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Abstract In the perspective of using cocoa as a
response to climate change, a preliminary carbon stock
assessment was conducted in cocoa agroforests of the
Bengamisa-Yangambi forest landscape in the north-
east of Democratic Republic of Congo (DRC). Data
were collected in 25 plots of 2500 m* each, spread
over 16 villages. Above-ground carbon stock assess-
ment on cocoa trees and their associated plants
revealed that cocoa agroforests store on average
44.48 Mg ha™" of above-ground carbon of which,
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cocoa-associated plants represent 83.68%. The diver-
sity (species richness) of cocoa associated plants
determine the level of above-ground carbon stored in
cocoa agroforests. Trees less than 50 cm in diameter
stored a larger amount of above-ground carbon. Cocoa
agroforests with associated plants dominated by forest
species (Model F) store 1.76 and 1.72 times more
carbon, respectively, than those where associated
plants are dominated by oil palm (Model P) and a
mixture of plant types (forest species mixed with oil
palm plants, or Model FP). Associated plants inside
cocoa agroforests also play additional roles to support
livelihoods such as health care, household consump-
tion and timber. Therefore, beyond carbon storage,
cocoa agroforest is an important reservoir of some
local species and thus useful for biodiversity conser-
vation and local livelihoods. As cocoa agroforests in
DRC are recognized as one of the main responses to
climate change, this study constitutes an early contri-
bution to the process of reducing emissions from
deforestation and forest degradation (REDD +) in
forest landscapes in this country of the Congo Basin.

Keywords Democratic Republic of Congo (DRC) -
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Introduction

Today, agroforestry systems have become a well-
established approach to integrated land management,
not only for renewable resource production but also
for ecological and environmental considerations
(Dhyani et al. 2020). Agroforestry systems have large
potential across a wide range of production, climate,
ecosystem services and diversity metrics as a strategy
for climate-smart, sustainable agriculture (Blaser et al.
2018). Therefore, agroforestry has become a strategy
for conserving natural resources in the tropics (Gotz
et al. 2004) and is implemented across large parts of
Africa, Asia and South America (Blaser et al. 2018).

Globally, agroforests have high potential as a
climate change mitigation strategy (Lasco et al.
2014) to store carbon (Verchot et al. 2007; Toppo
and Raj 2018) due to their high levels of underground
and aerial biomass (Cerda et al. 2014; Sonwa et al.
2018). The carbon storage potential of agroforestry
systems has been successfully established (Albrecht
and Kandji 2003; Dhyani et al. 2020).

However, the effectiveness of agroforestry systems
in storage carbon depends on the environmental and
socio-economic factors of each area (Mutuo et al.
2005). In addition, the total carbon amount stored
greatly depends on region, type of system (nature of
components and age of trees), site quality and previous
land use (Dhyani et al. 2020). Agroforestry trees also
improve land cover in agricultural fields, in addition to
providing carbon inputs (root biomass, litter and
pruning) to the soil, which reduce soil erosion (a
crucial process in soil carbon dynamics) (Albrecht and
Kandji 2003). Agroforestry systems with a mixture of
diverse tree species provide more functions, both for
the environment and the daily needs of local people,
including income generation (Sari et al. 2020). Trees
in agroforestry are not only relevant for carbon storage
but also support soil carbon storage (Gusli et al. 2020).
In addition, greater tree diversity (combinations of
fruit and timber trees) in complex agroforestry slightly
improve soil organic carbon at topsoil but do not affect
deeper soil layers (Saputra et al. 2020).

Cocoa (Theobroma cacao L.), one of the major
world cash crops (Hosseini-Bai et al. 2019), is
traditionally grown in agroforestry systems (Sari
et al. 2020). The carbon storage potential of these
systems should be studied (Lojka et al. 2017) for
several reasons. First, their management intensity
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directly affects stand composition and structural
complexity (Deheuvels et al. 2014). Second, since
the density of conserved trees is positively related to
the density of cocoa trees (Saj et al. 2013), the diverse
mixture and diversity of cocoa-associated trees with
medium to high wood density help maintain carbon
stock in cocoa agroforests systems (Sari et al. 2020).
Therefore, carbon stocks in cocoa farms with dense
tree canopy cover will be more similar to those in the
original native forest than in farms with lower canopy
(Dawoe et al. 2016).

