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Abstract Large amounts of plant litter deposited in

cacao agroforestry systems play a key role in nutrient

cycling. Organic matter, nitrogen and phosphorus

cycling and microbial biomass were investigated in

cacao agroforestry systems on Latosols and Cambisols

in Bahia, Brazil. The objective of this study was to

characterize the microbial C and N, mineralizable N

and organic P in two soil orders under three types of

cacao agroforestry systems and an adjacent natural

forest in Bahia, Brazil and also to evaluate the

relationship between P fractions, microbial biomass

and mineralized N with other soil attributes. Overall,

the average stocks of organic C, total N and total

organic P across all systems for 0–50 cm soil depth

were 89,072, 8,838 and 790 kg ha-1, respectively.

At this soil depth the average stock of labile organic P

was 55.5 kg ha-1. For 0–10 cm soil depth, there were

large amounts of microbial biomass C (mean of 286

kg ha-1), microbial biomass N (mean of 168 kg ha-1)

and mineralizable N (mean of 79 kg ha-1). Organic P

(total and labile) was negatively related to organic C,

reflecting that the dynamics of organic P in these cacao

agroforestry systems are not directly associated with

organic C dynamics in soils, in contrast to the dynamics

of N. Furthermore, the amounts of soil microbial

biomass, mineralizable N, and organic P could be

relevant for cacao nutrition, considering the low

amount of N and P exported in cacao seeds.

Keywords Cacao cabruca � Erythrina spp. �
Bowman extraction method � Labile P fraction

Introduction

In Brazil, cacao (Theobroma cacao) agroforestry

systems (AFS) are established mostly on highly

weathered, acidic and infertile soils. In southern Bahia

cacao AFS consists of two types of planting systems:

(1) planting of cacao under a thinned natural forest,

shaded by native original forest trees (cabruca); or (2)

the original forest trees are completely removed and

cacao shaded by introduced new shade trees and

leguminous Erythrina trees (Müller and Gama-Rodri-

gues 2007).
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The large amounts of plant litter deposited in cacao

AFS, estimated at 10 Mg ha-1 year-1 (Müller and

Gama-Rodrigues 2007), is believed to have an

important role in maintaining nutrient cycling and

microbial activity to sustain cacao production. Infor-

mation on the extent of nutrients stored and rate of

mineralization of these nutrients and microbial bio-

mass in soils of these cacao AFS is important for

understanding the nutrient cycling but such informa-

tion is rather scanty.

Soil micro-organisms are the driving force for

nutrient supply to plants in forestlands (Salamanca

et al. 2002) and in agroforestry (Kaur et al. 2000;

Sharma et al. 2004). Some studies have been con-

ducted to understand the link between soil microbial

biomass C and N with soil N mineralization in

agroforestry systems (Kaur et al. 2000; Amatya et al.

2002). Such studies in the cacao agroforestry systems

of Brazil are however scanty. Shaded cacao planta-

tions store large amounts of soil organic C and total N

(Hartemink 2005), for this reason the mineralization of

soil N is fairly intensive, and occurs almost throughout

the year (Santana and Cabala-Rosand 1982). Thus, the

role of soil microbial biomass as a source of N and the

potential for N mineralization in the top soil under

cacao agroforestry systems needs to be studied

extensively, with the goal of improving N fertilizer

recommendations.

Understanding of the cycling of soil organic P is

important in improving P fertilization management in

low-input tropical agricultural systems (Zaia et al.

2008a). Highly weathered tropical soils have low plant

available P and very high inorganic P adsorption

capacity (Barros et al. 2005). Therefore, maintenance

of organic sources of P in soil is essential to a steady

supply of mineralizable P to improve P availability in

highly weathered tropical soils. Organic matter

cycling and tolerance to low levels of soil P may

guarantee the sustainability of plant communities in

natural ecosystems (Cunha et al. 2007). In this context,

trees in agroforestry systems may help to maintain

organic P pools and, consequently, increase the

availability of P (Szott and Melendez 2001; Lehmann

et al. 2001). Few studies have focused on soil organic

P dynamics and its role in P cycling and P nutrition of

cacao AFS (Acquaye 1963; Zaia et al. 2008a). These

studies have been limited to the top 0–5 cm soil layer,

which is the main feeding zone of cacao fine root

system (Muñoz and Beer 2001).

The current study focuses on organic C, total N and

organic P distribution in the soil profile (0–50 cm

layer); C and N immobilization by soil microbial

biomass and N mineralization in the soil (0–10 cm

layer) and removal of N and P in harvested seeds. The

0–50 cm layer to study organic C, total N and organic

P is justified by the deep-rooted nature of cacao and

shade trees, and lignified coarse roots at the subsurface

soils (Gama-Rodrigues and Cadima 1991) that can

contribute substantially to belowground C, N and P

stocks in cacao AFS (Bornemisza and Igue 1967;

Gama-Rodrigues et al. 2010). Furthermore, we

selected a depth of 0–10 cm to characterize biological

attributes because the continual addition of plant

residues and the presence of root hairs and fine roots in

the soil surface that contributes to high microbial and

faunal activity (Kummerow et al. 1982; Moço et al.

2009).

The objective of this study was to characterize the

microbial C and N, mineralizable N and organic P in

two soil orders under three types of cacao agroforestry

systems and an adjacent natural forest in Bahia, Brazil

and also to evaluate the relationship between P

fractions, microbial biomass and mineralized N with

other soil attributes. This study could improve the

understanding of soil nutrient cycling and act as a

guide in the search for sustainable practices. In this

context, the information obtained could be used to

develop better fertilizer recommendation for cacao

AFS in Brazil because the traditional soil test methods

used to estimate fertilizer requirements ignore the

organic forms and biological attributes. Furthermore,

such methods based on soil sampling in the 0–20 cm

depth underestimate available nutrient for plant by a

‘‘dilution effect’’, as a consequence, the current

recommendations over apply fertilizers, particularly

for low-input production systems.

Materials and methods

This study was conducted on the Research Station of

MARS Center for Cocoa Science, Itajuı́pe, located in

the southern region of Bahia, Brazil (14� 00 S and 39�
20 W). The research farm is situated in a humid tropical

climate with a well-distributed annual mean rainfall of

1,500 mm. Three Reddish-Yellow Latosols (Oxisol)

and two Eutrophic Haplic Cambisols (Inceptisol)

under cacao agroforestry systems were selected, at
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each site a 1,000 m2 area was chosen at random for

soil sampling. An adjacent natural forest on Latosol

was chosen as reference. This forest is classified as

Dense Ombrophylle lowland Forest (Veloso et al.

1991), whose structural and physiognomic character-

istics are similar to the Amazon Rain Forest (Mori and

Silva 1980). No reference natural area on Cambisol

was found in the study region. A brief description of

the five study sites follows:

(a) A 30-year-old stand of a cacao ? erythrina

(Erythrina glauca) on a Latosol: erythrina was

planted in 24 9 24 m spacing with one tree in

the center of that space (quincunx system of

planting) such that the erythrina stand density

was 30 plants ha-1) and cacao was planted in

3 9 3 m spacing (1,111 plants ha-1). This site

was designated as Latosol CE-30.

