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Abstract: Belowground roles of agroforestry in climate change mitigation (C storage) and adaptation
(reduced vulnerability to drought) are less obvious than easy-to-measure aspects aboveground.
Documentation on these roles is lacking. We quantified the organic C concentration (Corg ) and soil
physical properties in a mountainous landscape in Sulawesi (Indonesia) for five land cover types:
secondary forest (SF), multistrata cocoa–based agroforestry (CAF) aged 4–5 years (CAF4), 10–12 years
(CAF10), 17–34 years (CAF17), and multistrata (mixed fruit and timber) agroforest (MAF45) aged
45–68 years. With four replicate plots per cover type, we measured five pools of C-stock according
to IPCC guidelines, soil bulk density (BD), macro porosity (MP), hydraulic conductivity (Ks ), and
available water capacity of the soil (AWC). The highest C-stock, in SF, was around 320 Mg ha−1 ,
the lowest, 74 Mg ha−1 , was in CAF4, with the older agroforestry systems being intermediate with
120 to 150 Mg ha−1 . Soil compaction after forest conversion led to increased BD and reduced MP, Ks ,
and AWC. Older agroforestry partly recovered buffering: AWC per m of rooted soil profile increased
by 5.7 mm per unit (g kg−1 ) increase of Corg . The restored AWC can support about a week’s worth of
evapotranspiration without rain, assisting in climate change adaptation.
Keywords: cocoa agroforestry; climate adaptation; soil restoration; soil organic carbon; soil
macro-porosity; soil water availability; inceptisols