Many cocoa-producing countries in Africa, includ-
ing those of West and Central Africa, have already
assessed the carbon stock of cocoa farms under
different managements (Sonwa et al. 2017a).

In Democratic Republic of Congo (DRC), there is
insufficient data on initiatives in the cocoa sector
(Kroeger et al. 2017). Indeed, cocoa is generally
cultivated by small farmers, most often alongside
other crops (Downie 2018). In Tshopo province, cocoa
has been promoted since the colonial era (Jassogne
et al. 2014).

According to Batsi et al. (2020), in Bengamisa-
Yangambi landscape, the distance between the main
city and the intensity of forest degradation greatly
impact the density and diversity of cocoa-associated
plants. Therefore, as noticed by many authors (Saj
et al. 2013; Deheuvels et al. 2014), there is a strong
link between the density and diversity of cocoa-
associated plants with landscape management, and
secondarily, with carbon stock. Thus, the possible
relationships between cocoa-associated plant density,
diversity and carbon stock must be clarified in cocoa
agroforestry systems (Vroh Bi Tra et al. 2010) in the
Bengamisa-Yangambi landscape.

In this study, we explore the impact of forest
degradation intensity, density and diversity of plants
(species richness) and main uses of cocoa-associated
plants on above-ground carbon in the Bengamisa-
Yangambi landscape. We address the following
research questions: (1) What forest degradation inten-
sity from Zone A (most degraded) to Zone D (least
degraded) affect above-ground carbon? (2) What
main typologies (models) of cocoa agroforests affect
the above-ground carbon? (3) Did the cocoa agro-
forest’s structure (stem density, plant diversity and
basal area) affect the above-ground carbon? In
response to these three questions, we hypothesize that
(1) above-ground carbon stock follows the forest
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degradation gradient; (2) cocoa agroforests main
typology are due to farmer management (Sari et al.
2020); and (3) the cocoa agroforest’s structure (diver-
sity, density and basal area) and above-ground carbon
are positively correlated.

Materials and methods
Study area

This study was conducted between June and July 2018
in 16 villages and recorded above-ground carbon of
cocoa agroforest in four zones of 15 km each. These
are defined along the main road, from Kisangani city
to Yangambi forest reserve landscape, via Bengamisa
village (Fig. 1). This area is located between the city of
Kisangani (N00°31’; E25°11") (Moloba et al. 2019)
and the Yangambi Biosphere Reserve (N00°48’;
E24°29") (Kearsley et al. 2017) in Banalia territory,
Tshopo province, DRC. Kisangani, founded in 1883,

is the capital of Tshopo province and its main city. Its
population is estimated at about 1 million (around 20%
of the 5,032,472 inhabitants of the province) (Moonen
et al. 2016; Moloba et al. 2019). In the Bengamisa-
Yangambi forest landscape, Kisangani is the main city
with its urbanization impacting the forest landscape
between the city and the Yangambi Biosphere
Reserve. In this region, which has excellent agricul-
tural and climatic conditions, cocoa cultivation has
been encouraged since colonial times. In 1979, the
African Development Bank financed the development
of 1750 ha of small peasant and commercial planta-
tions in Bengamisa called CABEN (Cacaoyeres de
Bengambisa) to increase congolese cocoa production.
CABEN did not achieve its objectives and most of
these plantations were abandoned (Jassogne et al.
2014). In Bengamisa-Yangambi landscape, small
farmers have cultivated cash crops such as oil palm
and cocoa for several decades (Béguin 1974; Jassogne
et al. 2014).
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Fig. 1 Localization map of the cocoa agroforests and inventory plots in Bengamisa-Yangambi landscape
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Methods
Data collection

Four zones of 15 km each (Fig. 1) were defined along
the main road, including Zone A (18-33 km from
Kisangani city), Zone B (34—49 km from Kisangani
city), Zone C (50-65 km from Kisangani city) and
Zone D (66-81 km from Kisangani city). These zones
are arranged from the highly degraded area nearest
Kisangani city (Zone A) to the least degraded area in
the forest zone (Zone D) (Fig. 1).

Twenty-five cocoa agroforests of at least 0.5 ha
were selected (Torres et al. 2014). Four plots of
25 m x 25 m (i.e. 625 m? for each plot), correspond-
ing to an area of 2500 mz, were established within
each cocoa agroforest to assess carbon stocks of
plants. In small plantations, the plots were installed
successively, spaced 3—-5 m apart. In large plantations,
the plots were arranged on a diagonal to represent the
diversity of the cocoa farm. On each cocoa tree the
diameter was measured at 30 cm from the ground and
at 1.30 m on the cocoa-associated plants (Zapfack
et al. 2002).

