, a soil depth by land-use type interaction was found only for Fe/Al-P and Org-P.
Both P fractions were greater in the 0—10 cm than in the 10-30 cm layer of the cropland but were not
different in the forestland (Table 3). The inorganic P fraction in the 0-30 cm depth was significantly
related to Pkelowna in both land-use types (Table 4). The Fe/Al-P explained about 50 and 45% of
the variations of Pxejowna in the 0-30 cm layer in the cropland and forestland, respectively (Table 4).
Moreover, the difference between Pxejowna and Pyeniich in each site was positively related to Ca/Mg-P,
Fe/Al-P and Org-P in the 0-30 cm layer in the cropland but not in the forestland (Figure 3). The Psi
was also positively related to inorganic P fraction in the cropland (0-30 cm) but not in the forestland
(Figure 2b).

The PCA analysis of soil properties revealed differences between cropland and forestland in three
sites based on the coefficients of the first two PCs (Figure 3). Two significant PC were extracted from the
PCA, which explained 46% (PC1) and 20% (PC2) of the variance (Figure 3). Cropland and forestland
sites were segregated along the two PCs reflecting differences between two land-use types with respect
to soil P solubility, fractionation, Fe, Al, Ca and Mg concentration. The PC1 showed high loadings
of Pkelownas PMehlich, Ca/Mg-P, Fe/Al-P, Org-P and Fe concentrations with a positive effect (Table 5).
The PC2 was associated with Al and Ca with a negative and a positive effect, respectively.

Table 3. Average concentration of P fractions and total P in cropland and forestland in shelterbelt
systems (1 = 6).

Land-Use — Depth (P Ca/MgP® Fe/AlP! Org-P! ResidualP  Total P

Type (cm)
(mg kg~1)
Cropland 0-10 7.68 a 170.0 a 3280aA?%  6263aA 1339.1a 2467.0 a
10-30 1.97b 130.0 a 203.8 b 489.7b 12722 a 2097.7 a
Forestland 0-10 6.82a 149.6 a 215.6 aB 581.5aB 13263 a 22799 a
10-30 1.74b 100.6 b 225.6a 5019 a 1049.9 a 1879.8 a

1 Ca/Mg-P, Fe/Al-P, and Org-P denote P fractions associated with Ca and Mg, Fe and Al and organic compounds,
respectively. 2 Lower and upper case letters in the same column indicate significant difference at p < 0.1 between two
depth levels within a particular land-use type and between the two land-use types in the 0-10 cm soil, respectively.
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Table 4. Linear regression models that describe the modified Kelowna and Mehlich-3 extractable P (Y)
as a function of P fractions (X) over the 0-30 cm depth in cropland and forestland in shelterbelt systems

(n=6).
Land-Use Type Soil Test P Method P Fraction ! Regreldslilraeriul‘v[o del R?>  p-Value
Cropland Kelowna Fe/Al-P Y =0.22x-9.77 0.50 0.005
Ca/Mg-P Y =0.41x - 20.14 0.24 0.051
Inorganic P Y =0.19x - 30.68 0.55 0.003
Mehlich-3 Fe/Al-P Y =0.37x - 31.27 0.67  <0.001
Ca/Mg-P Y = 0.88x - 65.52 0.48 0.007
Inorganic P Y =0.32x - 70.98 0.80 <0.001
Forestland Kelowna Fe/Al-P Y =0.09x — 4.96 0.45 0.009
Inorganic P Y =0.08x — 12.75 047  <0.001
Org-P Y =0.09x - 32.52 0.24 0.051
Mehlich-3 Ca/Mg-P Y =0.39x — 12.23 0.22 0.061

Inorganic P Y =0.15x — 16.61 0.29 0.031

1 Ca/Mg-P, Fe/Al-P, and Org-P stand for P fractions associated with Ca and Mg, Fe and Al and organic
compounds, respectively.
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2
A 401
2 20
-9
0- ]
T T T T T T T
0 100 200 300 400 500 600 700
P fraction (mg kg™)
104 ° m  Crop
® Forestland
y=0.02x - 3.03
8 R*=0.78
p<0.001
=
s
%
oy 44
24 @
[ ]
' g3
0

T T T T T T T T 1
100 200 300 400 500 600 700 800 900 1000
Inorganic P (mg kg")

Figure 2. The relationship between (a) the differences between P extracted by Mehlich-3 and modified
Kelowna methods and the concentration of different P fractions in the 0-30 cm depth in cropland, and
(b) the inorganic P concentration and the P saturation index in the 0-30 cm soil in selected cropland
and forestland in shelterbelt systems in central Alberta. Ca/Mg-P, Fe/Al-P, and Org-P indicate P
fractions associated with Ca and Mg, Fe and Al and organic compounds, respectively. Pxelowna and
Pumehlich are P extracted with modified Kelowna and Mehlich-3 methods, respectively. Psi stands for P
saturation index.
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Figure 3. Principal component analysis of soil parameters related to P status in soils of six cropland
and forestland in shelterbelt systems.

Table 5. Principal components extracted from a correlation matrix based on soil properties in six
shelterbelt systems located in central Alberta.

Soil Property*  PC1?  PC2
Pkelowna 0.76 0.20
PMehlich 0.89 0.29
Fe/Al-P 0.92 -0.24
Ca/Mg-P 0.72 0.35

Org-P 0.78 0.37

Fe 0.70 -0.22

Al 0.42 —0.84

Ca -0.30 0.78

Eigenvalue 411 1.82
% Variance 46 20

7 Pkelowna and Pyjeniich refer to P extracted using water, modified Kelowna and Mehlich-3 extractants, respectively,
Fe/Al-P, Ca/Mg-P, Org-P, indicate P associated with Fe and Al, Ca and Mg, organic compounds, respectively, and Fe,
Al, Ca and Mg are Mehlich-3 extractable cations. b Values in the table are the component loading of each variable
with each principal component. Bold values indicate the strongest component loadings.

4. Discussion

4.1. Greater P Build-up in the Surface Soil in the Cropland than in the Forestland

The Pkelowna in the 0-10 cm layer of cropland was twice as high as that in the forestland, indicating
that soil P was built up by agricultural practices such as P-fertilizing and minimum tillage (Figure 1a),
suggesting greater P solubility in the cropland than in the forestland. The limited mobility of P in
soils leads to the accumulation of P in surface soils [42] and increased plant-available P in the soil was
related to the long-term P fertilizer application [43]. In addition to P inputs, the lower C:P ratio in the
0-10 cm layer of cropland may result in organic P mineralization [44], which would further enhance
available P in the cropland than in the forestland. Fine roots of Picea glauca might be present up to the
45 cm depth in the soil [45], and thus greater root exploitation and lack of P input caused lower soil
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test P in forestland than in cropland. The similar soil test P in both soil layers indicated the utilization
of P over the 0-30 cm depth by Picea species in the studied forestland. We acknowledge that these
results are in line with what we expected from soils that have diverged in land use 3040 years ago and
that croplands have more P because of fertilization practices and the tendency of soils to adsorb PO,3.

The upper-level agronomic threshold of Pkelowna in the top 15 cm of soil is 60 mg kg_1 for most
crops grown in Alberta [12]. Three cropland sites (one site in Sturgeon county and both sites in
Lacombe county) contained high Pxejowna (60-170 mg kg’l) in the 0-10 cm layer while the other three
sites had Pkelowna (1046 mg kg‘l) lower than the agronomic threshold. The low Pkelowna in some
cropland sites is consistent with findings reported by [8] where the mean extractable P concentrations
varied between 25 and 30 mg kg~! in the top 15 cm soil for the majority of eco-districts in Alberta.

