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Abstract
Growing cacao (Theobroma cacao L.) in an agroforestry system generates a productive

use of the land, preserves the best conditions for physical, chemical and biological proper-

ties of tropical soils, and plays an important role in improving cacao production and fertility

of degraded tropical soils. The aim of this study was to evaluate the impact of two long term

agroforestry systems of cacao management on soil physical and chemical properties in an

area originally inhabited by 30 years old native secondary forest (SF). The two agroforestry

systems adapted were: improved natural agroforestry system (INAS) where trees without

economic value were selectively removed to provide 50% shade and improved traditional

agroforestry system (ITAS) where all native trees were cut and burnt in the location. For

evaluation of the changes of soil physical and chemical properties with time due to the

imposed cacao management systems, plots of 10 cacao genotypes (ICS95, UF613,

CCN51, ICT1112, ICT1026, ICT2162, ICT2171, ICT2142, H35, U30) and one plot with a

spontaneous hybrid were selected. Soil samples were taken at 0-20, 20-40 and 40-60 cm

depths before the installation of the management systems (2004), and then followed at two

years intervals. Bulk density, porosity, field capacity and wilting point varied significantly

during the years of assessment in the different soil depths and under the systems assessed.

Soil pH, CEC, exchangeable Mg and sum of the bases were higher in the INAS than the

ITAS. In both systems, SOM, Ext. P, K and Fe, exch. K, Mg and Al+H decreased with years

of cultivation; these changes were more evident in the 0-20 cm soil depth. Overall improve-

ment of SOM and soil nutrient status was much higher in the ITAS than INAS. The levels of

physical and chemical properties of soil under cacao genotypes showed a marked differ-

ence in both systems.
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Introduction
Cacao is one of the most important perennial crops of the Peruvian tropics and Peru is the
third largest producer of organic cacao in the world [1]. In the last 10 years, the cultivated area
under cacao in Peru has increased at the rate of 4,800 ha yr-1 [2]. On acid soils of the Amazon
region, traditional cacao planting is preceded by cutting and selling trees of economic signifi-
cance then burning the remaining aboveground biomass on the location. In some areas cacao
is planted in thinned secondary forest (SF) and the remaining slashed vegetation is used as
mulch. Such types of shifting cultivations have drastically changed climate factors and ecologi-
cal patterns due to removal of the natural forest [3, 4]. These methods of land management
often lead to loss of soil and nutrients; and consequently, affect the dynamic patterns of biogeo-
chemical cycles.

The consequences of deforestation in the Amazon region are evident in the deterioration of
natural resources with a loss of biodiversity, productive capacity of the soil and its consequen-
tial surrender to the natural regeneration of vegetation as compared to natural forest [5]. In
addition, poor agricultural practices degrade the forest ecosystem, mainly the soil [6], which is
a complex ecosystem bound by physical-chemical parameters [7]. Success of sustainable pro-
duction systems in the tropical areas is dependent on the proper management of the physical
and chemical properties of these soils [8]. One way to mitigate these deforestation practices in
the Peruvian jungle is to provide viable alternatives such as agroforestry systems of crop man-
agement for farmers who practice slash and burn crop production thereby accelerating defores-
tation and soil degradation and increasing rural poverty [9]. Archaeological evidence and
historical accounts of the Inca indicate that Peru has a long history of agroforestry [10, 11].

The transition from a traditional farming system to a low external input sustainable system
is accompanied by a set of changes in soil chemical properties and processes that affect soil
fertility [6]. Traditional agricultural systems have led to a continuing degradation of soil
resources, particularly from the chemical point of view, resulting in a loss of agricultural pro-
ductivity reflected in lower yields and higher environmental problems [12].

The adoption of some typical farming practices for sustainable crop production include
avoiding of cutting and burning or removing of the native vegetation, use of SF trees as tempo-
rary and permanent shade, use of cover crops and reducing the use of synthetic fertilizers and
pesticides, which cause fundamental differences in the quantitative and qualitative flow of soil
nutrients. These changes affect the availability of nutrients for growing crops either directly by
contributing to the availability of nutrients or indirectly by influencing the physical and chemi-
cal environment of the soil [13]. Agroforestry systems integrate trees with agricultural crops
[14] such as cacao or coffee for example [11, 15], and have the potential to enhance soil fertility,
maintain the soil organic matter status, promote efficient nutrient cycling, reduce erosion,
improve water quality, enhance biodiversity, increase a esthetics [14, 16], and over the long-
term are also sustainable and appropriate for soil fertility conservation and improve soil health,
and sequester carbon [16, 17, 18, 19, 20].

In recent years the cultivation of cacao has enjoyed growing acceptance as a more profitable
crop in the Peruvian jungle, and this has led to accelerated forest conversion with the same
impacts as have happened in other parts of the world [6]. Most current cacao plantations
depend on a traditional system of clearing areas for planting of crops such as maize, beans, and
bananas and finally planting of cacao [3, 4].

On the other hand, efforts are in progress in the region to promote sustainable alternative
systems of farming in which vegetation under the trees is cut but leaving some of the forest
trees for shade, which are subsequently replaced by higher-yielding and high value tree species
[3]. This is a way to curb the negative impact of the logging and burning of native trees, thereby
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attempting to maintain a balance in a manner similar to that of a primary forest, contributing
to the conservation of the physical-chemical properties of the soil and the flora and fauna that
inhabit these systems [6]. Therefore, agroforestry systems of crop cultivation play an important
role in improving nutrient flow and soil quality [21].

Soils managed in sustainable and conventional farming systems with organic practices have
shown high levels of organic matter (SOM) and total nitrogen [22]. The increase of SOM in
soil after implementing a sustainable farming system occurs slowly and usually detecting these
differences takes several years [23]. The changes in other soil properties are more variable,
perhaps due to differences in climate, soil type, crops grown, and duration of culture system
implemented [24]. Because these soil properties are critical in determining the fertility of agri-
cultural soils, the ability to predict and manage their dynamics and intensity in time and space
will facilitate the transition to a sustainable model with low dependence on external inputs.

This research evaluates the changes that occurred in the soil physical and chemical proper-
ties in the long-term improved natural agroforestry system (INAS) and the improved tradi-
tional agroforestry system (ITAS) planted with 11 cacao genotypes in the Peruvian Amazon.

Methods

Location and installation of the experiment
This study was conducted in the Experimental Farm “El Choclino” of property of the Instituto
de Cultivos Tropicales (ICT); its administration provided all necessaries facilities and permits
to conduct this long term study. The ICT is located in the Department of San Martin, Province
of San Martin, and District of La Banda de Shilcayo. (Fig 1). Geographically, the experimental
site is located at 6° 28' 37.3” S 76° 19' 54.6”W, at an altitude between 500 and 530 m.a.s.l. In
accordance with the Peruvian ecological map, the study site is located within the living area of
Pre-Mountain Tropical Dry Forest (BSPmT) [25]. The terrain is steep in some areas with
slopes greater than 50%, but mostly dominated by slopes of less than 50%. The primary vegeta-
tion was SF native to the region of approximately 30 years old, where there were forest species

Fig 1. Map Showing the Location of Cacao Agroforestry Management Field Study (INAS, ITAS).

doi:10.1371/journal.pone.0132147.g001
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(58%), palm (3%), and lianas and herbaceous (39%) [Personnel information]. In the experi-
mental area, the average annual rainfall is around 1250 mm with an average temperature of
26°C and an average relative humidity of 87%. The predominant soil under the experiment is
Order: Alfisol [26], the surface (0–20 cm) texture is clay loam, pH of 5.65, with a soil organic
matter (SOM) of 3.55%. Details of SF soil properties at various depths are given in Table 1.