1. Introduction
Agroforestry, integrating trees in farms, implies reforestation (or at least re–treeing) within an
agricultural framework of land tenure and practice [1,2]. Growing cocoa between various other trees
as shade or companion trees to increase overall income from farming is one of the many forms of
agroforestry [3]. Agroforestry can connect the climate change (CC) policy imperatives on mitigation
—reducing net emissions of greenhouse gasses—and adaptation: reducing human vulnerability to
increased climate variability and global warming trends [4,5]. These connections are made aboveground
as increased tree cover in agricultural landscapes stores carbon [6,7] and modifies microclimates [8].
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the fifth-largest global cocoa producer. Indonesian smallholder cocoa production confronts multiple
challenges on how to increase productivity as well as smallholder’s prosperity, reduce pressure on
forest conversion, and be adaptive and resilient to climate change [25]. Nearly a million hectares of
forest was converted to cocoa farmland in Indonesia, especially in the island of Sulawesi [26], most
notably in the 1980s [27] during the period of cocoa booming. Such conversion was intended to increase
smallholder income, however it led to declining soil health by reducing soil biodiversity and the soil
microbiome [28,29], compacting soils, reducing infiltration and soil water storage [30], depleting soil
fertility [31], and reducing environmental services [32,33] such as carbon storage [34,35].
In the last twenty years, cocoa farmland management in Sulawesi has been dynamic, very
much influenced by field experience and information gathered by returning migrant farmers from
Malaysia [24]. In the early 1970s to 1980s, cocoa was grown as mixed cropping with food crops
(mostly in flat land); much of the land was converted to monoculture (full sun) cocoa in the 1990s.
The monoculture practice expanded rapidly including on sloping lands, in response to the information
from other places that this system produces higher yields than cocoa grown under shade, especially in
the short term [36]. Yet, farmers eventually learnt that, in the longer term, cocoa grown as a single
crop suffered from pests and diseases, including the damaging vascular strike dieback, which can kill
cocoa trees under heavy infestation [37]. Farmers also claimed that monoculture cocoa suffers more
from extreme weather conditions (heavy rain or long dry periods), while monoculture cocoa only
allows farmers to earn money in the months during the harvest periods. Learning from this experience,
many cocoa farmers at present also grow other plants between cocoa trees, including horticultural
crops, as shade trees for the cocoa and as extra income sources for the farmers. While the structure and
functions of cocoa-based agroforestry practices are easily observed aboveground, their belowground
roles are less obvious and remain poorly documented, including carbon storage dynamics in terms of
the various agroforestry types and ages and its effects on climate change mitigation and adaptation, as
well as changes of soil properties affecting vulnerability to drought.
In this study, we explored the relationships between A) Agroforestry land cover, aboveground and
belowground carbon stocks, and B) Soil carbon and soil physical conditions, as steps towards assessing
contributions to CC adaptation have occurred in the context of southern Sulawesi where farmers in the
Polewali-Mandar District grow cocoa with three major systems: monoculture with minimum shade
trees and both simple- and complex- (multilayers) agroforestry systems of varying ages. We tested
the hypothesis that in cacao production systems, the farmer-level benefits from agroforestry through
increased water storage, contributing to climate change adaptation, are parallel to global benefits of
climate change mitigation through increased C storage. If such a synergy exists between local and
global climate change agendas, then it is easier for climate policy to provide appropriate incentives.
2. Methods
2.1. Sampling Sites
We conducted the study in a mountainous landscape of Sulawesi, Indonesia with sample sites
ranging from 93 to 575 m above sea level (Figure 2), on five land cover types (all were directly
converted from primary forest according to local land use history) consisting of young smallholder
cocoa agroforestry (CAF4, 4 to 5 years old), medium-aged smallholder cocoa agroforestry (CAF10,
10 to 12 years old), old smallholder cocoa agroforestry (CAF17, 17 to 34 years), multistrata agroforest
(MAF45, 45 to 68 years after forest conversion) owned by smallholders, and remnant secondary tropical
forest (SF). Information on the year planted or converted from forest was obtained directly from the
farm owners who lived on and managed the farms. The sites of these agroforestry systems (CAF4,
CAF10, CAF1,7 and MAF45) are scattered at elevations between 100 to 300 m above the sea level, with
an 8 to 30% slope. The three sites of SFs are at >400 m above the sea level and 30 to over 40% slope.
The average annual rainfall of the area is 2113 mm.
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Figure 2. (A) The site distribution (satellite image) of remnant secondary forest (SF), multistrata
Figure 2. (A) The site distribution (satellite image) of remnant secondary forest (SF), multistrata
agroforest that is 45–68 years old (MAF45), cocoa agroforestry that is 17–34 years old (CAF17), cocoa
agroforest that is 45–68 years old (MAF45), cocoa agroforestry that is 17–34 years old (CAF17), cocoa
agroforestry that is 10–12 years old (CAF10), and cocoa agroforestry that is 4–5 years old (CAF4).
agroforestry that is 10–12 years old (CAF10), and cocoa agroforestry that is 4–5 years old (CAF4). The
The topo-sequence positions are shown to indicate slopes and elevations of the systems. The cocoa
topo-sequence positions are shown to indicate slopes and elevations of the systems. The cocoa
agroforestry sites are scattered randomly within 100 to 300 m above sea level (a.s.l.), generally 8 to 30%
agroforestry sites are scattered randomly within 100 to 300 m above sea level (a.s.l.), generally 8 to
in slope, but the SFs are at >400 m a.s.l. with a slope from 30 to over 40%. CAF (of all ages) refers to
30% in slope, but the SFs are at >400 m a.s.l. with a slope from 30 to over 40%. CAF (of all ages) refers
cocoa farming practices where at least five other tree species (with shade and/or direct use functions)
to cocoa farming practices where at least five other tree species (with shade and/or direct use
are used alongside cocoa trees as the main crop. MAF denotes a farming practice of multiple tree
functions) are used alongside cocoa trees as the main crop. MAF denotes a farming practice of
species, dominated by horticultural trees, cocoa is not the main crop. (B) A typical (common) soil
multiple tree species, dominated by horticultural trees, cocoa is not the main crop. (B) A typical
profile of the study area for all land uses showing abundance of rock fragments, especially below a 20
(common) soil profile of the study area for all land uses showing abundance of rock fragments,
or 30 cm depth. (C) A profile of less stony soil (uncommon).
especially below a 20 or 30 cm depth. (C) A profile of less stony soil (uncommon).

The plots differed in vegetation structure and stratification, but all had permanent litter layers
The plots differed in vegetation structure and stratification, but all had permanent litter layers
(Figure 3). We did not find remnants of natural (primary) forest in the neighborhood. The surface
(Figure 3). We did not find remnants of natural (primary) forest in the neighborhood. The surface soil
soil of all land-uses was well covered by mulch (litter layer). For each land-cover type, we selected
of all land-uses was well covered by mulch (litter layer). For each land-cover type, we selected four
four sites (replicates), managed by separate households; however, due to forest area limitations, only
sites (replicates), managed by separate households; however, due to forest area limitations, only three
three sites were sampled in SF, in a single landscape location. Hence, across these five land-uses we
evaluated 19 plots.
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Figure 3. Typical look of the five land-use systems, namely remnant secondary forest (SF), multistrata
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Table 1. Particle–size distribution (USDA classification), pH and derived reference organic carbon
concentration (C-ref, responding to texture and pH) of the soil to a depth of 30 cm, as test of homogeneity
of the sample sites used for the five land uses; values in brackets are standard errors of the means of
four measurements; for C-ref and measured C-org, the values are also provided after normalization on
the mean across land uses per soil layer.
Land
Use *

