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Abstract

Aim: Cacao (Theobroma cacao L.) is expected to be vulnerable to climate change.
The objectives of this study were to (a) assess the future impact of climate change
on cacao in Peru and (b) identify areas where climate change-tolerant genotypes are
potentially present.

Location: Peru

Methods: Drawing on 19,700 and 1,200 presence points of cultivated and wild
cacao, respectively, we modelled their suitability distributions using multiple en-
semble models constructed based on both random and target group selection of
pseudo-absence points and different resolutions of spatial filtering. To estimate the
uncertainty of future predictions, we generated future projections for all the ensem-
ble models. We investigated the potential emergence of novel climates, determined
expected changes in ecogeographical zones (zones representative for particular sets
of growth conditions) and carried out an outlier analysis based on the environmental
variables most relevant for climate change adaptation to identify areas where climate
change-tolerant genotypes are potentially present.

Results: We found that the best modelling approaches differed between cultivated
and wild cacao and that the resolution of spatial filtering had a strong impact on
future suitability predictions, calling for careful evaluation of the effect of model
selection on modelling results. Overall, our models foresee a contraction of suitable
area for cultivated cacao while predicting a more positive future for wild cacao in
Peru. Ecogeographical zones are expected to change in 8%-16% of the distribution of
cultivated and wild cacao. We identified several areas where climate change-tolerant
genotypes may be present in Peru.

Main conclusions: Our results indicate that tolerant genotypes will be required to
facilitate the adaptation of cacao cultivation under climate change. The identified

cacao populations will be target of collection missions.
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1 | INTRODUCTION

Climate change is expected to severely impact agricultural produc-
tion. Global average temperature has already increased by about
0.85°C during the period 1880-2012 and is projected to further
increase by 1.4-3.1°C towards the end of this century (Stocker
et al., 2013). Rising temperatures in combination with changes in
precipitation patterns and higher frequencies of extreme droughts
and floods (Cai et al., 2014; Stocker et al., 2013) are expected to re-
duce crop yields and threaten farmers'’ livelihoods around the world
(Parry et al., 2004; Porter et al., 2014). Impacts are likely to dispro-
portionately affect agricultural systems in the tropics, both because
negative effects on yields are expected to be larger compared with
temperate zones (Parry et al., 2004; Porter et al., 2014) and because
smallholder systems have lower resilience due to their limited avail-
able resources (Morton, 2007). As climate change will have differen-
tial impacts on individual crop species or varieties and growing areas
(Porter et al., 2014), urgent action is needed to better understand the
expected impacts of climate change on specific crops, particularly in
the tropics, to guide the development of adaptation strategies.

Cacao (Theobroma cacao L.), one of the most important cash
crops in the tropics, is expected to be vulnerable to climate change
(Laderach et al., 2013; Lahive et al., 2019; Medina & Laliberte, 2017).
Evolved as an understory tree native to the Amazon basin, cacao is a
drought-sensitive species and high temperatures and low precipita-
tion can negatively impact its growth, productivity and yield quality
(Daymond & Hadley, 2008; Moser et al., 2010; Zuidema et al., 2005).
Increasing evidence indicates that climate change is already affect-
ing cacao cultivation around the world, resulting in higher mortality,
declines in yield quality and quantity (Medina & Laliberte, 2017), and
increased incidence of diseases (Gateau-Rey et al., 2018).

Breeding for climate change tolerance represents one of the
most promising adaptation options to climate change (Dempewolf
et al., 2014; Smit & Skinner, 2002). The wide genetic diversity of
cacao represents a key resource to develop climate change-tolerant
varieties (Lahive et al.,, 2019; Medina & Laliberte, 2017). For in-
stance, numerous studies have reported high variability among
cacao genotypes in response to elevated temperatures (Daymond
& Hadley, 2004, 2008), water deficit (Apshara et al., 2016; Araque
et al., 2012; Ofori et al., 2014; dos Santos et al., 2014) and flooding
(Bertolde et al., 2009, 2012; De Almeida et al., 2016). However, de-
spite its great potential, cacao's full genetic diversity has thus far
been largely unexploited by breeders (Lahive et al., 2019; Medina
& Laliberte, 2017) and climate change-tolerant cacao varieties are
still lacking to date (Farrell et al., 2018; Lahive et al., 2019; Medina &
Laliberte, 2017).