(b) A 30-year-old stand of a cacao cabruca system

on a Latosol: cacao was planted in partially

cleared forestland where some large native trees

were retained (20 different species of trees) at an

average stand density of 70 trees ha-1 as shade

trees for cacao. In this system there were 550

cacao plants ha-1. This site was designated as

Latosol CC-30

(c) A 70-year-old stand of a cacao cabruca system on

a Latosol: the same description for the 30-year-

old stand of cacao cabruca system. This site was

designated as Latosol CC-70

(d) A 30-year-old stand of a cacao ? erythrina

(Erythrina glauca) on a Cambisol: the same

description as for the 30-year-old stand of

cacao ? erythrina on Latosol. This site was

designated as Cambisol CE-30

(e) A 15-year-old stand of cacao in a germplasm

collection area on a Cambisol: where plantations

of cacao clones resistant to witches’ broom

(Moniliophthora perniciosa) have been planted.

Erythrina and gliricidia (Gliricidia sepium) were

planted in 24 9 24 m spacing with one tree in

the center of that space (quincunx system of

planting) such that the shade tree stand density

was 30 plants ha-1 and cacao was planted in

double row 3 9 1.5 9 1.3 m spacing (2,508

plants ha-1). This site was designated as Camb-

isol CGC-15

These cacao agroforestry sites have not received

any P fertilization for more than 10 years.

Soil sampling

During March 2005, four composite soil samples were

collected at depths of 5–15, 15–30, and 30–50 cm, air-

dried, crushed, and passed through a 2-mm sieve prior

to determinations of physical and chemical attributes

and P analysis (Tables 1, 2, 3, 4, 5). In addition, four

composite soil samples were taken from 0–10 cm

depth for determination of microbial biomass and N

mineralization (Tables 6, 7, 8, 9).

Four composite soil samples were taken from

0–5 cm depth for determination of bulk density. The

other soil physical and chemical attributes and organic

P this depth were obtained from Zaia et al. (2008a) and

these values are included in this paper to supplement

the data that were determined for the 5–50 cm depth.

Soil attributes

Physical and chemical attributes of the soil samples were

determined according to EMBRAPA (1999). Briefly,

granulometry was performed by the pipette method after

pretreatment with 35 % H2O2 and 1.0 M HCl to remove

organic matter and carbonates; soil bulk density for each

depth interval was measured by the volumetric ring

method. For calculating the dry bulk density, the initial

weight of soil core from each layer was measured in the

laboratory after collection, and soil moisture was deter-

mined by oven-drying a 30-g subsample at 105 �C for

48 h. Rock volume was negligible; therefore, no adjust-

ment was made for that. The bulk density of each soil depth

interval was used to calculate the amount of soil organic C,

total N, organic P, microbial biomass and mineralizable N

stored per volume of soil (kg ha-1). Exchangeable Ca, Mg

and Al were extracted with 1 M KCl, K was extracted

with Mehlich-1 and concentrations of Ca2?, Mg2? and

Al3? in extract were determined by atomic absorption

spectrophotometer and K concentrations were determined

by flame emission spectrophotometer; pH was measured

with a glass electrode in a 1:2.5 water stirred suspension.

Organic C was determined by oxidation of a soil sample

with 0.4 M K2Cr2O7, and total Kjeldahl N were deter-

mined, according to Anderson and Ingram (1996).

Phosphorus analysis

Available P (Mehlich-1 P extraction) and total P (TP,

nitric-perchloric digestion) were determined, according

to Guerra et al. (1996). Total soil organic P (TPo) was
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determined by the modified Bowman extraction method

(Bowman 1989), as described by O’Halloran (1993).

Inorganic P (Pi) was determined after purification of

acid and alkaline extracts with activated charcoal

(Guerra et al. 1996). Inorganic, total, and organic P in

the acid and alkali extracts were determined and total

soil organic P was calculated as the sum of organic P in

the acid and alkali extracts:

Acid� Po ¼ Acid� PtðdigestÞ � Acid� PiðextractÞ

Base� Po ¼ Base� PtðdigestÞ � Base� PiðextractÞ

Total Po ¼ Acid� Poþ Base� Po

Labile soil organic P (LPo, fast mineralization) was

determined by the NaHCO3 procedure (Bowman and

Cole 1978). An activated charcoal method was used to

Table 1 Chemical attributes of soils under cacao agroforestry systems in Bahia, Brazil

Soil order Cover pH OCa TNb TPc Pd K Ca Mg Al

g kg-1 mg kg-1 mmol kg-1

Depth 0–5 cme

Latosol NF 3.8 41.1 3.9 585 4.3 69 14 11 19.2

Latosol CE-30 4.6 39.7 2.9 690 7.7 53 39 23 2.7

Latosol CC-30 4.9 40.2 3.3 715 6.7 45 48 35 0.8

Latosol CC-70 5.4 39.5 2.6 736 6.8 114 58 31 0.2

Cambisol CE-30 5.9 16.9 3.4 989 17.0 97 102 47 0.0

Cambisol CGC-15 6.0 29.2 2.1 1,289 73.3 87 124 65 0.0

Depth 5–15 cm

Latosol NF 3.9 36.3 2.4 468 1.3 43 6 4 22.3

Latosol CE-30 4.3 26.3 1.9 497 3.6 34 13 9 8.9

Latosol CC-30 4.6 24.0 1.9 536 2.6 28 15 13 3.9

Latosol CC-70 4.9 22.7 2.1 589 2.4 76 19 15 1.8

Cambisol CE-30 5.8 15.0 1.3 811 10.9 62 69 33 0.0

Cambisol CGC-15 6.1 13.4 1.3 1,096 32.2 38 98 58 0.0

Depth 15–30 cm

Latosol NF 3.9 23.9 2.3 407 0.8 29 4 3 19.1

Latosol CE-30 4.0 15.3 1.4 409 2.2 22 5 3 10.3

Latosol CC-30 4.2 16.1 1.5 453 1.0 19 6 5 7.3

Latosol CC-70 4.4 15.6 1.5 476 0.9 46 7 6 7.1

Cambisol CE-30 5.5 8.0 0.6 707 16.1 62 55 29 0.0

Cambisol CGC-15 5.9 9.2 1.1 884 21.5 27 87 66 0.1

Depth 30–50 cm

Latosol NF 4.0 15.2 1.3 360 0.2 13 2 2 14.0

Latosol CE-30 4.1 10.4 1.1 336 0.9 15 2 2 11.1

Latosol CC-30 4.2 10.0 1.3 383 0.4 7 3 3 7.7

Latosol CC-70 4.3 9.3 1.2 423 0.2 21 4 4 9.7

Cambisol CE-30 5.4 5.7 1.2 637 14.5 55 51 27 0.3

Cambisol CGC-15 5.1 5.2 1.0 796 17.2 22 95 87 5.8

NF natural forest, CE-30 cacao ? erythrina 30 years old, CC-30 cacao cabruca 30 years old, CC-70 cacao cabruca 70 years old,

CGC-15 cacao germplasm collection 15 years old
a Organic C
b Total N
c Total P (nitric-perchloric digestion)
d Available P (Mehlich-1)
e Values for 0–5 cm depth are from Zaia et al. (2008a)
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purify the extracts for determination of inorganic P.