Phosphorus sorption capacity in soils is related to the clay content [46], and the strong relationship
between clay content and P55 (Table 2) in cropland implied that clay particles were more reactive and
more effective in retaining P in the cropland than in the forestland. Interestingly, P159 was positively
related to Al in the forestland (Table 2), and this calls for further investigations on the compositional
differences of Al forms given the similar pH and Al concentrations between the two land-use types.
Unlike in the forestland, greater Pxejowna With high Pj50 suggests saturation of P sorption sites in some
croplands or reflects the degree of desorption of retained P in cropland soils (Figure S3). Although
the inherent P sorption capacity seemed to be similar in the two land-use types (Figure S3), P input
caused the saturation of P sorption sites in the cropland in contrast to that in the forestland. The high
Psi and soil test P are related to the ecological risk associated with inorganic P loss (surface run-off
and/or leaching) from the cropland [9,47]. Excessive P loss from cropland soils can decrease the quality
of surface water. Although the increasing inorganic P resulted in increasing Psi in cropland (Figure 2b),
soil test P in forestland was not influenced by the adjacent cropland with high Psi and soil test P that
was greater than the agronomic threshold. The two land-use types had the same ecosite type and were
on a flat topography. In the cropland, both soil test P, P15y and Psi were related to the inorganic P
fraction and indicated P build-up in the surface soil.

4.2. Soil Test P (Pgelowna) is Related to Fe/Al-P

The greater inorganic P concentration in the 0-10 cm soil in the cropland than in the forestland
was a remarkable difference between two land-use types (Figure 1c) caused by agricultural practices.
Phosphorus fertilizer treatments showed a positive effect on the inorganic P fractions in-long-term crop
rotation plots on a Luvisolic soil and a Chernozemic soil in Alberta, indicating that most inorganic
P fractions were related to P fertility in the long-run [13]. Moreover, inorganic P was increased in
the 0-20 cm soil in managed grasslands [48] and croplands as compared to natural forestlands [49].
The increased availability of inorganic P in the cropland was evident in the strong relationship between
inorganic P fraction and Pejowna and the greater amount of P that was extracted by the modified
Kelowna method in the cropland than in the forestland (i.e., 58 vs. 46% of the total P). Although the
Org-P comprised a larger fraction of total P than the inorganic P in the cropland (Table 3), Pkelowna Was
not related to Org-P in the cropland (Table 4). A high level of the recalcitrance of the organic P pool
that acts as a sink for inorganic P has been reported [50]. The weak correlation between available P
and Org-P in Alberta soils [14] and the strongest correlation between P15y and soil C are consistent
with the lack of relationships between Pkelowna and Org-P in the cropland in our study. The stable
soil organic matter pool may be related to the low availability of Org-P in Picea based forestlands in
shelterbelt systems [14].

The readily extractable P associated with Fe and Al strongly contributed to Pxelowna in the cropland
and forestland. However, it was interesting to note that P15y was positively correlated with Fe and
Al in the forestland but not in the cropland (Table 2), indicating that Fe and Al played a greater role
in affecting P availability in the soil under forestland than that in the cropland soil. However, the
geochemical investigation of Fe/Al-P in the forestland may provide better insights into the P behavior
in the forestland. The weak relationship between Pxelowna 0f Ppehiich and Ca/Mg-P (Table 4) cannot be
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related to the low solubility of calcium phosphates since soil pH was around 6 in both land-use types
where calcium phosphates are soluble [51]. In addition, Mehlich 3 and Kelowna are acid extractants,
which can dissolve more Ca-P and the above relationships weak. However, the extractability of P
by the Mehlich-3 solution was greater than the modified Kelowna solution with increasing Fe/Al-P
and Ca/Mg-P concentrations in the 0-30 cm soil layer in the cropland (Figure 2a), indicating the
greater solubility of the inorganic P fraction in the cropland than in the forestland, likely related to
the external P input and the lower organic C content in the cropland soil that decreases P fixation by
organic matter. Therefore, the fraction of inorganic P that was not extracted by the modified Kelowna
method (i.e., non-available P) may consist of extractable P that could be released into the soil solution
through desorption as the amount of available P decreases in the soil [50]. The importance of plant
non-available P forms as P reserves may contribute to the P nutrition of crops [52] since desorption,
mineralization, and weathering may change non-available P forms into available forms in the cropland.
Unlike inorganic P, the lack of relationship between Org-P and soil test P in the cropland and forestland
may be due to the recalcitrant nature of the Org-P fraction in the soil (Figure 2a and Table 4). Given the
low soil test P, replenishment of inorganic P by mineralization of soil organic P fraction seems to be
important to provide available P for trees in the forestland as the Org-P is the largest fraction of the
extractable P in the soil.

The PC1 in the PCA plots indicated that croplands were distinct from the forestland, but such
difference between land-use types was site-dependent. The least difference between the cropland
and the forestland was found in sites located in Sturgeon County (Figure 3) while, the cropland and
forestland in Lacombe and Thorhild counties were mainly differentiated by PC1 and PC2, respectively
(Figure 3). According to the PCl1, the differentiation between cropland and forestland in different
counties was increased in the following order: Sturgeon > Thorhild > Lacombe. The absence of clear
segregation between the cropland and forestland in all sites supported that P availability and forms
depend on the inherent characteristic of each site [53]. Moreover, accumulation of P species in soils
with different land-uses was attributed to the collective influence of biotic and abiotic factors such as
variation between soil, site, and management factors within a land use [54]. The PC1 tended to be
positively contributed by extractable P and Fe/Al-P having the largest PC loading (Table 5). Therefore,
in addition to the strong positive relationship between Fe/Al-P fraction and Pkejowna (i-€., available P)
(Table 4), the Fe/Al-P fraction is also related to the difference between the studied shelterbelt systems
regarding P status in soil (Table 5).

5. Conclusions

Our study provides insights into the linkages among soil test P, P fractions and P sorption
properties in cropland and forestland in shelterbelt systems. The difference in the P status between the
cropland and the forestland in shelterbelt systems was dependent on the site location but soil test P
was mainly governed by soluble inorganic P that was associated with Fe and Al in both the cropland
and the forestland. A direct impact of the P build-up in the cropland on the P status in forestland was
not evident in this study as seen by low soil test P in the forestland. However, given the low soil test P
in the forestland as compared to the cropland, competition for available P may exist between trees and
crops at the boundary between the cropland and the forestland. Such relationships are worth to be
studied in the future. Moreover, considering a large amount of P associated with the organic fraction in
cropland and forestland, further exploitation of organically bound P as a potential source of available P
is worthwhile in future P management plans. Improved knowledge of the sources and types of organic
P and factors controlling organic P mineralization is needed in developing management strategies to
promote organic P availability for plant production.
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Abstract: Agroforestry systems are important, globally affecting 1.2 billion people and covering
0.6 billion hectares. They are often cited for providing ecosystem services, such as augmenting soil
fertility via N accumulation and increasing soil C stocks. Improved-fallow slash-and-mulch systems
have the potential to do both, while reducing nutrient losses associated with burning. In the absence
of burning, these systems also have the potential to grow trees through multiple rotations. This project
collected soil, mulch, and biomass data over the course of one 9-year crop-fallow rotation and the first
two years of the second rotation. A split-plot design was used to assess the effects of P + K fertilization
and inclusion of an N-fixing tree species, Inga edulis, on crop and tree biomass production. Fertilization
increased growth and nutrient accumulation during Rotation 1 by an average of 36%, ranging from
11% in Parkia multijuga to 52% in Ceiba pentandra. Residual P + K fertilization improved tree and crop
growth 20 months into Rotation 2 by an average of 50%, ranging from 15% in Cedrela odorata to 73%
in Schizolobium amazonicum. The improved-fallow slash-and-mulch system increased the rates of
secondary succession biomass accumulation (11-15 Mg ha™! yr~!) by 41-64% compared to natural
succession (7-8 Mg ha™! yr~1). Furthermore, P + K fertilization increased secondary-succession
biomass accumulation by 9-24%. Nutrient accumulation through biomass production was adequate
to replace nutrients exported via crop root and timber stem harvests.

