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Abstract: Cocoa fields in West Africa traditionally kept other tree species to provide shade for cocoa
trees and obtain food and other products. Measuring other trees is paramount to monitoring environ-
mental conditions in cocoa agroforests, but it has been difficult to apply at a large scale. This study
presents the results of a rapid assessment method applied in Ghana, developed to measure non-cocoa
tree characteristics based on easily observed parameters using sample surveys and mapping tools.
We collected data from over 8700 cocoa farms and evaluated their biodiversity performance based
on 6 indicators classified according to recommended thresholds to benefit biodiversity conditions.
Our results show that species richness, shade cover, and potential for tree succession have the lowest
proportions of fields with the recommended levels, with variations among regions and districts. The
methodological procedure allowed us to identify priority areas and indicators falling behind desirable
thresholds, which can inform training and management approaches regarding biodiversity-friendly
practices in cocoa fields tailored to the needs of the farmers. The analysis procedure was developed
with open-access automated routines, allowing for easy updates and replication to other areas, as
well as for other commodities, enabling comparisons at different spatial scales and contributing to
monitoring biodiversity over time.

Keywords: cocoa agroforest; biodiversity; rapid assessment method; monitoring; Ghana

1. Introduction

In West Africa, cocoa farming was traditionally established with agroforestry practices
through introducing cocoa seedlings into partially cleared forests and keeping native trees
on-field to provide shade to the cocoa trees [1,2]. In these traditional systems, farmers
also introduced other native or exotic tree species to obtain food products, diversify their
income, and satisfy different household needs [3-5]. Recent studies have highlighted the
benefits of agroforestry systems for both ecological and economic purposes [6-9]. Besides
providing livelihoods for local people, tree-based intercropping can contribute to preserv-
ing biodiversity and ecosystem services, such as climate control, carbon sequestration,
regulation of hydrological and biogeochemical processes, and nutrient recycling [10-13].
However, current cocoa demands are prompting the intensification of production, leading
to the conversion of forests to cropland and driving forest loss [14,15]. In cocoa agro-
forests, overall practices have been evolving towards the maintenance of less shade to
improve yields [1,16]. For this reason, cocoa smallholders in major producing countries,
such as Ghana, Cote d’Ivoire, and Cameroon, establish full-sun or very light shade cocoa
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fields [2,17,18]. The replacement of the agroforestry system by intensive tree crop stands
or monocultures results in decreased biodiversity and disrupts the ecosystem functions
and environmental services that cocoa agroforests can potentially provide. Within cocoa
production systems, a key issue is identifying opportunities to balance different and often
conflicting uses of natural resources. On the one hand, maintaining the livelihoods and
improving the economic conditions of smallholder farmers; on the other hand, ensur-
ing the provision of ecosystem services, climate change mitigation, and the sustainable
conservation and use of the available resources [9,12,19,20].

In this context, assessing and monitoring the status of biodiversity and environmental
conditions in cocoa agroforests, promoted by existing non-cocoa tree species, is a critical
step to understanding (i) the ecosystem services these trees can support, and (ii) their
contribution to the sustainability of the crop production [21,22]. Since cocoa production
in West Africa includes different typologies of smallholder farmers and is integrated into
a wide range of agroforest types, assessing biodiversity and environmental conditions
at a large scale becomes a challenge. A key matter is finding meaningful and consistent
indicators to measure biodiversity suitable to the particular context of agroforests; these
indicators should be applicable across scales, make comparisons possible and allow for
monitoring trends over time [22,23]. Another main challenge is the definition of a represen-
tative baseline to evaluate the status of agroforestry systems regarding biodiversity and
other environmental conditions promoted by the presence of different tree species.