Habitat suitability models—also known as species distribution or

ecological niche models—are useful tools to both assess the future

impact of climate change and to guide the selection of climate
change-tolerant genotypes. These models can estimate current and
future suitability distributions of species and describe their environ-
mental range and can therefore be used to identify regions where
genotypes adapted to climatic extremes are potentially present.
In the case of cacao, recent suitability modelling studies have pre-
dicted a reduction in the growing area and a shift towards higher
elevations. However, these studies have focussed on West Africa
(Laderach et al., 2013; Schroth et al., 2016) and Central America
(Eitzinger et al., 2015; de Sousa et al., 2019), and until today research
in the centre of origin of cacao remains limited. To date, suitabil-
ity modelling has not been used to support genotype selection yet
(Medina & Laliberte, 2017).

The objectives of this paper were to (a) assess the future impact
of climate change on the distribution of suitable habitat of cultivated
and wild cacao in Peru and (b) identify areas where climate change-
tolerant genotypes are potentially present. Peru has great potential
for cacao genotype selection as it presents high levels of genetic
diversity and is the country of origin of multiple genetic groups
recognized within the species (Motamayor et al., 2008; Thomas
et al., 2012). Because exchange of materials between countries is
still restricted, and in order to identify locally adapted genotypes in
the country, the search of genotypes is limited within Peru. We used
an ensemble modelling approach to assess the distribution of suit-
able habitat under current and future climatic conditions consider-
ing three time horizons (2030s, 2050s, 2070s) and two greenhouse
gas emission scenarios (RCP4.5 and RCP8.5). Because model selec-
tion can significantly influence model results (Aratjo & New, 2007;
Thuiller et al., 2019), we assessed the impact of different approaches
of model assembly on current and future suitability distributions.
Furthermore, we investigated the potential emergence of novel
climates within the cacao suitable area and determined how cacao
ecogeographical zones (representative for particular sets of growth
conditions) might change under future climates. Finally, we carried
out an outlier analysis based on the environmental variables most
relevant for climate change adaptation to identify areas where cli-
mate change-tolerant genotypes are potentially present, which will
be target of collection missions.

2 | METHODS
2.1 | Presence data

Cacao presence points were compiled from several sources (Text
S1 in Appendix S1) and divided into cultivated and wild cacao ac-
cording to the indication in the source. For cultivated cacao, we re-

tained only presence points within Peru (Figure 1a). For wild cacao,
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(a)Cuiltivated cacao

base 30 arcsec base 5 arcmin base 10 arcmin base 15 arcmin

target group 5 arcmin
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2

FIGURE 1 Prediction of suitable habitat for all the ensemble models constructed with different pseudo-absence points selection
approaches and resolutions of spatial filtering for a) cultivated and b) wild cacao in Peru. The best-performing models for each of the
pseudo-absence point selection approaches are in red boxes: the base model at 5 arcmin filtering and the target group model at 30 arcsec
filtering for cultivated cacao, and the base model at 30 arcsec filtering and the target group model at 30 arcsec filtering for wild cacao.
Green areas represent the suitable area for cacao predicted by each model in the left maps. Presence points used for the modelling are

shown in red in the right maps

we retrieved all presence points within the geographical extent of
Peru (66.8-81.6°W; 0.4-19.3°S), also including points from neigh-
bouring countries Colombia, Ecuador and Brazil within this extent
(Figure 1b). Cultivated cacao in Peru spans at least seven of the 10

genetic groups currently described in cacao (Motamayor et al., 2008)

and includes also many introduced cacao varieties. Therefore, in our
dataset, we considered both national and international cultivated
cacao varieties present in Peru (Table S1 in Appendix S1). For cul-
tivated cacao, presence points from the coastal regions and other

sites with <600 mm of annual precipitation were omitted as cacao
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can only be grown in these regions under irrigation, which would
confound the identification of naturally suitable areas. Accordingly,
there are no records of wild cacao in these regions. The compiled
presence points comprised 19,685 points for cultivated and 1,182
for wild cacao.

2.2 | Environmental variables

The explanatory variables included 34 climate, soil and terrain vari-
ables commonly used in habitat suitability modelling (Table S2 in
Appendix S1). These variables were selected because climate, soil
and terrain are the main factors influencing species distributions.
Collinear variables under present conditions were removed based
on stepwise calculations of variance inflation factors (VIF), retain-
ing only variables with VIFs <10. As correlations between variables
can change both in strength and direction in the future (Braunisch
et al., 2013; Dormann et al., 2013), we also assessed collinearity
under future conditions and retained all variables resulting from the
stepwise VIF procedure in at least one time horizon-by-emission
scenario combination (see below). Although this resulted in a final
set of variables of which some had a VIF >10, this does not outweigh
the risk of excluding variables with diverging collinearity patterns
under future conditions, which may lead to misleading predictions
of future habitat suitability (Braunisch et al., 2013). Multicollinearity
analyses were based on the values of the explanatory variables at
the locations of all presence and pseudo-absence points used to cali-

brate each of the ensemble models (see below).