In 2004 land preparation commenced to install two long term cacao management treat-
ments: Improved Native Agroforestry System (INAS) and an Improved Traditional Agrofor-
estry System (ITAS) and is expected to run for a period of 25 years. In the INAS cacao
management system, cacao genotypes were established under thinned native forest, whereas in
the ITAS cacao management system cacao genotypes were established on land cleared by the
slash and burn method. In INAS, weeds and shrubs were removed manually and the native
tree density was selectively reduced by cutting un-economical trees to achieve approximately
50% shade. In ITAS trees, brush and other vegetation were removed by following the slash and
burn method of the local cacao farmers. In this system, all the weeds, shrubs and SF trees were
manually cut and allowed to dry then burnt on location (June, 2004). Yellow corn (Zea mays)
var. Marginal T-28 was planted at a spacing of 0.4 x 0.8 m (September, 2004) and at the same
time different varieties of banana (Musa sp) such as Inguiri, bellaco plantain and Isla banana

Table 1. Physical and Chemical Properties of Soil Under SF, Before the Initiation (2004) of Cacao
Agroforestry Management Systems (INAS, ITAS).

Soil properties Depth

Unit 0–20 cm 20–40 cm 40–60 cm

Physical Properties

Sand % 44 38.00 35.00

Clay % 29 38.00 45.00

Silt % 27 24.00 20.00

Texture Clay loam Clay loam Clay

Bulk density g cm-3 1.39 1.44 1.42

Porosity % 47.75 45.65 46.40

Field Capacity % 31.40 35.55 39.30

Wilting point % 18.05 23.20 27.00

Plant Av. Water % 13.35 12.35 12.30

Chemical Properties

pH (1:1) 5.65 5.35 4.85

EC dS m-1 0.43 0.38 0.44

SOM % 3.55 1.60 1.10

P Ext. μg g-1 6.50 4.10 3.30

K Ext. μg g-1 107.50 76.50 79.50

Fe Ext. μg g-1 123.05 224.15 70.00

Cu Ext. μg g-1 1.25 1.65 1.15

Zn Ext. μg g-1 1.80 2.10 1.40

Mn Ext. μg g-1 10.95 10.35 6.40

K Exch. cmol kg-1 0.21 0.17 0.16

Ca Exch. cmol kg-1 17.38 15.71 17.82

Mg Exch. cmol kg-1 1.94 1.26 1.03

Al+H Exch. cmol kg-1 0.30 1.30 2.50

CEC cmol kg-1 19.82 18.43 21.51

doi:10.1371/journal.pone.0132147.t001
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(Musa ensete) were planted at a spacing of 4 x 3 m to provide early shade to young cacao. In
March 2005, var. Huascaporoto bean (Phaseolus vulgaris) was seeded as a second annual crop.

In order to plant cacao root stocks in both the systems, pits of 0.3 x 0.3 x 0.3 m size were
dug at spacing of 2 m within plants by 3 m between rows, to achieve 1768 plants ha-1. At the
time of planting, 250 g of guano (seabirds manure) mixed with inorganic fertilizer 0.5 kg (14N-
12P-4K) was added to each pit. Four months old seedlings of cacao rootstock IMC- 67 (strong
and deep rooted, resistant to Ceratocystis fimbriata disease) were planted in April-May 2005.
Additional shade trees were planted in both systems during November 2005 composed of
native species of the area such as Shimbillo (Inga sp), Pashaco (Macrolobium acaciafolium),
Capirona (Calycophyllum spruceanum), Tornillo (Cedrelinga cateaniformes), and Paliperro
(Vitex pseudolia) at a spacing of 8 x 9 m to provide about 138 trees ha-1 of each species. In both
management systems, weeds were removed manually by machete. After planting the cacao
rootstock seedlings in both systems of management, areas of 60 m2 were delineated as a single
plot, to accommodate 10 plants of each genotype. Well-developed disease-free shoot cuttings
from selected cacao genotypes were side grafted onto six month old rootstocks (October-
November 2005), more detailed of activities is summarized in the Table 2, Fig 1 and Fig 2.

Table 2. Characteristics and Management Practices Adapted for Cacao Agroforestry Management Systems (INAS, ITAS) for 2004 to 2010 Period.

Practices System

Improved Native Agroforestry System INAS Improved Traditional Agroforestry System—ITAS

Primary
vegetation

Secondary forest (SF) native to the region of approximately 30 years
old, where there were forest species (58%), palm (3%), and lianas and
herbaceous (39%)

Secondary forest native to the region of approximately 30
years old, where there were forest species (58%), palm
(3%), and lianas and herbaceous (39%)

Management
System
Installation

Under thinned native forest. weeds and shrubs were removed manually
and the native tree density was selectively reduced by cutting un-
economical trees to achieve approximately 50% shade.

Trees, brush and other vegetation were removed by
following the slash and burn method of the local cacao
farmers. In this system, all the weeds, shrubs and SF trees
were manually cut and allowed to dry then burnt on location

Intercropping None, but when the shade was less than 50%, banana (Musa sp) was
planted to increase the shade in some areas

Yellow corn (Zea mays) var. Marginal T-28 was planted at a
spacing of 0.4 x 0.8 m (September, 2004) and at the same
time different varieties of banana (Musa sp) such as Inguiri,
bellaco plantain and Isla banana (Musa ensete) were
planted at a spacing of 4 x 3 m to provide early shade to
young cacao. In March 2005, var. Huascaporoto bean
(Phaseolus vulgaris) was seeded as a second annual crop

Additional
economical
shade trees

Shimbillo (Inga sp), Pashaco (Macrolobium acaciafolium), Capirona
(Calycophyllum spruceanum), Tornillo (Cedrelinga cateaniformes), and
Paliperro (Vitex pseudolia) at a spacing of 8 x 9 m to provide about 138
trees ha-1 of each specie

Shimbillo (Inga sp), Pashaco (Macrolobium acaciafolium),
Capirona (Calycophyllum spruceanum), Tornillo (Cedrelinga
cateaniformes), and Paliperro (Vitex pseudolia) at a spacing
of 8 x 9 m to provide about 138 trees ha-1 of each specie

Cacao root
stocks

IMC-67 IMC-67

Fertilization (at
planting)

250 g seabirds manure, mixed with inorganic fertilizer 0.5 kg (14N-12P-
4K) was added to each pit

250 g seabirds manure, mixed with inorganic fertilizer 0.5 kg
(14N-12P-4K) was added to each pit

Fertilization
(during grow)

Mineral fertilization 0.5 kg of 196 N -250P-220K (urea, DAP, PCl) per
plant at 2010

Mineral fertilization 0.5 141N-181P-109K (urea, DAP, PCl)
per plant at 2010

Weed control as
needed

Hand weeding as needed Hand weeding as needed

Diseases and
Insect control

IPM1 IPM1

General pruning One time per year (September to October) One time per year (September to October)

1IPM are referred to integrated pest management that consist in the optimization of cultural practices [15], such as removal of sick and diseases infested

parts of the tree, adequate pruning,and protection of pods with cooper fungicide in the period of pod development (four times per year between December

to March). DAP: Diammonium phosphate, PCl: Potassium chloride.

doi:10.1371/journal.pone.0132147.t002
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In each block there were 60 experimental plots to accommodate 60 accessions (59 improved
native and international genotypes and one non-grafted spontaneous native hybrid) and
each one of them was assigned to a plot. For both the systems of management a random
block design was adapted and experimental units (genotypes) were replicated in three blocks
(5,500 m2 each). In both the systems of management, 11 representative cacao accessions [three
international genotypes (ICS-95, UF-613, CCN-51), seven native genotypes [(ICT-1112, ICT-
1026, ICT-2162, ICT-2171, ICT-2142, H-35, U-30) and one spontaneous hybrid] were selected
in each block for detailed evaluation of changes in soil physical and chemical properties due to
different long term agroforestry cacao management systems (Table 3).

Soil sampling
Soil samples were collected from three depths (0–20 cm, 20–40 cm, 40–60 cm) during 2004
just prior to the installation of the cacao management studies and designated as soil samples
under secondary forest (SF) samples (Table 1). At the time of installations additional soil
samples were collected for each depth, from both the systems of cacao management and desig-
nated as 2004 initial soil samples. For ITAS system soil samples were collected two weeks after
burn of the native forest. In each cacao accessions plot, 10 soil samples were taken randomly
throughout the plot in zigzag type direction. Litter was removed before soil sampling. A stain-
less steel tube with 2 cm diameter and 80 cm in length was driven at each sampling site to the

Fig 2. Management practices adapted and sequence of crops adapted in cacao agroforestry systems.
SF (0) land under secondary forest before the implementation of cacao, 2004. E = soil sampling, spaces in
blank indicates maintenance of cacao.

doi:10.1371/journal.pone.0132147.g002

Table 3. Cacao Genotypes and Spontaneous Hybrid Selected for Evaluation of their Impact on Soil Physical and Chemical Properties under Long
Term Cacao Agroforestry Management Systems (ITAS, INAS).