Labile organic P was determined by the difference

between inorganic P and total P. The inorganic P

concentrations of all extractants and digests were

measured by the method of Murphy and Riley (1962).

Nitrogen mineralization potential

Technique of Stanford and Smith (1972), as described

by Campbel et al. (1993), and further modified by

Barreto et al. (2010) was used to determine the N

mineralization potentials. Briefly, air-dried 50 g soil

was mixed with washed sand (1:1 by weight soil and

sand). The soil–sand mixture was supported in the

leaching tubes (30 cm length 9 4 cm diameter).

Mineral N initially present was leached from the

system with 100 ml of 0.01 M CaCl2 in small

increments (20 ml at a time) followed by 25 ml (two

times) of the N-minus nutrient solution [0.0025 M

K2SO4, 0.002 M MgSO4 and 0.005 M Ca(H2PO4)2].

The excess solution was removed by evacuation

(60 cm Hg) and discarded. The samples were leached

repeatedly at intervals corresponding to week 1, 2, 3,

5, 7, 11, 15 and 19 according to Barreto et al. (2010).

Table 2 Physical attributes of soils under cacao agroforestry systems in Bahia, Brazil

Soil order Cover Clay Silt Sandy Soil texture Bulk density

g kg-1 kg dm-3

Depth 0–5 cma

Latosol NF 519 99 382 Clay 0.84

Latosol CE-30 440 129 431 Clay 1.05

Latosol CC-30 398 91 511 Sandy clay 1.10

Latosol CC-70 374 107 519 Sandy clay 1.04

Cambisol CE-30 235 345 420 Loam 1.12

Cambisol CGC-15 205 278 518 Sandy clay loam 1.42

Depth 5–15 cm

Latosol NF 538 124 338 Clay 0.89

Latosol CE-30 488 149 364 Clay 1.02

Latosol CC-30 446 122 433 Clay 1.12

Latosol CC-70 415 134 451 Sandy clay 1.12

Cambisol CE-30 223 376 400 Loam 1.27

Cambisol CGC-15 176 296 528 Sandy loam 1.44

Depth 15–30 cm

Latosol NF 560 150 290 Clay 0.94

Latosol CE-30 530 160 309 Clay 1.01

Latosol CC-30 476 132 392 Clay 1.12

Latosol CC-70 523 108 369 Clay 1.06

Cambisol CE-30 254 335 411 Loam 1.41

Cambisol CGC-15 198 283 519 Loam 1.58

Depth 30–50 cm

Latosol NF 678 84 238 Clay 0.98

Latosol CE-30 631 109 259 Clay 1.04

Latosol CC-30 586 72 342 Clay 1.16

Latosol CC-70 599 85 316 Clay 1.09

Cambisol CE-30 296 297 407 Clay loam 1.46

Cambisol CGC-15 298 259 443 Clay loam 1.28

NF natural forest, CE-30 cacao ? erythrina 30 years old, CC-30 cacao cabruca 30 years old, CC-70 cacao cabruca 70 years old,

CGC-15 cacao germplasm collection 15 years old
a Values of clay, silt and sand content for 0–5 cm depth are from Zaia et al. (2008a)
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Table 3 Amounts of inorganic P (Pi) and organic P (Po) of total and labile fractions extracted from soils under cacao agroforestry

systems in Bahia, Brazil

Soil order Cover Pi Po Pi ? Po

Total Labile Total Labile Total Labile

mg kg-1

Depth 0–5 cma

Latosol NF 213 f (82.6)b 3.8 d (18.2)c 44.8 e (17.4)b 17.1 b (81.8)c 258 e (44)d 20.9 c

Latosol CE-30 338 c (84.8) 6.1 c (28.9) 60.4 d (15.2) 15.1 c (71.9) 399 d (57) 21.1 c

Latosol CC-30 262 e (92.2) 4.2 d (24.7) 22.3 f (7.8) 12.8 d (75.3) 284 f (39) 17.0 d

Latosol CC-70 314 d (63.7) 5.8 c (34.7) 179 c (36.3) 10.8 e (65.3) 494 c (67) 16.7 d

Cambisol CE-30 1,207 a (72.3) 15.0 b (47.9) 462 a (27.7) 16.3 c (52.1) 1,669 a (168) 31.3 b

Cambisol CGC-15 882 b (69.3) 38.6 a (66.9) 391 b (30.7) 19.1 a (33.1) 1,273 b (98) 57.7 a

Means 536 (73.5) 12.2 (44.5) 193 (26.5) 15.2 (55.5) 729 (87) 27.4

Depth 5–15 cm

Latosol NF 171 f (82.6) 3.0 d (18) 35.8 e (17.4) 13.7 b (82) 206 f (44) 16.7 c

Latosol CE-30 271 c (84.9) 4.8 c (28.4) 48.3 d (15.1) 12.1 c (71.6) 319 d (64) 16.9 c

Latosol CC-30 210 e (92.2) 3.3 d (25) 17.8 f (7.8) 10.2 d (75) 227 e (42) 13.6 d

Latosol CC-70 252 d (63.7) 4.7 c (34.6) 144 c (36.3) 8.7 e (65.4) 395 c (67) 13.3 d

Cambisol CE-30 966 a (72.3) 12.0 b (47.6) 369 a (27.7) 13.1 b (52.4) 1,335 a (164) 25.0 b

Cambisol CGC-15 706 b (69.3) 30.7 a (66.8) 313 b (30.7) 15.3 a (33.2) 1,018 b (93) 46.1 a

Means 429 (73.5) 9.8 (44.5) 155 (26.5) 12.2 (55.5) 583 (88) 22.0

Depth 15–30 cm

Latosol NF 131 f (82.6) 2.3 d (19.2) 27.6 e (17.4) 10.5 b (80.8) 158 f (39) 12.9 c

Latosol CE-30 214 c (84.8) 3.8 c (28.4) 38.3 d (15.2) 9.6 c (71.6) 253 d (62) 13.4 c

Latosol CC-30 163 e (92.2) 2.6 d (24.5) 13.9 f (7.8) 7.9 d (75.5) 177 e (39) 10.6 d

Latosol CC-70 192 d (63.7) 3.6 c (35.3) 109 c (36.3) 6.6 e (64.7) 301 c (63) 10.2 d

Cambisol CE-30 735 a (72.3) 9.1 b (48.2) 281 a (27.7) 9.9 b (51.8) 1,016 a (144) 19.1 b

