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Abstract Cocoa agroforestry systems are recog-
nized for their potential to reconcile agricultural
production with climate change mitigation, yet the
mechanisms governing carbon storage across envi-
ronmental gradients remain poorly understood. Here,
we examined above- and belowground carbon stocks
of cocoa and shade trees as well as soil organic car-
bon (SOC) in smallholder cocoa agroforestry systems
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across dry, intermediate (mid), and wet climatic zones
in Ghana. Despite pronounced differences in shade
tree density, size, and species richness, shade-tree
aboveground carbon stocks (108-147 Mg C ha™!) as
well as total farm-level carbon stocks were compa-
rable across the climatic gradient (from dry to wet),
with no negative effect on cocoa yield, signifying
trade-offs in the structural characteristics of shade
trees driven by management. Cocoa tree carbon and
SOC stocks varied across the climatic zones but
individually contributed less to ecosystem carbon
stocks. Cocoa tree carbon stocks were highest in
the mid climatic zone (41 Mg C ha™!) compared to
22 Mg C ha™! for the dry and 27 Mg C ha™"! for the
wet zone, reflecting the older cocoa tree stands and
larger stem diameters of the mid zone. SOC was lower
in the dry zone than in the mid and wet zones, by 23
and 27%, respectively, and mirrored the combined
effects of climatic conditions and soil properties. The
ratio of cocoa yield to total plant carbon increased
from the dry to wet climatic zone, indicating a shift
in carbon allocation toward productivity under wetter
climatic conditions. Our results highlight the capac-
ity of cocoa agroforestry systems to provide climate-
mitigation benefits independent of climatic variations
but with greater synergies of achieving high cocoa
productivity and ecosystem carbon storage under
wetter climatic conditions. Overall, these findings
underscore the need for climate-specific management
strategies that optimizes both carbon sequestration
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and cocoa productivity in West African agroforestry
systems.

Keywords Aboveground biomass - Belowground
biomass - Cocoa production - Carbon credit - Carbon
sequestration - Soil organic carbon - Sustainable
agriculture - West Africa

Introduction

As a globally important commodity, cocoa (Theo-
broma cacao) production and associated markets
contribute to the livelihoods of over 40 million peo-
ple worldwide (Beg et al. 2017; Fotiadis and Huan
2022). Out of the nearly 4—5 million metric tons of
cocoa beans produced annually across the tropics,
about 95% is contributed by smallholder farms rang-
ing 0.26-14.7 ha in size (Carr and Lockwood 2011;
ICCO 2023). The global land area covered by cocoa
farming is estimated to be around 11.7 million hec-
tares, of which West Africa accounts for nearly 70%
of these lands (~8.09 million hectares) and produc-
tion (Otekunrin 2025). As the global demand for
cocoa and cocoa-based products increases, the expan-
sion of cocoa cultivation into forested areas intensify,
often driving up tropical deforestation, and loss of
biodiversity and ecosystem services (Steffan-Dewen-
ter et al. 2007; Gockowski and Sonwa 2011; Obeng
and Aguilar 2015). Smallholder cocoa agroforestry
systems, which integrate cocoa with diverse shade
tree species, present a promising approach to mitigate
these challenges, potentially fostering both agricul-
tural productivity and ecological resilience (Asare
2006; Wu et al. 2016). Moreover, these agroforestry
systems are increasingly recognized for their potential
to stock significant amounts of carbon through their
enhanced accumulation of biomass and soil organic
matter, thereby contributing to climate change mitiga-
tion and improved soil health (Jose 2009; Somarriba
et al. 2013; Veldkamp et al. 2023). Understanding
the dynamics of carbon storage in these small-
holder cocoa agroforestry systems is critical for the
global carbon cycle and important for quantifying its
response to increasing land use changes (Houghton
2005).

Moreover, cocoa agroforestry systems are also
widely regarded as a climate adaptation strategy,
that can accrue diversified financial returns for
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smallholder farmers while enhancing ecosystem
multifunctionality through increased biodiversity,
improved nutrient cycling and nutrient-use effi-
ciency, and greater carbon sequestration (Tscharntke
et al. 2011; Monroe et al. 2016; Abdulai et al. 2018,
2025). Despite such benefits, the interaction between
cocoa trees and the associated shade trees have not
always been positive regarding climate adaptation as
they significantly affect water and nutrient dynam-
ics. For example, if cocoa and shade tree combina-
tions are not well chosen, this can result in adverse
hydrological and nutritional limitations to cocoa plant
growth, their productivity, and the rate of biomass
accumulation (Abdulai et al. 2017). Whereas canopy
interactions may determine light interception lev-
els, root distribution between cocoa and shade trees
may express competition or complementarity in their
water and nutrient use, all of which may vary under
different climatic conditions, and thus influence the
performance and adoptability of cocoa agroforestry
systems (Cannavo et al. 2011; Padovan et al. 2015;
Abdulai et al. 2017). For instance, under extreme
seasonal drought conditions, competition for water
between cocoa and shade trees in agroforestry sys-
tems are likely to lead to stalled or reduced growth,
and mortality of the cocoa plant (Abdulai et al. 2017;
Gateau-Rey et al. 2018; Kompas et al. 2024). The
physiological responses of tropical plants to seasonal
drought, may sometimes be confounded by soil nutri-
ent availability (Manu et al. 2024), which influences
their carbon assimilation and mortality risk.

Climate significantly controls plant biomass pro-
ductivity and the carbon sequestration potential in
agroforestry systems (Ldderach et al. 2013; Schroth
et al. 2016a). Variations in temperature, precipitation,
and other environmental factors across a climatic gra-
dient can affect tree growth rates, species composi-
tion, and overall ecosystem functioning (Toledo et al.
2011; Wagner et al. 2016; Green et al. 2019; Hum-
phrey et al. 2021; Manu et al. 2022; Higgins et al.
2023). These variations can lead to significant differ-
ences in biomass production and the carbon seques-
tration potential across ecological zones (Toledo et al.
2011; Wagner et al. 2016; Green et al. 2019; Hum-
phrey et al. 2021; Higgins et al. 2023). Such variabil-
ity raises important questions about the adaptability
of smallholder cocoa agroforestry systems to chang-
ing climatic conditions and their capacity to serve
as effective carbon sinks. For instance, regions with
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higher rainfall and optimal temperature ranges sig-
nificantly enhance plant growth, thereby facilitating
greater carbon storage. In drier and hotter regions,
water availability may limit plant growth, induce
nutrient limitations and constrain potential carbon
storage (Manu et al. 2024). This relationship under-
scores the need for site-specific studies that consider
local climatic conditions and management strategies
that may optimize carbon storage in cocoa agrofor-
estry systems. Furthermore, despite the recognized
potential of smallholder cocoa agroforestry systems
to sequester carbon, there is a lack of comprehensive
studies examining carbon stocks along climatic gradi-
ents, with the interaction between climatic factors and
agroforestry practices that determines productivity
and carbon stocks poorly understood (Schroth et al.
2016b; Lynch 2022).