Genotype Description Origin Characteristics *

ICS 95 Imperial College Selection Trinidad SC, FTRR,

UF 613 United Fruit Series Costa Rica SC,

CCN 51 Castro Naranjal Collection Ecuador SC, WbR, HP

ICT 1112 Tropical Crops Institute Juanjui–Peru SC

ICT 1026 Tropical Crops Institute Juanjui–Peru SC

ICT 2162 Tropical Crops Institute Tocache–Peru SC

ICT 2171 Tropical Crops Institute Tocache–Peru SC, WbR,

ICT 2142 Tropical Crops Institute Tocache–Peru SC, WbR

H 35 Huallaga Collection Huallaga- River Basin- Peru SC

U 30 Ucayali Collection Ucayali- River Basin-Peru SC

Spontaneous hybrid Hybrid (Control) Peru SI

*SC = Self-compatible, SI = Self-incompatible, WbR = Witches' Broom Resistant, HP = High productivity, FTRR = Frosty Pod Rot Resistant.

doi:10.1371/journal.pone.0132147.t003
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desired depth to obtain a soil sample and these were mixed thoroughly and a 1 kg of composite
sample was transported to the lab, air dried, ground and passed through a 2 mm sieve and
stored at room temperature. In both systems and in all the plots under the 11 cacao accessions
soil sampling from three desired depths, similar to initial sampling was repeated during 2006,
2008 and 2010.

Determination of soil physical and chemical properties
The initial analysis of the physical and chemical properties of soil samples was done at the soil
and plant analytical lab of the National Agrarian University of La Molina (UNALM, Universi-
dad Nacional Agraria La Molina, Lima and soil samples collected during the subsequent years
were analyzed at the laboratory of soil and water of the Tropical Crops Institute (ICT, Instituto
de Cultivos Tropicales), Tarapoto. Soil analyses in both of these labs followed similar protocols
recommended by Anderson and Ingram [27]. Soil texture was determined with Bouyoucos
densimeter after shaking the soil vigorously with NaOH (1 mol L−1) as a dispersant; bulk den-
sity (BD) was measured by the cylinder method and from the BD porosity was computed
[(1-BD/2.65) x 100] [27]. Soil water content at field capacity (FC), wilting point (WP) and
plant available water (PAW) were estimated based on texture and organic matter content
according to the model proposed by Saxton and Rawls [28]. The chemical properties deter-
mined were: pH (1:1 H2O) by the potentiometric method, electrical conductivity (EC) by con-
ductivity meter, extractable ions (Ext. P, K, Fe, Cu, Zn, Mn) by Olsen modified method [27],
exchangeable bases (Exch. K, Ca, Mg) for soils with pH� 5.5 by 1 M ammonium acetate and
for soils with pH> 5.5 by1 N KCl [24], exchangeable acidity (Exch. Al+H) by the Yuan
method [27], and soil organic matter (SOM) by the Walkley and Black method [27]. Ca, Mg,
K, Fe, Cu, Mn, and Zn in the extractants were determined by atomic absorption spectropho-
tometry, P in the extractant by use of the ascorbic-Molybdate color development method and
detected by colorimetry [27]. CEC (Cation Exchange Capacity) was calculated as the sum of
exchangeable bases (Exch, K, Ca, Mg) plus exchangeable Al+H [27].

Statistical Analysis
All statistical analysis was carried out using InfoStat, 2013 version [29]. Data of physical and
chemical soil properties were analyzed separately by depth (0-20cm, 20-40cm, 40-60cm) with
linear mixed effect models with repeated measures using the function “lme” from the package
“nlme” [30, 31, 32] of the statistical software R version 3.1.1 [33]. We used a model with System
(S): INAS, ITAS, Year (Y):2004, 2006, 2008 and 2010 and the interaction of S x Y as a fixed
effects and Block (n = 3) and Genopytes (G) as random intercepts. In the model of repeated
measures, the experimental units are considering a random factor and the time (Y) as fixed
effect [31, 32]. The fixed effect Year was included in the model to account for repeated mea-
sures on the same System for 2004, 2006, 2008 and 2010, mean comparisons were made by
DGC (alpha test = 0.05) [31]. This effect indicates how the dynamic of physical and chemical
soil properties is across time frame of the study (Figs 3, 4, 5 and 6). For the effect of Genotype,
we used also the linear mixed effect models, the model was System (n = 2), Genotype (n = 11)
and the interaction S x G as a fixed effects, the Blocks (n = 3) as random intercepts the analysis
was performed at the end of the experiment (2010) and at 0-20cm depth and compared with
the SF and the time of study installation. Mean comparisons were made by DGC (alpha
test = 0.05) [31]
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Results and Discussion

Effects of INAS and ITAS cacao management on soil physical properties
The soil physical properties examined in INAS and ITAS over the six year period (2004 to
2010) were: soil bulk density (BD), porosity (Po), wilting point (WP), field capacity (FC) and
plant available water (PAW). The average values for these properties is showed in S1 Table and
values with statistical significance are shown in Table 4. Values for these physical properties for
SF are given in Table 1. Over all changes in physical properties at varying soil depths of two
management systems at different time frames and values for natural forest irrespective of geno-
types are give in Fig 3.

During the years of assessment, overall, the cacao management systems significantly influ-
enced soil physical properties such as BD and porosity at all soil depths; FC and WP at depths
of 0-20cm and 20-40cm; and PAW at soil depth of 20-40cm and 40-60cm, as compared with
the soil physical properties of the SF (Table 4).

Bulk density (BD). The BD values at the start of experiment in the SF top layer were
lower than deeper layers (1.39 g cm-3, 1.42 g cm-3 respectively) (Table 1).Overall the BD in
ITAS was significantly higher than INAS during the years and soil depths assessed (Fig 3). The
BD values were inversely related to soil porosity as high BD resulted in lower total soil porosity

Fig 3. Changes in soil physical properties. Under long term agroforestry management systems (INAS,
ITAS) as compared to soil properties of SF at different depths (0–20, 20–40, 40–60 cm) during 2004 to 2010
experimental period.

doi:10.1371/journal.pone.0132147.g003
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[34]. The lower BD under INAS can have a positive effect on the development of roots, espe-
cially in tree plantations because when soil bulk density increases, soil strength increases and
soil aeration decreases, leading to adverse effects on root growth [35]. The variation in BD is
evident in the surface soil layer, while in the deeper soil layers, it tends to be the same in both
systems. BD on an average were less in surface soil layers and increased with increasing soil
depth, these results are similar to the report by Perrin et al [36] in a study of conversion of for-
est to agriculture in Amazonia with the chop-and-mulch method. Production systems that
conserve soil, such as INAS, continuously introduce fresh organic matter, which was essential
to maintaining a good soil structure [37]. Variations in the soil physical properties observed in
these two systems of management are attributable to a low soil disturbance in INAS coupled
with mulching effects of frequent additions of organic matter through litter fall. Vegetative tree
cover in INAS reduced soil degradation by reducing the impact of rain drops and abrupt
changes in the relative humidity. Fresh organic matter frequently added is an ideal substrate
for microbial activity, which acts as an agent for improving the stability of the aggregates and
promotes better pore distribution and because decomposing organic matter components are
less dense than the mineral components that leads to lowering of surface soil BD [37, 38].