This research intended to respond to these challenges. The main purpose was to
assess the status of biodiversity and other environmental conditions in cocoa fields using
a novel rapid assessment method based on the survey of non-cocoa trees. From specific
tree parameters retrieved on-field, we calculate a set of indicators that can be analyzed at
different spatial scales, aggregating at field, district, or regional levels. To facilitate data
interpretation and promote their use by farmers and decision-makers, a new classification
system is suggested. It includes recommended levels for the indicators based on benchmark
values, with classes of performance defined from cocoa certification criteria, stakeholder
consultation, and literature review. The status of biodiversity and other environmental
conditions for different fields, districts, and regions is discussed because of their association
with other characteristics of the cocoa fields. When applied over time, and by integrating
the analysis of updated data, this procedure allows for comparisons in different time-
frames. Our findings can contribute to improving biodiversity levels of cocoa agroforests
by identifying priority areas for intervention and enabling monitoring over time.

2. Materials and Methods
2.1. Study Area

This research was carried out in Ghana, West Africa, the second largest exporter of
cocoa beans in the world [24]. Cocoa is mostly grown in the southern tropical belt of
the country [25], where the mosaic forest/cropland predominates, with patches of closed
evergreen lowland forest [26]. The country’s production is mainly based on smallholder
farming, which occupies ca. 10% of the agricultural land of the country and is the primary
source of livelihood for about 25% of the population [27]. The fieldwork was conducted
in 19 districts across six regions: Ahafo, Ashanti, Central, Eastern, Western, and Western
North (Figure 1).
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Figure 1. Districts (n = 19) and regions (n = 6) of Ghana where fieldwork was carried out.

2.2. Data Collection

Data on biodiversity and other environmental parameters were obtained via sample
surveys of non-cocoa trees in selected fields, combined with GPS mapping. Specific pa-
rameters of non-cocoa trees were retrieved by applying a rapid biodiversity assessment
method (here called RapidBAM), developed recently in the framework of a Traceability
and Mapping System (TMS) promoted by the cocoa industry [28]. The parameters to
measure were selected based on literature review and expert knowledge, through stake-
holder engagement of governmental institutions, non-governmental organizations, and
certification bodies. Among the stakeholders that participated in the consultation were
the Ghana Cocoa Board, the Cocoa Research Institute of Ghana, the Conservation Alliance,
and the Rainforest Alliance [28,29]. The data defined to be collected were (i) number of
trees, (ii) number of tree species, and (iii) diameter at breast height (dbh) in the sample
plots established in the cocoa fields.

2.3. Rapid Biodiversity Assessment Method

The rapid biodiversity assessment method (RapidBAM) was specifically developed
to be applied at a large scale and in conjugation with the field border mapping initiatives
taking place (in this case, TMS). The design and testing of this method are explained in
detail in Raneri et al. [28], and only a brief description is given here.

Based on the TMS mapping initiative and with the collaboration of the farmers, three
rapid biodiversity assessment methods were designed and tested in cocoa fields in Ghana.
The main purpose was to select a rapid assessment method, applicable at a large scale
and based on the following criteria: (i) the method could capture sound biodiversity data
for scientific purposes; (ii) the method could be carried out by non-experts, to ensure its
large scale application despite limited resources; (iii) the method had to comply with field
mapping initiatives, such as the TMS System already in place, and take a short time to
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complete; (iv) the method could be replicated and adjusted for potential application in
other countries and for different commodities.

All three methods collected the same parameters in the field and included a similar
inventory technique based on pre-defined forms, but the sampling procedure varied [28].
To select the most suitable method out of the three designed, an evaluation procedure was
implemented in three phases, each including stakeholder consultation to assess results.
(a) calibration phase: to verify the accuracy and consistency of the three methods by
comparing the data captured with in-depth assessments; (b) testing phase: to assess
the representativeness of the data captured in a random sample of fields and the time
feasibility of each method; (c) evaluation phase: to verify the reproducibility and the
quality of the data obtained by the method selected after the previous phase. Along with
the evaluation procedure, several statistical tests were applied to verify the accuracy and
representativeness of the data obtained by each method, as explained in detail in the
dedicated study [28].