Across the tropics, significant proportion of above-
ground carbon of cocoa agroforestry systems is stored
in non-cocoa shade trees. Previous studies in Central
America and Africa show that shade trees typically
account for 60—70% of aboveground carbon compared
to cocoa trees (Somarriba et al. 2013; Dawoe et al.
2016; Mohammed et al. 2016; Miharza et al. 2023).
Moreover, SOC stocks also represent a substantial
carbon pool but vary widely with climate, soil depth,
land use history, and farm management (Mohammed
et al. 2016; Miharza et al. 2023). Understanding how
carbon stocks are distributed among biomass and soil
pools across environmental gradients is therefore crit-
ical for evaluating the mitigation potential and eco-
nomic viability of cocoa agroforestry systems within
emerging carbon finance frameworks. Notwithstand-
ing, only very few studies examine how carbon parti-
tioning among shade trees, cocoa biomass, and soils
responds to climatic gradients within smallholder
systems. Our study addresses this gap by quantify-
ing component-level carbon stocks across contrasting
climatic zones in Ghana. Here, we investigate varia-
tions in carbon stocks as well as its relationship with
cocoa yield in nearly 150 smallholder cocoa agrofor-
estry systems across dry, mid, and wet climatic zones
in Ghana.

By examining how different climatic conditions
interact with agroforestry practices in modulating
their influence on carbon storage, we aim to gen-
erate greater insights into how smallholder farm-
ers can enhance carbon storage while maintaining
productivity. We hypothesize that (1) total carbon

stocks (soil organic carbon, cocoa tree biomass,
and shade tree biomass) will be higher in wet than
in drier zones, (2) higher shade tree biomass will
not negatively impact yields. Our research find-
ings will contribute crucial information on sustain-
able agricultural practices, agroforestry and carbon
dynamics, and appraise of agroforestry systems as
effective climate change mitigation strategies for
sustainable cocoa cultivation.

Materials and methods
Study location and design

This study was conducted across three distinct cli-
matic zones (dry, mid, and wet) in the cocoa culti-
vation belt of Ghana (Fig. 1), classified according to
the different climate suitability zones for cocoa pro-
duction in West Africa (Schroth et al. 2017). The dry
zone is located near Akumadan in the Ashanti region
of Ghana, where vegetation has over time transitioned
from semi-deciduous forests to forest savannas due to
recurrent wildfires and widespread intensive agricul-
ture (Amisah et al. 2010; Abdulai et al. 2018). This
zone encounters an extended dry period from Novem-
ber to March (Abdulai et al. 2017). The mid climatic
zone occurs mostly within the moist semi-decidu-
ous forest region around Goaso in the Brong-Ahafo
region, while the wet climatic zone was mostly within
the moist evergreen forest region around Asankragua
in the Western region. For both mid and wet zones,
the dry season persists from November to February,
coupled with a southward surge in humidity. Mean
annual temperatures ranged between 27-30 °C,
26-30 °C, and 27-30 °C for the dry, mid, and wet
regions, respectively (Asante et al. 2021). Soils in
the three zones are largely loamy-textured Acrisol,
Alfisol, and Oxisol (see Table 1 for physicochemi-
cal characteristics). The cocoa agroforestry systems
were distinguished by contrasting land-use histories
(Abdulai et al. 2018). In the dry zone, cocoa farms
occurred on previous cocoa farmlands, typically fol-
lowing short fallows intercropped with annual crops
such as maize and vegetables. In contrast, most farms
in the mid and wet zones were established after forest
clearing (Gockowski and Sonwa 2011; Abdulai et al.
2018).
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Fig. 1 Map of southern Ghana showing annual rainfall (mm)
and the distribution of cocoa agroforestry systems (n=50
farms) in the dry, mid, and wet climatic zones. Annual rain-
fall in the dry, mid, and wet climatic zones ranges from 1000—

Estimations of tree biomass and carbon stocks

In total, our study consisted of 150 matured cocoa
agroforestry farms in the three climatic zones (50
farms per climatic zone). Each farm within a cli-
matic zone represented a replication unit (Fig. 1).
Tree inventories were conducted in all farms
across the three climatic zones (Table 1). Within
each farm, we measured the tree height and diam-
eter at breast height (DBH) of all shade trees. For
cocoa trees, these measurements were conducted
on a fixed area transect of 40 m? in the middle of
the cocoa agroforestry plantation. With the help of
local botanists, shade tree species were taxonomi-
cally identified, except for 0.5% of the trees which
could not be identified to the species level. A total
of 2447 individual shade trees consisting 85 species
(62 species in the dry zone, and 66 in the mid zone
and 64 in the wet zones) were measured in the 150
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1300 mm, 1300-1700 mm, and 1700-2200 mm, respectively.
Each black dot represents an individual cocoa agroforestry sys-
tem

farms (Table 2). Across zones, the average number
of cocoa trees expressed in hectares were 1570 + 82
trees ha™! in the dry zone, 1620+ 67 trees ha™' in
the mid zone, and 1740+ 58 trees ha™' in the wet
climatic zones (Table 1). To estimate the above-
ground wood biomass (AWB) of shade trees, we
used a pan-tropical allometric equation (Chave et al.
2014), expressed as AWB = 0.0673 x (pD*H)°.976
using measured DBH and height values. Where p
represents species-specific wood density (g cm™),
D represents diameter at breast height (cm), and
H represents total tree height (m). The species-
specific wood density was taken from the global
wood density database of the R package BIO-
MASS and other published literature (Zanne et al.
2009; Chave et al. 2009; Donegan et al. 2014;
Manu et al. 2022). For cocoa trees, with only
DBH measured, we used a pan-tropical allometric
equation built only for tree diameter (Chave et al.
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Table 1 Site characteristics
(mean =+ SE, n=50 farms)

Soil / vegetation characteristics

Climatic zones

of soils (0-30 cm depth) Dry zone Mid zone Wet zone

and vegetation of cocoa

agroforestry farms in dry, Soil physical and chemical characteristics

mid, and wet climatic zones Soil texture class Sandy-loam Loam Silt-loam

in Ghana. Within rows, Sand (%) 59.8+1.6a 413+13b 314+13c¢

mean values with different .