Moreover, accumulation of plant litter produced by the various trees and cacao allows
greater infiltration of rainwater thereby preventing the quick loss of soil moisture and increas-
ing the soil water holding capacity. This shows that soil physical properties are altered by the

Fig 4. Changes in soil chemical properties. Under long term agroforestry management systems (INAS, ITAS) as compared to soil properties of SF at
different depths (0–20, 20–40, 40–60 cm) during 2004 to 2010 experimental period.

doi:10.1371/journal.pone.0132147.g004

Fig 5. Changes in soil chemical properties. Under long term agroforestry management systems (INAS,
ITAS) as compared to soil properties of SF at different depths (0–20, 20–40, 40–60 cm) during 2004 to 2010
experimental period.

doi:10.1371/journal.pone.0132147.g005
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types of crops and management practices employed [12, 39]. Reduction in BD is an indication
of less compaction and higher porosity; similar changes have been reported by Amusan et al,
[40] who found significant differences between bulk density values for different land uses, in
cacao plantation (1.32 g cm-3) as compared to SF (1.49 g cm-3).

Porosity. Unlike BD, the porosity was higher in the INAS system and significantly differ-
ent from ITAS in different years and soil depths assessed (Table 4). The highest porosity values
were recorded at 2010 in INAS and in 2008 for ITAS. (Fig 3). The soil physical soil properties
can be altered over time by the management practices and nature of vegetative cover. These
findings support earlier work by Amusan et al, [40], who reported inverse relationships
between BD and porosity of soils under different cropping systems. Cultural methods used in
establishment of INAS and ITAS such as digging of good sized pits for root stock planting, and
refilling the pits with organic and inorganic fertilizers contributed to improved soil structure.
Increased development of roots of cacao and tree crops and frequent litter fall kept the soil in
INAS system constantly protected thereby resulting in improved soil physical properties.

Field capacity (FC), wilting point (WP) and plant available water (PAW). The cacao
management systems during the years of assessment significantly affected the FC and WP in

Fig 6. Changes in soil chemical properties. Under long term agroforestry management systems (INAS,
ITAS) as compared to soil properties of SF at different depths (0–20, 20–40, 40–60 cm) during 2004 to 2010
experimental period.

doi:10.1371/journal.pone.0132147.g006
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the top 0–40 cm depth (Table 4). The values of FC and WP were higher in INAS than in ITAS
and, overall in both systems, have the tendency to increase with management time (Fig 3).
These soil properties were linked to the soil moisture content as well as the clay content of the
soil, so that a higher content of organic matter and clay will increase the field capacity. The
wilting point refers to the moisture content of soil where the absorptive capacity of the root is
less than the demand of the plant [41]. A greater amount of organic matter reduces the wilting
point, while the predominance of clay content increases it. The difference between these two
soil parameters gives an indication of PAW, which is obtained from the equation PAW = (FC
—WP) [38]. In the early years, PAW was higher in the surface layer in INAS than in ITAS. In
both systems of cacao management PAW tended to decline with years, even though the change
in SOM was minimal (Fig 4).

Effects of cacao genotypes on soil physical properties
Even though the management systems had significant (P�0.05) effects on the surface layer
(0–20 cm) soil physical properties (BD, Porosity, FC, WP, PAW), but genotypes had no signifi-
cant effects on soil physical properties (Table 5). Soil physical properties however tended to be
influenced by cacao genotypes. Overall in both systems the soils BD were lower than the values
at the start of the study. Soil BD values in ITAS were higher than in INAS under all cacao
genotypes (Table 5, Fig 3), and the soil BD in ITAS ranged from 1.31 g cm-3 (ICS-95) to 1.38
g cm-3 (U-30 and Hybrid) whereas BD in INAS ranged from 1.21 g cm-3 (CCN-51) to 1.3
g cm-3 (ICS-95 and ICT-1026). Such variations may be due to characteristics of the genotypes
(root systems, litter fall) and the management practices as is the case of ITAS where soils are
compacted and led to higher soil BD [42]. Genotypes with larger root systems are known mod-
ify soil physical properties [43].

The best soil porosity was found under genotype CCN-51 in INAS and under genotype
ICS-95 in ITAS. This indicates that these genotypes are likely to have greater root systems;
thereby these genotypes might have improved soil porosity [43]. Irrespective of genotypes,
porosity, FC, and WP were higher in INAS than in ITAS, while PAW was slightly less in INAS
than in ITAS (Table 5).

Effects of INAS and ITAS cacao management systems on soil Chemical
properties
The chemical properties measured in INAS and ITAS systems of cacao management over a six
year period were: pH, electrical conductivity (EC), soil organic matter (SOM), extractable ions
(P, K, Fe, Cu, Zn, Mn), exchangeable cations (K, Ca, Mg, Al+H). Based on these values the cat-
ion exchange capacity (CEC) was computed. The average values for these properties is showed
in S1 Table and values with P values calculated from linear mixed effect models with repeated
measures for soil chemical properties for the two cacao management systems and over times at
three soil depths are presented in Tables 6 and 7. Values for these chemical properties for SF
are given in Table 1. Over all changes in chemical properties at varying soil depths of two man-
agement systems at different time frames (2004 to 2010) and values for natural forest are
shown in Figs 4, 5 and 6.

pH. The soil pH in INAS and ITAS were within the range of a medium to strongly acidic
reaction (Fig 4). Significant differences in pH were observed between the systems of manage-
ment, and between years of assessment (Table 6). In INAS, soil pH values increased slightly by
time and were higher in the surface than in the lower soil layers. Overall, pH values in INAS
were significantly higher than ITAS. The soil pH at the start of the INAS system was 5.65
(2004) and increased at the end of study (2010) to 5.86 at 0–20 cm, 5.73 at 20–40 cm, and
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5.70 at 40–60 cm. In ITAS, the soil pH increased significantly from the initial value of 5.65 to
6.30 after burn in all depths from this point at the end of study (2010) decreased significantly

Table 5. Soil Physical Properties: BD, Po, FC, WP, and PAW, for 2010 Influenced by Systems of Cacao Management and Cacao Genotypes at 0-
20cm Depth.

Year System Genotypes Soil chemical properties

BD Por FC WP PAW

2004*

INAS 1.35 49.10 34.70 20.80 13.90

ITAS 1.42 46.40 29.50 17.70 11.80

2010

INAS ICS-95 1.30 a** 51.07 b 42.97 a 33.03 a 9.93 b

UF-613 1.25 b 52.70 a 43.73 a 33.80 a 9.93 b

CCN-51 1.21 b 54.20 a 43.97 a 34.43 a 9.53 b

ICT-1112 1.27 b 52.10 a 42.53 a 31.47 a 11.07 a

ICT-1026 1.30 a 50.93 b 42.37 a 30.90 a 11.47 a

ICT-2162 1.27 b 52.07 a 42.73 a 31.63 a 11.10 a

ICT-2171 1.26 b 52.57 a 44.33 a 33.20 a 11.13 a

ICT-2142 1.25 b 52.70 a 44.30 a 34.03 a 10.27 b

H-35 1.23 b 53.70 a 44.03 a 33.90 a 10.13 b

U-30 1.27 b 52.20 a 43.63 a 33.03 a 10.60 b

Hybrid 1.27 b 52.20 a 43.17 a 32.33 a 10.83 b

ITAS ICS-95 1.31 a 50.43 b 39.97 a 28.47 b 11.50 a

UF-613 1.32 a 50.07 b 40.83 a 29.27 b 11.57 a

CCN-51 1.34 a 49.57 b 37.97 b 27.57 b 10.40 b

ICT-1112 1.36 a 48.53 b 37.97 b 26.07 b 11.90 a

ICT-1026 1.37 a 48.33 b 38.20 b 26.20 b 12.00 a

ICT-2162 1.32 a 50.30 b 41.00 a 29.20 b 11.80 a

ICT-2171 1.35 a 49.20 b 36.93 b 27.00 b 9.93 b

ICT-2142 1.34 a 49.53 b 37.13 b 26.80 b 10.33 b

H-35 1.34 a 49.30 b 40.30 a 28.93 b 11.37 a

U-30 1.38 a 48.07 b 36.03 b 24.47 b 11.57 a

Hybrid 1.38 a 47.93 b 36.57 b 25.27 b 11.30 a

Average (INAS) 1.26 B*** 52.40 A 43.43 A 32.89 A 10.55 B

Average (ITAS) 1.35 A 49.21 B 38.45 B 27.20 B 11.24 A

ANOVAs of linear mixed effect
model

Source of variability Df P value

System (S) 1 <0.0001 <0.0001 0.0002 <0.0001 0.0074

Genotype (G) 10 0.9371 0.9402 0.9953 0.9725 0.1161

S x G 10 0.9745 0.9749 0.9851 0.9970 0.5351

* At the time of install of INAS and ITAS. INAS: improved natural agroforestry system, ITAS: improved traditional agroforestry system. BD: bulk density (g

cm-3), Po: Porosity (%), FC: field capacity (%), WP: wilting point (%), PAW: plant available water (%).