After this procedure, a single RapidBAM was selected for further application, which
follows a set of specific steps for establishing the sample plots within each cocoa farm. In
this method, applied in the study presented here, the surveyor marks the first waypoint
with the GPS when reaching the farm’s border. The first sample plot, out of the 4 plots
required, is established starting at this waypoint; 20 m long inside the farm (perpendicular
to the farm’s border) and 5 m sideways of the waypoint in both directions, parallel to the
border. The other 3 sample plots are set up while mapping the border of the farm at a
distance of at least 100 m from each other and after changing direction. If, after 200 m,
no significant change in direction has been made, the surveyor must stop and set the
next sample plot. The procedure is repeated until all 4 plots are established and the farm
border is fully mapped (Figure 2). This sampling procedure was defined based on the
average size of the cocoa fields in the country and covered by TMS, of ca. 1.4 ha, and a
corresponding farm perimeter of 400-500 m. The minimum distance between the sample
plots (100 m) allows the coverage of most of the field’s perimeter and adjacent areas in
different geographical directions. In each sample plot, with 200 m? (20 m x 10 m) in size,
the surveyor registers data on non-cocoa tree parameters as a tally in a pre-designed form
to harmonize and accelerate the collection of the data [28].

Waypoint 1

Waypoint 11

l Tree measured Tree not measured

Figure 2. Schematic view of the rapid biodiversity assessment method (RapidBAM) applied in a
cocoa field.



Diversity 2023, 15, 503 50f 15

2.4. Data Analysis
2.4.1. Indicators and Thresholds of Biodiversity and Other Environmental Conditions

From the data collected, several indicators were subsequently calculated, represent-
ing biodiversity (tree density, species richness) and other environmental conditions in
the cocoa field (shade cover, vegetation structure, above-ground carbon stock, and tree
succession potential) (Table 1 and Figure 3). Each indicator was evaluated in view of a
set of thresholds defined from previous research and stakeholders” appraisal [28,30-35].
The recommended level of an indicator represents the minimum value to obtain favorable
circumstances for biodiversity or other environmental conditions. The different thresholds
of the indicators calculated were further classified based on a traffic-light color system that
simplifies interpretation and can be easily understood by different stakeholders, farmers,
and the general public [36,37]. In this system, green represents the most favorable situation
from an environmental or biodiversity perspective, indicating that a field has reached the
recommended threshold for that indicator. Red, on the other hand, represents the most
detrimental situation, meaning the cocoa field is far from the recommended level. It is
darker when the magnitude of differences related to the recommended threshold is higher.
In contrast, yellow represents intermediate situations, and the grey color was added in
cases where the contribution to biodiversity or environmental conditions was impossible to
determine. Table 1 summarizes the indicators and thresholds defined, explained in detail
in the Supplementary Materials.

Table 1. Summary of data analysis and classification proposed for biodiversity and other environ-
mental indicators in cocoa agroforests, including the color code adapted: G (Green), Y (Yellow), R
(Red), DR (Dark Red), Gr (Grey).

Indicator Data Analysis Recommended Thresholds Classification Color
Trees above 10 cm dbh, extrapolated to ha >18 trees/ha High G
. (number of trees in plots/plots area).
(a) Tree density Including fruit trees, excluding palms. 18 trees/ha 6-17 trees/ha Low to Moderate Y
Plot area = 0.08 ha. <5 trees/ha Very low R
>12 species/ha High G
(b) Species Evans estimator [32] 12 species/ha 9-11 species/ha Moderate Y
richness S=slog(N +1)/log(n + 1) 5-9 species/ha Low R
>5 species/ha Very low DR
>25 trees/ha Heavy shade Y
Trees above 30 cm dbh, extrapolated to ha 14-25 trees/ha Moderate shade G
(c) Shade cover (number of trees in plots/plots area). 14-25 trees/ha -
Plot area = 0.08 ha. 1-13 trees/ha Light shade Y
0 trees/ha No shade/Full sun R
Trees above 10 cm dbh correspond to 2 Oé more strata Multistrata G
) strata above the cocoa canopy. 2 canopy levels above cocoa
(d) Yegfitatlon 2 classes: 10-30 cm—stratum 1; above 30 (strata) above 1 stratum ]
structure cm dbh—stratum 2. Banana/plantain cocoa trees above cocoa Single strata Y
same stratum as cocoa. If only 1 class
exists, 1 stratum defined. Only cocoa stratum Cocoa stratum R
>36 Mg/ha High G
© Biomass from measured dbh of trees, 26-36 Ma/h Mod Y
; i 31]: = g/ha oderate
Above-ground us_mg the allometric formula [31] 36 Mg/ha
y - Y = 42.69 — 12.800(D) + 1.242(D2). 10-25 Mg /ha Low R
carbon stoc Carbon stock = 0.45 biomass [33]
<10 Mg/ha Very low DR
dbh 10-30 > 50% Adequate G
(f) Tree 3 classes were defined based on the T in dbh dl 0
. proportion of younger trees (taking dbh reesn class dbh 10-30 = 35-50% Moderate Y
succession . ) 10-30 cm > 50% of
otential 10-30 cm as a proxy) in relation to older 1 d dbh 10-30 < 35% Low R
p trees (above 30 cm dbh). all trees measure
<2 trees measured Undetermined Gr
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Figure 3. Schematic procedure of the data collection and methods applied.