letters indicate statistically Silt (%) 279x1.6¢ 46.0+13b 56.1x12a

significant difference Clay (%) 123+08 a 11.7+0.6 a 125+0.7 a

(P<0.05) between the Soil organic matter (%) 23+0.1b 2.8+0.1a 3.0+0.1a

climatic zones Bulk density (2 cm™) 1.46+0.01 a 1.41+£0.01 b 1.40+£0.01 b
pH (1:1H,0) 6.9+0.1a 6.8+0.1a 53+0.1b
C:N ratio 10.7+03 b 12.1+0.7 a 11.26+0.1 ab
Total N (g N m™2) 519+15b 5924252 639+20a
CEC (cmolc kg™ 10.9+0.7 ab 144+13a 9.3+0.5b
Base saturation (%) 98.8+0.2a 98.8+0.2a 93.7+0.5b
Calcium (mg Ca kg™ 1624+107 a 20804205 a 798 +69 b
Magnesium (mg Mg kg™!) 282+21b 389+33a 188+16¢
Potassium (mg K kg™ 89.2+5.6a 87.3+5.5ab 71.5+£52b
Sodium (mg Na kg™ 19.0+1.0b 294+18a 254+15a
Bray phosphorus (mg P Kg) 62+0.5a 33+0.6b 8.6+1.2a
Vegetation characteristics
Cocoa yield (kg ha™! year™) 282+34c¢ 712+43 b 849+47 a
Plantation size (ha) 1.1+£0.2b 1.7+02a 09+0.1b
Cocoa plantation age (years) 16+1b 20+1a 16+1b
Cocoa plant DBH (cm) 9.6+04b 12.1+04 a 10.0+0.4 b
Cocoa plant density (trees ha™") 1570+82 a 1620+67 a 1740+58 a
Shade cover (%) 23.6+1.7a 13.1+1.2b 16.8+1.5b
Shade tree DBH (cm) 505+1.8b 563+1.6a 51.0+£25b
Shade tree height (m) 17.3+3Db 19.5+04a 19.7+0.8 a
shade tree density (trees ha™") 42+3a 23+2c 32+3b
Shade tree diversity (species ha™!) 20+2a I1+1lc 16+1b
Shade tree basal area (m® ha™") 44+0.6b 6.7+£0.8a 354050

2005) expressed as AWB = p x exp(—1.499 + 2.148In(D)
+0.207(In(D))? — 0.0281(In(D))*). To determine the total
tree biomass (TBM), a root-to-shoot conversion fac-
tor for secondary tropical forest of 0.24 is applied
and expressed as: TWB=AWB+ (AWB *0.24). This
factor was chosen because of its relevance to tropi-
cal and subtropical secondary forest stands, accord-
ing to the widely used guidelines (IPCC 2006). For
carbon fraction, we assumed 50% carbon in wood
biomass (Schultz et al. 2008; Lewis et al. 2009;
Petersson et al. 2012; Manu et al. 2022). Further-
more, following widely used guideline (IPCC 2006;
Schultz et al. 2008; Petersson et al. 2012), the car-
bon fraction was converted into CO,equivalents

(CO,eq) and the unit converted from kg to tons (t)
as follows: CO2eq = (TBM * 0.5 * 44/12)/1000.

Soil sampling and analysis

Within each cocoa plantation, soil samples from the
top 0-30 cm depth were taken from the midpoint and
four locations of the transects using a soil auger (at
least 5 m from the boundary to avoid edge effect).
The five samples were mixed to form a composite
sample, dried at 105 °C, sieved through a 2 mm sieve
and ground. From the composite sample, a sub-sam-
ple was taken and analyzed for its physical and chem-
ical properties (Table 1) at the Soil Research Institute
of Ghana (CSIR-SRI). Soil organic carbon (SOC) was
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Table 2 Aboveground carbon stocks contributions from different shade tree species in cocoa agroforestry systems in dry, mid, and
wet climatic zones in Ghana

Serial Dry zone Mid zone Wet zone
number
Shade tree  Carbon Share (%) Shade tree  Carbon Share (%) Shade tree  Carbon Share (%)
species stock (Mg C species stock (Mg C species stockMg C
ha™!) ha™") ha™!)
1 Alstonia 54.6 7.7 Ceiba 44.8 6.6 Celtis mild- 69.8 8.7
scholaris pentandra braedii
2 Ceiba 54.2 7.6 Hannoa 41.5 6.1 Ceiba 57.2 7.1
pentandra klaineana pentandra
3 Cassia 53.0 7.5 Entandro- 37.5 5.5 Milicia 38.1 4.7
rotundi- phragma excelsa
folia candollei
4 Entandro- 274 3.9 Nauclea 31.0 4.6 Petersian-  33.0 4.1
phragma diderrichii thus mac-
utile rocarpus
5 Cola gigan- 25.7 3.6 Cola gigan- 26.5 39 Hannoa 31.6 3.9
tia tia klaineana
6 Entandro- 25.6 3.6 Terminalia  25.6 3.8 Irvingia 243 3.0
phragma superba gabonen-
candollei sis
7 Milicia 22.5 32 Pterygota 24.8 3.7 Piptad- 243 3.0
excelsa macro- eniastrum
carpa africanum
8 Cynometra  20.2 2.8 Celtis mild-  23.0 34 Guibourtia 21.5 2.7
megalo- braedii ehie
phylla
9 Terminalia  19.0 2.7 Milicia 20.7 3.0 Aningeria 21.0 2.6
ivorensis excelsa robusta
10 Celtis mild-  18.1 2.5 Amphimas ~ 18.5 2.7 Pericopsis  20.7 2.6
braedii pterocar- laxiflora
poides
11 Hannoa 18.1 2.5 Pycanthus  16.6 2.5 Terminalia  19.8 2.5
klaineana angolese superba
12 Alstonia 16.8 2.4 Antiaris 15.4 23 Cola nitida 18.3 2.3
boonei toxicaria
13 Guibourtia  16.5 2.3 Morinda 14.8 2.2 Cylicodis-  17.7 2.2
ehie lucida cus gab-
unensis
14 Terminalia  16.1 23 Alstonia 14.6 2.1 Morinda 17.6 2.2
superba boonei lucida
15 Triplochiton 15.7 2.2 Ficus cap-  14.1 2.1 Combretum 17.6 2.2
scleroxy- ensis glutino-
lon sum
16 Ficus cap-  14.9 2.1 Ficus cap-  14.1 2.1 Alstonia 17.4 22
ensis ensis boonei
17 Morinda 13.2 1.9 Sterculia 13.5 2.0 Terminalia 15.9 2.0
lucida oblonga ivorensis
18 Entandro- 13.1 1.9 Sterculia 13.2 1.9 Bombax 14.8 1.8
phragma tragacan- buonopo-
angolense tha zense
19 Petersian- 12.4 1.7 Bombax 12.9 1.9 Nauclea 14.3 1.8
thus mac- buonopo- dider-
rocarpus zense richii
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Table 2 (continued)