Keywords: slash-and-mulch; improved-fallow; native trees; N-fixing trees; soil N; soil C;
nutrient content; agroforestry system; Amazonia

1. Introduction

Agroforestry systems (AFS), agricultural land with >20% tree cover, account for 0.6 billion hectares
and support approximately 1.2 billion people often with limited landholdings that depend on some form
of these practices for their livelihoods [1,2]. AFS are commonly employed in Brazilian Amazonia by
smallholding farmers (<100 ha) and could comprise up to 35% of land under cultivation in that region [3].
Slash-and-burn land preparation is a common way used by smallholding farmers to prepare land for
cultivation, in which the standing vegetation is cut, left to dry, and then burned. Burning vegetation
creates an initial pulse of available nutrients for crop production via ash, but leaching, erosion, and crop
export lead to declining fertility resulting in crop field abandonment [4].

Slash-and-burn agricultural production is dependent on the length of time fallow vegetation can
accumulate nutrients before being cleared and burned again for cropping, since nutrient accumulation
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in the fallow vegetation is the primary source of crop nutrients [5]. For example, N (~500 kg ha™!) and
P (~30 kg ha™!) accumulation were five- and three-fold greater in 8-year-old compared to 3-year-old
regenerating secondary forest [6]. Improved fallow (i.e., the planting of desired species) is one method
used to enhance vegetative growth in secondary succession. Although much of the research into use of
improved fallows in AFS has looked at cover crops and herbaceous plants [7], the use of tree species is
also possible and in various tropical locations has increased nutrient accumulation [8-10].

Pioneer tree species (e.g., Cecropia spp.) that first establish on sites in natural forest succession are
typically of low commercial timber value [11]. Species planted for improved fallow could generate
income via timber sales, potentially resulting in increased fallow lengths or even the purchase of
fertilizers. Improved fallow plantings with commercial timber (e.g., Schizolobium amazonicum) or
biomass species (e.g., Inga edulis) may be harvested as early as six years after slashing [12]. In the
absence of fire, slower growing species (e.g., Parkia multijuga) of higher value that are also planted
might be sustained through successive crop—fallow cycles prior to harvest.

In addition to fast-growing nutrient accumulators or timber species, improved fallow can
improve soil fertility by using nitrogen (N)-fixing species (i.e., Inga sp.). Use of N-fixing cover
crops (i.e., Centrosema macrocarpum) and hedgerows as green manures are common in continuous
cultivation systems, where incorporation of cover crop or hedgerow biomass adds N to the
agroecosystem [7]. Alternatively, as it is done in improved fallow, N fixers are added to the fallow mix
to stimulate N acquisition for subsequent release to the cropping phase after the fallow is cleared [7].
Enrichment plantings with various N-fixing tree species, including I. edulis, were shown to increase
fallow biomass by 6-117%, compared to unimproved fallow [13]. In Panama, young forests (<12 years)
were estimated to have the highest rates of N fixation along a 300-year forest age gradient, and N
fixers were estimated to supply >50% of the N necessary for biomass growth [14]. Other research in
mixed-species plantings of non-fixing Eucalyptus sp. with N-fixing Acacia mearnsii found 3x the foliar
N concentration in eucalypt when grown in a 50-50 mix [15], and Theobroma cacao roots contained
as much as 60% higher N concentrations when grown in the presence of I. edulis [16]. The tropical
N-fixing tree species Gliricidia sepium was reported to supply up to 63% of the N content of neighboring
grass species via root exudation [17]. These results indicate that N-fixing trees can increase neighbor
N content.

In contrast, some recent studies in moist tropical forests did not support the notion of N-fixing trees
facilitating the growth or nutrient acquisition of neighboring plants during secondary succession [18]
or any effect on the total biomass accumulation of the secondary forest [19]. Rather than depleting
agroecosystem N capital, as happens in slash-and-burn systems due to gaseous losses of N
during burning [5], the inclusion of N-fixing tree species to enhance N stocks in AFS requires
continued validation.

The slash-and-mulch technology was developed to reduce losses of soil fertility due to biomass
burning and can fell, chop, and evenly distribute secondary forest vegetation using a mulching
tractor [20]. Mulching the forest adds all biomass nutrients to the soil surface, which become available
for future plant uptake, and, unlike burning, the mulching tractor can maneuver around planted trees.

In 2005, a field trial was initiated to develop an improved-fallow AFS that could take advantage
of the slash-and-mulch technology and the potential for multiple rotations of tree growth that have
economic value [21]. After mulching of a 7-year-old unimproved secondary forest, tree rows were
planted on a 4 m spacing that would allow future passage of the mulching tractor. Trees included four
timber species, i.e., S. amazonicum, a fast-growing pioneer that could be harvested after one rotation,
and Ceiba pentandra, Cedrela odorata, and P. multijuga, all likely to require >2 rotations. Additionally,
I. edulis, an N fixer, was co-planted in some improved-fallow treatments. The expectation was that
I. edulis growth and mulching as a green manure would improve the N stocks of the soil. A P+K
fertilization (Fert) treatment was also included, since these are also primary limiting elements along
with N. The regional staple food crop Manihot esculenta was planted simultaneously with the trees.
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During the first two years of Rotation 1, manioc growth increased significantly with P+K
fertilization, but there was no response to the N fixer [21]. P+K fertilization also enhanced tree growth
through Year 6, and estimates of planted tree biomass and nutrient accumulation indicated that
inclusion of I. edulis increased the N stock [22]. The mulch layer at site initiation had a mean mass of
54 Mg ha~! with ~300 kg N ha~! [21] and decreased by Year 6 to 10-15 Mg ha~! with N contents of
~130 kg ha~![22]. In year 6, mulch mass and N content showed no treatment effects. Mineral soil N
at that time was not clearly elevated by the presence of I. edulis, but soil P concentration had clearly
increased by 37% and 45% to ~6 and 4 ug/dm‘?’ in the 0-10 and 10-20 cm soil layers.

In this paper, we report on the end of the first rotation (Year 9) of this experiment and the
initiation of the second rotation through years 10 and 11 that included driving the mulching tractor
between planted tree rows, converting I. edulis trees to green manure, harvesting all S. amazonicum trees,
and planting a second crop of manioc and trees as initially designed. Many AFS studies, including
several from this region, have investigated 3-5 years after forest clearing [4,5,20,23], but only one
decade-long study was identified, on shade-grown cacao [24].

Given the multiple-rotation nature of this experiment, we posed hypotheses relative to the end
of the first rotation and others related to the second rotation. In May 2014 at the end of Rotation 1,
we hypothesized that the improved-fallow plantings would generate higher biomass and nutrient
stocks than the unimproved fallow prior to site conversion. Furthermore, tree growth during Rotation 1
would increase with P+K fertilization and the presence of I. edulis (Nfix). Since we previously observed
increased aboveground stocks of N [25] under improved fallow, we hypothesized that agroecosystem
N stocks would be higher with P+K fertilization and with the presence of I. edulis at the end of the
first Rotation. In July 2014 after mulching to initiate the second rotation, we hypothesized that the
growth of newly planted trees would be greater due to P+K fertilization at initiation, as residual effects
of fertilization on tree growth have been previously observed up to 20 years after application [26].
We also expected greater tree growth with I. edulis due to green manure effects, and that manioc growth
would be greater with Fert and N fix treatments in Rotation 2.

2. Materials and Methods

2.1. Site Description

The research was conducted at the Fazenda Experimental de Igarapé Acu (FEIGA) of the
Universidade Federal Rural da Amazoénia (UFRA) in the Municipality of Igarapé Acu (1°07’41” S
47°47"15” W), approximately 110 km East of Belém, Pard, Brazil (Figure 1a). This region, the Bragantina,
is one of the oldest continually inhabited agricultural areas in Amazonia [4], and the landscape is
now dominated by human activities, such as urban, row-crop farms, plantation forests, cattle ranches,
and secondary forests.