The following equations were used to estimate
carbon stock: allometric Eq. (7) developed by Chave
et al. (2014): AGB =
exp(—2.024 — 0.896E + 0.920 log (WD) +
2.7951og(D?)) for the cocoa-associated trees, where
AGB = above-ground biomass in Mg, WD = wood
density in g.cm ™, D = diameter in cm and E = envi-
ronmental variable integrating temperature and pre-
cipitation variability. We used the BIOMASS package
developed by Réjou-Méchain et al. (2017) to calculate
the biomass. We used the equation of Andrade et al.
(2008): Bt = 10(~1:625+2.6310g(d30)) for cocoa trees,
where d30 = stem diameter at 30 cm from the soil,
Bt = biomass in kg. Finally, we used the allometric
equation Y(kg) =4.5+ 7.7H, of Frangi and Lugo
(1985) for oil palms, where H = height of the palm
tree in m and Y = above-ground biomass in kg. The
conversion factor of 0.47 was used to transform
biomass to carbon stock (Thomas and Martin 2012).
Wood densities of different species were taken from
the global wood density database of Zanne et al.
(2009) and wood density database of ICRAF.

@ Springer

Data analysis

Preliminary analysis of cocoa agroforests helps iden-
tify the three following models defined by Batsi et al.
(2020): Cocoa agroforests in which companion plants
(associated with cocoa trees) were composed primar-
ily of forest/native species (Residual species from the
previous natural forest or from regeneration of these
species or regeneration of species from the adjacent
forest), named Model F; cocoa agroforests in which
companion plants were split equally between
forest/native species and oil palms, named Model
FP; lastly, cocoa agroforests in which companion
plants were composed primarily of oil palms, named
Model P.

We estimated the above-ground carbon stock of
cocoa agroforests in the Bengamisa-Yangambi forest
landscape by: (i) zones of distance and cocoa
agroforests model; (ii) pools of above-ground carbon;
(iii) floristic composition of cocoa-associated plants;
(iv) local usefulness of cocoa-associated plants,
(v) diameter classes of cocoa-associated plants; and
(vi) relationship between structure (plant density and
species richness) and above-ground carbon.

We used statistical analysis to compare zones [Zone
A (18-33 km from Kisangani), Zone B (34—49 km
from Kisangani), Zone C (50—65 km from Kisangani)
and Zone D (66-81 km from Kisangani)] and cocoa
agroforest typologies (Model F, Model FP and Model
P). We first applied one-way analysis of variance
(ANOVA) with Tukey’s test in order to check for
significant differences among zones and cocoa agro-
forest’s typologies. When, ANOVA test residuals do
not follow a normal distribution (tested by Shapiro’s
test), Kruskal test was used and the differences among
groups were estimated with a post-hoc Duncan test. A
probability of 0.05 was used as limit for significance.
All these analyses were performed by the R software
version 4.0.3 (R Core Team 2019) under its R studio
interface.

Results

Above-ground carbon of cocoa-associated plants
and cocoa trees

Cocoa agroforests in the Bengamisa-Yangambi forest
landscape stored an average of 44.18 Mg ha ' of
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Table 1 Above-ground carbon (Mg ha™") of cocoa agroforests by zone (differentiated by distance from Kisangani city)

Agroforest Zone A Zone B Zone C Zone D Whole region P
components 18-33km(n=6 34499kmm=11 50-65km(n=3 6681 kmn=5 (n=25 agroforests)
agroforests) agroforests) agroforests) agroforests)
Associated 15.58 £+ 7.65a 50.07 £ 30.36b 43.97 + 4.84ab 29.6 £ 17.19ab 36.97 £ 25.65 0.0407
plants
Cocoa trees 8.18 + 2.26 6.54 £+ 1.69 6.6 +1.71 7.9 £ 4.06 721 £242 0.516
Whole zones  23.77 £ 7.41a 56.6 £ 30.19b 50.57 £+ 3.21ab 37.5 £ 13.73ab 44.18 £+ 24.75 0.0474