**Different lower case letters on the right of each value in column indicate significant difference between Genotypes in 2010 at 0-20cm depth, (DGC test,

P, 0.05).

***Different capital letters on the right of each average value for each variable in column indicate significant difference between systems (DGC test, P,

0.05). P value and degree of freedom (Df) of fixed effect in linear mixed effect models analysis: System (S) (n = 2), Genotype (G) (n = 11) and S x G
(n = 22), random factor in the model: Block (n = 3).

doi:10.1371/journal.pone.0132147.t005
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to 5.48 at 0–20 cm, 5.30 at 20–40 cm and 5.13 at 40-60cm (Table 6 and Fig 4). It is generally
expected that pH will increase after a burn [44, 45, 46], due to OH-losses, oxide formation, and
release of alkaline cations by the ashes [47]. The pH increase measured immediately after burn
is in concurrence with data reported by Granged et al. [45, 46], who found that pH increased
significantly in soils containing 3.1% organic matter and 41.9% sand before exposure to tem-
peratures of 200–500°C. In the present study the pH values obtained two weeks after burn for
ITAS were increased to 6.30, 5.80, and 5.73 (Table 6, Fig 4) for each depth respectively. Our
findings of increased soil pH after burn of surface vegetation agreed with the earlier findings of
Ekinci [48], who observed that pH changes persisted only for 2 weeks after burn in non calcare-
ous soils.

The differences in soil pH between INAS and ITAS may be related to differences in the
dynamics of the soil organic matter [49]. Previously it has been reported that changes in soil
pH over time depends on soil properties, vegetative cover, deposition of acidifying materials
and weather conditions [50, 51, 52, 53]. Soil pH has a great influence on the solubility of miner-
als and nutrient availability. It is also a useful indicator of other parameters such as the avail-
ability of exchangeable cations (Ca, Mg, K) [54] and micronutrients [55]. Agroforestry systems
adapted in the study have greater buffering capacity and that leads to increases in soil pH, and
by having perennial vegetative cover with abundant foliage, which provides a permanent soil
cover and abundant yearly addition of leaf litter that protects the soil from erosion and mini-
mizes the nutrient loss by surface run-off and leaching. Woody plants with a dense and deep
root system are an efficient mechanism for capturing nutrients and offsetting the losses by
leaching [56, 57].

Electric Conductivity (EC). Management systems and year of assessments and soil depths
had significant effects on soil electrical conductivity (EC) (Table 6). All values of EC were low
in both systems of management (<1 dS m-1) as compared to SF (Table 1) and given the high
soil moisture content during rainy periods it is expected that such low EC will not be a problem
because the EC values even though low but they are at adequate range [26]. In both the systems
of management EC decreased considerably with years at all three soil depths from 2004 to
2010. Mean EC in ITAS increased 16.3% and 2.6% after the burn at 0–20 cm and 20–40 cm
depths respectively compared to the installation data (Table 1, Table 6), and then decreased by
the end of the experiment until EC was 72.1% and 78.9% less for 0-20cm and 20–40 cm depths
respectively (Table 6, Fig 4). Similar changes have been observed after natural wildfires by Par-
dini et al. [58] and by Badía and Martí [59] and in soils after exposure to fire in experimental
conditions by Granged et al. [46]. The increase of EC after a burn is a consequence of the solu-
ble inorganic ions that are released during the combustion of soil organic matter, also ashes
originated during combustion by organic matter help to release soluble salts that contribute to
an increase in pH, EC and CEC [46], Increased EC also occurs after a burn because the exposed
soil (without vegetation cover) increases ascending capillary movement from the deeper layers
of the profile to the soil surface where the water evaporates and the salts precipitate and gradu-
ally accumulate [60]. In both management systems EC decreased at 40-60cm depth each year
(Fig 4), possibly because less SOM and ions are retained in the soil solution. On the other
hand, in INAS, EC increased 27.9% from 2004 to 2006 and decreased 51.2% at 2010 for 0-
20cm depth; at 20–40 cm the EC was nearly the same in 2004 and 2006, and then decreased
63.2% at 2010 (Fig 4). This is probably due to the development of the SF which tends to resem-
ble an ecological or organic agroecosystem [23].

Soil Organic Matter (SOM). The system of management had significant effects on SOM
at the deeper soil depths with a few exceptions in the soil surface layer in the early years of
assessments (Table 6). In both systems of management, the SOM showed medium levels in the
0–20 cm depth and reduced even further with increasing depths. The values of SOM for both
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INAS and ITAS were over 3.0% and less than 4.5% in the surface layer which is optimal for the
good development of cacao ([61], Fig 4). In the installation of ITAS the SOM slightly decrease
after the burn at 0-20cm depth, while at 20-40cm and 40-60cm depth increased (Table 6),
many works support the results at 0-20cm where SOM decreased after combustion in the very
short-term [47, 48]. In contrast, others have reported no significant differences in the long-
term between burned and unburned soils [62, 63], which supports our results. The increased
SOM contents may be due to different causes, such as incorporation of charcoal and hydropho-
bic organic matter and invasion of N-fixing vegetation [46, 64], increases in black carbon [65],
or even via roots [66]. Overall, ITAS recorded higher SOM than INAS. This is probably reflec-
tion of higher rates of decomposition/mineralization of vegetative material in the ITAS system
where residues of native vegetation were burnt in situ at the start of this system and vegetative
cover was more sparse in the early years of establishment that resulted in higher soil tempera-
tures due to greater penetration of solar radiation and higher microbial activities and minerali-
zation of SOM and lower immobilization, combined with other improved chemical, physical
and environmental factors, which are important in the stability of organic matter, and avail-
ability of nutrients for the plant [67, 68]. At all soil depths, SOM found at the establishment of
the experiment was lower than those observed after installation of INAS and ITAS systems. In
both systems of management, the surface soil layer recorded the highest amount of SOM
because SOM in soil surface includes litter fall, residues, animals and microorganisms at vari-
ous stages of decomposition [54]. The organic matter positively influences nearly all important
properties that contribute to the quality of soil [69]. Thus, it is crucial to understand and
emphasize the key importance of crops and soil management to maintain and increase the
organic matter content of the soil in order to develop good soil quality [70].

Extractable P. Extractable P content was significantly affected by system of management
and years of assessment at all soil depths (Table 6). In ITAS, the Ext. P after burn increased
in all depths (Fig 4), then decreased significantly until 2008 and then the tendency was to
recover the initial values. In the first 20 cm of soil depth, both systems of management started
in 2004 with similar Ext. P (6.5 μg g-1). After burn, Ext. P increased to 10.5 μg g-1 in ITAS, then
declined until 2008 for both systems (1.73 μg g-1 and 3.69 μg g-1 for INAS and ITAS, respec-
tively) and recovers in 2010 (2.58 μg g-1 and 4.76 μg g-1 for INAS and ITAS, respectively)
(Table 6). The significant increase of Ext. P in ITAS after the burn may be a result of the strong
mineralizing effect of fire on organic P [71]. Higher values of Ext. P found in ITAS could be the
result of slash and burn in situ of SF trees. Ash deposits after burning of biomass help to fertil-
ize the soil by rapidly releasing mineral nutrients such as Ext. Ca, Mg, P and K for crop use [68,
72, 73, 74, 75]. These favorable changes in the extractable soil nutrients due to conversion of
forest system through slash and burn methods is known to persist for at least six years [74]. In
addition, fluctuations in soil Ext. P may be caused by characteristics of the soil where there is
greater P fixation or organic compounds formed. The decomposition process can increase the
availability of P in acid soils by blocking the P adsorption sites on soil mineral matter and alu-
minum complexes. In ITAS and INAS the available P decreased with increasing soil depth (Fig
4). These results confirm the observation made by He et al. [42] andWang et al. [76] that in
no-till systems P levels at the 0–10 cm depth are greater than in the deeper layers; on the other
hand, those results were in contrast with what was found by Amusan et al. [40], who reported
the best values in a system of cacao versus SF.