SF

Soil
Depth
(cm)
0–10
10–20
20–30

CAF4

0–10
10–20
20–30

CAF10

0–10
10–20
20–30

CAF17

0–10
10–20
20–30

MAF45

0–10
10–20
20–30

Particle-Size
Distribution (g kg−1 )
Clay

Silt

Sand

128
(49)
192
(48)
118
(52)
82
(13)
96
(46)
86
(22)
94
(19)
80
(25)
67
(19)
93
(17)
138
(42)
138
(31)
119
(33)
131
(45)
124
(50)

176
(25)
175
(41)
294
(14)
309
(52)
323
(33)
375
(18)
288
(57)
325
(27)
390
(37)
341
(43)
319
(26)
347
(44)
254
(28)
267
(15)
313
(45)

674
(54)
610
(67)
571
(65)
606
(42)
567
(32)
527
(24)
602
(43)
578
(39)
530
(34)
554
(47)
525
(28)
504
(39)
607
(36)
583
(32)
540
(32)

Soil
Texture

pH
(1N
KCl)

Sandy
loam
Sandy
loam
Sandy
loam
Sandy
loam
Sandy
loam

3.8
(0.2)
3.6
(0.3)
3.8
(0.5)
4.4
(0.3)
4.1
(0.3)
3.7
(0.3)
4.1
(0.3)
3.9
(0.2)
3.8
(0.2)
3.9
(0.4)
3.4
(0.4)
3.5
(0.4)
4.3
(0.4)
4.2
(0.3)
4.1
(0.3)

Loam
Sandy
loam
Sandy
loam
Loam
Sandy
loam
Loam
Loam
Sandy
loam
Sandy
loam
Sandy
loam

C-Ref
(g kg−1 )

Normalized
C-Ref Per
Layer

C-org
(g kg−1 )

Normalized
C-Org Per
Layer

22.1 (1.5)

1.13

21.8 (0.3)

1.32

15.3 (1.3)

1.14

21.6 (0.5)

1.59

13.0 (1.5)

1.09

17.7 (3.2)

1.47

17.0 (1.0)

0.87

16.2 (0.6)

0.98

12.4 (0.7)

0.92

12.4 (1.3)

0.91

11.4 (0.5)

0.96

10.4 (1.5)

0.87

19.8 (1.1)

1.01

15.1 (1.2)

0.92

13.2 (0.8)

0.98

11.4 (1.3)

0.84

11.8 (0.4)

0.99

10.4 (1.4)

0.87

20.7 (1.6)

1.06

13.5 (1.1)

0.82

14.2 (0.7)

1.05

10.2 (0.3)

0.75

12.4 (0.9)

1.04

10.0 (0.6)

0.83

18.5 (1.1)

0.94

15.7 (2.0)

0.95

12.2 (0.5)

0.91

12.2 (2.2)

0.90

10.8 (0.4)

0.91

11.6 (2.6)

0.97

* SF = secondary forest, CAF = cocoa agroforestry, MAF—multistrata agroforest, with years since the plot
establishment indicated.