We provided ANOVA test’s p value or Kruskal-Wallis test’s p value when the condition of ANOVA was not satisfied; we added the
same letter in row when the difference between two groups is not significant (a) and different letters when it is significant (a, b, ab);

(n) is number of cocoa agroforests and (km) is kilometer

carbon (Table 1). The carbon stock averages vary
significantly between zones depending on the distance
from Kisangani city. Thus, Zone B (34—49 km from
Kisangani city) recorded the highest average
(56.6 Mg ha™") followed by Zone C (50—65 km from
Kisangani city) (50.57 Mg ha™') and and Zone A
(18-33 km from Kisangani city) with stored the
lowest value amount of carbon (23.77 Mg hafl).
The above-ground carbon sequestered by plants
associated with cocoa trees (36.97 Mg ha™ ') is largely
higher (p <0.001) than that of cocoa trees
(7.21 Mg ha™") and represents 83.68% of the total
above-ground carbon recorded in the study area.
Looking at the different cocoa agroforest’ models
recorded in the above-mentioned landscape (Table 2),
it is absolutely clear that the model F (agroforests in
which companion plants [associated with cocoa trees]
are dominated by forest species) store significantly
more carbon (59,43 Mg hafl) than the other models.
On the other hand, the smallest amount of carbon

(33,78 Mg hafl) is stored by the model P (cocoa
agroforests in which companion plants are dominated
by oil palms). However, the model FP (cocoa agro-
forests in which companion plants are split equally
between forest species and oil palms) have a value
(34,48 Mg ha_l) between the two previous models,
hence its statistical similar with them.

Carbon storage by main plant species

Turning to the five cocoa-associated species with
respect to highest rated carbon storage (Table 3),
Elaeis guineensis JACQ. storing 4.08 Mg ha~' (or
8.12% of above-ground carbon of plant associated
with cocoa) is classified at the top of all species of
study area. When considering each zone specifically,
species classified at the top are for Elaeis guineensis
(5.65 Mg ha'or 20.87%) in Zone A (18-33 km from
Kisangani city); Zanthoxylum gilletii (DE WILD.)
P.G. WATERMAN (5.26 or 8.59%) in Zone B

Table 2 Above-ground carbon (Mg ha™") of cocoa associated plants and cocoa trees by type/model of cocoa agroforests

Agroforest Model F Model FP (n =5 Model P Whole region (n = 25 P
components (n=10 agroforests) (n=10 agroforests)

agroforests) agroforests)
Associated plants 52.48 & 25.67a  27.24 £ 15.05ab 26.31 +23.43b  36.97 £ 25.65 0.0396
Cocoa trees 695 £ 1.8 724 £3.85 747 £ 237 721 £242 0.899
Whole zones 59.43 £ 25.06a  34.48 £ 12.37ab 3378 £22.52b  44.18 £ 24.75 0.0345

Model F (agroforests in which companion plants [associated with cocoa trees] are dominated by forest species); Model FP (cocoa
agroforests in which companion plants [associated with cocoa trees] are split equally between forest species and oil palms); and
Model P (cocoa agroforests in which companion plants [associated with cocoa trees] are dominated by oil palms); we provided
ANOVA test’s p value or Kruskal-Wallis test’s p value when the condition of ANOVA was not satisfied; we added the same letter in
row when the difference between two groups is not significant (a) and different letters when it is significant (a, b, ab) and (n) is
number of cocoa agroforests

@ Springer



Agroforest Syst

Table 3 Five cocoa associated species impacting the above-ground carbon (Mg ha™') of cocoa agroforests by zone (differentiated

by distance from Kisangani city)

Species Zone A Zone B Zone C Zone D Whole region
18-33 km 34-49 km 50-65 km 66-81 km (n=25
n=6 (n=11 n=3 n=5 agroforests)

agroforests) agroforests) agroforests) agroforests)

Elaeis guineensis JACQ 5.65 (20.87%) 4.3 (8.03%) 5.01 (8.08%) 1.17 3.72%)  4.08 (8.12%)

Musanga cecropioides R. BR

Zanthoxylum gilletii (DE WILD.)
P.G.WATERMAN

Trilepisium madagascariense DC

Ficus exasperata VAHL

0.83 (4.24%)

5.26 (8.59%)

3.78 (6.71%)

3.55 (7.32%)
2.96 (6.44%)

14.13 (11.4%)

10.51 (8.36%)

2.48 (4.77%)