Soils in the municipality of Igarapé Aqu are predominantly Kandiudults [27]. Particle size analyses
for 2 m soil profiles were recently performed in 2016 on soils from one plot from within each block and
one of each treatment (n = 4). Each plot location was sampled at increments of 0-10, 10-20, 20-50,
50-100, 100-150, and 150-200 cm. Particle size distribution was determined using the hydrometer
method [28] (Table S1). Prior bulk density (BD) measures found 1.2 g cm™3 from 0 to 5 cm and 1.4 g
cm~3 from 5 to 10 cm [21]. Igarapé Acu has an average annual temperature of 26 °C and annual rainfall
of 2500 mm [29]; the driest months are August-November, and the wettest months are January-May.
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Figure 1. (a) Map of the Bragantina region, in the northeast of Para State, Brazil. The study was located

in the town in the center of the map, Igarapé Acu; (b) map of the Fazenda Experimental de Igarapé
Acu (FEIGA) research station, with the one-hectare plot within FEIGA.

2.2. Species Descriptions

The five planted tree species are native to forests of the Bragantina region. I. edulis (Fabaceae) is the
only known planted N fixer, although other N-fixing species may be present due to natural recruitment
in secondary succession. S. amazonicum (Fabaceae) and C. pentandra (Malvaceae) are rapid-growing
pioneers with soft wood. P. multijuga (Fabaceae) and C. odorata (Meliaceae) are slower growing tropical
hardwoods (see [21] for a more complete species description).

All five tree species were planted with the food crop manioc (M. esculenta), which was sampled after
12 months and then harvested after 20 months during the first crop—fallow rotation. Manioc growth
response has been reported [21]. The same tree species were planted with manioc within 10 days
of site conversion via mulching tractor in July 2014 to begin the second rotation of the crop—fallow
cycle. Manioc sampling of the second rotation was performed 12 months after site preparation, but the
majority of the manioc plants were stolen prior to the 20-month sampling event, so that data are not
present in this study.

2.3. Plot Establishment

Plot establishment of this site was previously described [21]. Briefly, in March of 2005, a 1 ha study
site within FEIGA (Figure 1b) was selected and mulched. Experimental treatments were applied in June
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2005, and the aforementioned species were planted in four experimental blocks (N = 4). Each block
was divided into four plots (n = 16) that measured 24 x 24 m. Trees and manioc were planted
simultaneously, with trees planted at 4 X 1.8 m spacing, for a total of 78 trees per plot, or 1354 trees
ha~!. The crop species M. esculenta was planted at 1 x 1 m spacing, or 10,000 stems ha™! (Figure 2).

2005 ___ 2007 -2014 2014 -

4m 4m 4m
7-year old Slash-and- Manihot esculenta  Improved-fallow: Fallow growth mulched by
secondary forest mulch: Pre- and 5 native tree After M. esculenta harvest, site | tractor between rows of
treatment site species planted abandoned to secondary planted trees. replanted wth
preparation simultaneously succession M. esculenta and native trees

Figure 2. Pictorial representation of site selection, preparation, treatment application, and growth
for Rotation 1 and subsequent site preparation for Rotation 2 of a slash-and-mulch improved-fallow
agroforestry system.

A factorial combination of fertilization treatment and N-fixing species was assigned in a split-plot
randomized complete block design. The two main plot fertilizer treatments consisted of no fertilization
(PK-) and fertilization (PK+) by an application around the base of planted trees of 46 kg P ha™! as
P,05 (100 kg Simple-Super Phosphate with 46% P) and of 30 kg K ha™! as KCI (50 kg KC1 with 60% K).
Sub-plot treatments consisted of planting 26 trees each of the native species C. odorata, C. pentandra, and
S. amazonicum together (I-) or in combination with the N-fixing species I. edulis and P. multijuga (I+).
In the I+ treatment, half of the trees planted were I. edulis, while the remainder was divided evenly
among the remaining species.

In July 2014, the site was prepared for the second rotation of the crop—fallow system via mulching
tractor, as was done during the first rotation. However, the tractor passed between the 4 m-wide
spacing between rows of trees, mulching the secondary vegetation but leaving the planted trees to
continue growing. Unfortunately, many small trees did not survive the mulching event, either because
they were mulched or because other vegetation fell on them. The same five species of trees were
planted in both rotations.

2.4. Soil/Litter Sampling and Analysis

During both the end of Rotation 1 and the beginning of Rotation 2, mulch layer samples were
collected for plot-level analysis from four random sample locations between rows 2 and 5 and between
the 4th and the 10th trees of those rows to avoid edge effects of neighboring plots. Samples were
collected within 1 m X 1 m polyvinyl chloride (PVC) quadrats, dried in a forced-air oven at 65 °C,
weighed, and averaged per plot. Soil samples were taken from a 0-10 cm depth from the center of each
framed location beneath where litter samples had been collected. These samples were air-dried and
composited by plot.

All samples were ground to a powder using a vial roller or ball mill grinder (SPEX, Metuchen,
NJ). Soil and litter samples were analyzed for carbon (C) and nitrogen (N) concentrations using a CN
analyzer (CE Elantech, Lakewood, NJ, USA). Litter samples were analyzed for additional elements
using the EPA-3050B (U.S. EPA, 1996) method [30]. Soil samples were analyzed for cations and P
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via Mehlich—1 double-acid extraction [31]. Extracts of 1 M KCI were analyzed via flow-injection
spectrometry for NH4 and NOj3 concentrations (OI Analytical, College Station, TX, USA).

2.5. Plant Biomass

Trees” diameters at breast height (DBH) and ground line (GLD) were measured in 2013, 2014, 2015,
and 2016. Additionally, height was measured in 2014, 2015, and 2016 using a hypsometer (Hagloff,
Langsele, Sweden) or a range pole for shorter trees. The diameter was measured using digital calipers
for smaller girth trees and seedlings or slide calipers for larger diameters.

For seedlings and saplings that had not achieved DBH, the tree volume was estimated using the
frustum formula:

V= (n~g~(R2 +Rr+ rz)) )

where h = length of the section measured, R = radius of the lower end of the section, r = radius of the
upper end of the section

Planted-tree aboveground biomass was estimated by multiplying published wood density
values [32] by the frustum volume estimate:

B=Vp @

where B is biomass, V is volume, and p is wood density.

Exceptions to this estimate are noted below.

S. amazonicum trees were harvested after mulching at the beginning of the second rotation.
Nine trees, out of 42 survivors (21.5%), were selected for measurement of DBH and for diameter at
each 5 m increment along the stem. Total length was measured, and branches were measured for
diameter at the junction with the main stem. All leaves were collected, dried, and weighed. Discs of
the stem were collected, dried, and weighed. The lengths of individual branches were not measured
but estimated with a species-specific allometric equation for S. amazonicum (R> = 0.8916) derived from
saplings sampled in this research:

L = 80.104-D — 49.66 (3)

where L = branch length (cm), D = branch diameter (cm).
Volume estimates of S. amazonicum at the end of the first rotation (Year 9) used [33]:

V = 0.077476 + 0.517987-( DBH?H) 4)

where V = volume (m%), DBH = diameter at breast height (cm), H = height (m).