2.2. Land Cover
Beyond cocoa, a range of other fruit tree species was part of local agroforestry systems, including
langsat (Lansium domesticum Corr.), durian (Durio zibethinus Murr.), rambutan (Nephelium lappaceum
L.), jackfruit (Artocarpus heterophyllus Lam.), cempedak (Artocarpus integer (Thunb.) Merr.), star fruit
(Averrhoa carambola L.), and candlenut trees (Aleurites moluccanus L.). Timber trees include white teak
(Gmelina arborea Roxb.), sandalwood (Santalum album L.), cananga (Cananga odorata (Lam.) Hook.), and
bitti (Vitex cofassus Reinw.). Various bamboo species (Bambusoideae sp.) are also a source of construction
material, with young shoots as a food source. Bananas (Musa spp.), papaya (Carica papaya L.), sugar
palm (Arenga pinnata Merr.), and chili (Capsicum annuum L.) are present as readily marketable food
sources. As the ‘mother of cocoa’, gliricidia (Gliricidia sepium Jack.) was common as nitrogen-fixing
shade trees, as was leucaena (Leucaena leucocephala (Lam.) de Wit). Most of these trees were planted,
although some sufficiently naturalized to spread spontaneously. Farmer management is based on
selective retention of trees with use value, similar to what was documented for Southeast Sulawesi [38].
The vegetation found in the remnant forest (SF) was dominated by Castanopsis acuminatissima
(Blume) A., Symplocos polyandra (Blanco) Brand., rattan (Calamus deerratus G.Mann & H.Wendl.),
forest/wild pandan (Pandanus amaryllifolius Roxb.), bamboo (Bambusa spp), and some hardwood tree
species (locally named dao, bubun, nato) including kluwak (Pangium edule Reinw.), trees that are locally
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called forest teak, gattungan, ebony (Diospyros celebica Bakh.), trees that are locally named belating,
candlenut, coffee (Coffea sp), cananga trees, and various shrubs. All these species are part of Sulawesi’s
native flora.
2.3. C–stock Measurements
Within the selected sites, based on the field vegetation conditions that represent the land-use type,
we set up four C-stock observation plots according to the RaCSA (Rapid Carbon Stock Appraisal)
procedure outlined by [39] and used in a cocoa landscape context by [38]. While other C sampling
protocols prefer circular plots to maximize plot homogeneity, the basic plot size in the RACSA protocol
is a transect–like 40 m by 5 m to include variation within a plot; some adjustments to plot dimensions
were made where 40 m × 5 m was not possible. Where we found trees with DBH greater than 30 cm
as in the SF, plot size was expanded for such trees to 100 m by 20 m, as they tend to occur at lower
frequency but have considerable impact on total biomass estimates [39]. On the other hand, in cocoa
farms (CAF17, CAF4 and CAF10) with regular cocoa planting distance of 3 m × 4 m, the plot size was
increased to be 20 m by 20 m. In these plots, we measured all trees with a stem diameter at breast
height (DBH) of 5 to 30 cm. In every basic plot, we randomly selected six sub-plots of 50 cm by 50 cm,
where we measured C–stock of understory (destructing sampling), non-woody necromass, and soil
organic carbon (depth of 0–30 cm). For woody necromass, where present, we followed the protocol
of [39].
2.4. Aboveground and Belowground Biomass
Tree biomass was estimated allometrically from the stem diameters, using allometric equations for
Aboveground biomass (AGB in kg per tree) (Table 2), on the basis of stem diameter (D, in cm) at 1.3 m
above the soil surface, with wood density ρ (in g cm–3 , obtained from the World Agroforestry database
[http://db.worldagroforestry.org/wd, April 2014]. Wood density is used in allometric equations that are
derived across many different tree species; as these equations are calibrated on a wider range of tree
diameter data, equations that deviate from the simple power laws used for the other equations account
for a larger share of the variation in the calibration datasets [40].
Table 2. Allometric equations used for aboveground biomass (AGBest ) based on stem diameter D.
Component
Cocoa
Generic trees, humid tropics
(rainfall 1500–4000 mm yr−1 )
Banana
Palm

Allometric Equation for AGBest
D1.98

0.1208
ρ × exp (−1.499 + 2.148 ln(D) +
0.207 (ln(D))2 − 0.0281 (ln(D))3 )
0.030 D2.13
0.118 D2.53

Reference
[41]
[40]
[42]
[43]