Serial Dry zone Mid zone Wet zone
number
Shade tree  Carbon Share (%) Shade tree  Carbon Share (%) Shade tree  Carbon Share (%)
species stock (Mg C species stock (Mg C species stockMg C
ha™!) ha™!) ha™!)
20 Ricino- 12.2 1.7 Entandro- 12.2 1.8 Entandro-  13.7 1.7
dendron phragma phragma
heudelotii angolense angolense
21 Chloro- 11.7 1.6 Entandro- 12.0 1.8 Amphimas ~ 12.9 1.6
phora phragma pterocar-
excelsa utile poides
22 Antiaris 11.6 1.6 Petersian- 11.9 1.8 Vitex rivu-  12.8 1.6
toxicaria thus mac- laris
rocarpus
23 Nesogordo- 11.5 1.6 Bighia 11.1 1.6 Unknown 12.0 1.5
nia papa- sapida spp-
verifera
24 Spathodea  11.1 1.6 Guibourtia 11.0 1.6 Aucoumea  11.4 1.4
campanu- ehie klaineana
lata
25 Cola nitida  10.1 14 Cylicodis- 10.2 1.5 Lannea wel- 11.4 1.4
cus gab- witschii
unensis
26 Bighia 10.0 14 Mansonia 10.2 1.5 Khaya 10.9 1.3
sapida altissima ivorensis
27 Pycanthus 9.6 1.3 Ricino- 10.0 1.5 Pycanthus ~ 10.7 1.3
angolese dendron angolese
heudelotii
28 Cordia mil- 8.5 1.2 Aningeria 9.9 1.5 Treculia 10.2 1.3
lenii robusta africana
29 Albizia fer- 8.1 1.1 Blighia 9.7 1.4 Lophira 10.1 1.3
ruginea unijugata alata
30 Sterculia 7.5 1.1 Triplochiton 9.0 1.3 Triplochiton 10.1 1.3
oblonga scleroxy- scleroxy-
lon lon
31 Antrocaryon 7.4 1.0 Albizia 8.5 1.3 Bighia 9.9 1.2
micraster zygia sapida
32 Lannea wel- 7.2 1.0 Heritiera 8.3 1.2 Funtumia 9.5 1.2
witschii utilis elasstica
33 Citrus 6.7 0.9 Combretum 7.9 1.2 Albizia fer- 8.7 1.1
sinensis glutino- ruginea
sum
34 Marga- 6.5 0.9 Lannea wel- 7.9 1.2 Antiaris 8.7 1.1
ritaria witschii toxicaria
discoidea
35 Sterculia 6.5 0.9 Discogly- 7.8 1.1 Blighia 8.3 1.0
tragacan- premna unijugata
tha caloneura
36 Bombax 6.4 0.9 Spathodea 6.5 1.0 Newboudia 7.9 1.0
buonopo- campanu- larvis
zense lata
37 Persia 6.4 0.9 Holarrhena 6.4 0.9 Entandro- 7.8 1.0
americana Sfloribunda phragma
utile
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Table 2 (continued)

Serial Dry zone Mid zone Wet zone
number
Shade tree  Carbon Share (%) Shade tree  Carbon Share (%) Shade tree  Carbon Share (%)
species stock (Mg C species stock (Mg C species stockMg C
ha™!) ha™!) ha™!)
38 Unknown 6.3 0.9 Daniellia 6.4 0.9 Milicia 7.8 1.0
spp. ogea regia
39 Samanea 6.0 0.8 Terminalia 6.1 0.9 Cedrela 7.1 0.9
saman ivorensis odorata
40 Amphimas 6.0 0.8 Pericopsis 5.9 0.9 Pterygota 6.8 0.8
pterocar- laxiflora macro-
poides carpa
41 Tectona 5.8 0.8 Newboudia 5.5 0.8 Citrus 6.5 0.8
grandis larvis sinensis
42 Albizia 5.8 0.8 Albizia fer- 5.1 0.7 Discogly- 6.5 0.8
zygia ruginea premna
caloneura
43 Cedrela 5.7 0.8 Tectona 4.9 0.7 Albizia 6.3 0.8
odorata grandis zygia
44 Newboudia 5.6 0.8 Magnifera 4.8 0.7 Persia 6.2 0.8
larvis indica ameri-
cana
45 Albizia adi- 5.4 0.8 Samanea 4.8 0.7 Ficus sur 6.1 0.8
anthifolia saman
46 Magnifera 53 0.7 Anthocleista 4.8 0.7 Ficus exas- 5.4 0.7
indica nobilis perata
47 Holarrhena 4.4 0.6 Unknown 44 0.6 Allan- 53 0.7
floribunda spp- blackia
parviflora
48 Piliostigma 4.1 0.6 Tetrapleura 4.2 0.6 Albizia 5.2 0.6
thonningii tetraptera adianthi-
folia
49 Pericopsis 3.8 0.5 Persia 4.0 0.6 Sterculia 5.2 0.6
laxiflora americana rhin-
opetala
50 Anthocleista 3.4 0.5 Ficus 3.8 0.6 Ricino- 5.1 0.6
nobilis exaperata dendron
heudelotii
51 Ficus 3.0 0.4 Piptad- 32 0.5 Musanga 5.0 0.6
exaperata eniastrum cecropi-
africanum oides
52 Khaya sen- 3.0 0.4 Albizia adi- 3.1 0.5 Rauvolfia 4.9 0.6
egalensis anthifolia vomitoria
53 Discogly- 3.0 0.4 Treculia 2.9 0.4 Spathodea 4.4 0.5
premna africana campanu-
caloneura lata
54 Aningeria 2.8 0.4 Cola nitida 2.9 0.4 Antho- 3.9 0.5
robusta cleista
nobilis
55 Blighia 2.5 0.3 Aucoumea 2.6 0.4 Ficus 3.8 0.5
unijugata klaineana exaperata
56 Diospyros 2.3 0.3 Citrus 2.3 0.3 Magnifera 35 0.4
abyssinica sinensis indica
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Table 2 (continued)