For trees under 2.0 m of height, the frustum volume Equation (1) was used and multiplied by
the wood density [32] to generate the biomass of the stem. Stem biomass was then multiplied by the
ratio of the stem biomass to total biomass measured from the nine sample trees mentioned above to
generate a total biomass estimate. For trees with height above 2.0 m, biomass (B) was estimated using
diameter at breast height (DBH) by the allometric equation [34]:

B = 0.076-DBH?34¢ (5)

I edulis trees were cut at ground level in May 2014 prior to site conversion via mulching tractor, so
that the biomass could be mulched and distributed as green manure with the rest of the secondary
vegetation. Twelve trees, 7% of trees in the 2014 sample event, with at least one tree per I+ plot was
selected for allometric analysis. These 12 trees were sampled for GLD and DBH, and the mass of
each section was weighed wet. The wet weight was converted to wood biomass using data from
Reference [35] in which 39% of wet weight was wood. Additionally, all leaves were collected per tree
and dried in a forced-air oven at 65 °C until a constant weight. Height, GLD (cm), and DBH (cm)
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were used in regression equations to predict total biomass, with the best fit (R? = 0.9127) for trees of
GLD < 13.5 cm:
B = 44.461-GLD**7° (6)

where B is biomass (kg), and GLD is ground line diameter (cm); for trees with GLD > 13.5 cm
(R? = 0.9086):
B = 138.39-DBH>%706 @)

where B is in kg, and DBH = diameter at breast height (cm).

Since I. edulis trees were not measured for height in 2013 due to understory vegetation blocking
sight of the tops of most fertilized trees, height, GLD, and DBH measurements from 2011 were used to
find the best allometric equation to predict height for the measurements in 2013 and 2014. The best fit
was (R? = 0.8047):

DBH = 233.6-H%5172 (8)

where H = height (cm).
I. edulis leaf biomass estimates were generated from the leaf-to-stem biomass ratio from the
sampled trees, and the best fit was a linear regression (R? = 0.8168):

LM = (42.973-SB) — 2079.3 )

where LM = leaf mass (g), SB = stem biomass (g).

For C. odorata saplings without DBH, biomass estimates were generated using the frustum volume
(Equation 1) multiplied by the specific gravity of C. odorata (0.39 g cm™3; [32]). For all trees above 2.0 m
height, the allometric equation [36] was used to estimate the biomass:

B = 200.2-DBH?-H"%615 (10)

To separate stem biomass from leaf biomass for trees under 200 cm of height, the leaf biomass was
assumed to be 28% of the total biomass [37], and for trees above 200 cm, the allometric equation [36]
was used to predict leaf biomass:

LB = 126.5-DBH?-H?2787 (11)

Foliar and wood N content were estimated using published data: 3.07% N for leaf [38] and 0.109%
N for wood [39].

P. multijuga biomass estimates for trees <2.0 m of height were generated using the frustum volume
(Equation 1) multiplied by the specific gravity of P. multijuga (0.38 g cm™3; [32]). Foliar N content was
determined from the mean of published data, i.e., 2.362% [40-42], multiplied by leaf biomass estimates.
Wood N content was estimated from published data, i.e., 0.109% [40], multiplied by wood biomass
estimates. Wood mass was separated from leaf mass using a 7.3:1 wood/leaf ratio for P. multijuga
from Central Amazonia [43]. The content of other macronutrients was determined using reported
concentrations for wood [43] and leaf [39]. For trees with height >2.0 m, the following biomass
estimate [43] was used:

B = 0.076-DBH?34 (12)

The following power function (R? = 0.9218) was used to estimate the height (H) of P. multijuga
that could not be measured due to secondary vegetation interference:

H = 124.65-DBH"8%7 (13)

C. pentandra volume was estimated using the frustum method (Equation 1). The volume was then
multiplied by the basic density, 0.28 g cm~3 [32]. We used reported biomass allometry for C. pentandra
in plantation at 4 years of age [44] and used the height of 300 cm which was the average height of
surviving trees at approximately that age (299 cm =+ 182). Leaf and wood biomass distribution was
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based on the reported aboveground biomass [43]. Wood N concentration was reported [45], as well as
leaf N concentration [38].

Manioc stems were planted at the beginning of the second rotation in July 2014, and biomass was
measured in July 2015 by placing a 1 X 1 m PVC frame at four randomly selected points in each plot.
All biomass from within the vertical plane of the frame was collected, aboveground and belowground.
Manioc biomass was divided into three compartments: leaf, stem, and root. Biomass compartments
were dried in a forced-air oven at 65 °C and weighed.

2.6. Statistical Analyses

All statistical analyses were performed using SAS University Edition (SAS, Cary, NC, USA).
Data distributions were evaluated prior to analysis and transformed as needed. Analyses were
performed using Proc MIXED. In the factorial model, the main-plot treatment was with or without
P+K fertilization, and the sub-plot treatment was with or without the N-fixing tree species I. edulis.
Fert and Nfix were treated as fixed effects, and block as a random effect. Repeated measures analysis
was used to account for covariance among dates, with plot as the subject. Contrast statements were
used to test differences in growth rates between specific years.

Multivariate regressions (Proc REG) were used to evaluate the role of soil variables (mineral soil
and O horizon) on tree and manioc growth. Sampling dates used in the multivariate regressions
were: July 2013, May 2014 during Rotation 1, and July 2015 during Rotation 2. Macronutrients N, P,
K, Ca, and Mg were used as regressors for both mineral soil and O horizon, as well the C/N ratio.
Additionally, O horizon (mulch layer) mass and macronutrient content were used as regressors.

3. Results

3.1. Survival

At the end of the first rotation in May 2014, the survival of trees ranged from 0% for C. odorata in
PK+I+ to 76% for P. multijuga in PK-I+ (Table 1). Both Fert and NFix treatments affected the survival
of the planted trees, although P+K fertilization more consistently decreased the survival than did
the presence of I. edulis (Table 1). In the first two years after the establishment of Rotation 2, P+K
fertilization continued to have a significant effect on the survival of four of the five planted species
(Table S2). The survival for all species was higher 20 months after planting in the second rotation
in 2014, than 24 months after planting in 2005 (Table 1). C. odorata had the most dramatic increase
in survival in the full-factorial treatment (PK+I+), with 66.7% survival after 20 months in Rotation 2
vs. 0% after 24 months in Rotation 1. However, C. odorata survival decreased without fertilization in
Rotation 2 relative to Rotation 1. The only other species with reduced survival in Rotation 2 relative to
Rotation 1 without fertilization was I. edulis (84 vs. 92%, respectively). The presence of I. edulis (I+)
did not significantly affect survival for any species 20 months after planting in Rotation 2 relative to
24 months after planting in Rotation 1 (Table S2).

3.2. Planted Trees

With all species grouped together (henceforth, All-Species), planted tree growth was enhanced by
P+K fertilization (Figure 3) during Rotation 1, with all measured attributes responding to fertilization
(Table 2). However, by Year 9, the differences in growth rate ceased to be significant in most instances
for individual species (Table S3). During Rotation 2, the presence of the N fixer I. edulis increased
GLD (p = 0.02) and height (p = 0.01) in the All-Species grouping and DBH for C. pentandra (p = 0.03),
but there was no Fert-Nfix interaction in planted tree growth during the second rotation. During Year 2
of Rotation 2, only GLD differed for All-Species with P+K fertilization (p = 0.06). Fertilization increased
height for C. odorata, I. edulis, and S. amazonicum during the Year 2 Rotation 2 (Table S3; Figure 4).
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Figure 3. Groundline diameter and height of five native tree species grown in mixed culture during
the first crop—fallow cycle of an improved-fallow slash-and-mulch agroforestry system in Eastern
Amazonia of Brazil
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Figure 4. GLD and height of five native tree species grown in mixed culture during the second
crop—fallow cycle of an improved-fallow slash-and-mulch agroforestry system in Eastern Amazonia
of Brazil. Capital letters indicate significant differences for the indicated species by main-plot P + K
fertilization treatment.