Tree basal area (m2 ha−1 ) was calculated by summing their cross–sectional area π D2 /4 of all
sampled trees and scaling up from the sampled area, while converting from cm2 to m2 . Formulas used
to calculate woody necromass depend on the wood decomposition stage [39]. The decomposition
stage was assessed in the field based on ease of inserting a metal rod into woody necromass. On recent
tree falls, where the decomposition stage was low, the equations of Table 2 were used. However, where
the necromass was highly decomposed, Equation (1) was used, and wood density was assumed to be
0.4 g cm−3 [39]:
ND = ρ H D2 /40
(1)
where ND is dry necromass (kg).
Measurement of understory biomass was done on six randomly selected quadrants of 50 cm
by 50 cm in every land–use. Understory vegetation in the quadrants was collected, weighed, then
taken to laboratory for oven–drying at 80 ◦ C for 48 h. Due to massive and bulky understory biomass
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samples, approximately 300 g sub–samples were taken from the field samples for dry weights. If the
samples were less than 300 g, the whole biomass was oven–dried. The understory dry weight (UD)
was calculated as the ratio of oven–dry weight to the sub–sample fresh weight multiplied by the total
fresh weight of understory biomass sampled in the field. Understory dry biomass of each land-use is
the average of the six replicates of the respective land–use. The litter collected was carefully cleaned to
remove adhering soil particles, before being taken to a laboratory for oven–drying at 80 ◦ C, for 48 h.
Calculation of litter biomass follows the same procedure as that for understory biomass.
Belowground biomass was estimated from the aboveground–tree root biomass relationship.
A default value of the canopy/root ratio of 4/1 for wet tropical forest trees was applied [44]. However,
for cocoa trees, we estimated the value based on the 6.7/1 ratio developed by [45].
2.5. Soil Properties
On 19 sub–plots (four sub–plots each in CAF4, CAF10, CAF17 and MAF45, and 3 sub–plots in SF)
we collected 57 of both disturbed and undisturbed soil samples at 0–10, 10–20, and 20–30 cm depths.
In each sub–plot, we collected about 1 kg of disturbed soil samples per layer, mixed composite from
six random spots within the same sub–plot for the measurements of soil organic carbon (C–org), soil
texture, and soil carbon pools. The undisturbed soil samples (also collected from three soil depths
at six random spots in each sub–plot) were used for bulk density, saturated hydraulic conductivity,
water retention, soil porosity, macro–porosity and aeration, available water capacity (AWC), and
soil structural quality measurements. C–org was determined according to the Walkley and Black
procedure outlined by [46]; bulk density was determined in each land use using six large (20 cm
long × 20 cm wide × 10 cm deep) core samples as well as six standard small (70 mm inner diameter,
50 mm length) ring samplers according to [47]; soil texture was determined using the pipet method
outlined by [48] saturated hydraulic conductivity was measured in a laboratory at a constant head [49]
using undisturbed samples with six replicates for each form of land use. Using the same undisturbed
samples for saturated hydraulic conductivity and water retention at 0 and 5 kPa, matric suctions
were determined using a hanging water column system [50,51]. Soil porosity was calculated from
bulk density, assuming a particle density of mineral soils of 2.65 Mg m−3 [52]. Macro–porosity
(effective diameter >60 µm) was calculated according to the soil pore (capillarity radius)—matric
suction relationship formula [53] at 5 kPa (0.50 m). Available water capacity was calculated as the
difference between water content at field capacity (−5 kPa matric potential) and at the wilting point
(−1500 kPa), measured using a pressure chamber [54]. Soil carbon stocks were calculated from bulk
density and C-org data [9], pH was measured in 1N KCl.
3. Results
3.1. Density and Basal Area
Land occupancy by trees, expressed in terms of tree basal area, of secondary forest was the most
common form of land use (over 14 m2 ha−1 ); it was significantly reduced (p < 0.05) when land was
converted to other land uses (Table 3). Ten–to–twelve years old cocoa agroforestry (CAF10) had
the lowest tree occupancy (just over 5 m2 ha−1 ), but its difference with younger cocoa agroforestry
systems (CAF4) was not statistically significant. Generally, the basal area increased as the cocoa–based
agroforestry system aged.
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Table 3. Tree basal area and plant density of remnant secondary forest (SF), multistrata agroforest that
is 45–68 years old (MAF45), cocoa agroforestry that is 17–34 years old (CAF17), cocoa agroforestry that
is 10–12 years old (CAF10), and cocoa agroforestry that is 4–5 years old (CAF4). The high plant density
for CAF4 was mainly due to a high population of cocoa and shade trees introduced into the system.
Shade trees are trees mainly planted to provide shade for cocoa, but several types also fix atmospheric
nitrogen and thus improve soil fertility.
Type of Tree or Plant
Basal area
Timber trees
Fruit trees
Cocoa
Shade trees
Palms
Other trees
Total
Plant density
Timber trees
Fruit trees
Cocoa
Shade trees
Palms
Bananas
Other trees
Total

SF

MAF45

CAF17
(m2

——————————12.42
4.50
0.19
4.02
3.11
0.70
3.71
2.88
0.90
1.91
0.67
14.33 a

10.78

b

9.88

b

CAF10

CAF4

ha−1 )—————————
2.02
0.50
2.13
0.76

2.73
2.71
1.75
0.84

5.41

c

8.04 bc

—————————– (trees ha−1 )—————————
498
79
5
5
251
64
28
175
44
263
188
650
225
87
469
5
75
550
183
25
1048 a

563 b

55 6 b

307 b

1394 a

a,b,c: Different letters along rows indicate significant differences (p < 0.05) according to Tukey’s test.