Cambisol CGC-15 591 b (69.3) 25.9 a (66.8) 262 b (30.7) 12.8 a (33.2) 853 b (96) 38.6 a

Means 338 (73.5) 7.9 (45.1) 122 (26.5) 9.6 (54.9) 460 (83) 17.5

Depth 30–50 cm

Latosol NF 85.9 f (82.6) 1.5 e (17.9) 18.1 e (17.4) 6.9 c (82.1) 104 f (29) 8.4 d

Latosol CE-30 147 c (84.9) 2.6 c (29.3) 26.2 d (15.1) 6.5 c (70.7) 173 d (51) 9.2 c

Latosol CC-30 108 e (92.1) 1.7 e (24.3) 9.2 f (7.9) 5.3 d (75.7) 117 e (30) 7.0 e

Latosol CC-70 126 d (63.7) 2.3 d (35.8) 71.7 c (36.3) 4.3 e (64.2) 197 c (46) 6.7 e

Cambisol CE-30 554 a (72.3) 6.9 b (47.9) 212 a (27.7) 7.5 b (52.1) 766 a (120) 14.4 b

Cambisol CGC-15 415 b (69.3) 18.1 a (66.8) 184 b (30.7) 9.0 a (33.2) 598 b (75) 27.1 a

Means 239 (73.4) 5.5 (45.5) 86.8 (26.6) 6.6 (54.5) 326 (67) 12.1

Within a column, values followed by the same letter are not significantly different among sites according to the Scott–Knot test

(P = 0.05)

NF natural forest, CE-30 cacao ? erythrina 30 years old, CC-30 cacao cabruca 30 years old, CC-70 cacao cabruca 70 years old,

CGC-15 cacao germplasm collection 15 years old
a Values for 0–5 cm depth are from Zaia et al. (2008a)
b Percentage in parentheses of total soil P (Pi ? Po) extracted, as determined by Bowman method
c Percentage in parentheses of total labile soil P (Pi ? Po), as determined by NaHCO3 0.5 M
d Percentage in parentheses of total soil P, as determined by nitric-perchloric digestion
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Table 4 Amount of organic C, total N, total organic P (TPo) and labile organic P (LPo), and the ratios of organic C-to-total N (C/N)

and organic C-to-total organic P (C/Po) of soils under cacao agroforestry systems in Bahia, Brazil

Soil order Cover C N TPo LPo C/N C/Po

kg ha-1

Depth 0–50 cm

Latosol NF 113,077 a 9,667 a 125 c 47.7 c 11.7 a 905 b

Latosol CE-30 92,651 c 8,088 d 194 c 48.2 c 11.5 a 478 c

Latosol CC-30 99,403 b 9,619 a 76.9 d 44.2 d 10.3 a 1,293 a

Latosol CC-70 91,147 c 8,808 b 584 b 35.2 e 10.3 a 156 d

Cambisol CE-30 62,475 e 8,268 c 1,941 a 68.5 b 7.5 b 32 f

Cambisol CGC-15 75,352 d 8,579 c 1,819 a 88.9 a 8.8 b 41 e

Means 89,072 8,838 790 55.5 10.1 484

Depth 0–5 cm

Latosol NF 17,315 b 1,641 c 18.8 d 7.2 c 10.5 b 917 b

Latosol CE-30 20,762 a 1,535 c 31.7 c 7.9 c 14.7 a 657 c

Latosol CC-30 22,175 a 1,827 a 12.3 e 7.0 c 12.2 b 1,803 a

Latosol CC-70 20,477 a 1,350 d 93.2 b 5.6 d 15.2 a 220 d

Cambisol CE-30 9,502 c 1,907 a 259 a 9.1 b 5 c 37 f

Cambisol CGC-15 20,734 a 1,487 d 278 a 13.6 a 14 a 75 e

Means 18,494 1,625 115 8.4 11.9 618

Depth 5–15 cm

Latosol NF 32,331 a 2,168 b 31.9 d 12.2 c 15.1 a 1,014 b

Latosol CE-30 26,853 b 1,988 b 49.3 c 12.3 c 13.8 b 544 c

Latosol CC-30 27,017 b 2,133 b 19.9 e 11.5 c 12.6 b 1,348 a

Latosol CC-70 25,410 b 2,338 a 161 b 9.7 d 10.8 c 158 d

Cambisol CE-30 19,150 c 1,699 c 469 a 16.6 b 11.5 c 41 e

Cambisol CGC-15 19,336 c 1,926 b 450 a 22.0 a 10.3 c 43 e

Means 25,016 2,042 170 14.1 12.4 525

Depth 15–30 cm

Latosol NF 33,784 a 3,253 a 38.9 e 14.8 c 10.4 b 869 b

Latosol CE-30 23,345 c 2,171 c 58 d 14.5 c 10.9 b 399 c

Latosol CC-30 27,107 b 2,584 b 23.4 f 13.4 d 10.7 b 1,158 a

Latosol CC-70 24,859 c 2,392 b 174 c 10.5 e 10.4 b 143 d

Cambisol CE-30 17,001 d 1,257 d 595 b 20.9 b 13.3 a 28 f

Cambisol CGC-15 21,788 c 2,491 b 621 a 30.3 a 8.4 c 35 e

Means 24,647 2,358 252 17.4 10.7 439

Depth 30–50 cm

Latosol NF 29,647 a 2,605 b 35.5 e 13.5 b 11.7 a 840 b

Latosol CE-30 21,691 b 2,394 b 54.5 d 13.5 b 9.5 b 395 c

Latosol CC-30 23,104 b 3,075 a 21.3 f 12.3 b 7.7 c 1,087 a

Latosol CC-70 20,401 b 2,728 b 156 c 9.4 c 7.8 c 130 d

Cambisol CE-30 16,822 c 3,405 a 619 a 21.9 a 4.8 d 27 e

Cambisol CGC-15 13,494 c 2,675 b 471 b 23 a 5.2 d 28 e

Means 20,859 2,814 226 15.6 7.8 418

Within a column, values followed by the same letter are not significantly different among sites according to the Scott-Knot test (P = 0.05)

NF natural forest, CE-30 cacao ? erythrina 30 years old, CC-30 cacao cabruca 30 years old, CC-70 cacao cabruca 70 years old, CGC-15
cacao germplasm collection 15 years old
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The leachate was analyzed for NO3
--N and NH4

?-N

by flow-injection analysis (FIA), according to Alves

et al. (1993). Six leaching tubes containing only 100 g

sand were washed and prepared as blanks in each

extraction.