By the end of Rotation 1, the estimated N content of the trees ranged from 100 to 600 kg N ha™! in
PK~I- and PK+I-, respectively (Figure 5). The estimated N content of planted trees decreased after
mulching and tree harvest for Rotation 2 by 70-90%, despite the retention of “leave trees” that were
not harvested or felled and mulched (Table S4).
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Figure 5. Agroecosystem N content (kg ha™') during the final year of Rotation 1 and the first year of
Rotation 2 of an improved-fallow slash-and-mulch agroforestry system in Eastern Amazonia of Brazil.

3.3. Manioc

Ten years after P+K fertilization at the initiation of Rotation 1, both manioc biomass (p = 0.07) and
N content (p < 0.10) during Rotation 2 were greater in fertilization plots (Figure 6; Table S5). In contrast,
the presence of the N-fixing tree species I. edulis did not affect the N-content of manioc in Rotation 2.
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Figure 6. Nitrogen content and biomass (kg ha™') of Manihot esculenta by root, stem, and leaf
compartments measured in Year 1 after the establishment of Rotation 1 (2006) and Rotation 2 (2015) in
the crop—fallow system in Eastern Amazonia of Brazil; ** indicates p = 0.07, and *** indicates p < 0.10.
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3.4. Mulch Layer

The mulch layer resulting from site preparation at the beginning of Rotation 1 had a mass of
54 Mg ha~! (Figure 7). By Year 6 after site establishment, the mulch layer achieved a steady mass
that remained between 10 and 15 Mg ha™! until Year 9. Mulching of secondary forest biomass in
Year 9 in 2014 generated between 100 and 140 Mg ha~! of mulch layer biomass. After mulching the
site for Rotation 2, the presence of the N-fixing I. edulis contributed to the increase in mulch layer
biomass and C content (p = 0.04 and 0.03, respectively) but did not increase N content (p = 0.2; Table S6).
Concentrations of C (26-41%) and N (30-58%) in the mulch did vary with date (p = 0.001 for both
C and N) but did not differ with treatment. From establishment to Year 1 of Rotation 2, the mulch
material decreased by an average of 57%, from ~120 to 55 Mg ha~!, and the mulch layer N content also

declined during this period, from ~370 to 160 kg ha™! (Figure 7).
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Figure 7. Mulch layer mass and N content of an improved-fallow slash-and-mulch agroforestry system
in Eastern Amazonia of Brazil. Site establishment via mulching tractor took place in June 2005 and was
abandoned to secondary succession in 2007 before the second rotation was established via mulching

tractor in July 2014.
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3.5. Soil

Soil N concentration at a 0-10 cm depth increased slightly during secondary succession from
2013 to 2014 from 0.09 to 0.10% (p = 0.14) but decreased to 0.08% (p = 0.002) one year after mulching
for Rotation 2. There were no significant changes in soil C at 0—-10 cm but soil C/N decreased during
secondary succession from 2013 to 2014 (Tables S7 and S8) from 16.1 to 14.2 (p = 0.02) and increased to
18.5 (p < 0.0001) one year after mulching for Rotation 2.

Soil C and N concentrations differed at 0-10 and 10-20 cm depths during the pre- and post-
mulching sampling dates, and trends of higher soil C and lower soil N were observed during Rotation
2 sampling in July 2015 with the inclusion of I. edulis in the planting mix (I+; Table 3 and Table S9).
The sum of soil C content across both depths was not different between May 2014 and July 2015
(p = 0.3), or with treatment on either date. The sum of soil N content was 20% greater with Inga (I+)
than without (I-) in May 2014 (p = 0.02) but not in July 2015 (p = 0.9).

Table 3. Soil C and N concentrations by depth increments in an improved-fallow slash-and-mulch
agroforestry system in Eastern Amazonia, Brazil. Site establishment via mulching tractor took place
in June 2005 and was abandoned to secondary succession in 2007 before the second rotation was
established via mulching tractor in July 2014.

Date Fert Nfix Depth C N
cm % (SE)
0-10 1.20 (0.07)  0.08 (0.00)

N N 10-20  0.80(0.07) 0.06 (0.00)
N Y 0-10  1.08(025) 0.11(0.02)
10-20  0.89 (0.08) 0.07 (0.00)
May 2014
Y N 0-10  139(0.03) 0.09 (0.01)
10-20  0.81(0.05) 0.06 (0.00)
Y Y 0-10  131(0.07) 0.09 (0.01)
1020 0.84(0.03) 0.06 (0.00)
N N 0-10  150(0.08) 0.08 (0.00)
10-20 077 (0.01)  0.04 (0.00)
N N 0-10  134(0.14) 0.07 (0.01)
10-20  0.72(0.03) 0.07(0.03)
July 2015
Y N 0-10  156(0.19) 0.08 (0.01)
1020 0.73(0.03) 0.04 (0.00)
N N 0-10  144(0.07) 0.08 (0.00)

10-20 0.86 (0.03)  0.05 (0.00)

Soil P concentrations were greater at the 0—10 cm depth in 2013 with P+K fertilization (p = 0.02),
but not in 2014 or 2015, while soil K concentrations were not different with fertilization on any
measurement date. Soil P concentrations were greater with I. edulis (p = 0.09) in 2013 and again in 2015
(p = 0.08), but not in 2014, while soil K concentration did not differ with I. edulis on any measurement
date (Table 4 and Table S10).

Soil P concentration was a significant predictor of All-Species height, total biomass, and total
N across the three sampling dates explaining 57%, 31%, and 30% of the variance (Table 5). Soil K
or N were never included in the multivariate regressions for all species, while soil Ca and Al were
included for height prediction (Table 5). On an individual species bases, soil P was the best predictor of
biomass for C. pentandra, P. multijuga, and S. amazonicum, explaining 32%, 80%, and 20% of the variance,
respectively (Table 6). For . edulis soil Mg was the best predictor, and soil K was the best predictor for
C. odorata, followed by soil C (Table 6).
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Table 4. Soil P and K concentrations at the 0-10 cm horizon in a slash-and-mulch agroforestry system

in Eastern Amazonia of Brazil; ** indicates statistical significance in the main-plot treatment within the

year, and T indicates statistical significance in the sub-plot N-fixer treatment within the year.

Year Treatment P K
mg kg ™! (SE)
PK-I1- 1.01 (0.02) 5.91 (0.48)
2013 PK-I+ 1.04 (0.06) * 6.38 (0.84)
PK+I- 1.25 (0.11) ** 6.62 (1.01)
PK+I+ 1.53 (0.08) ** * 7.15 (0.37)
PK-I- 0.82 (0.10) 12.47 (1.36)
2014 PK-I1+ 0.72 (0.06) 12.29 (1.93)
PK+I- 1.06 (0.06) 13.31 (1.98)
PK+I+ 1.25 (0.05) 14.28 (2.41)
PK-I- 0.99 (0.04) 5.86 (0.68)
2015 PK-I+ 1.11 (0.07) * 6.94 (0.83)
PK+I- 1.31 (0.16) 6.75 (0.75)
PK+I+ 1.41 (0.06) * 5.82 (0.37)

Table 5. Predictors of height, biomass and N content after the first rotation for five native tree species

grown in a mixed-culture, crop-fallow agroforestry system in eastern Amazonia of Brazil. Trees and
crops were initially planted in 2005, abandoned to secondary succession in 2007 until 2014, when the
second rotation of the crop—fallow system was planted and subsequently abandoned to secondary

succession in 2016.