Young cocoa agroforestry systems had similar tree density to secondary forests (over 1000 trees
per hectare), which was two to four times that of other land uses (Table 3). The young cocoa–based
agroforestry had a significantly higher tree density compared with old cocoa–agroforestry and
multipurpose tree species agroforestry plots. While a 3 m × 3 m planting grid yields 1111 stems ha−1 ,
the tree population reduces as trees grow older.
3.2. Soil Properties
Converting natural forest to any land use under cocoa agroforestry systems, including multistrata
agroforestry in Sulawesi, markedly reduced topsoil (0 to 30 cm depth) organic matter concentration.
In the remnant secondary forest, soil organic carbon concentration at the 0–10 cm depth was 22 g kg−1 ,
categorized as ‘high’ according to [55] compared with only around 15 g kg−1 (moderate) for non-forest
systems (Figure 4a). Variations among the agroforestry land uses (non–forest) were relatively small,
within a 4 g kg−1 (0.4%) range, compared to the decline from forest to non–forest.
Surface soil bulk density values (Figure 4b) changed in the opposite direction from the pattern of
soil organic matter (Figure 4a). Having the highest C-organic concentration, secondary forest was the
least compacted. Consequently, inferred changes in the soil C stock in the top 30 cm of soil were small.
Converting forest to cocoa agroforestry led to soil compaction and therefore decreased total
porosity (data not shown as it is the mirror of bulk density data); multistrata agroforestry mimics the
forest condition closest (it is the least compacted).
Increased bulk density (reduced total porosity) resulted in the disappearance of part of the
macropores when they are >60 µm (Figure 5a), which consequently reduced the soil’s capacity
to conduct water (Figure 5b) and affected soil water availability (Figure 5c). The reduction in
macro-porosity caused by shifting a forest to CAF resulted in a decreased saturated hydraulic
conductivity (Figure 5b). Cocoa farms which were recently converted from forest had the lowest
hydraulic conductivity; apparently the hydraulic conductivity improved and became closer to that for
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forest as the land use was transformed to cocoa agroforestry, especially for old cocoa agroforestry and
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Figure 4. Surface soil (0–30 cm depth) soil organic carbon status (a) and bulk density (b) of secondary
tropical forest (SF), multistrata agroforestry that is 45–68 years old (MAF45), cocoa agroforestry that
is 17–34 years old (CAF17), cocoa agroforestry that is 10 years old (CAF10), and cocoa agroforestry
that is 4–5 years old (CAF4). Bars are standard errors of the means.
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Increased bulk density (reduced total porosity) resulted in the disappearance of part of the
macropores when they are >60 μm (Figure 5a), which consequently reduced the soil’s capacity to
conduct water (Figure 5b) and affected soil water availability (Figure 5c). The reduction in macroporosity caused by shifting a forest to CAF resulted in a decreased saturated hydraulic conductivity
(Figure 5b). Cocoa farms which were recently converted from forest had the lowest hydraulic
conductivity; apparently the hydraulic conductivity improved and became closer to that for forest as
the land use was transformed to cocoa agroforestry, especially for old cocoa agroforestry and
multistrata agroforest.
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Converting forest to other land–uses also led to a change of soil water retention, which specifically
reduces the available water capacity, AWC (Figure 5c). Young cocoa agroforestry led to the lowest
hydraulic conductivity, but the figure improved closer toward that for forest as the land use was
managed using aged cocoa agroforestry and multipurpose tree species.
Figure 5. Changes of soil surface (0–30 cm depth) macro–porosity (a), saturated hydraulic
conductivity (b) and available water capacity (c), resulted from shifting forest to cocoa farms and its
restoration through aging cocoa agroforestry systems that are 4–5 years old (CAF4), 10–12 years old