Current cocoa farm conditions were assessed at different spatial levels:

(i) At field level, by classifying the six indicators for each mapped field, to identify
which assessed conditions could be improved. In addition, we counted the number of
recommended levels each field attained out of the 6 indicators evaluated to compare their
general environmental performance;

(ii) At the district and regional level by aggregating the results obtained at the field
level to assess the environmental status of the fields belonging to different districts and
regions. This analysis allows the identification of spatial patterns that may be driven by
specific regional and local contexts.

2.4.2. Association between Different Conditions of Cocoa Farms

The biodiversity and environmental conditions measured for each cocoa field were
further analyzed concerning their potential association with each other and with the age
of the farm. The age information was collected in the framework of the traceability and
mapping system (TMS), with a questionnaire compiled by the farmers of the surveyed
fields. We tested the correlation between the farm’s age and the unclassified values of three
indicators: tree density, species richness, and shade tree density, using the Spearman rank
correlation coefficient. This test evaluates the relation between non-parametric variables,
testing whether the large values of one variable tend to be associated with large (or small)
values of the other variable [38].

2.4.3. Statistical and Spatial Analysis Tools

The main procedure for data analysis was developed in R software, version 4.2.2. [39],
which is freely available, can be easily obtained online, and is possible to use in different
operating systems. This software uses a specific programming language to create scripts
with the required instructions for data analysis, running algorithms, and implementing
the methodological procedures selected. These scripts can be easily adjusted or updated,
integrating new data and changing sections of the procedure to include local or regional
adaptations that may be necessary, depending on the data available and/or the objectives
of the analysis. Although the use of these tools requires some initial training, suitable
resources are also freely available online (https://cran.r-project.org/ (accessed on 2 March
2023)). The option to implement the analysis procedure with these tools was also based on
the possibility of sharing existing scripting routines; this option can facilitate the replication
of the same procedure in different timeframes and in other areas, regions, or countries and
allows for the adjustment of specific steps if required, while maintaining the coherence of
the overall procedure. These routines can also be applied to analyze other commodities
(e.g., coffee), provided suitable data are available. Mapping of the results was also done
with an open-source Geographic Information System, QGIS (https:/ /qgis.org/ (accessed
on 2 March 2023)). Besides training, using such open-source tools, which are free and
widely available, does not require additional financial effort, which can facilitate replication
of the procedure.
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3. Results

A total set of 8750 farms was assessed by approximately 40 local surveyors over
2 months, spread over 6 different regions and 19 districts in Ghana (Figure 1). Consistent
with the overall spatial distribution of cocoa production in the country, 52% of the farms
were located in the Western North region, 20% in Ashanti, 10% in the Western region, 10%
in the Eastern region, and the remaining 8% in Ahafo and Central regions. The mean area
of the farms surveyed was 1.1 ha. For each farm, a sample of 800 m?, divided into 4 plots of
20 m x 10 m, was obtained using the rapid biodiversity assessment method.

3.1. Indicators of Biodiversity and Other Environmental Conditions
(a) Tree density:

The average number of trees per ha was 45 =+ 40 trees/ha (Table 2). The majority of
farms (71%) showed the recommended level of tree density, and the moderate class was
found in 14% of the surveyed farms. In about 15% of the farms, no trees were found. Farms
in the Ahafo region showed a higher mean value of tree density (59 trees/ha), whereas,
in Western North, the mean value was the lowest (40 trees/ha). Within each region, the
proportion of farms in the different classes varied; the Central region showed the highest
number of farms with the recommended level (ca. 84%), followed by Ahafo, and Western
North showed the lowest proportion (ca. 67%) (Table 3).