Dependent Independent Sample

. 2 2

variable Variable Date Partial R Model R C(p) F Value Pr>F

Soil P 5/2014 1 0.481 0.481 -1.673 13.0 0.003 *

Soil P 79015 2 0.591 0.591 -0.791 20.2 0.0005 *

Height Soil Al / 0.059 0.650 —-0.405 22 0.163

Soil P 0.566 0.566 15.881 18.3 0.0008 *

Soil Ca By Date 3 0.225 0.791 3.428 14.0 0.003 *

Soil Al 0.057 0.848 1.775 45 0.056 +

S Soil P 5/2014 0.238 0.238 -2.925 14.4 0.0004 *

um

Biomass Soil P 7/2015 0.128 0.128 -2.579 10.3 0.002 *
Soil P 0.312 0.312 -2.572 214 <0.0001 *

Soil P 5/2014 0.209 0.209 —3.564 12.2 0.001 *

Sum N Soil P 7/2015 0.114 0.114 -2.986 9.0 0.004 *
Soil P By Date 0.302 0.302 -1.967 20.3 <0.0001 *

1 Sampling Date 5/2014 was the final sampling event of Rotation 1, 9 Years after site establishment; 2 Sampling Date
7/2015 was Year 1 sampling event of Rotation 2, 10 years after site establishment; > By Date represents regression
analyses of 3 sampling events in 7/2013, 5/2014, and 7/2015. * indicates significant difference at the p < 0.05 level;
t indicates significant difference at the p < 0.10 level.
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Table 6. Multivariate regression analysis of biomass and N Content of five species of native trees grown
in a mixed-culture, crop-fallow agroforestry system in eastern Amazonia of Brazil. Trees and crops
were initially planted in 2005, abandoned to secondary succession in 2007 until 2014, when the second
phase of the crop—fallow system was planted and subsequently abandoned to secondary succession

in 2016.

Dependent Variable Species Independent Variable ~ Model R>  C(p) F Value Pr>F
Cedrela odorat Soil K 0.533 5.3 11.4 0.007

edrela odorata Soil C 0.604 52 1.6 02

Ceiba pentandra Soil P 0.323 153 5.7 0.03

P Soil K 0.496 10.9 3.8 0.08

Sum Bi Soil Mg 0.596 9.1 2.5 0.15
um blomass Inga edulis Soil P 0.921 . 70.4 <0.001

Soil N 0.955 . 3.7 0.11

Soil P 0.802 . 16.2 0.02

Parkia multijuga Soil N 0.972 . 18.2 0.02

Soil K 0.999 . 71.3 0.01
Soil Al 1.000 . 44.0 0.095

Schizolobium amazonicum Soil P 0.198 8.2 17 0.2

Soil K 0.455 7.2 8.3 0.02

Cedrela odorata Soil C 0555 64 20 02

Soil P 0.323 154 5.7 0.03

Ceiba pentandra Soil K 0.496 10.9 3.8 0.08

Sum Biomass N Soil Mg 0.596 9.1 25 0.15
Inea edulis Soil P 0.919 . 68.4 <0.001

8 Soil N 0.948 . 28 0.16

Soil P 0.675 . 8.3 0.05

Parkia multijuga Soil N 0.935 . 12.0 0.04

Soil K 0.975 . 32 0.2

Schizolobium amazonicum Soil P 0.198 8.2 1.7 0.2

Multivariate regression analyses of soil and litter macronutrient concentrations showed that P, K,
and N concentrations and C/N ratio were significant predictors of GLD, DBH, and height (Table 7).
The most frequent significant regressor for growth measurements for individual tree species was soil P
concentration (10 times), followed by C/N ratio (6), and soil K concentration (3).
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4. Discussion

4.1. Survival

Fertilization reduced the survival when pooled across the five planted tree species and reduced the
survival of C. odorata and P. multijuga by the end of Rotation 1. Competing vegetation from secondary
forest succession can suppress the survival of planted trees, and stimulated growth by P+K fertilization
can enhance this competitive interaction [45]. For example, C. odorata, which suffered nearly 50%
reduction of survival with P+K fertilization, was likely unable to escape light competition due to
increased competing vegetation growth with fertilization. On the other hand, S. amazonicum survival
was enhanced by over 30% with P+K fertilization, indicating that it was able to outgrow competitors
with fertilization.

The presence of I. edulis reduced the survival of S. amazonicum to 0% in PK-I+ and that of C.
pentandra to 0% in PK+I+ by the end of Rotation 1. Despite potential N benefits from N fixation,
Inga is also a competitor with neighboring trees for light, water, and nutrient resources. For example,
Inga suppressed secondary vegetation in a Costa Rican AFS [46], and in tropical secondary forests,
evidence indicates that N-fixing species survive better than non-fixers in young (i.e., 10—-11-year-old)
forests [47]. Annualized mortality rates reported here ranged from 6% to 9% over Rotation 1, which were
similar to the 7% mortality rate of non-fixing trees described [47]. Evidence presented here indicates
that the presence of the N-fixing I. edulis can affect individual species survival.

The survival of planted tree species was greater 20 months after planting in the second rotation,
relative to survival 24 months after site establishment of Rotation 1. During the second rotation, nearly all
C. odorata individuals were attacked by Hypsipyla grandella insects at the meristems, causing deformation
of the main stem and open wounds, both of which likely increased mortality. Other, unknown insects
attacked C. pentandra, causing wounds on the stem, which sometimes led to meristem death and,
in some cases, tree death.

4.2. Planted Tree Growth

Fertilization with P+K increased planted tree growth rates and size through Year 6 [22]. During the
final year of Rotation 1 (Year 9), however, although trees were still larger in the presence of P+K
fertilization, there was no longer a significant effect on growth rates in most cases. This is consistent with
other research from Eastern Amazonia that showed that P and/or K fertilization increased secondary
forest growth [45,48]. The presence of the N-fixing I. edulis was not associated with increased growth,
survival, or volume of any other planted tree species. As such, no companion tree benefit can be
ascribed to planting of this N-fixer. We had hypothesized that root and foliar turnover, particularly over
the course of 9 years, would increase soil N and accelerate plant growth, but this was not supported
by our data, though it may also indicate that P or K are more limiting nutrients in this system [45].
One premise that supports the use of many forms of AFS is that the use of N fixers increases N
availability in an agroecosystem, so these results are somewhat surprising. However, other recent
research has similarly indicated that N-fixing trees may neither benefit nor inhibit neighboring trees [18]
and may not confer a competitive or facilitative effect on secondary growth [19]. It may be necessary to
convert N fixers into green manure to capture N benefits.

Fertilization in Rotation 1 had a residual effect, as shown by increased seedling growth during the
first 20 months of Rotation 2. Competing vegetation was severely reduced with mulching, and reduced
light and rooting competition during the initial months of Rotation 2 may have improved conditions for
initial seedling growth, as was the case during the first two years of Rotation 1, when the fertilization
effect was greater. Although competition control is likely to have benefitted planted tree growth
performance during the first 20 months of the second rotation in all treatments, P+K fertilization was
shown to have legacy effects on planted tree growth for up to 20 years [26].

Higher soil P enhanced tree growth as a whole and increased the N content of planted trees.
Fertilizer P can also enhance N-fixation in symbiotic N-fixing legumes [49], although the concentrations
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of wood and leaf N in I. edulis reported here were lower than in other studies [50]. At the end of
Rotation 1, S. amazonicum was the dominant tree when present, accounting for 50-70% of planted
tree N.

4.3. Plant and Soil N Stocks

Agroecosystem N stock in trees, manioc, mulch, and 0-20 cm soil compartments contained as
much as 2500 kg N ha~! at the end of the first Rotation (Figure 7). The N stock decreased from the last
sampling event prior to site conversion via mulching tractor in March 2014 to the Year 1 sampling of
Rotation 2 (Figure 7), with 4-30% (PK-I- and PK+I+, respectively) more N at the end of Rotation 1.
Between 3% and 19% of the mean difference (422 kg ha™!) was contained in the planted trees, 0.2%
of which was exported with S. amazonicum stems in the PK-I— treatment and 2.8% in the PK+I-
treatment, and between 0.06% and 0.12% was lost as N,O gas [51]. Additional 0.9 and 18 kg ha ' N
(PK-I- and PK+I+, respectively) were removed in the first manioc harvest. The 136-215 kg N ha™!
accumulated by the improved-fallow vegetation during Rotation 1, as compared to the secondary
vegetation prior to site preparation, was more than adequate to compensate for N lost to S. amazonicum
timber export and manioc export.