Converting forest to other land–uses also led to a change of soil water retention, which
specifically reduces the available water capacity, AWC (Figure 5c). Young cocoa agroforestry led to
the lowest hydraulic conductivity, but the figure improved closer toward that for forest as the land
use
using aged cocoa agroforestry and multipurpose tree species.
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Figure 6. Total above– and below–ground carbon stock of remnant secondary forest (SF) compared
Figure 6. Total above– and below–ground carbon stock of remnant secondary forest (SF) compared
with cocoa agroforestry that is 4–5 years old (CAF4), cocoa agroforestry that is 10–12 years old (CAF10),
with cocoa agroforestry that is 4–5 years old (CAF4), cocoa agroforestry that is 10–12 years old
cocoa agroforestry that is 17–34 years old (CAF17), and multistrata agroforest that is 45–68 years old
(CAF10), cocoa agroforestry that is 17–34 years old (CAF17), and multistrata agroforest that is 45–68
(MAF45). The figure demonstrates the total C–stock restoration from 4–5 (CAF4) to 17–34 years old
years old (MAF45). The figure demonstrates the total C–stock restoration from 4–5 (CAF4) to 17–34
cocoa agroforestry (CAF17) and to 45–68 years old multistrata agroforest (MAF45).
years old cocoa agroforestry (CAF17) and to 45–68 years old multistrata agroforest (MAF45).
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Figure 7. Surface soil bulk density (a), macro–porosity as percentage of total soil pores (b), saturated
Figure 7. Surface soil bulk density (a), macro–porosity as percentage of total soil pores (b), saturated
hydraulic conductivity – Ks (c) and available water capacity – AWC, expressed in mm of water per
meter of soil (d) as related to soil organic matter measured at different cocoa–based agroforestry systems,
meter of soil (d) as related to soil organic matter measured at different cocoa–based agroforestry
i.e., secondary forest (SF), cocoa agroforestry that is 4–5 years old (CAF4), 10–12 years old (CAF10), and
systems, i.e., secondary forest (SF), cocoa agroforestry that is 4–5 years old (CAF4), 10–12 years old
17–34 years old (CAF17) and multistrata agroforest that is 45–68 years old (MAF45).
(CAF10), and 17–34 years old (CAF17) and multistrata agroforest that is 45–68 years old (MAF45).
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4. Discussion
Our results provided partial support for the hypothesis that in cacao production systems, the
farmer–level benefits of agroforestry through increased water storage, contributing to climate change
adaptation, are parallel to global benefits of climate change mitigation through increased C storage.
However, the changes in soil properties are slow and gradual and only a partial recovery towards
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4. Discussion
Our results provided partial support for the hypothesis that in cacao production systems,
the farmer–level benefits of agroforestry through increased water storage, contributing to climate
change adaptation, are parallel to global benefits of climate change mitigation through increased C
storage. However, the changes in soil properties are slow and gradual and only a partial recovery
towards the conditions found in secondary forest was recorded, even for 45–year old mixed agroforest.
This slow belowground change relative to aboveground appearance is in–line with restoration
experience elsewhere [56].
Three steps are needed to assert a belowground contribution to climate change adaptation by
farmers (Figure 1): A. an increase in soil organic matter content, B. a functional role of changed soil
properties in the water balance reducing crop vulnerability to rainfall variability, and C. Deliberate use
by farmers to reduce their vulnerability. Our data referred to steps A and B.
In the tradition of ‘chronosequence’ research where surveys of existing plot–level land cover are
interpreted as a pseudo time–sequence, such as we did here, it is not easy, especially for soil properties,
to separate cause–effect relations from background variability. While aboveground C stock data clearly
differentiate the land cover types (Table 3), with only a partial recovery in older mixed agroforest of the
C stocks lost when local forests were converted, soil changes are more subtle. As noted by [9] increased
soil bulk density partly conceals reductions in Corg (expressed per unit dry soil) when carbon stocks in
the top 30 cm of soil are calculated. Thus, specific effects of land cover on Corg and soil C stock are
more clearly observed when Corg /Cref ratios are considered rather than direct Corg observations.
As second step in the argument we similarly obtained clearer evidence when the plot–level
Corg parameter, rather than land cover classes, was used as the basis for correlation with other soil
parameters. At around 20% of the variance accounted for (Figure 7), other sources of variation clearly
dominate. According to the regression equation of Figure 7d, increasing soil organic carbon by 1 g
per kilogram of soil (0.1% C-organic improvement) would give an increase of available soil water of
about 6 mm per meter of soil. Our data (Figures 4 and 7) reveal that an increase of Corg of 4 g kg−1
(0.4%) is feasible when land cover is transformed to the MAF 45 conditions in multistrata agroforestry
available plant water, which can be around 9.6 mm per 0.4 m of soil (as most of the cocoa roots on
these stony soils are concentrated in this layer). An increase of 0.4% in 45 years from a base of around