3 (7.67%)
2.84 (7.29%)

2.7 (6.62%)
2.45 (5.45%)

Persea americana MILLER
Dacryodes edulis (D. DON) H.J. LAM 1.66 (7.9%) -
Alstonia boonei DE WILD 1.23 (5.32%)
Pycnanthus angolensisc WELW.) EXELL -

Pseudospondias microcarpa -
(A. RICH.) ENGLER

Petersianthus macrocarpus - -
(P. BEAUV.) LIBEN

Pterocarpus soyauxii TAUB - -
12.62 (81%)

3.25 (10.66%) -

Total of the top 5 plant

Total of whole zone 15.58 (100%)

20.72 (41.39%)

50.07 (100%)

- 1.41 3.94%) -

402 (1.55%) - - -
3.36 (6.59%) - - -

322 (6.74%) - _

. 1.1 3.66%) -

28.87 16.66 15.06 (40.75%)
(65.67%) (56.29%)

43.96 (100%)  29.6(100%)  36.97 (100%)

(n) is number of cocoa agroforests and (km) is kilometer

(34-49 km from Kisangani city); Trilepisium mada-
gascariense DC. (14.13 Mg ha™"' or 11.4%) in Zone C
(50-65 km from Kisangani city); and Musanga
cecropioides R. BR. (10.51 Mg ha™! or 8.36%) in
Zone D (66-81 km from Kisangani city). Further-
more, in Zone A (18-33 km from Kisangani city),
edible plant species such as Elaies guineensis, Persea
americana MILLER and Dacryodes edulis (D. DON)
H.J. LAM are classified at the top.

Above-ground carbon of cocoa associated plants
by diameter classes and the linkage

between above-ground carbon and cocoa
associated plants’ diversity

Figure 2 illustrates the distribution of carbon stocks by
diameter classes. It indicates that trees with diameters
less than 50 cm store the largest proportion of above-
ground carbon. This contrasts to the forest where
larger diameter trees store the most carbon. In the
Bengamisa-Yangambi forest landscape in general,
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diameter classes between 20 and 50 store significantly
more carbon than others (p < 0.0001). Species rich-
ness is significantly correlated with above-ground
carbon in cocoa agroforests (r = 0.65; p < 0.001)
(Fig. 3). However, plant density has not significantly
influence above-ground carbon storage (r = 0.38,
p > 0.05).

Above-ground carbon storage by useful local
cocoa associated plants

As shown in Table 4, carbon storage by useful plants
for the local community differs significantly
(p < 0.05) by zones. Thus, the large contribution of
medicinal plants (13.68 Mg ha™') in carbon storage
should be highlighted, particularly in Zone C
(50-65 km from Kisangani city) (22.61 Mg ha™').
On the other hand, edible caterpillar-host plants
(Host_Cat) stored a small amount of carbon
(3.27 Mg ha™"). Furthermore, although timber did
not store as much carbon as other categories, it is the
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only one whose carbon storage amount increases
significantly (p < 0.05) with distance from Kisangani
city—from Zone A (18-33 km from Kisangani city) to
Zone D (6681 km from Kisangani city).

When we compare carbon storage by main uses of
cocoa-associated plants in three models/types of cocoa
agroforests (MF, MFP and MP) identified in Benga-
misa-Yangambi landscape (Table 5), the amounts of

above-ground carbon of these models/types are sig-
nificantly different (p < 0.05). Medicinal plants con-
tributed more in carbon storage (13.68 Mg ha™'),
especially in Model F (agroforests in which compan-
ion plants [associated with cocoa trees] are dominated
by forest species (Model F) (with a value of
20.29 Mg ha™'). The amount of carbon stored by
timber (5.83 Mg ha™") (p < 0.01) and plants with

@ Springer



Agroforest Syst

Table 4 Above-ground carbon storage in cocoa associated plants main utility by zones (differentiated by distance from Kisangani
city)

Plant main Zone A Zone B Zone C Zone D Whole region (n = 25 P
utility 18-33 km 34-49 km 50-65 km 66-81 km agroforests)

n=6 (m=11 n=3 n=5

agroforests) agroforests) agroforests) agroforests)