Serial Dry zone Mid zone Wet zone
number
Shade tree  Carbon Share (%) Shade tree  Carbon Share (%) Shade tree  Carbon Share (%)
species stock (Mg C species stock (Mg C species stockMg C
ha™h) ha™!) ha™!)
57 Piptad- 2.2 0.3 Musanga 2.3 0.3 Sterculia 3.5 0.4
eniastrum cecropi- tragacan-
africanum oides tha
58 Funtumia 2.1 0.3 Funtumia 2.3 0.3 Myrianthus 3.0 0.4
elasstica elasstica arboreus
59 Citrus 1.7 0.2 Ficus sur 2.0 0.3 Alstonia 2.8 0.3
reticulata scholaris
62 Voacanga 1.4 0.2 Marga- 1.9 0.3 Antro- 2.5 0.3
africana ritaria caryon
discoidea micraster
61 Tetrapleura 1.4 0.2 Piliostigma 1.8 0.3 Ficus cap- 2.5 0.3
tetraptera thonningii ensis
62 Erythrina 0.9 0.1 Khaya 1.7 0.3 Turrae- 2.4 0.3
senega- ivorensis anthus
lensis africanus
63 Nesogordo- 1.7 0.3 Tetrapleura 1.9 0.2
nia papa- tetraptera
verifera
64 Antrocaryon 1.5 0.2 Piliostigma 1.1 0.1
micraster thonningii
65 Canarium 14 0.2
schwein-
Sfurthii
66 Cordia mil- 1.1 0.2
lenii

determined by the wet oxidation method (Walkley
and Black 1934) and total N by the modified Kjeldahl
method (Bremner 1996). Exchangeable bases were
extracted with 1.0 M ammonium acetate solution
(Thomas 1982). Soil texture was determined using
the hydrometer method whilst extractable soil P was
determined using the Bray I method (Bray and Kurtz
1945). Soil organic carbon stocks was calculated from
SOC concentration (SOC %), soil layer thickness (in
meters) and bulk density (Solomon et al. 2002; Adi-
yah et al. 2023) and expressed as: SOC stocks (Mg C
/ ha)=(SOC %) xbulk density (Mg / m?) X soil depth
(m) x 10,000.

Bulk density was estimated from soil organic mat-
ter (% OM) for each farm following a widely used
approach (Post and Kwon 2000; Chatterjee et al.
2018): Bulkdensity = 100/((%0M/0.244) + (100 — %OM)/1.64)).

Statistical analysis

For comparison of carbon stocks, vegetation, and
physicochemical soil characteristics across the dry,
mid, and wet climatic zones, we tested each param-
eter for equality of variances using Levene's test and
for normal distribution using Shapiro—Wilk’s test. If
these two conditions were met, differences among the
climatic zones were tested with a one-way ANOVA
followed by Tukey HSD test. If normal distribution
was not met, a Kruskal-Walli’s test with multiple
comparison extension was used. If the assumption of
equality of variances was not met, we used a one-way
T test pairwise comparison with a Holm-correction.
Additionally, to assess the relationship between pro-
duction and carbon storage, we calculated the ratio
between cocoa yield (Mg/ha) and total plant carbon
stocks (Mg/ha). Such ratios provide an integrated
indicator of production relative to biomass carbon
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storage within the cocoa agroforestry system across
the different climatic zones. Spearman correlation
was also used to test relationships between yield and
carbon stocks for different compartments of ecosys-
tem carbon storage across the three zones. All data
were analyzed using R (version 4.0.4) with statistical
significance level at P <0.05.

Results

Characterization of cocoa agroforestry systems across
wet, mid and dry climatic zones

Like shade trees, mean DBH of cocoa trees was
19-23% higher in the mid climatic zone than in the
dry and wet zones. Similarly, average DBH of the
shade trees was 10-11% higher in the mid zone than
in the dry and wet climatic zones. Consequently, the
shade tree basal area was about twice as high in the
mid zone than in the dry or wet zones. Higher shade
tree density (by 36-72%), canopy cover (by 40-70%),
and species diversity (by 36-70%) were observed in
the dry compared to the mid and wet climatic zones
(Table 1), likely reflecting the adaptative management
strategy to the marginal climatic conditions of the
drier region. We distinguished between low-shaded
(shade cover<25%) and medium-shaded (shade
cover>25%) farms and found that low-shaded farms
represented about 53, 94, and 79% of farms in the
dry, mid and wet climatic zones, respectively.

Aboveground carbon stock contribution of different
shade tree species

A total of 2447 individual shade trees and 85 species
were recorded from all the cocoa agroforestry planta-
tions. The eleven most abundant species (Terminalia
superba (9%), Morinda lucida (6%), Ficus capensis
(6%), Milicia excelsa (5%), Persia Americana (4%),
Ceiba pentandra (4%), Antiaris toxicaria (4%), Ster-
culia tragacantha (4%), Albizia zygia (3%), Rici-
nodendron heudelotii (3%), and Cola nitida (3%))
accounted for about half (51%) of all trees but rep-
resented only 12% of aboveground carbon stock in
the three climatic zones. Considering all species
across the three zones, we observed an overlap in
species assemblage with about half of the total spe-
cies pool occurring in all zones (Table 2). However,
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each of the zones showed largely distinct species
composition for the top 15 species with the highest
biomass, contributing over half of the zone’s total
carbon stock (Table 2). Out of these 15 species, only
five (Ceiba petandra, Hannoa klaineana, Celtis mild-
braedii, Milicia excelsa, and Terminalia superba)
occurred in all three climatic zones and contributed
a combined carbon stock of 18%, 23%, and 27% in
the dry, mid and wet zones respectively (Table 2).
Across climatic zones, the highest aboveground car-
bon stock of 53+22 Mg C ha~! was recorded for
Cassia rotundifolia (only occurring in the dry zone),
followed by 51+9 Mg C ha™! for Ceiba pentandra,
and then 33+6 Mg C ha™! for Hannoa klaineana.
Across the three climatic zones, these species rep-
resented the highest individual biomass contribu-
tors. Within the dry zone, Alstonia scholaris, Ceiba
pentandra and Cassia rotundifolia were the dominant
carbon-storing species, each contributing about 8%
(53-55 Mg C ha™') of the total aboveground carbon.
In the mid zone, Ceiba pentandra, Hannoa klaineana,
and Entandrophragma candollei stored the most car-
bon contributing about 6-8% (38-45 Mg C ha™!) of
the total aboveground carbon of this zone. Within the
wet zone, Celtis mildbraedii contributed the highest
share of carbon storage (9%; 70 Mg C ha‘l), followed
by Ceiba pentandra (1%; 57 Mg C ha™"), and then by
Milicia excelsa (5%; 38 Mg C ha™!) (Table 2).