Table 5 Soil microbial biomass and soil attributes under cacao agroforestry systems in Bahia, Brazil

Soil order Cover MBC MBN MBC/C MBN/N C N Clay BD Seed-N Seed-P

mg kg-1 % g kg-1 kg dm-3 kg ha-1

Latosol NF 424 a 207 a 1.12 a 7.14 b 37.9 2.9 532 0.87 – –

Latosol CE-30 256 b 147 c 0.83 b 6.68 b 30.7 2.2 472 1.03 25 5

Latosol CC-30 257 b 147 c 0.87 b 6.13 c 29.4 2.4 430 1.11 23 5

Latosol CC-70 286 b 186 b 1.01 a 8.09 a 28.3 2.3 401 1.09 24 5

Cambisol CE-30 189 c 138 c 1.21 a 6.90 b 15.6 2.0 227 1.22 25 6

Cambisol CGC 15 175 c 100 d 0.94 b 6.25 c 18.7 1.6 185 1.43 23 5

Means 265 154 1.00 6.87 26.8 2.2 375 1.13 24 5

Within a column, values followed by the same letter are not significantly different among sites according to the Scott-Knot test

(P = 0.05)

NF natural forest, CE-30 cacao ? erythrina 30 years old, CC-30 cacao cabruca 30 years old, CC-70 cacao cabruca 70 years old,

CGC-15 cacao germplasm collection 15 years old; MBC, microbial biomass C, MBN microbial biomass N, MBC/C microbial

biomass C-to-organic C ratio, MBN/N microbial biomass N-to-total N ratio, BD soil bulk density

Table 6 Nitrogen mineralization in soils under cacao agroforestry systems in Bahia, Brazil

Soil order Cover Nmin No SE KN R2

mg kg-1 day-1

Latosol NF 86.80 a 86.98 b 5.785 0.0351 a 0.9788***

Latosol CE-30 64.97 c 82.18 b 4.560 0.0179 c 0.9977***

Latosol CC-30 72.16 b 80.60 b 3.979 0.0285 b 0.9956***

Latosol CC-70 80.85 a 87.46 b 4.979 0.0251 b 0.9923***

Cambisol CE-30 63.07 c 96.04 a 10.342 0.0119 d 0.9968***

Cambisol CGC-15 60.18 c 64.64 c 2.159 0.0285 b 0.9970***

Within a column, values followed by the same letter are not significantly different among sites according to the Scott-Knot test

(P = 0.05)

NF natural forest, CE-30 cacao ? erythrina 30 years old, CC-30 cacao cabruca 30 years old, CC-70 cacao cabruca 70 years old,

CGC-15 cacao germplasm collection 15 years old; Nmin nitrogen mineralized, No nitrogen mineralization potential, SE standard error

of No estimated, KN mineralization rate constant, R2 coefficient of determination (*** P \ 0.001)

Table 7 PCA results of microbiological attributes and soil

attributes data at the 0–10 cm depth soil

Component 1 Component 2

MBC -0.942 0.305

MBN -0.922 0.014

TPo 0.850 0.169

LPo 0.442 0.885

C -0.949 0.089

N -0.965 0.111

Clay -0.958 -0.046

BD 0.956 -0.061

Nmin -0.899 0.032

MBC microbial biomass C, MBN microbial biomass N, TPo
total organic P, LPo Labile organic P, BD soil bulk density,

Nmin N mineralized

Table 8 PCA results of amount of organic C, total N, total

organic P and labile organic P at the 0–50 cm depth

Component 1 Component 2

C 0.955 0.123

N 0.744 0.635

TPo -0.955 0.210

LPo -0.832 0.467

TPo total organic P, LPo labile organic P
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Soil microbial biomass

Composite soil samples were passed through a 2-mm

sieve, and all roots and visible plant and animal

residues were removed. The soil was preconditioned

before measurement of microbial biomass by spread-

ing it overnight in a thin layer within folded polyeth-

ylene sheets, with the moisture content adjusted to

40% of water holding capacity (Ndaw et al. 2009). Soil

microbial biomass C and N were estimated by a

fumigation-extraction method (Tate et al. 1988;

Joergensen and Brookes 1990; respectively). Soil

microbial biomass C-to-organic C and soil microbial

biomass N-to-total N ratios were calculated, according

to Sparling (1992).

Cacao seed analysis

Concentration of N and P in cacao seeds was

determined as described by Bataglia et al. (1983).

Total seed-P was determined by the nitric-perchloric

digestion and seed-N by the Kjeldahl method.

Table 9 Pearson correlation coefficients for soils under cacao agroforestry systems in Bahia, Brazil

TPo LPo TP P C pH Clay

Depth 0–5 cm

TPo 1.00 0.44 0.84* 0.63* - 0.92* 0.85* - 0.92*

LPo 1.00 0.56* 0.65* - 0.44 0.08 - 0.33

TP 1.00 0.92* - 0.70* 0.85* - 0.93*

P 1.00 - 0.42 0.63* - 0.74*

C 1.00 - 0.73* 0.82*

pH 1.00 - 0.96*

Depth 5–15 cm

TPo 1.00 0.45 0.86* 0.71* - 0.84* 0.93* - 0.94*

LPo 1.00 0.58* 0.68* - 0.17 0.35 - 0.45

TP 1.00 0.96* - 0.85* 0.94* - 0.95*

P 1.00 - 0.73* 0.82* - 0.85*

C 1.00 - 0.96* 0.93*

pH 1.00 - 0.99*

Depth 15–30 cm

TPo 1.00 0.49 0.91* 0.93* - 0.84* 0.96* - 0.92*

LPo 1.00 0.65* 0.72* - 0.26 0.56* - 0.62*

TP 1.00 0.98* - 0.80* 0.98* - 0.97*

P 1.00 - 0.81* 0.97* - 0.98*

C 1.00 - 0.86* 0.86*

pH 1.00 - 0.98*

Depth 30–50 cm

TPo 1.00 0.63* 0.91* 0.60* - 0.85* 0.98* - 0.96*

LPo 1.00 0.74* 0.75* - 0.40 0.61* - 0.67*

TP 1.00 0.85* - 0.82* 0.90* - 0.95*

P 1.00 - 0.60* 0.55* - 0.68*

C 1.00 - 0.87* 0.90*

pH 1.00 - 0.98*

Values for 0–5 cm depth are from Zaia et al. (2008a)

Coefficient of correlation (* P \ 0.05)

TPo total organic P, LPo labile organic P, TP total P (nitric-perchloric digestion), P Available P (Mehlich-1)
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Statistical analysis

The data were analyzed using one-way analysis. Four

composite samples were used as the replicates with

respect to the land-use systems. The sites were

considered to represent fixed-effect treatments accord-

ing to the procedure described by Lugo et al. (1990).

The Scott–Knott test was used to compare the mean

differences between land use systems and soil orders

on P fractions; amount of organic C, total N and

organic P; microbial biomass and N mineralized.

The data were also examined using principal

components analysis (PCA) to evaluate the similarity

or dissimilarity between land use systems and soil

orders, and the relationships between selected soil

attributes. This is a multivariate technique that

provides an ordination diagram of soil data sets

plotted in the first two principal components. PCA

was used on (1) microbial biomass C; microbial

biomass N; total organic P; labile organic P; organic C;

total N; clay content; soil bulk density; N mineraliza-

tion (0–10 cm) and (2) amount of organic C, total N,

total organic P and labile organic P (0–50 cm), to

reduce the variation in the soil data set between the

different cacao agroforestry systems (samples) and the

variables measured (soil variables represented by

arrows).