Edible 11.47 + 7.69 8.13 £3.79 5.56 £ 643 373 £59 7.75 £ 5.92 0.16
Host_Cat 0.21 £ 0.51 5.96 + 6.37 3.22 £ 2.65 1.07 £ 0.77 327 £ 493 0.08284
Medicinal 327 £5.03 20.05 £ 15.65 22.61 +£3.92 6.8 £ 11.06 13.68 + 13.95 0.1211
Timber 0.37 £ 0.87a 4.85 £+ 6.57ab 7.52 £ 6.56ab  13.51 & 12.15b  5.83 £ 8.18 0.02623
Others 0.26 £ 0.41 11.06 £ 12.67 5.05£723 4.5 £ 341 6.44 £ 9.67 0.2238
Whole zones 15.58 £ 7.65a  50.07 & 30.36b  43.96 £+ 4.84ab 29.6 + 17.19ab 36.97 £ 25.65 0.0407

(Host_Cat) is edible caterpillar-host plants; We provided ANOVA test’s p value or Kruskal-Wallis test’s p value when the condition
of ANOVA was not satisfied; we added the same letter in row when the difference between two groups is not significant (a) and
different letters when it is significant (a, b, ab); (n) is number of cocoa agroforests and (km) is kilometer

Table 5 Above-ground carbon storage capacity by cocoa associated plants main utility by cocoa agroforests type/model

Plant main utility Model F
(n = 10 agroforests)

Model FP (n = 5 agroforests) Model P
(n = 10 agroforests)

Whole region P
(n = 25 agroforests)

Edible 595 +£4283 11.06 & 9.63 7.89 £ 4.38 7.75 £5.92 0.299
Host_Cat 382+ 4.15 1.84 £ 2.06 3.45 £ 6.65 327 £493 0.2973
Medicinal 20.29 £ 15.33 7.14 £ 11.28 10.34 £ 11.94 13.68 £ 13.95 0.141
Timber 12.04 £ 9.74a 2.71 £ 3.38b 1.18 £ 2.46b 5.83 £8.18 0.004807
Others 10.39 £+ 9.74 448 £+ 5.31 3.45 £ 10.62 6.44 £ 9.67 0.01536
‘Whole zones 5248 £ 25.67a 27.24 £+ 15.05ab 26.31 £ 23.43b 36.97 £ 25.65 0.0396

Model F (agroforests in which companion plants [associated with cocoa trees] are dominated by forest species); Model FP (cocoa
agroforests in which companion plants [associated with cocoa trees] are split equally between forest species and oil palms); and
Model P (cocoa agroforests in which companion plants [associated with cocoa trees] are dominated by oil palms). We provided
ANOVA test’s p value or Kruskal-Wallis test’s p value when the condition of ANOVA was not satisfied; we added the same letter in
row when the difference between two groups is not significant (a) and different letters when it is significant (a, b, ab); (n) is number of
cocoa agroforests and (km) is kilometer

secondary or unknown use (Others) (6.44 Mg hafl)
(p < 0.05) vary significantly between typologies.
Agroforests in which companion plants [associated
with cocoa trees] are dominated by forest species
(Model F) has the best performance.

Discussion

Above-ground carbon of shade trees and cocoa
trees

Cocoa agroforests in the Bengamisa-Yangambi forest
landscape stored an average of 44.18 Mg ha™' of
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above-ground carbon. This average is lower than the
range of 50-75 Mg ha™' defined by Verchot et al.
(2007) for agroforestry systems in the tropics. In
addition, numerous similar studies in several tropical
countries have revealed higher averages than ours:
Madountsap et al. (2018) in Cameroon
(136.1 Mg ha_l); Santhyami et al. (2018) in Indonesia
(99.23 Mg ha™'); Schroth et al. (2013) in Brazil
(87 Mg hafl); Madountsap et al. (2017) in Cameroon
(100.01 Mg ha™!) and Saj et al. (2013) in Cameroon
(70 Mg ha™'). However, this last one is close to the
49 Mg ha™' obtained by Somarriba et al. (2013) in
Central America and the 52.7 Mg ha™' obtained by
Jadan et al. (2015) in the Ecuadorian Amazon. The
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difference in carbon storage among the different
agroforest’s site could be attributed to the ages of
agroforest that ranged from immature to mature (Besar
et al. 2020).