2% corresponds with a soil C increase of 4 % y−1 that is desirable as part of global climate change
policy [57], as the relative increase from 2.0 to 2.4 is 20% and 1.21/45 = 1.004, corresponding with a
relative rate of increase of 4 % y−1 .
As the average evapotranspiration rate for the humid tropics is 3–4 mm day−1 [58] and
measurements in the dry seasons in Central Sulawesi indicated around 3.6 mm day−1 [59], this
extra available water can support 50% of cocoa demand for water for any week without any rain in
the growing season. In the study area, the average rainfall in the driest months is only 50 mm [60].
The additional AWC that can be expected with higher soil organic matter content, combines with the
reduction of soil evaporation where a permanent litter layer is present [61,62]. Such effects are not
dramatic but can at least partly offset increased demand for water by trees with active leaf canopies [63].
However, if shade trees are as shallowly rooted as those in a recent West African case study [64]
were, then negative effects on cocoa survival are logical outcomes. Only with deep–rooted trees that
have access to deeper soil layers and share up to 1 mm day−1 to the topsoil by nighttime hydraulic
equilibration [65,66] can we expect substantive increases in dry season tolerance in agroforestry
systems. A number of the cocoa companion trees may have the deep rooting pattern necessary for
such effects, but location–specific observations will be needed to test that [67]. Shade trees in cocoa
agroforestry not only improved soil carbon concentrations in Southeast Sulawesi, but also soil structure
and aggregation [68], possibly facilitating cocoa root development, in line with our results (Figure 7b)
on macroporosity, that will also increase infiltration into the profile and reduction of surface runoff [69].
The water–related functionality of Corg had coefficients of determination of around 20%, suggesting
that other factors, such as details of soil structure, play a major role as well.
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What matters to farmers is the overall effects on yield and economic performance of the plots (e.g.,
in terms of return to labor). Intercropped shade–tree species with cocoa had little or no effects on cocoa
yield in earlier studies in Sulawesi [59,66]. Elsewhere the distance between shade trees and cocoa was
found to be important [70]. Although cocoa yields maybe higher under monocultures system [71,72],
returns derived from other agroforestry products compensated the difference in economic terms [73].
Part of the tree diversity on cocoa agroforestry in SE Sulawesi was recently attributed [39] to the fact
that they harbor tree species prioritized by male farmers as well as those favored by female farmers.
At the interface of aboveground and belowground effects and contributions to both mitigation and
adaptation climate change agendas, cocoa agroforestry can indeed be ‘climate–smart’, contributing
to resilience and policy synergy [74]. As detailed in a recent study in Southeast Sulawesi [75], the
improvements of cocoa agroforestry relative to cocoa monoculture are modest steps in the direction of
physically restoring forest soil conditions.
5. Conclusions
In terms of total system, C stock cocoa agroforestry could recover up to half of the stocks of
secondary forest in the landscape, while conversion only left 23% of the original stock, essentially the
soil component. Belowground losses after forest conversion but also restoration are slower than the
changes aboveground.
Trees in agroforestry are not only relevant for C storage, but also as provider of farmer income,
as modifier of microclimate and in support of soil C storage. In contrast to aboveground C storage,
belowground increases in stock have functional relevance. Soil conditions connected to the capacity
for CC adaptation, especially minimum soil compaction, greater macro–porosity, and hydraulic
conductivity to allow high rain infiltration and higher available water capacity could be directly linked
to higher Corg concentrations across the land covers sampled. An increase of 1 g kg−1 (0.1%) of soil
organic carbon increased available soil water capacity by 6% (vol/vol). Our data confirmed an increase
in available water capacity, relevant for survival of week–long dry spells. As such, a contribution can
be made to human adaptation to increased rainfall variability.
The water–related functionality of Corg had coefficients of determination of around 20%.
Belowground consequences of tree cover in agroforestry are only quantifiable in large data sets
but are likely as relevant as the more visible effects aboveground.
Our results confirmed that a shift from cocoa monoculture to forms of agroforestry has benefits for
the farmer in terms of an increased soil water buffering and soil structure that, even though modest in
effect size, contributes to tolerance of dry season conditions. These systems also contribute, in modest
amounts, to increased storage of carbon in aboveground and belowground pools that ought to be
reflected in the country’s national C accounting system and be included in the Nationally Determined
Contributions to the Paris Agreement on combatting global climate change. A shift from a focus on
cocoa to be intensively managed as monoculture crop to one that is best grown in mixed agroforestry
systems, along with other tree commodities will be appropriate.
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