Table 2. Mean values and variation (SD = standard deviation) obtained for trees, shade trees, and
species per region.

Trees Shade Trees (>30 cm dbh) Species

(nr/ha) (nr/ha) (nr/ha)
Region Mean SD Mean SD Mean SD
Ahafo 58.8 46.8 33.7 46.8 9.4 6.7
Ashanti 51.0 46.2 27.7 46.2 7.3 5.5
Central 51.9 36.9 26.1 36.9 8.6 5.7
Eastern 52.0 42.6 30.1 42.6 8.1 5.7
Western 46.3 38.1 23.8 38.1 7.6 6.0
Western North 40.1 36.2 25.7 36.2 6.2 51
Total 454 40.3 26.7 29.3 7.0 5.5

Table 3. Proportion of cocoa farms in each class, for each indicator, in the regions where fieldwork
was carried out. Results are shown concerning the distribution of farms within each region to account
for different sample sizes.

REGIONS

Indicators Classes Ahafo Ashanti Central Eastern Western Western North
Recommended 80.1 73.8 83.7 79.6 74.3 66.8
Tree densi Low to Moderate 13.8 12.3 9.9 8.4 13.9 16.4
(2) Tree density No trees 6.1 13.9 6.3 12.0 118 16.9
Recommended 33.7 229 26.6 28.5 21.8 15.6
b) Species Rich Moderate 14.3 14.3 18.3 15.3 15.2 11.9
(b) Species Richness Low 15.7 169 17.9 16.1 15.1 167
Very low 36.4 45.9 37.3 40.1 47.8 55.9
Moderate shade 20.9 154 21.8 194 20.9 17.0
had Heavy shade 43.0 34.1 345 39.2 29.9 31.7
(c) Shade cover Light shade 216 19.8 23.0 17.8 200 222

No shade 14.5 30.7 20.6 23.6 29.3 29.0
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Table 3. Cont.

REGIONS

Indicators Classes Ahafo Ashanti Central Eastern Western Western North
Multistrata 61.2 45.4 61.9 53.0 49.2 41.8
(d) Vegetation Structure Single Strata 32.7 40.7 31.7 34.9 39.0 41.3
Cocoa strata 6.1 13.9 6.3 12.0 11.8 16.9
Recommended 53.6 42.0 54.8 53.3 45.5 43.1
b X Moderate 7.6 6.0 4.8 4.4 4.5 5.4
(e) Carbon stoc Low 20.1 185 183 14.0 169 163
Very low 18.7 33.5 22.2 28.3 33.2 35.2
Adequate 36.6 37.8 45.6 33.5 38.1 26.4
T . ial Moderate 2.9 2.3 0.8 3.1 14 1.1
(F) Tree succession potentia Low 405 337 373 29 347 393
Undetermined 19.9 26.2 16.3 20.4 25.7 33.2

(b) Species richness:

The average number of species per hectare was 7 £ 5.5 (Table 2). Half the farms
(50%) showed a very low level of richness, below 5 species/ha, and only 20% showed the
recommended level, with more than 12 species/ha. Farms located in the Ahafo region
showed a higher mean value of species richness (9 species/ha), whereas in Western North,
the mean value was the lowest (6 species/ha), followed by the Ashanti region (7 species/ha).
In all regions, at least a third of the farms showed a very low richness level, higher for
Western North with about 56%. Ahafo and Eastern regions showed higher proportions of
farms with the recommended level, 34% and 29%, respectively.