Soil N content in the 0-10 cm depth ranged from 850 to 1300 kg ha~!, which was similar to the
1000-1250 kg ha~! of soil N contents previously reported from soils at this same research station [23].
Declines of N content in the 0—10 cm soil horizon from pre- to post-mulching, although not statistically
significant, were about equal to the gain of N in the mulch horizon during that time. This could
indicate that N was immobilized by the high C/N ratio woody mulch material added to the soil surface.
However, leaching losses of mobile NO3~ beyond the surface rooting zone after forest disturbance are
also possible [52], although any inputs from the surface horizon were not recovered in the 10-20 cm
horizon as higher reported soil N.

4.4. Mulch Layer and Secondary Succession Biomass

The 7-year-old secondary forest that was converted to AFS in this research project produced
53.8 + 5.1 Mg ha™! of mulched biomass or 7.7 + 0.7 Mg ha™! yr~! of secondary forest biomass
accumulation prior to initial site conversion. This mass is comparable to the mean secondary
vegetation of an Amazon basin-wide sampling study (53 Mg ha~!; [53]) and slightly higher than
the mean annual accumulation determined in a secondary forest study from the same municipality
(6.6 Mg ha™! yr~1; [54]). Implementation of the improved-fallow slash-and-mulch AFS appeared
to enhance secondary forest biomass growth by 116% relative to unimproved fallow preceding it.
The improved fallow enhanced fallow vegetation growth to 12.9 + 1.0 Mg ha™! yr~!, an annual rate
increase of 60%.

Increases in improved-fallow biomass relative to secondary forest prior to site preparation resulted
in mulched fallow biomass that was 13% greater with I. edulis (I +) than without it (I —) at site conversion
for Rotation 2. This result is consistent with short-fallow AFS in Central Amazonia [55], although the
increase was not as large as that reported for I. edulis in improved-fallow plantings in Eastern Amazonia
(46%; [47]). Increases in fallow biomass were not necessarily a response to increased soil N, as planted
trees did not grow larger in the presence of I. edulis, but I. edulis itself was a good grower and biomass
accumulator. Increased planted tree biomass was related to available soil P, as both the height and
biomass of planted trees increased with soil P, which ranged only from 4 to 6 ug dm™3. In a secondary
forest chronosequence study, [56] the suggested tighter N cycling in <10-year-old forests indicated
greater N limitation to growth. In our study, however, soil N was a significant predictor of growth
only for I. edulis, but here it is difficult to know if greater soil N with larger I. edulis is responsible for
growth or rather a response to it. Fertilization studies in 6- [44] and 26-year-old secondary forests [57],
also in the state of Pard, similarly demonstrated no tree growth response to P fertilization alone. In our
study, P was always applied with K, and soil K was as significant predictor of growth for C. odorata,
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C. pentandra, and P. multijuga. This study suggests tree growth was improved with P fertilization and
in the presence of higher soil P.

4.5. Manioc

Manioc growth was also improved with higher site P. In fact, total manioc biomass and N content
were higher in the second rotation than in the first one across all treatments, and P+K fertilization
increased manioc biomass and N content in all biomass compartments. These increases indicate that
improved-fallow slash-and-mulch system was able to efficiently accumulate nutrients to sustain crop
growth. This conclusion is supported by the increase in mulch layer biomass, which reflects secondary
vegetation biomass accumulation between mulching events 1 and 2. The associated increase in mulch
layer nutrients, even in the control treatment, exceeded and thus could sustain, nutrient export for
manioc root and S. amazonicum stem harvests. Fertilization may not have stimulated manioc growth in
Year 10 as much as in Year 1, but its effect on manioc growth was still evident 10 years after application.

5. Conclusions

Results from this research indicate that the simultaneous planting of the staple crop manioc
with native tree species, in conjunction with slash-and-mulch site preparation, can yield two crop
harvests and a merchantable timber harvest through the course of one crop—fallow rotation with P + K
fertilization, while leaving other tree species for harvest in future crop—fallow cycles. This combination
of site preparation techniques may give producers who utilize agroforestry systems multiple points of
income (e.g., during the first two crop harvests at Years 1 and 2 and at the conclusion of the fallow
phase at Year 9, in this case), as opposed to only generating income with crop harvests, which is typical
without simultaneous improved-fallow plantings.

The improved-fallow design increased the annualized fallow biomass accumulation during
Rotation 1, and the increased biomass provided enough nutrients to replace those exported via crop
and timber export. The slash-and-mulch site preparation, when combined with improved-fallow
planting, can sustain, and even increase, nutrient stocks as compared to nutrient losses prevalent in
slash-and-burn site preparation, even with crop export at 12 and 20 months and timber export at Year 9.
The inclusion of rapid-growing pioneer species such as S. amazonicum and I. edulis in an improved-fallow
design with P + K fertilization will allow producers to harvest manioc and merchantable timber after
one crop—fallow rotation, while returning enough nutrients to the agroecosystem via green manure to
sustain crop harvest.

After the end of a full rotation and the initiation of a second, this research justifies the use of the
leguminous species S. amazonicum and Parkia multijuga in a mixed-species planting design, with the
inclusion of I. edulis for use as green manure. Harvest of P+K fertilized S. amazonicum at the end of
Rotation 1, mulching, and then re-planting I. edulis and leaving P. multijuga for harvest at the end of
Rotation 2 are supported by this study. Due to widespread pest attacks which caused deformation of
the stems, and therefore loss of timber value, the results of this study cannot justify the inclusion of the
slower growing, although higher value, timber species C. odorata or C. pentandra.
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Figure S1: Mulch layer C content (kg ha™!) of an improved-fallow slash-and-mulch agroforestry system in Eastern
Amazonia of Brazil., Figure S2: Soil-C content by depth increments 0-10 and 10-20 cm in an improved-fallow
slash-and-mulch agroforestry system in Eastern Amazonia, Brazil., Table S1: Soil particle-size distribution at
different depths in an improved-fallow slash-and-mulch agroforestry system in Eastern Amazonia, Brazil., Table S2:
Differences in survival of five species of native trees after 24 months after planting of Rotation 1 and newly planted
trees at 20 months of Rotation 2 of a crop-fallow agroforestry system in eastern Amazonia of Brazil., Table S3:
Statistical contrasts of Height, DBH, and GLD of five species of native trees grown in mixed-culture, crop-fallow
agroforestry system in eastern Amazonia of Brazil., Table S4: Sum of estimated total planted-tree aboveground
biomass (kg) by plot and total biomass-N of planted-trees (g), and Percent (%) by Species of Total Biomass and
Total N, at four different dates., Table S5: Statistical output of Manihot esculenta biomass and N content (kg ha™!) by
root, stem, leaf compartments, and sum of all compartments, measured at Year 1 after establishment of Rotation 2
(2015) of crop-fallow system in Eastern Amazonia of Brazil., Table S6: Statistical output of Mulch layer Mass, N
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and C concentration, and N and C content of an improved-fallow slash-and-mulch agroforestry system in Eastern
Amazonia of Brazil, Table S7: Statistical output of significant differences for plot-level soil sampling at 0 — 10 cm
depth of an improved-fallow slash-and-mulch agroforestry system in Eastern Amazonia, Brazil., Table S8: Soil N
and C concentrations (%) in the 0-10 and 10-20 cm depths at three different years during the first rotation of a
slash-and-mulch agroforestry system in eastern Amazonia of Brazil., Table S9: Statistical output of significant
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agroforestry system in Eastern Amazonia, Brazil., Table S10: Statistical significance of P and K concentrations and
content of Manioc by compartment, Mulch layer, and 0-10 cm Soil horizon.
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