In the PCA ordination diagram, samples with

similar data sets are located close to one another,

while dissimilar data sets are far apart (Zhang et al.

2009). The direction and length of arrows show the

quality of the correlation between variables and

between variables and principal components. Arrows

with narrow angles are strongly correlated, while

arrows that are perpendicular show no correlation. The

eigenvalues bar chart is drawn in the upper left corner,

with the two black bars corresponding to the two axes

used to draw the biplot (Chessel et al. 2004). The

analyses were performed with R software (R Devel-

opment Core Team 2009) and analyzed using the

ADE-4 package (Chessel et al. 2004).

The potentially mineralizable N (No) of soils and

its rate constant (kN) were estimated for the first-order

model Nmin = No(1 - e-kt), where Nmin is the

amount of inorganic N (NO3
--N ? NH4

?-N) miner-

alized at time t, according to Stanford and Smith

(1972).

Regardless of the similarity or dissimilarity

between land use systems and soil orders, assessed

by the PCA analysis, our interest was also to evaluate

how soil quality (attributes) may influence the distri-

bution of P fractions, microbial biomass and N

mineralized. Thus, we decided to use Pearson corre-

lation to determine linear relationships between P

fractions and soil chemical and physical attributes,

considering each soil depth class. The relationships

between soil microbial biomass and N mineralized

with other soil attributes were also analyzed by

Pearson correlations and linear regression. All statis-

tical analyses were performed using SAEG 8.0 (SAEG

Inst. Inc.).

Results

Soil pH, available P (Mehlich-1 P), exchangeable

cations, bulk density and texture varied widely with

soil depth and organic C, and total N and P content

decreased with soil depth (Tables 1, 2). At all soil

depths the highest pH values and nutrient contents (Ca,

Mg, K, P) were found in Cambisol order. However, the

Latosol contained the highest amounts of organic C

and total N. Latosol under natural forest, had higher

amounts of organic C and total N than the same soil

under cacao agroforestry, especially in the 5–50 cm

depth (Table 1). The highest clay contents were found

in the Latosol, especially in soil under natural forest

(Table 2).

In general, the results of total P extracted by the

Bowman method showed that a greater proportion of

total soil P (TP) was extracted from the 0–30 cm depth

(up to 80%), while less than 70% was extracted from

the 30–50 cm depth (Table 3). The highest contents of

total soil P fractions (inorganic and organic) were in

the Cambisol for all depths (Table 3). The inorganic P

(Pi) predominated in the composition of total soil P

(Pi ? Po) in the profiles. Mean proportion of total

organic P (TPo) of total soil P extracted was 26.5% for

all depths. The average content of total organic P

decreased from 0–5 cm depth to 19.7%, 36.8% and

55.0% for soil depths of 5–15, 15–30 and 30–50 cm,

respectively. For all soil depths, the Cambisol con-

tained higher amounts of total organic P. As compared

to the surface horizon (0–5 cm), the average content of

labile organic P decreased by 19.7%, 36.8% and

56.6% for soil depths of 5–15, 15–30 and 30–50 cm,

respectively (Table 3). The higher amounts of labile

organic P (LPo) were also found in the Cambisol than
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Latosol for all soil depths. The greatest difference

between the two soil orders was only for the total

organic P (around 83%). However, for the inorganic P

(total and labile), the difference between the two soil

orders was around 80%. In the Latosol, the labile

organic P fraction content was far higher than that in

the labile inorganic (LPi) fraction. In this soil order, in

soil under natural forest, the proportion of labile

organic P of total labile P (Pi ? Po) was up to 80%,

and in soil under cacao agroforestry ranged from 64 to

76%, while in the Cambisol the proportion of labile

organic P was less than 53% (Table 3).

Low variation in organic C-to-total N ratio (C/N)

was observed among both soil orders at each depth

(Table 4). Invariably, the organic C-to-total organic P

ratio (C/Po) decreased with soil depth. However, this

ratio increased in Latosol under natural forest and in

cacao-erythrina on Cambisol at the 5–15 cm depth.

Overall, at all soil depths, the Latosol had the highest

C/Po ratio. Compared to C/N ratio, the C/Po ratio

showed much larger variations among the soil types at

each depth (Table 4).

At the 0–50 cm depth, the large amounts of organic

P (total and labile) were in the soils of the Cambisol

(Table 4). These soils also showed the highest organic

P content and bulk density values (Tables 2, 3). In

contrast, the large amounts of organic C and total N

were in the soils of the Latosol (Table 4). The

distribution of organic P (total and labile) stock in

the soil profile were 15% at the 0–5 cm depth, 23% at

5–15 cm, 33% at 15–30 cm and 29% at 30–50 cm

depth (Table 4). Organic C stock was 20.8%

(0–5 cm), 28.1% (5–15 cm), 27.7% (15–30 cm) and

23.4% (30–50 cm). Total N stock was 18.4, 23.1, 26.7

and 31.8% for soil depths of 0–5, 5–15, 15–30 and

30–50 cm, respectively.

The highest contents of microbial biomass C and N

were in the Latosol; especially in soil under natural

forest. The average ratio of microbial biomass C-to-

organic C (MBC/C) was 0.96 and 1.11% in the Latosol

and Cambisol, respectively. Mean microbial biomass

N-to-total N (MBN/N) was 7.01% in the Latosol and

6.56% in the Cambisol (Table 5). The mean rate of N

mineralization (kN day-1) was 0.0245 day-1. Mean kN

was 0.0266 and 0.0202 day-1 in the Latosol and

Cambisol, respectively. In the Latosol, soils under

cacao agroforestry, the mean kN was lesser than soil

under natural forest. The total quantity of N mineral-

ized ranged from 60 to 87 mg kg-1 (Table 6).

The first two PCA axes on microbial biomass C;

microbial biomass N; total organic P; labile organic P;

organic C; total N; soil bulk density; clay content; N

mineralization (0–10 cm) explained 93.2 and 5.9% of

total variation within the data set. The first component

axis of PCA ordination diagram was correlated to

MBN, MBC, Nmin, C, N, clay content and (opposed

to) TPo and BD; the second component axis was

mainly correlated to LPo (Fig. 1; Table 7).

On amount of organic C, total N, TPo and LPo

(0–50 cm), the first two PCA axes explained 68.0 and

22.2% of data variation. The first component axis of

PCA biplot was correlated to TPo and LPo and

opposing to organic C; the second component axis was

correlated to total N (Fig. 2; Table 8).