Aboveground and belowground carbon stocks across
the climatic gradient

Carbon storage in the cocoa agroforestry systems
varied with compartments (i.e., shade trees, and
cocoa trees). Shade trees contributed a higher above-
ground carbon stock (108-147 Mg C ha™!), account-
ing for~78-85% of the total aboveground carbon at
the plantation level and did not differ among climatic
zones. On the other hand, aboveground C of cocoa
trees was higher in the mid climatic zone than the wet
zone by 41% and dry zone by 60% (Table 3). How-
ever, total aboveground C (shade tree C+cocoa tree
C) was 39% higher in the mid zone than the dry zone
but comparable to the wet climatic zone (Table 3).
Total plant carbon (cocoa tree C + shade tree C) in the
dry zone was 32 and 19% lower than in the mid and
wet climatic zones, respectively (Table 3). However,
similar to cocoa yields (Table 1), the ratio of cocoa



Agroforest Syst (2026) 100:252

Page 11 of 20 252

Table 3 Carbon stocks

S Climatic zone Dry zone Mid zone ‘Wet zone

contributions (mean + SE;

MgC ha™; n?50 Aboveground wood carbon (AWB)

farms) from different AWB shade trees 108+11a 147+15a 132420 a

compartments of cocoa

agroforestry systems AWB cocoa 22+2b 41t4a 27+3b

along the climatic gradient Total AWB 127+12b 188+ 16 a 156 +20 ab

in Ghana. Within Tows, Belowground wood carbon (BWB)

mean values with different BWB shade trees 26+3a 36+4a 32+5a

letters indicate statistically

signiﬁcant difference (P< BWRB cocoa 5.2 -0_-0.6 b 9.9-_0—0‘8 a 6.510.6 b

0.05) between the climatic Soil organic carbon (SOC) 56+3b 69+3a 72+2a

Zones Total belowground carbon (BWB + SOC) 85+5b 114+5a 110+6a
Total plant carbon (cocoa + shade trees) 158+14b 234+19a 194+25a
Cocoa yield: total plant carbon ratio (x1073) 238+04c 45+05b 97+14a

yield to total plant carbon increased along the cli-
matic gradient from the dry to the wet zone (Table 3).

Soil organic carbon stocks differed across cli-
matic zones and tended to increase from the dry to
wet zones (Fig. 2). Soil C stock in the top 30 cm soil
depth was 23-28% lower in the dry zone (56 +3 Mg
C ha™") compared to the mid (69 +3 Mg C ha™') and
wet (72+2 Mg C ha™') zones and constitute about
61-66% of total belowground carbon (Table 3).
Whereas a comparable belowground biomass of the
shade trees was observed among the climatic zones,
a higher belowground biomass of cocoa trees was
observed in the mid than in the dry and wet climatic
zones (Table 3). Together, total belowground car-
bon (soil organic C+shade tree C+cocoa tree C)
was about 27-52% higher in the wet (1106 Mg C
ha~!) and mid (114+5 Mg C ha™!) zones than in the
dry climatic zone (85+5 Mg C ha™!). Overall, total
farm-level carbon stocks (shade tree C+cocoa tree
C+SO0C) did not significantly differ among the cli-
matic zones (Fig. 2). Correlation analysis of yield
and carbon stocks did not show any clear relationship
in the separate zones (Fig. 3). However, combining
data from all zones revealed a positive relationship
between yield and SOC or total farm level carbon
stocks (Fig. 4).

Discussion

We examined carbon allocations among shade trees,
cocoa tree biomass, and soils in smallholder cocoa
agroforestry systems to understand the mecha-
nisms influencing carbon storage across a dry to

wet climatic gradient in Ghana. The conversion of
primary forests to cocoa plantations reduces their
carbon storage capacity, along with a considerable
loss of biodiversity (Steffan-Dewenter et al. 2007;
Obeng and Aguilar 2015; van Straaten et al. 2015).
Aboveground carbon stocks (shade trees+ cocoa)
of 127-188 Mg C ha™! at our cocoa agroforestry
sites fall within the reported range for tropical agro-
forestry systems (12-228 Mg C ha™!) (Albrecht
and Kandji 2003), and Afrotropical (57-375 Mg
C ha™!) and Neotropical (69-229 Mg C ha™!) for-
ests (Quesada et al. 2012; Lewis et al. 2013; Taylor
et al. 2019). They are lower than those reported for
Bornean forests (229 Mg C ha™') in Southeast Asia
(Quesada et al. 2012; Lewis et al. 2013; Taylor et al.
2019), yet exceed values reported for some second-
ary forests (104 Mg C ha™!) in southern Ghana and
agroforestry systems in Central America (averaging
49 Mg C ha') and in Ghana (Dawoe et al. 2016;
Mohammed et al. 2016; Afele et al. 2021; Nimo
et al. 2021). The similarity of carbon stocks at our
sites to reported values for Afrotropical and Neo-
tropical forests likely reflect shared biogeographic
characteristics, as these forests generally have fewer
very large trees and exhibit lower mean basal area,
thereby constraining aboveground biomass. In con-
trast, Bornean forests typically store substantially
greater carbon, due to the dominance of tall dip-
terocarp species with larger mean DBH and higher
wood density (Quesada et al. 2012; Lewis et al.
2013). Moreover, the relatively high carbon stocks
observed in our cocoa agroforestry systems com-
pared to the secondary forests can be attributed
to the selective retention of large, mature shade
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trees of economic or cultural value such as Ceiba
petandra, Terminalia superba, Milicia excelsa, etc.
(Table 2) during forest conversions. These reten-
tions of large shade trees in cocoa agroforestry sys-
tems further enhance their overall aboveground car-
bon relative to secondary forests, which are mostly
young in the region, often with a history of repeated
disturbance from illegal logging, fuelwood extrac-
tion, and shorter recovery periods, thereby limiting
their total biomass (Brown et al. 2020).

@ Springer

Mid Wet

In Southern Ghana, where our study was con-
ducted, Brown et al. (Brown et al. 2020) reported
an aboveground carbon stock of 173 Mg C ha™!
for intact primary forests. This baseline carbon
stock compared to our results show that our stud-
ied agroforestry systems has only 31% less car-
bon in the dry climatic zone and 10% in the wet
zone, with the mid zone storing nearly 8% more
carbon than the referenced primary forest (Brown
et al. 2020). These estimated loss of stored carbon
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following forest conversions to cocoa plantation
systems are at the lower-end of ranges reported for
Ghana (5-73%), Nigeria (69-91%) and Cameroon
(5-89%) (Obeng and Aguilar 2015). Higher forest
carbon losses from the conversion of primary for-
ests into cocoa agroforestry have also been reported
elsewhere in central America and Asia (Steffan-
Dewenter et al. 2007; Smiley and Kroschel 2008).
Notwithstanding, our results suggest that although
cocoa agroforestry cannot substitute primary for-
ests in the provision of ecosystem services, they
offer an important strategy and land-use option that
prevent significant losses in ecosystem functions
such as carbon sequestration and cocoa production
when compared to intensive cocoa monoculture or
other agricultural land uses (Gockowski and Sonwa
2011; Somarriba et al. 2013; Obeng and Aguilar
2015; Afele et al. 2021).