Nevertheless, when we compare our average of
cocoa agroforests with those of other land-use types in
the same study area, we find that cocoa agroforests
stored lower amounts of carbon than the semi-
deciduous forests of the Yoko (191 Mg ha™') and
Yangambi Reserve (163 Mg ha™") obtained by Doet-
terl et al. (2015) and lower amounts of carbon than
Yangambi old-growth forest (162 4 20 Mg ha™"')
obtained by Kearsley et al. (2013). However, carbon
storage average of cocoa agroforests is high to
58.4 Mg ha™' of Above-ground biomass, correspond-
ing to 27.4 Mg ha™' of Above-ground carbon stock
obtained by Moonen et al. (2019) in the fallow areas of
Tshopo province.

Plants associated with cocoa trees store about six
times more carbon than cocoa trees and represent the
major proportion (83.68%) of carbon stock in the
study area. Thus, associated plants are crucial to
carbon stocks in the cacao agroforests (Dawoe et al.
2016). Indeed, many authors have confirmed this
supremacy of associated plants on cocoa trees in other
countries: Sonwa et al. (2017b) and Madountsap et al.
(2018) in Cameroon; and Somarriba et al. (2013) in
Central America. This difference in carbon storage
between cocoa trees and cocoa companion plants is
explained by the presence of large trees storing the
large proportion of estimated carbon (Loubota et al.
2018).

Agroforests store less carbon than natural forests.
However, cocoa agroforests provide better opportuni-
ties for carbon storage (Saj et al. 2013; Obeng and
Aguilar 2015). Moreover, they have the potential for
generating non-carbon and sustainable development
benefits that might also include the simultaneous
enhancement of climate change adaptation and miti-
gation in multiple ways (Minang et al. 2014).

In fact, above-ground carbon stocks increase in
cocoa agroforests with the increase of associated plant
diversity (Bisseleua and Vidal 2008; Rajab et al.
2016). This explains the low amount of carbon
recorded under Model P compared to Model F. In
cocoa agroforests, above-ground carbon is strongly
related to the diversity and density of associated plants
(Mortimer et al. 2017) and the presence of large trees
(Schroth et al. 2013). Consequently, the change (shade

level) at cocoa agroforest plot level affects biomass
accumulation at the landscape scale and establishes
the role of agrosystems as a tool to mitigate climate
change in the landscape (Middendorp et al. 2018).

Relationship between cocoa-associated plants
composition, structure (density, species richness,
diameter class) and above-ground carbon

Turning to the five cocoa-associated plants storing
more carbon, generally Elaies  guineensis
(4.08 Mg ha™') is the strongest, constituting 8.12%
of the global amount of above-ground carbon in the
study area. The area around Kisangani city (Zone A) is
particularly important since edible plants such as
Elaies guineensis, Persea americana and Dacryodes
edulis have a considerable influence on the carbon
stock. This is probably because they are the most
important and common planted species in cocoa
agroforestry systems for livelihoods in Africa (Sonwa
et al. 2014; Alemagi et al. 2015). But the presence of
some species such as Elaies guineensis (the main palm
oil provider) and Zanthoxylum gilletii (the best-known
medicinal species in traditional medicine) within the
first five species that stored more above-ground carbon
is also important. It demonstrates the strong implica-
tion of farmers’ willingness to plant and protect the
species (Asigbaase et al. 2020) and farmers’ local
management strategies and functional use of associ-
ated plants (Saj et al. 2013) on carbon storage in the
cocoa agroforests of the above-mentioned landscape.

In general, medicinal plants stored a large amount
(13.68 Mg ha™ ") of above-ground carbon and edible
caterpillar-host plants (Host_Cat) stored a small
amount of carbon (3.27 Mg ha_l). However, Sonwa
et al. (2017a) in Cameroon and Asigbaase et al. (2020)
in Ghana found that high-value timbers stored more
carbon than other main uses. Indeed, farmers’ prefer-
ence for plant species to be associated with cocoa is
guided by economic importance and compatibility
with cocoa trees (Sonwa et al. 2014).

The storage and renewal of above-ground carbon in
the cocoa agroforests of the Bengamisa-Yangambi
landscape is still found to be determined by trees less
than 50 cm in diameter, with a peak between 40 and
50 cm. This is contrary to the forest where larger
diameter trees store the most carbon. This result
largely explains the positive correlation observed
between above-ground carbon and stem density and
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above-ground carbon and species richness. Therefore,
stem density and species richness are the key factors
determining the level of carbon stored in cocoa
agroforests in the above-mentioned landscape. Indeed,
the changes in composition of plant species of the
cocoa plantation result in variations in the amount of
carbon stored (Dawoe et al. 2016; Mortimer et al.
2017; Tesfaye et al. 2019; Mustari et al. 2020).