Extractable K. The levels of Ext. K were low in both management systems at all soil depths
and years of assessment (Table 6, Fig 4). Ext. K in all the soil depths and over time frame was
significantly higher in 2004 in both management systems than at the end of the experiment. In
both management systems, the year of management had a significant effect on soil Ext. K
(Table 6). In ITAS, Ext. K increased among 20 to 60cm depth due to burning of vegetative
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matter (Fig 4), similar to the Ext. P and for the same reasons [68, 72, 73, 74, 75]. The Ext. K
then decreased considerably by 2006 and the values were maintained with low variation until
the end of the experiment. The level of Ext. K in both systems of management and at all soil
depths declined with the increase in years of assessment. Such a decline in soil Ext. K could be
explained to the fact that the amount of K absorbed by plants is higher than the K present and
replenished in the soil by slow transfer of K from primary minerals to soil exchange complexes,
the soil solution and K released from mineralization of SOM [67]. In addition, Ext. K is a fairly
mobile ion which is easily lost through runoff and leaching from soil. Potassium is also retained
in litter accumulated on the soil surface and is released slowly as organic matter decomposes
[67]. A high content of polyphenols and lignins also slows the decomposition process [77].

Extractable micronutrients Fe, Cu, Zn and Mn. The cacao management system had a
significant influence on extractable Fe in all depths, on extractable Cu at 20–40 cm depth
(Table 6) and extractable Zn until 40cm depth (Table 7). The years of assessment influenced
significantly the extractable Fe, Cu (Table 6), Zn and Mn (Table 7) in all depths. Overall, ITAS
recorded increased values for extractable Fe and Cu at all depths after burn (Fig 5). Many stud-
ies report the increase of micronutrients after a burn [71, 78, 79], Differences are probably due
to variations in fire intensity, precipitation regime, vegetation type and soil type. Two years
after the burn the available Fe declined considerably in all depths coincident with the result
usually reported in burned soils [71]. The decrease of extractable Fe might be associated with
Fe losses from the eroding sediments [71]. In INAS the levels of extractable Fe and Zn have the
overall tendency to decrease with time. Extractable Mn increased after two years then returned
to the starting level. The extractable Cu had a higher level of variability; this variation may be
possibly influenced by the soil pH [80]. The extractable Mn in all depths showed a significant
increase after the installation registering values similar in ITAS and INAS at 0–20 cm in 2006,
while the values at 20–40 cm and 40-60cm in ITAS were higher than INAS (Table 7), this
dynamic of Mn is supported by Gómez-Rey et al. [71], who found similar results after burning.

Exchangeable Ca, Mg, K. Soil exchangeable Ca was significantly affected by the systems
of cacao management at all depths (Table 7). Exchangeable Mg only was influenced by the sys-
tems of management at 0-20cm depth and 40-60cm depth, while the exchangeable K and
exchangeable (Al+H) was influenced by the systems of management at all depths. The soil
exchangeable K, Ca and Mg were affected significantly by the years of experiment (Table 7). In
ITAS after the burn exchangeable Mg increased significantly while Ca and K decreased slightly
but not significantly, however, exchangeable (Al+H) decreased significantly (Fig 6). An
increase of the concentration of available basic cations after the burn was reported by Alegre
et al. [81] in the same region as the experiment. Another reason may be due to the accumula-
tion of ashes rich in oxides and carbonates of basic ions [47, 71, 82]. In both systems, the high-
est concentrations of exchangeable K and Mg were observed in the surface soil layers (Table 7).
This is a reflection of the high SOM presence in surface soil layer. Mineralization and immobi-
lization of soil SOM in the surface soil has high amounts of extractable and exchangeable of N,
P, K and micronutrients. Soil Organic Matter combined with other soil chemical, physical and
environmental factors, which are important in the stability SOM, provides higher availability
of nutrients to plant [67].

Exchangeable Al+H
Soils under the SF system were medium to strongly acidic in reaction (Table 1). In this regard,
at all the years of assessment in both systems, there were attributably higher concentrations of
exchangeable Al+H in the soil at the pH range between 5.25 and 5.86. At deeper soil depths,
the systems of management significantly affected the exchangeable Al+H with ITAS being
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higher than INAS and the concentrations increased with increasing soil depths (Table 7). The
soil under management conditions in accordance with the balance of the ecosystem has better
features than one under conventional management [83]. A study carried out by Theodoro et al.
[83] found that soils with high organic matter had higher pH and higher availability of Ca, Mg,
K, P and Zn and a drop in exchangeable aluminum.

Cationic exchange capacity (CEC). Cationic exchange capacity (CEC) is a measure of the
capacity of the soil to adsorb and release cations [55]. It is also a good indicator of mineral soil
fertility, which depends on the texture of soil and on the amount of SOM [84]. Significant dif-
ferences in soil CEC were attributed to the management systems, years of management at all
soil depths (Table 7). CEC values were significantly higher in INAS than in ITAS (Fig 6). This
situation agrees with that reported by Sharma et al. [21] who found higher values in an agrofor-
estry system compared to an agri-horticultural system, pastoral system and arable land. In
both systems of management at all the soil depths, CEC increased with increasing years. Such
increases in CEC could be attributed to the greater accumulation of organic matter in cacao
production systems with time that promoted greater biodegradation and mineralization of sur-
face biomass. Generally, the greatest accumulation of organic matter in soil leads to changes in
the dynamics of macro and microelements, decreases soil acidity, maintains the predominance
of cationic exchange capacity and improves microbial activity [74].

Effects of cacao genotypes on soil chemical properties
Mean values for soil chemical properties at 0–20 cm depths under various cacao genotypes in
two cacao management systems are presented in Tables 8 and 9. In both the systems of man-
agement, cacao genotypes had limited effects on soil chemical properties). However in each
system of management cacao genotypes did induce slight changes in soil chemical properties.
The System x Genotype interaction had no significant effects on the measured chemical proper-
ties. With exception of SOM, Ext. K and Ext. Fe, the other soil chemical properties have signifi-
cant differences among Systems but any variable measured not have significance among
genotypes.

pH. In INAS, the overall surface soil pH among the evaluated cacao genotypes increased
slightly in INAS 4.6% in average from the initial soil pH in 2004 (Table 8), with the exception
of genotypes CCN-51 and ICT-2162 where the soil pH decreased 5.4% and 0.5% respectively.
The values of soil pH under the cacao genotypes in INAS were in the range of 5.30 to 6.22. On
the other hand, in ITAS the soil pH under the cacao genotypes decreased on average 13.0%
from the initial soil pH determined in 2004. Management has great effect on soil pH than geno-
types (Table 6 and Fig 4). Eventhough burn of vegetation is known to increase soil pH but burn
effect persist for only for two weeks [48] and difference in soil pH among the two systems of
management may be related to nature of organic matter. The increase in soil pH values under
cacao trees under INAS are coincident with the report of Barreto et al. [85], where they found
high values of soil pH under a cacao crop than a forestry system.

EC. The measured soil EC under cacao genotypes followed similar trend as that of soil pH.
Overall soil EC under the cacao genotypes were higher in INAS in comparison with ITAS and
EC under both the systems were lower than soil EC (Tables 1 and 8)

SOM. In INAS, ICT-2162 and the hybrid recorded the highest SOM; whereas in ITAS,
UF-613 and ICT-2171 recorded the highest SOM (Table 8). Tree species are also known to
show differences in SOM [86]. Another reason that the SOM in ITAS was higher than INAS is
because the cacao trees apparently have more aerial biomass. There was more competition
between cacao and native trees in INAS compared to the cacao trees that grew in ITAS without

Soil Physico-Chemical Properties in Agroforestry Systems of Cacao

PLOS ONE | DOI:10.1371/journal.pone.0132147 July 16, 2015 20 / 29



any competition with trees during the first years of the plantation, where all trees of the native
forest were eliminated with the slash and burn method.