(c) Shade cover:

The mean density of shade trees (with dbh above 30 cm) was 27 + 29 trees/ha (Table 2).
The Ahafo and Eastern regions had the higher mean values, with ca. 34 and 30 trees/ha,
respectively, and the Western region had the lowest value of 24 trees/ha. The recommended
level of shade was defined at a moderate level, between 14 and 25 trees/ha, and values
above this threshold were considered heavy shade and not optimal for cocoa production
(see Supplementary Materials). About 28% of the farms surveyed had no shade trees,
and 33% were classified as heavy shade. Moderate (recommended) levels were found
for 18% of the cocoa farms, and 21% showed light shade levels (Table 3). Farms located
in the Ahafo and Eastern regions showed a higher mean value of shade trees (34 and 30,
respectively), whereas in the Western region, the mean value was the lowest (24 shade
trees/ha), followed by the Western North and Ashanti region (ca. 26 shade trees/ha).
Considering the distribution of classes within each region, Ashanti shows the highest
proportion of farms with no shade (31%). Ahafo had the lowest proportion of farms with
no shade (14%) and the highest heavy shade (43%).

An additional analysis was done for the younger cocoa fields (up to 8 years old for full
productivity, which corresponded to 10% of the surveyed fields). Banana/plantain and oil
palm can provide temporary shade to young cocoa trees and an additional food and income
source for the farmer. In these very young fields, the proportion of “No shade” decreased
slightly to 26%, and the “Heavier shade” proportion increased to 43%. For younger fields,
a higher mean value of banana/plantain (55 banana/ha) in relation to the other farms
(29 banana/ha) was also found.

(d) Vegetation structure:

About 46% of the fields met minimum requirements with at least 2 canopy levels
above the cocoa trees. The absence of other trees in the cocoa farm was documented in 14%
of the fields, as they only had the cocoa strata, and in 40% of the farms only a single stratum
above cocoa was found. Within the regions, Western North and Ashanti showed the lowest
proportion of farms with multi-strata above the cocoa, with 42% and 45%, respectively. The
Central region had the highest proportion (62%) (Table 3).
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(e) Above-ground carbon stock:

Nearly 45% of all cocoa fields presented the minimum recommended or higher class,
whereas 33% showed very low carbon stock, 17% had low levels, and about 5% showed
moderate levels. Within the regions, Ashanti showed the lowest proportion of farms with
recommended levels (42%), and the Central region had the highest (55%) (Table 3).

(f) Tree succession potential:

For succession potential, 38% of the farms belong to the low class, which means that
the proportion of young trees (i.e., with smaller dbh) in relation to older trees (with larger
dbh) is low, indicating a lower potential for tree succession over time. In 29% of the farms,
only 1 tree was found in all 4 sample plots, and, as such, it was not possible to estimate
succession potential. About 32% of the fields were at the adequate level, with at least 50%
younger trees. Within regions, Western North had the highest proportion of farms in the
undetermined class (33%) and the lowest proportion of farms in the adequate class (26%)
(Table 3).

Overall, 27% of the surveyed cocoa farms had no indicator in the recommended class,
only 1% had all 6 indicators with the desirable conditions, and about 24% had 3 indicators
with the recommended class (Figure 4).

Number of indicatorsin Recommended class

30 27

25 24
20 19 19
:
s 15
<
10 7
5
: 1
. — -
0 1 2 3 4 5 6

Number of indicators

Figure 4. Proportion of cocoa farms with the recommended level regarding the six indicators obtained.

These numbers vary by region; the Western North and Ashanti regions showed the
highest proportion of farms that did not meet minimum recommended levels for any
indicator, with 32% and 25% of the surveyed farms in each region, respectively. On the
contrary, Ahafo and Central regions showed the highest proportion of farms with at least
5 indicators at the recommended level, with 16% and 13%, respectively, against 6% and
10% found in Western North and Ashanti.

These results are also reflected in an unequal spatial distribution at the district level
(Figure 5). Overall, shade cover presents the worst performance since most districts showed
less than 25% of the farms with the recommended level. Species richness follows, with
two-thirds of the districts having less than 25% of the farms with the desirable class. The
indicator with the better performance is tree density, with most districts having at least 50%
of the surveyed farms with the recommended level.
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Figure 5. Spatial distribution of the percentage of cocoa farms reaching the recommended level for
each indicator at district level: (a) Tree density; (b) Species richness; (c) Shade cover; (d) Vegetation
structure; (e) Carbon stock; (f) Tree succession potential. Classes are the same across all maps, for
comparison, even if some indicators don’t reach all classes in the districts surveyed.