In both the soil data sets, PCA indicated that the

covers on Latosol were separated from the cacao

agroforestry systems on Cambisol by second compo-

nent axis (Figs. 1, 2). On Latosol, cacao agroforestry

systems (CE-30, CC-30 and CC-70) were grouped by

PCA (Fig. 1). However, PCA of the amount of organic

C, total N, total organic P and labile organic P

(0–50 cm) grouped CC-30 with NF and CE-30 with

Fig. 1 Ordination diagram based on PCA for microbiological

attributes and soil attributes data at the 0–10 cm depth. On

Latosol: 1 natural forest; 2 cacao ? erythrina 30 years old; 3
cacao cabruca 30 years old, 4 cacao cabruca 70 years old; On

Cambisol: 5 cacao ? erythrina 30 years old; 6 cacao germ-

plasm collection 15 years old. MBC microbial biomass C, MBN
microbial biomass N, TPo total organic P, LPo labile organic P,

BD soil bulk density, Nmin N mineralized
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CC-70 (Fig. 2). Conversely, on Cambisol there was

dissimilarly between the cacao agroforestry (CE-30

and CGC-15) in both the soil data sets (Figs. 1, 2).

Available P (Mehlich-1 P) was positively correlated

with soil organic P (total and labile) and total soil P (TP,

nitric-perchloric digestion), and total soil P was

positively correlated with organic P (total and labile)

(Table 9). Total organic P (TPo) was positively

correlated with labile organic P (LPo) solely in the

30–50 cm depth. Soil pH was also positively correlated

with organic P (total and labile), available P (Mehlich-

1 P) and total soil P (TP). However, clay content was

negatively related to total soil P (TP), available P

(Mehlich-1 P), organic P (TPo and LPo), and pH. Soil

organic C was also negatively correlated with total soil

P (TP), available P (Mehlich-1 P), total organic P

(TPo), and pH. In contrast to the P fractions, clay and

organic C content were positively correlated (Table 9).

Thus, the total organic P contents were not closely

associated to organic C contents in the soil profile.

Soil microbial biomass C was positively associated

to soil microbial biomass N (r = 0.91, P \ 0.05),

indicating that C and N have been quantified in the

same soil microbial pool. Multiple regression analysis

shows the dependence of soil microbial biomass C to

be 91% (R2, P \ 0.05) on organic C and total N

contents with corresponding direct effects (b) of

0.3528 and 0.6317, respectively. While soil microbial

biomass N is predicted to 84% (P \ 0.01) by the total

N content of soil (b = 0.9146). On the other hand,

mineralizable N can be predicted to 90% (P \ 0.05)

by the microbial biomass N (b = 0.8649) and total N

(b = 0.0935) contents, in which the significant indi-

rect effect of total N on mineralizable N is positive.

Also, the multiple regression analysis shows the

dependence of mineralizable N to be 92% (P \
0.05) on soil microbial biomass C (b = 0.3103) and

soil microbial biomass N (b = 0.6680) contents.

There was a positive correlation observed between

clay content and organic C (r = 0.97, P \ 0.001),

total N (r = 0.89, P \ 0.05) and microbial biomass C

(r = 0.85, P \ 0.05).

Discussion

The soil types investigated revealed large differences

in soil physical and soil chemical attributes, which

suggest a potential for the large differences found in

organic C, total N, organic P, microbial biomass and

mineralizable N.

The total organic P contents observed in the soil

profiles of the current study are well within the limits

reported for Cambisols and for Latosols of Brazil

(Condron et al. 1990; Guerra et al. 1996; Duda 2000;

Cunha et al. 2007; Zaia et al. 2008b). The proportion in

which labile organic P contributed to the total labile P

is also within the range reported for Latosols and

Cambisols under different forest systems (Cunha et al.

2007; Zaia et al. 2008b). The large proportion of labile

organic P to the total labile P in the Latosol soil order

indicates that organic P forms tend to increase in

strongly weathered soils.

The C/N ratio with a general mean of 10.7 in both soil

profiles is consistent with values reported for most

tropical soils of 10–12 (Acquaye 1963; Bornemisza and

Igue 1967; Condron et al. 1990). However, the C/Po

ratios showed considerable variation and the highest

values occurred in the most phosphorus-deficient soils

(Latosol order) (Tables 1, 4). Condron et al. (1990)

reported low values of C/Po ratio for Latosols, while

Cunha et al. (2007) and Zaia et al. (2008b) reported

values markedly greater than observed in the current

Fig. 2 Ordination diagram based on PCA for amount of

organic C, total N, total organic P and labile organic P at the

0–50 cm depth. On Latosol: 1 natural forest; 2 cacao ? eryth-

rina 30 years old; 3 cacao cabruca 30 years old; 4 cacao cabruca

70 years old; On Cambisol: 5 cacao ? erythrina 30 years old; 6
cacao germplasm collection 15 years old. TPo total organic P,

LPo labile organic P
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study. Usually, the C/Po ratio decreases with soil depth

reflecting the considerable reduction of C compared to

Po in soils of the different attributes (Bornemisza and

Igue 1967; Uriyo and Kesseba 1975; Bowman and

Savory 1992).

The results of the PCA supported the analyzed soil

factors as predictors of quality of land use systems.

According to the PCA, cacao agroforestry systems

were similar on Latosol and different on Cambisol.

Nevertheless, other attributes revealed that the differ-

ent cacao agroforestry systems can be similar and

comparable to natural forests as to amounts of soil

organic C (Gama-Rodrigues et al. 2010) and faunal

functional groups (Moço et al. 2010).

In both analyses, a PCA and Pearson correlation,

organic P (total and labile) was negatively related to

organic C. Positive correlations among various P

fractions suggest that accumulation of soil organic P in

all soil profiles is more closely associated to available

P content than to soil organic C and clay contents. On

the other hand, the organic C accumulation is

positively correlated with clay contents. This partly

explains the negative correlation found between the

organic C and total organic P. Thus, organic P

dynamics would not be strongly coupled to organic

C dynamics. Soils with high available P contents will

have proportionately high organic P contents. Con-

sidering the cacao agroforestry systems that have not

received any phosphate fertilization for 10 years, three

factors may explain, concomitantly, the existence of

variation in organic P in the soils studied: (1) a

gradient of soil weathering intensity between the two

soil orders studied, in which the Cambisol order are

weakly weathered soils, whereas the geochemical

cycle of P is still the main process that regulates the

availability of P in soils. Under such a situations, the

amount of inorganic P (Pi) may supply partial or total

demand of P for plant nutrition and soil microorgan-

ism needs, which may decrease mineralization rates of

soil organic P and consequently may increase organic

P content in the soil; (2) the clay content in soil has a

strong influence on P availability and soils with high

clay content have strong P sorption under such

situations, so organic P mineralization is the dominant

process for soil available P supply; and (3) the

biogeochemical cycles of P, especially in the Latosol

soil order, where the cacao agroforestry systems may

be more efficient in conservation of high amount of

soil organic P and available P than in the natural forest.