Cocoa agroforest and REDD + process and other
forest conservation initiatives in DRC

Demonstrating the role of cocoa agroforests in carbon
storage, our study shows the importance of these
systems in REDD + (Reducing Emissions from
Deforestation and forest Degradation) process. It
focuses on the role of associated plants and the cocoa
agroforests models (management practices-depen-
dent) adopted by farmers.

Some agroforestry systems or trees outside forests
may not fall within the forest definition proposed by
countries in the current REDD + process. However,
some countries, including DRC, expressed interest in
monitoring agroforestry in future evolutions of their
REDD + Monitoring Reporting and Verification sys-
tems (Rosenstock et al. 2018a). Recognizing that
investments in cocoa can generate multiple social,
economic and environmental benefits, Cote d’Ivoire
(2015), Cameroon (2016) and Ghana (2017) have
prioritized sustainable cocoa programs in their
REDD + strategies, especially for emission reduction
programs (Carodenuto 2019). Indeed, Ghana has
proposed large-scale subnational programs focusing
on the main cocoa-producing regions through the
REDD + Cocoa Forest Programme (GCFRP) that
would link to national MRV systems (Rosenstock
et al. 2018b). Similar programs have been found in the
Republic of Congo (World Bank 2017). Large cocoa
industry actors such as Olam, Cargill and Barry
Callebaut all have sustainability programs whose
activities may likely be the same as what is required
for zero deforestation efforts. However, the joint
Action Frameworks recently released for zero defor-
estation cocoa have yet to be operationalized (Caro-
denuto 2019).

In DRC, the national communications include
agroforestry in the inventory section, where the
mitigation analysis includes agroforestry (Rosenstock
et al. 2018a). At the national level, DRC plans to
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launch an “Agriculture: Sustainable Cocoa” program.
This would support development of a sustainable
cocoa crop that has a reduced impact on the forest and
offsets farmers’ income from food production. This
program will make it possible to monitor the impact of
sustainable cocoa cultivation on the forest by moni-
toring and evaluating the impact of the program’s
activities on deforestation. The proposed sites are the
intervention areas of the integrated programs: Mam-
basa-Irumu/Ituri site, Gemena-Lisala-Bumba/Equa-
teur site, Kisangani-Bengamisa/Tshopo site and Mai-
Ndombe site (DRC Government, 2015). Thus, our
study on above-ground carbon stock of cocoa agro-
forests is important at the scale of Tshopo province
and DRC within the MRV framework to properly
generate the local emission factor. However, the cocoa
agroforestry model that uses local forest trees as shade
for cocoa trees stores the most carbon, making them
spaces to conserve local biodiversity.

Conclusion

In the Bengamisa-Yangambi landscape, cocoa agro-
forests store significantly lower amounts of above-
ground carbon than natural forests. The large propor-
tion of global carbon stock (83.68%) was drained by
associated cocoa plants, which store six times more
carbon than cocoa trees. The carbon stock follows the
forest degradation gradient (zones) and the typologies
of cocoa agroforests (models). Thus, Model F (agro-
forests in which companion plants [associated with
cocoa trees] are dominated by forest species) is more
diversified and more complex, stores more carbon and
can be recommended in REDD + strategies to
increase the level of carbon stock in Tshopo province.
Model P is less diversified, has a low carbon level and
is therefore not recommended. Above-ground carbon
stock variation corresponds strongly to diversity
(species richness) of plants associated with cocoa
trees, but corresponds less to cocoa-associated plant
density. In contrast to the natural forest, the largest
proportion of carbon in the Bengamisa-Yangambi
forest landscape was found in trees lower than 50 cm
of diameter. Regarding the main use of associated
plants, medicinal plants retain the most amount of
carbon, while caterpillar-host plants retain only small
amounts of carbon. The top five species for storing
carbon are, in descending order, Elaeis guineensis,
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Musanga cecropioides, Zanthoxylum gilletii, Trilepi-
sium madagascariense and Ficus exasperata. Thus,
cocoa agroforests are great opportunities that DRC
must exploit not only to increase the level of carbon
stocks in degraded forest and non-forest landscapes,
but also to preserve its immense biodiversity and raise
the socio-economic level of rural populations.
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