3.2. Association between Farms’ Characteristics

The mean age of the farms surveyed was 20 years, ranging from 1 to 73 years, with
75% of the farms having up to 25 years. The variables representing the number of species,
trees, and shade trees are significantly and positively associated with each other, as shown
by the Spearman rank test (Table 4). The number of species and the number of trees show
the strongest association. Weaker associations were found between each of these indicators
and the age of the farm, indicating a common positive trajectory between the values of the
variables, though they were only significant for species and shade trees.

Table 4. Results of the Spearman rank test (p value) between indicators and the age of each farm.
Significant correlations (p-value < 0.05) are highlighted in bold.

Species Trees Shade Trees
(nr/ha) (nr/ha) (nr/ha)
Trees (nr/ha) 0.953
Shade trees (nr/ha) 0.753 0.781
Farm age (nr years) 0.028 0.020 0.081

4. Discussion

The biodiversity assessment using the traffic light system showed that suboptimal
biodiversity performance was common across fields, districts, and regions. These findings
reveal the need to focus on specific indicators to improve biodiversity conditions in cocoa
farms. For the fields surveyed, strategies should specifically target shade cover, species
richness, and tree succession potential—indicators that can be successfully controlled
and improved by farmers’ choices. According to the classes obtained for the different
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indicators, particular training interventions can be implemented to progressively increase
the number of green scores for individual fields, therefore assisting farmers in implementing
biodiversity-friendly practices

Most fields showed a good performance concerning tree density, with 67% to 84% of
farms reaching the recommended level amongst regions. Despite dissimilar results found by
different authors, high values of tree density have been reported in other West African coun-
tries. In Nigeria, Oke and Olatiilu [40] found an average of 40 shade trees/ha in sparse cocoa
agroforests and 76 shade trees/ha in dense agroforests; in Cameroon, Jagoret et al. [41]
found 120 trees/ha, and Bisseleua et al. [42] found an average of 89 trees/ha, 8 of them
shade trees. The reasons behind this dissimilar distribution of tree density are diverse.
The origin of the farmers has been pointed out as a relevant factor, with migrant farmers
reducing the number of non-cocoa trees in their fields [43,44]; this may be due to cultural
traditions regarding specific tree species that are retained instead by indigenous farmers.
The increased land use intensity due to market demands is also a potential factor for lower
tree density [45,46]. Plantation age has also been linked with tree density; Saj et al. [47]
found reduced tree densities in older plantations, with cocoa fields managed as a full-sun
system in an attempt to reverse the decline in productivity derived from aging cocoa trees.
This pattern, however, is not corroborated by our results since no significant association
was found between tree density and farm age.

The low level of species richness contrasts with the results found for tree density. Shade
management strategies and the particular choices of species by the farmers are possible
reasons. Previous authors have shown that the conversion of natural forests to agroforests
results in the reduction of forest tree species [45,48]. Reducing shade tree cover in cocoa
fields reduces biological diversity harbored by agroforests [30,42,49,50]. However, this
trend may be partially reversed by integrating exotic (non-native) species and indigenous
fruit trees [51-53].

On the other hand, these results may also be related to the method used to collect the
data, which presents some limitations. False absences (when the species is not found on
the sample plot but may exist on the field) are possible with sampling methods [54], and
the application of the method by multiple surveyors may bring additional differences in
data collection, despite prior calibration measures [55]. Furthermore, as the RapidBAM
was developed for potential large-scale surveys without the need for experts to allow for
replication even when resources are scarce, the identification of a new species is dependent
on the knowledge and visual interpretation of the surveyors. Further training on species
differentiation may be required to expand the surveyors’ ability to categorize the sampled
trees as new and unique species within the farm.

The results obtained are also dependent on the type of cocoa fields surveyed, which
were selected based on their integration into the mapping system already in place. Despite
this limitation, including biodiversity assessments in existing initiatives may accelerate
their implementation, as resources and objectives are shared between institutions.