Table 8. Soil Chemical Properties: pH, EC, SOM, Ext. P, Ext. K, Ext. Fe and Ext. Cu, for 2010 Influenced by Systems of Cacao Management and
Cacao Genotypes at 0-20cmDepth.

Year System Genotypes Soil chemical properties

pH EC SOM Ext. P Ext. K Ext. Fe Ext. Cu

2004*

INAS 5.60 0.58 3.90 6.50 130.00 69.50 1.30

ITAS 6.30 0.50 3.50 10.50 106.00 182.00 2.60

2010

INAS ICS-95 5.82 b** 0.16 b 3.00 a 2.57 b 43.67 b 33.03 b 2.27 a

UF-613 6.11 a 0.24 a 3.51 a 2.31 b 59.67 b 23.13 b 1.83 a

CCN-51 5.30 b 0.11 b 2.28 b 2.63 b 47.67 b 55.37 b 2.30 a

ICT-1112 5.87 b 0.24 a 3.00 a 2.79 b 59.00 b 9.73 b 1.83 a

ICT-1026 6.22 a 0.23 a 3.48 a 4.10 a 32.67 b 5.10 b 1.50 b

ICT-2162 5.57 b 0.17 b 3.69 a 3.31 b 31.00 b 54.27 b 2.53 a

ICT-2171 6.22 a 0.26 a 3.63 a 2.72 b 70.67 a 54.83 b 2.43 a

ICT-2142 6.22 a 0.28 a 3.63 a 2.36 b 53.67 b 53.07 b 2.17 a

H-35 5.64 b 0.17 b 2.95 a 1.18 b 42.33 b 31.30 b 1.90 a

U-30 5.71 b 0.30 a 3.59 a 1.98 b 33.67 b 69.43 b 2.13 a

Hybrid 5.76 b 0.20 b 3.94 a 2.44 b 43.00 b 19.67 b 1.90 a

ITAS ICS-95 5.33 b 0.15 b 3.59 a 2.36 b 60.33 b 52.03 b 0.93 b

UF-613 5.36 b 0.11 b 3.74 a 2.66 b 54.00 b 39.87 b 0.90 b

CCN-51 5.56 b 0.10 b 3.03 a 6.92 a 43.33 b 46.60 b 0.97 b

ICT-1112 5.40 b 0.11 b 3.48 a 7.20 a 46.33 b 66.07 b 1.23 b

ICT-1026 5.48 b 0.10 b 3.45 a 5.05 a 46.00 b 34.13 b 1.00 b

ICT-2162 5.71 b 0.13 b 3.49 a 4.18 a 55.67 b 56.00 b 1.07 b

ICT-2171 5.66 b 0.12 b 3.65 a 5.11 a 55.00 b 27.10 b 1.00 b

ICT-2142 5.61 b 0.19 b 3.44 a 6.37 a 54.67 b 67.10 b 1.47 b

H-35 5.31 b 0.09 b 3.25 a 4.47 a 46.33 b 40.03 b 1.07 b

U-30 5.60 b 0.16 b 3.16 a 2.54 b 54.33 b 35.87 b 1.00 b

Hybrid 5.24 b 0.09 b 2.93 a 5.53 a 68.00a 96.73 a 1.37 b

Average (INAS) 5.86 A*** 0.21 A 3.34 A 2.58 B 47.00A 37.18 B 2.07 A

Average (INAS) 5.48 B 0.12 B 3.38 A 4.76 A 53.09 51.05 A 1.09B

ANOVAs of linear mixed effect model

Source of variability Df P value

System (S) 1 0.0175 0.0001 0.8237 0.0051 0.3991 0.1235 <0.0001

Genotype (G) 10 0.8994 0.2914 0.7778 0.7472 0.9539 0.6869 0.7524

S x G 10 0.9172 0.8653 0.894 0.8825 0.9448 0.2881 0.6472

* At the time of install of INAS and ITAS. INAS: improved natural agroforestry system, ITAS: improved traditional agroforestry system, pH (1:1), EC:

Electric conductivity (dS m-1), SOM: soil organic matter (%), Ext. = Extactable. P (μg g-1), K (μg g-1), Fe (μg g-1), Cu (μg g-1).

**Different lower case letters on the right of each value in column indicate significant difference between Genotypes in 2010 at 0-20cm depth, (DGC test,

P, 0.05).

*** Different capital letters on the right of each average value for each variable in column indicate significant difference between systems (DGC test, P,

0.05). P value and degree of freedom (Df) of fixed effect in linear mixed effect models analysis: System (S) (n = 2), Genotype (G) (n = 11) and S x G

(n = 22), random factor in the model: Block (n = 3).

doi:10.1371/journal.pone.0132147.t008
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Extractable P. Soils under cacao genotypes of ITAS recorded twice the levels of extractable
P than the soils under genotypes of the INAS system and extractable P in both the systems
were lower than observed for initial extractable P (Table 8). The highest extractable P was
found in the soil of genotypes ICT-1026 in INAS (4.1 μg g-1), and genotypes CCN-51 and ICT
1112 in ITAS (6.92 and 7.20 μg g-1 respectively). Phillips and Fahey [87] indicate that roots
induce higher extractable P, presumably the mycorrhizal fungi and other microbes associated
with roots release phosphatase enzymes which help to release organically bound P into plant
available P [87]. Positive effects phosphatase enzymes in increasing P mobility in rhizosphere
are well documented [87, 88]. In both management systems during the initial years of estab-
lishment, a high amount of extractable P was observed (Fig 4), however with increasing time
the extractable P in the surface soil layers declined. In the early years of tree establishment,
phosphatase enzymes probably played a major role in mobilization of a large part of the organ-
ically bound P in SOM [89]. With time SOM was reduced and tree uptake of P was increased
thereby reducing the amount of soil extractable P.

Extractable K. Over the years, the amount of extractable K declined under cacao geno-
types (Table 8). However the amount of soil extractable K under cacao genotypes varied. The
highest extractable K was found in the soil of genotypes ICT-2171 in INAS (70.67 μg g-1) and
hybrid in ITAS (68.00 μg g-1). These results are concordant with the results obtained by Alfaia
et al. [90] who found lower extractable K in an agroforestry system than in pasture or primary
upland forest.

Extractable Fe, Cu, Zn and Mn. In both management systems, the soil extractable Fe and
Zn under genotypes were the same statistically, however genotypes showed differential effects
on the amount of extractable soil Fe and Zn. In all the soils under genotypes in both systems,
we found less extractable Fe and Zn than the initial amounts in 2004 (Tables 8 and 9). The
highest amount of extractable Fe was found in the soil of genotypes U-30 in INAS (69.43 μg g-
1) and the hybrid in ITAS (96.73 μg g-1). The highest amount of extractable Cu was found in
the soil of genotypes ICT-2162 in INAS (2.53 μg g-1) and the ICT-2142 in ITAS (1.47 μg g-1),
the values of extractable Cu was significative mayor in INAS than the ITAS. For extractable Zn
(Table 9) the highest value was found in soils under genotype ICT-2162 (1.93 μg g-1) in INAS
and ICT-2142 (1.10 μg g-1) in ITAS. The highest values of extractable Mn (Table 9) was found
in the soils around of genotype ICT-2162 in INAS (43.83 μg g-1) and the hybrid in ITAS
(18.03 μg g-1). The amounts of soil extractable Cu and Mn under genotypes in INAS were twice
as much as observed under ITAS. This shows that in INAS management system there was
higher mobilization of these two micronutrients. In both systems soil extractable Mn varied
among genotypes.

Exchangeable cations. In both systems, the soil exchangeable K, Ca and Mg under cacao
genotypes were similar statistically (Table 9). The increase of exchangeable Ca in both systems
and decrease in some exchangeable Mg in ITAS under various genotypes is concordant with
the results obtained by Alfaia et al. [90] who compared soil fertility in three land uses: agrofor-
estry system, pasture and primary upland forest. With respect to soil exchangeable K, under
cacao genotypes in both systems of management the decreased value from the initial is concor-
dant with Barreto et al. [91], who found lower values of exchangeable K in cacao crops under
“Cabruca” system (similar to INAS) than the Atlantic bush (similar to the SF).