Fontes (2006) studied the nutrient cycling in the

same types of forest covers as that used in the current

study, and he found similarity in accumulated litter

biomass between natural forest and cacao agrofor-

estry. P content in litter of the cacao agroforestry

system was higher than in natural forest. Therefore,

the amount of organic P available for mineralization to

inorganic available P is higher in cacao agroforestry

than that in natural forest. Furthermore, available P is

positively correlated with microbial P in non-fertilized

soils under cacao agroforestry (Zaia et al. 2008a).

Usually, in tropical soils, positive correlations have

been reported between soil P fractions and organic C

and clay contents (Bornemisza and Igue 1967; Uriyo

and Kesseba 1975; Machado et al. 1993; Guerra et al.

1996; Nziguheba and Bünemann 2005; Cunha et al.

2007; Zaia et al. 2008b). However, Cunha et al. (2007)

also found a negative correlation between labile soil

organic P and clay content in different forest soils of

Brazil. On the other hand, the observed positive

correlations among the P fractions in the current study

(Table 9) are corroborated in the literature (Borne-

misza and Igue 1967; Beck and Sanches 1994; Turner

et al. 2007).

Similarly, the proportion in which organic P (total

and labile) contributes to total soil P extracted in the

0–5 cm depth reported by Zaia et al. (2008a) was also

observed in the other soil depths, in spite of the fact

that the soils studied have large differences in physical

and chemical attributes. However, more research is

needed to understand fully the exact relationship

between organic P to total soil P in various depths of

soil differing in pedogenesis.

Compared with other cacao agroforestry systems,

the MBC, MBN, C, N and Nmin of CE-30, CC-30 and

CC-70 on Latosol were higher, thus indicating a

source or sink for C and N in these soil. The positive

relationships between soil microbiology attributes

and soil chemical and physical attributes indicates

that high organic matter accumulation increase the

substrate available for soil microbial metabolism

(Salamanca et al. 2002; Dinesh et al. 2003). If this is

the case, then the C and N immobilization efficiency

by soil microbial biomass is directly associated with

the high quality of soil organic matter, and also that

clay content protects the microbial biomass from

decomposition (Gama-Rodrigues et al. 2005). There-

fore, all these soil chemical (organic C and total N),

microbial (biomass C and N) and physical (clay)
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attributes could be used to predict the availability of

mineral N in soils under cacao agroforestry systems.

The contents of soil microbial biomass C observed in

the current study are within the range described in the

other agroforestry types in different soil-climate

regions of the world (Kaur et al. 2000; Lee and Jose

2003; Maia et al. 2007). In contrast, the contents of soil

microbial biomass N observed are above the range

reported by Kaur et al. (2000), Amatya et al. (2002)

and Sharma et al. (2004).

In the current study, the soils are from stabilized

land-use systems that are more than 30 years old,

except for the cacao germplasm site (15 years old),

characterized by no soil disturbance and mature trees

with a decreasing rate of growth—zero or close to it—

but with continual additions of leaf and root litter to

the soil. The cacao cabruca system has high plant

diversity, the cacao ? erythrina system has high

inputs of cacao leaf fall and nitrogen-rich litter from

erythrina shade trees, and the natural forest has high

plant diversity but no cacao leaf-fall input (Rita et al.

2011). Thus, cacao agroforestry systems shows the

capacity to store large amounts of organic C, total N

and organic P in the soil profile, and also large

amounts of microbial biomass C and N, and miner-

alizable N in the top soil.

Soil organic C and total N stock under cacao

agroforestry systems are generally large in most of the

cacao-growing regions of the world (Aranguren et al.

1982; Fassbender et al. 1991; Hartemink 2005; Smiley

and Kroschel 2008). Santana and Cabala-Rosand

(1982) reported large amounts of mineralizable N in

soil (Tropudalf) under a 30–40 year old cacao-eryth-

rina plantation. Fine roots and root hairs, and contin-

uous deposition of plant litter (on average, 10 Mg

ha-1 year-1; Müller and Gama-Rodrigues 2007), are

the principal inputs for the C, N and organic P contents

of these soils. Up to 90% of root hairs (Kummerow

et al. 1981) and 60% of fine roots (Kummerow et al.

1982; Muñoz and Beer 2001) are found between 0 and

15 cm of soil depth, and up to 80% of lateral roots

([5–10 mm) are known to occur in the 0–60 cm soil

depth (Gama-Rodrigues and Cadima 1991). Further-

more, the microbial biomass C and N could be another

important pathway for organic C and N in soil. In the

agroforestry system used in the current study, the soil

microbial biomass P (range 3–13 kg ha-1) might have

contributed to the increased soil organic P through

organic P in microbial metabolites (Zaia et al. 2008a).

The large amounts of labile organic P (mean of

57 kg ha-1) between 0 and 50 cm of soil depth,

microbial biomass N (mean of 166 kg ha-1) and

mineralizable N (mean of 80 kg ha-1) in the 0–10 cm

of soil depth could be beneficial in cacao nutrition,

considering the low amount of P (mean of 5 kg ha-1)

and N (mean of 24 kg ha-1) exported through har-

vested cacao seeds (Table 8). Acquaye (1963) found

a high positive correlation between cacao yield

response and total organic P content of surface soil

from Ghana. These results suggest that soil organic P

and soil microbial processes could be useful to

improve the N and P-fertilizer recommendations for

cacao agroforestry systems on different soil orders,

considering that the amount of P and N removed in

seeds shows little variation in different cacao agro-

forestry systems or cacao genotypes (Hartemink

2005). In general, because of the complex nature of

agroforestry, conventional methods of analysis of soil

fertility are not sensitive enough to detect changes in

the availability of nutrients, especially changes in

nitrogen and phosphorus in low-input systems (Gama-

Rodrigues 2011). Thus, assessment of soil organic

matter and soil biological processes becomes very

relevant. Particularly, as the cacao is cultivated over

approximately 700 thousand ha in Brazil any improve-

ment on fertilizer recommendation would have a

positive broader impact on the soil environment and

thus to decrease production costs.

Conclusion

Cacao cabruca and cacao ? erythrina systems had

high capacities to store organic C, total N, organic P,

microbial biomass C and N, and mineralizable N on

both Latosol and Cambisol orders, which can contrib-

ute to an improved soil quality. All of these biological

processes can play an important role in soil organic

matter and nutrient cycling processes in cacao agro-

forestry. Thus, the amounts of microbial biomass, N

mineralized, and organic P in a soil could be relevant

for cacao nutrition considering the low amount of N

and P exported through cacao seeds at harvest.

However, the dynamics of organic P is not directly

associated to organic C dynamics, in contrast to the N

dynamics. Therefore, further research is needed to

better understand these dynamics of nutrient cycling in

Agroforest Syst

123



cacao agroforestry system to minimize external inputs

and maximize the efficiency of nutrient use.
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(Boletim Técnico, 78)

Müller MW, Gama-Rodrigues AC (2007) Sistemas Agroflo-

restais com cacaueiro. In: Valle RR (ed) Ciência, Tecno-

logia e Manejo do Cacaueiro. CEPLAC/CEPEC, Ilhéus,
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