Banana/plantain and oil palm can provide temporary shade to young cocoa trees,
as well as an additional food and income source for the farmer [47,56]. In younger farms
(<8 years old), shade levels were generally higher, likely due to the higher presence of
bananas or plantain to provide shade to young cocoa trees. As the rapid assessment
method does not discriminate between species (except for banana/plantain and palm),
these results estimate the overall shade conditions in cocoa fields and should be considered
as a basis for further investigation. Nevertheless, our findings indicate a general tendency
of either too low or too high a shade cover for most fields. Considering the economic
purpose of agroforestry systems, adopting specific shade management strategies must
entail a balance between sustainable biodiversity support and profitable yield returns [57].

In the context of climate change mitigation, the possibility of carbon sequestration by
agroforests has received growing attention [47,58-60]. Despite an expected reduction in
carbon stocks when compared to natural or primary forests [40,61], their carbon storage
capacity is still relevant and mostly due to trees other than cocoa [47,59]. The contribution
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to climate change mitigation, and the eventual participation in the carbon market, can
support the willingness of farmers to maintain other trees in cocoa fields. In this study, only
the above-ground carbon of non-cocoa trees found within the sampled plots was estimated.
Thus, the potential for carbon sequestration would be higher than what is presented here if
considering cocoa trees, litter, and the below-ground carbon stock as well, which were not
accounted for.

Although details on tree species, individual tree size, and functional attributes are
missing from this analysis, the straightforward application of the method facilitates its
application in wider areas. This can contribute to obtaining larger sets of data for deeper
analysis, as well as for monitoring biodiversity in cacao production systems over time.
In this regard, several adaptations can be implemented to collect data on tree species. A
species list compiled by the farmers involved in the mapping could provide useful insights
to identify which species and functional attributes are present on their fields and to obtain
information on the reasons for their choices regarding shade trees kept on the field, for
example. This, however, would require the listing of potential species by their local names,
and the data collected would have to first be validated using in-depth assessments. The
rapid assessment method applied in this study did not include this information, to ensure
its replicability at a large scale without the need for specialized knowledge that would
require additional resources. The involvement of the farmers is crucial to apply the method
consistently, in particular because mapping the border of the fields requires their knowledge
and assistance. Their participation since the early stages of the data collection process is
expected to help them understand the status of their fields, as well as the potential benefits
of improving biodiversity conditions for productivity, income, and long-term sustainability
of their activity.

In addition to data collection, the data analysis procedure can be easily adjusted and
fostered by using automated routines and programming tools. For example, the classifica-
tion system can be adjusted to consider regional contexts. Different indicator thresholds
should be tested and validated in other country settings and for other tree-commodity agro-
forest systems (e.g., coffee). The definition of recommended levels for biodiversity-related
conditions, so far lacking for agroforests, and the use of a straightforward classification
system, are valuable tools that can facilitate disseminating biodiversity results among
different users, including farmers and governmental stakeholders.

5. Conclusions

Applying a rapid assessment method for tree biodiversity in cocoa fields enabled
the estimation of the current biodiversity and other associated conditions at a large scale.
It provided the opportunity to evaluate the overall status of individual fields regarding
their biodiversity and environmental performance, as well as to analyze differences at local
and landscape scales. Using a reference classification defined from benchmark minimum
recommended values for each indicator, and representing them through a straightforward
colored code scale, facilitates the diffusion of the data and could help identify the en-
vironmental conditions that require improvement. This first assessment, carried out in
8750 cocoa fields spread over 19 districts and 6 regions in Ghana, showed that species
richness, shade cover, and succession potential don’t reach the recommended level in most
of the fields surveyed. These parameters should be prioritized for targeted actions. Training
approaches regarding biodiversity-friendly practices in cocoa fields should be tailored to
the specific requirements and needs of the farmers, which vary across fields, districts, and
regions. The mainstreaming of biodiversity into national policies is an important step in
facilitating accountability for both public and private sectors involved with agriculture,
specifically with cacao agroforests. Applying a replicable rapid assessment method for tree
biodiversity in cocoa fields can provide useful tools to define suitable environmental and
biodiversity-friendly strategies and enable a monitoring scheme for further assessments.
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