In our study, total farm-level carbon stocks
(shade tree C+cocoa tree C+ SOC) did not dif-
fer among climatic zones (Fig. 2), although lower
cocoa yields were observed in the dry zone than in
the mid and wet zones (Table 1). This highlights
the capacity of cocoa agroforestry systems, particu-
larly in the dry zone, to continue to provide sub-
stantial climate change mitigation benefits through
carbon storage at levels comparable to those in
the wetter environments, which underscores their
value as resilient carbon sinks (Tscharntke et al.
2011; Somarriba et al. 2013; Schroth et al. 2016a;
Afele et al. 2021). The maintenance of compara-
ble total carbon stocks under drier conditions of
the dry zone reflected the large contributions of
the shade tree carbon stocks, which may have buft-
ered the effects of climatic constraints on ecosys-
tem carbon storage (Fig. 2), even in regions where
climatic conditions limited crop productivity. This
further suggest that, the carbon storage potential
of the cocoa agroforestry systems was not solely
determined by rainfall availability, but also by the
farms’ structural characteristics and management
practices (Saj et al. 2013). However, given the
increased ratio of cocoa yield to total plant car-
bon from the dry to wet climatic zone (Fig. 2 and
Table 3), the wet climatic zone appears to have pro-
vided the most favourable conditions for achieving
higher cocoa production along with substantial car-
bon storage (Somarriba et al. 2013; Schroth et al.
2016a).

Limited effect of climatic gradient on shade tree
carbon stocks

Despite differences in shade tree structure among cli-
matic zones (Table 1), the aboveground carbon stocks
of shade trees were comparable across zones (Fig. 2;
Table 3) and were consistent with an earlier central
Cameroonian study (Saj et al. 2013). This result sug-
gests a strong structural compensation (a likely trade-
off among the growth variables of shade trees) within
the cocoa agroforestry systems. For instance, in the
dry zone, the higher shade tree density, species rich-
ness, and shade cover compensated for the relatively
smaller mean tree size and lower basal area (Table 1).
Conversely, in the mid climatic zone, fewer but sig-
nificantly larger shade trees with higher basal area
dominated biomass accumulation. The wet zone had
intermediate structural attributes with moderate den-
sity and diversity but taller shade trees, resulting in
comparable carbon stocks across zones. This shade
tree density and size trade-offs have been observed
in forest communities and agroforestry systems and
attributed to the non-linearity of biomass scales with
tree diameter and height (Slik et al. 2013; Chave et al.
2014). In natural ecosystems, this density—size trade-
offs represent the inverse relationship between tree
density and individual size that emerges due to com-
petition for limiting resources such as water, light,
and nutrients. Thus, reductions in stem density are
compensated by increases in mean tree size, result-
ing in total aboveground biomass across contrasting
environmental or management regimes (Enquist et al.
1998; Pretzsch 2009). In smallholder cocoa agrofor-
estry systems, such comparable carbon stocks across
climatic zones may reflect the long-term farm man-
agement decisions that tend to balance shade provi-
sion and crop productivity rather than maximizing
tree carbon storage, and thus inadvertently stabilizing
shade tree carbon stocks across the climatic gradient
despite large differences in tree density, basal area,
or species composition (Dawoe et al. 2016; Abdulai
et al. 2018; Asigbaase et al. 2020; Lotz et al. 2026).
Consistent with our hypothesis, shade tree biomass
had no significant effect on cocoa yield (Fig. 3),
suggesting a generally limited negative influence of
shade trees on yield (Afele et al. 2021). These find-
ings highlight the role of shade trees as a relatively
climate-resilient carbon pool within cocoa agro-
forestry systems and further suggest that climatic
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«Fig. 3 Relationship between cocoa yield and carbon stocks
in the cocoa agroforestry systems in the dry, mid, and wet
climatic zones in Ghana. No significant relationship between
yield and carbon stocks of different compartment were
observed (Spearman’s correlation test; n=>50 farms) in any of
the three climatic zones. Each point represents an individual
cocoa agroforestry system

constraints on shade tree growth in dry regions can be
dampened by management-decisions on tree density
and species composition (Table 1).

Climate-mediated cocoa tree carbon allocation and
productivity

Cocoa tree aboveground carbon (2241 Mg C ha™!)
was considerably higher than that reported from cen-
tral America (9 Mg ha™!) and an 8-year old plantation
(11-21 Mg C ha™!) in Ghana (Isaac et al. 2007), with
this variation likely dependent on site-specific man-
agement and plantation characteristics such as farm
age and stand density (Jagoret et al. 2017; Asante
et al. 2021). In this study, although the share of cocoa
tree carbon stocks was low compared to shade trees
(Table 3), it varied significantly among climatic
zones, with the highest stocks observed in the mid
climatic zone compared to the dry and wet zones
(Fig. 2; Table 2). This pattern mirrored the growth
characteristics of cocoa trees in the mid zone (Jag-
oret et al. 2017), given its larger cocoa stem DBH,
and older plantation stands (Table 1). Therefore,
aside from climatic effects, the differences in cocoa
carbon stocks were largely driven by cocoa tree size,
plantation age, and carbon partitioning rather than by
cocoa tree density (Table 1), considering that cocoa
plant density did not differ significantly among the
zones (1570-1740 trees ha™!). These results also indi-
cate that, unlike shade trees, cocoa tree carbon was
more sensitive to climatic conditions and perhaps
management that regulated productivity and carbon
allocations.

Another plausible reason for the high cocoa tree
carbon stock in the mid zone was the low level of
shade cover in this zone, which has been shown to be
negatively related to cocoa biomass (Steffan-Dewen-
ter et al. 2007; Abdulai et al. 2018). In our study,
relative to the dry climatic zone, the high proportion
of low-shaded farms (94% of sampled farms in the
mid zone had shade cover <25%), explains the high
cocoa tree DBH of the mid zone (Table 1), and the

higher cocoa tree biomass carbon stocks observed
(Fig. 2 and Table 3). Nevertheless, despite its rela-
tively low cocoa tree carbon stocks and mean stem
DBH (Table 1) compared to the mid zone, the wet
zone recorded the highest cocoa yields, indicating
a shift in carbon allocation that favours greater pro-
duction efficiency (Somarriba et al. 2013; Schroth
et al. 2016a). This allocation strategy is consistent
with high soil organic carbon in the wet zone, which
likely enhanced nutrient availability and carbon-use
efficiency, allowing high yields without substan-
tial investment in woody biomass (Fig. 2) (Somar-
riba et al. 2013; Schroth et al. 2016a). In contrast,
the mid climatic zone had the highest cocoa bio-
mass carbon stock, coinciding with significantly
higher cocoa DBH and plantation age, but lower
yields than the wet zone (Table 1). These patterns
indicate greater carbon retention in woody tissues,
likely reflecting moderate seasonal water limitation
that necessitate structural investment for hydraulic
safety and resilience. The dry zone showed the low-
est cocoa carbon stocks (22+2 Mg C ha™!) and yields
(282+34 kg ha™! year™!) despite comparable plant-
ing densities (Table 1). This suggests that water stress
and soil conditions limited both growth and repro-
ductive allocation, thereby constraining total carbon
gains (Table 3). Overall, these results demonstrate
that, high soil carbon availability and wetter climatic
conditions promoted an allocation strategy favouring
productivity in wet zone, whereas carbon was pref-
erentially retained in woody biomass in mid climatic
zone, and both productivity and carbon storage were
likely constrained by water limitation in the dry zone.