Exchangeable (Al+H). In both systems, soil under cacao genotypes, the exchangeable
(Al+H) were similar statistically (Table 9). In both systems, soil under various cacao genotypes
the average of exchangeable (Al+H) decreased with time as compared to the native forest
(Table 1). The reduction of exchangeable (Al+H) under cacao in INAS was reduced by 56.66%
and ITAS by 40.0%. The highest value of exchangeable (Al+H) in INAS was evident in the soil
under genotype CCN-51 (0.43 cmol kg-1) and in ITAS was in ICT-1112 (1.47 cmol kg-1). Such
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variation in exchange (Al+H) was contrary to the variation of pH. The increasing of exchange
(Al+H) is attributed to release of acid exudates in the rhizosphere by tree roots [83].

Table 9. Soil Chemical Properties: Ext Zn, Ext Mn, Exch K, Exch Ca, Exch Mg, Exch Al+H, and CEC, for 2010 Influenced by Systems of Cacao Man-
agement and Cacao Genotypes at 0-20cmDepth.

Year System Genotypes Soil chemical properties

Ext. Zn Ext. Mn Exch. K Exch. Ca Exch. Mg Exch. Al+H CEC

2004*

INAS 2.30 17.30 0.25 18.15 2.39 0.30 21.09

ITAS 1.73 5.23 0.20 16.20 2.50 0.00 18.90

2010

INAS ICS-95 1.03 b** 15.60 b 0.11 b 18.37 b 1.72 b 0.37 b 20.57 b

UF-613 0.78 b 19.87 b 0.18 a 26.67 b 2.37 b 0.00 b 29.22 b

CCN-51 0.70 b 27.73 b 0.12 b 17.55 b 2.07 b 0.43 b 20.17 b

ICT-1112 0.63 b 6.57 b 0.15 b 25.06 b 2.27 b 0.27 b 27.75 b

ICT-1026 0.67 b 9.00 b 0.08 b 24.15 b 2.10 b 0.00 b 26.34 b

ICT-2162 1.93 a 43.83 a 0.08 b 22.19 b 3.16 a 0.00 b 25.42 b

ICT-2171 1.40 b 24.23 b 0.18 a 32.30 a 2.18 b 0.00 b 34.66 a

ICT-2142 1.27 b 14.83 b 0.14 b 34.04 a 2.44 b 0.00 b 36.62 a

H-35 0.43 b 18.47 b 0.11 b 25.06 b 1.94 b 0.40 b 27.52 b

U-30 1.07 b 31.23 b 0.09 b 32.61 a 2.94 a 0.00 b 35.64 a

Hybrid 0.47 b 14.17 b 0.11 b 26.35 b 2.74 a 0.00 b 29.20 b

ITAS ICS-95 0.63 b 6.50 b 0.16 b 20.93 b 2.11 b 0.27 b 23.47 b

UF-613 0.53 b 10.03 b 0.14 b 22.98 b 2.02 b 0.00 b 25.14 b

CCN-51 0.40 b 15.17 b 0.11 b 15.12 b 1.54 b 0.00 b 16.77 b

ICT-1112 0.70 b 11.87 b 0.12 b 20.35 b 1.59 b 1.47 a 23.53 b

ICT-1026 0.53 b 8.63 b 0.12 b 26.47 b 1.67 b 0.00 b 28.26 b

ICT-2162 0.47 b 11.40 b 0.14 b 22.94 b 1.78 b 0.00 b 24.86 b

ICT-2171 0.60 b 10.20 b 0.14 b 25.46 b 2.12 b 0.00 b 27.71 b

ICT-2142 1.10 b 10.53 b 0.14 b 23.21 b 1.82 b 0.13 b 25.30 b

H-35 0.57 b 9.87 b 0.12 b 18.09 b 1.75 b 0.00 b 19.96 b

U-30 0.93 b 9.70 b 0.14 b 20.49 b 1.99 b 0.00 b 22.62 b

Hybrid 0.90 b 18.03 b 0.17 a 14.39 b 1.77 b 0.07 b 16.40 b

Average (INAS) 0.94 A*** 20.50 A 0.12 B 25.85 A 2.36 A 0.13 B 28.46 A

Average (ITAS) 0.67B 11.08 B 0.14 A 20.95 B 1.83 B 0.18 A 23.09 B

ANOVAs of linear mixed effect model

Source of variability Df P value

System (S) 1 0.0976 0.0021 0.4795 0.0382 0.0158 0.7816 0.0259

Genotype (G) 10 0.5619 0.2055 0.9229 0.4248 0.8978 0.4050 0.4384

S x G 10 0.5548 0.2476 0.8983 0.8752 0.8889 0.7119 0.8679

* At the time of install of INAS and ITAS. INAS: improved natural agroforestry system, ITAS: improved traditional agroforestry system,Ext. = Extactable.

Zn (μg g-1), Mn (μg g-1). Exch. = Exchangeable. K (cmol kg-1), Ca (cmol kg-1), and Mg (cmol kg-1) and Al+H (cmol kg-1). CEC: Cationic Exchange Capacity

(cmol kg-1).

**Different lower case letters on the right of each value in column indicate significant difference between Genotypes in 2010 at 0-20cm depth, (DGC test,

P, 0.05)

*** Different capital letters on the right of each average value among for each variable in column indicate significant difference between systems (DGC

test, P, 0.05). P value and degree of freedom (Df) of fixed effect in linear mixed effect models analysis: System (S) (n = 2), Genotype (G) (n = 11) and S x

G (n = 22), random factor in the model: Block (n = 3).

doi:10.1371/journal.pone.0132147.t009
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CEC. In both systems, cacao genotypes did not have significant effects on CEC, but overall
soils under genotypes in INAS recorded higher soil CEC than soils under genotypes of ITAS
(Table 9). The better CEC in INAS was registered in the soil under genotype ICT-2142 (36.62
cmol kg-1) and U-30 (35.64 cmol kg-1), while in ITAS was better in ICT-1026 (28.26 cmol kg-
1); these results are coincident with Barreto et al. [85], who found higher values of CEC in the
cacao crops under “Cabruca” system than the Atlantic bush.

Overall, genotypes had some effects on soil chemical properties. Variations in soil chemical
properties such as pH, organic-C and rate of N mineralization under different tree species have
been reported [91, 92]. Inter-specific differences in soil properties among cacao genotypes
might have been caused by exudation of organic acids, quality or quantity of litter deposited
and the rate of litter decomposition, and nutrients uptake or pumping of nutrients from deeper
soil to surface soil layers [92, 93]. The composition of tree species and environmental condition
inside of the tree systems also contributes to the differences in the soil properties [94]

Conclusions
The long term improved natural agroforestry system (INAS) and improved traditional agrofor-
estry systems (ITAS) of cacao genotypes management systems adapted have significant effects
on soil physical and chemical properties in Amazon region of Peru. Soil chemical and physical
properties in both systems of management appear to be approaching equilibrium with after 6
years of management. The dynamics of soil physical indicators have changed significantly in
both systems of management as compared to secondary natural forest (SF) and initial esti-
mates. Years of assessment and depth of soil have significant effects on physical indicators such
as bulk density, porosity, field capacity and wilting point, however cacao genotypes overall had
minimal effects on the soil physical properties. In both systems of management the SOM con-
tent at various soil depths increased with years, however increase of SOM, extractable P, K, and
Mg, and exchangeable. K and. Cu was very substantial at the surface soil layer (0-20cm). Over-
all INAS, had major effect in improving soil pH, CEC, Exch Mg and (Al+H) than ITAS. Longer
time is needed to fully understand the impact of natural or traditional agroforestry systems of
cacao management on soil properties. The agroforestry system of perennial crop management
can play an important role in improving soil fertility by storing large amount of organic carbon
in the soil thereby retaining substantial amount of nutrients. Future Research is needed to
explore the impact of long term agroforestry management of perennial crops on soil erosion,
biodiversity of trees, soil microbes, birds, animals and socio-economic services.
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