Moreover, soil properties may have modulated
both above- and belowground cocoa carbon stocks.
The dry zone was characterized by coarse-textured
soils with low soil organic matter, and total nitro-
gen, as well as higher bulk density (Table 1). These
conditions tend to reduce water-holding capacity and
nutrient retention, thereby constraining carbon gains
and limiting both cocoa productivity and carbon stor-
age (Lal 2004). Although soil pH and base saturation
were high, leaching under sandy conditions likely
reduced nutrient availability, reinforcing carbon limi-
tation. Conversely, the mid zone exhibited a more
balanced soil texture, higher cation exchange capac-
ity, and greater nutrient availability (Table 1), creat-
ing conditions for sustained biomass accumulation
and carbon retention in cocoa stems. The relatively
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Fig. 4 Relationship between cocoa yield and carbon stocks
(Spearman’s correlation) in the cocoa agroforestry systems
across the cocoa growing belt of Ghana. The lower panels
show a significant positive relationship between yield and soil

higher C:N ratio suggests slower organic matter turn-
over, consistent with greater carbon residence time in
woody biomass (Six et al. 2002). Wet-zone soils were
mostly fine-textured, with the highest soil organic
matter, total nitrogen, and SOC stocks (Tables 1 and
3; Fig. 2). These conditions promote nutrient cycling
and high productivity but also accelerate carbon
turnover, which limits long-term biomass accumula-
tion in the cocoa trees. Lower pH and reduced base
saturation may further enhance microbial activity
and organic matter decomposition, supporting carbon
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organic carbon or total farm-level carbon stocks (n=150 farms
in all the three climatic zones). Each point represents an indi-
vidual cocoa agroforestry system

cycling into yield rather than storage in woody bio-
mass (Gregorich et al. 2017) as was also observed at
the system-level.

Climate-mediated soil organic carbon

Some earlier studies on SOC in cocoa agroforestry
systems were not directly comparable to our study
as they differed in their measured soil depth. For
0-30 cm soil depth, our measured soil organic car-
bon stocks (56-72 Mg C ha™!) were within range of
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values reported in conventional agroforestry systems
(50-78) in Ghana (Asigbaase et al. 2020; Agbotui
et al. 2023) and followed a clearer climatic signal
than aboveground biomass, being significantly lower
in the dry zone than in the mid and wet zones (Fig. 2;
Table 3). Although the shade tree carbon stocks
across zones were comparable in this study, the dif-
fering soil organic carbon stocks indicate that soil
carbon dynamics were likely controlled by climate-
mediated processes such as soil moisture availabil-
ity, and organic matter decomposition rates than by
tree biomass alone. Nonetheless, shade tree struc-
ture may have also played an indirect role (Table 1),
thus, higher shade tree diversity and density in the
dry zone may contribute to sustained litter inputs,
but slower decomposition due to limited moisture
may have constrained soil organic carbon accumula-
tion. In contrast, wetter conditions in the mid and wet
zones may have promoted greater SOC stabilization,
allowing soils to retain more carbon even when shade
tree biomass does not increase proportionally. This
decoupling highlights the importance of consider-
ing both above- and belowground carbon pools when
evaluating the climate change mitigation potential of
cocoa agroforestry systems. The positive relationship
between SOC and cocoa yield (Fig. 3) highlights the
role of SOC not only as a climate mitigatable pool
of carbon but also in soil fertility. However, because
our soil carbon sampling was limited to the 0-30 cm
depth, potential differences in deeper carbon pools
across climatic zones may have been underestimated.
Accordingly, we caution against extrapolating these
findings to larger spatial scales in cocoa agroforestry
systems.

Conclusions

Our study presented patterns of carbon stocks in
smallholder cocoa agroforestry systems with data
covering the current climatic gradient of the cocoa
cultivation belt of Ghana; a major cocoa producing
country second only to the Ivory Coast. In converse
to our first hypothesis, our results showed that trade-
offs in the structural characteristics of cocoa agrofor-
estry systems resulted in large but comparable shade
tree carbon stocks and total farm-level carbon stock
despite variation in climatic conditions along the dry,
mid, and wet zones. Yet, cocoa tree carbon and SOC

stocks, which individually represent a smaller share
of total carbon, varied across the climatic zones, this
was attributable to the combined effects of climate,
structural attributes, and soil properties. These results
underscore the importance of shade trees as a rela-
tively stable and climate-resilient carbon pool within
smallholder cocoa agroforestry systems. They further
suggest that, although cocoa trees themselves may
contribute less to overall carbon storage, the agro-
forestry systems they constitute can store substantial
amounts of carbon while simultaneously supporting
cocoa production. Moreover, whereas the drier sandy
soils in the dry zone constrained both carbon storage
and productivity, fine-textured, organic-rich soils in
the wet zone enhanced SOC and promoted rapid car-
bon allocation into yield rather than woody biomass.
Consistent with our second hypothesis, neither total
farm-level carbon nor shade tree carbon had negative
effect on cocoa yield. The increasing ratio of cocoa
yield to total plant carbon along the dry to wet cli-
matic gradient suggests that the wet climatic zone
enhanced the capacity of cocoa agroforestry sys-
tems to simultaneously support greater productivity
and biomass carbon accumulation and thus showed
greater potential for multifunctional agroforestry
outcomes. Our data also suggest that while farmer
decisions in the design and management of cocoa
agroforestry systems may inadvertently lead to com-
parable carbon stocks in the dry as in the wetter cli-
matic zones and thus offer greater benefit for climate
change mitigation in the dry zone, observed yield gap
and climate change projections may represent a sig-
nificant economic challenge to farmers in this zone
(Schroth et al. 2017; Abdulai et al. 2020). This may
require the adoption of more drought-resistant cocoa
breeds or the gradual transitioning to other cash
crops. Intensification of cocoa agroforestry is there-
fore recommended for the mid and wet zones (Abdu-
lai et al. 2020), in line with the proposed regional cli-
mate change adaptation strategy (Schroth et al. 2017).
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