2.3 | Habitat suitability modelling

We generated multiple ensemble models (see below) for both culti-
vated and wild cacao using different approaches to select pseudo-
absence points, and different resolutions of spatial filtering. We
selected the pseudo-absence points of both approaches from the
area enclosed by a convex hull polygon around all presence points
extended with a buffer corresponding to 10% of the polygon's larg-
est axis (Acevedo et al., 2012). We further restricted the area to sites
below 2500 masl (hereafter called the “convex hull area”) to improve
the ability of the suitability models to distinguish between presence
and absence at lower altitudes.

We used two approaches for the selection of pseudo-absence
points: random selection (from hereon called the “base approach”)
and target group selection (“target group approach”). We sepa-
rately selected pseudo-absence points for the presence-absence
algorithms in our ensembles (see below) and background points for
Maxent algorithm. In the base approach, background points and
pseudo-absences were randomly selected from the convex hull
area. In the target group approach, pseudo-absence and background
points were selected from the convex hull area according to the
method outlined by Phillips et al., (2009) and Mateo et al., (2010),
which involves the selection of points from grid cells with presences
of species belonging to a similar group as the target species. These
locations are expected to reflect a similar sampling bias compared
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with the target species, thus reducing the effects of spatially bi-
ased presence points on model calibration (Phillips et al., 2009).
The target group grid to select pseudo-absence points was based
on the farm locations in the Peruvian national agricultural census of
2012 for cultivated cacao and on the presence points of all tree and
shrub species occurring in the national checklists of Peru, Ecuador
and Colombia for wild cacao (see Text S2 in Appendix S1 for more
details).

Both pseudo-absence point selection approaches for cultivated
and wild cacao were crossed with different resolutions of spatial fil-
tering. Spatial filtering is used to reduce the effects of spatially biased
presence points on model calibration (Kramer-Schadt et al., 2013)
and was implemented by randomly retaining one presence point
per grid cell for each of the selected resolutions of spatial filtering.
We carried out spatial filtering at four resolutions, ranging from 30
arcsec (ca. 0.9 km at the equator) to 15 arcmin (ca. 27 km). For the
target group approach, we also filtered the pseudo-absence points
to the respective resolutions of the models to reflect the spatial bias
of the filtered presences. For the base approach, we kept the origi-
nal resolution of pseudo-absence points as randomly selected points
should not show spatial sorting bias. As such, we calibrated eight
ensemble models for cultivated cacao and eight ensemble models
for wild cacao (two pseudo-absence points selection approaches
combined with four resolutions of spatial filtering).

Suitability modelling was performed using ensembles composed
of up to 19 modelling algorithms, using the BiodiversityR package for
R (Kindt, 2018). The list of the 19 modelling algorithms is presented
in Table S3 in Appendix S1. To carry out an initial selection of the
algorithms to include in the ensemble and remove spatial sorting
bias (Hijmans, 2012), we performed a 20-fold cross-validation for
each algorithm using the presence and pseudo-absence points of
each of the combinations of pseudo-absence selection and spatial
filtering, calculated the calibrated Area Under the receiver-operator
Curve (cAUC) for each of the cross-validation folds and retained the
algorithms with cAUC values significantly higher than the null model
according to Mann-Whitney tests, following Thomas et al., (2014).

The retained algorithms in the ensemble models were cross-
validated for 10 folds using spatial blocks with the blockCV package
for R (Valavi et al., 2019), following Fremout et al., (2020). With the
spatial block cross-validation, presence and pseudo-absence points
were partitioned in training and testing points using a set of spa-
tial blocks, with each fold consisting of one or more 200 km wide
squared blocks. AUC values cross-validated with spatial blocks
(cvAUC) provide a better measure of model transferability, which
is crucial when projecting species distributions to future climates
(Wenger & Olden, 2012). The weights of the algorithms in each of
the ensemble models were optimized using the ensemble.tune func-
tion in BiodiversityR (Kindt, 2018). The ensemble models were then
calibrated again using all presence and pseudo-absence points and
the previously optimized weights. For each of the ensemble models,
we calculated four evaluation metrics (cvAUC, False Negative Rate
(FNR), True Skill Statistic (TSS) and Symmetric Extremal Dependence
Index (SEDI)) (Wunderlich et al., 2019). The best model of each ap-
proach was selected on the basis of having the highest cvAUC, TSS
and SEDI, and lowest FNR.
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The importance of the environmental variables retained in the
four best-performing ensemble models was calculated using the
biomod2 package for R (Thuiller, 2003), by calculating the Pearson's
correlation between the original suitability predictions and the
suitability predictions obtained with a shuffled dataset. Response
curves of each of the environmental variables were produced using
the evaluation.strip.plot function in the BiodiversityR package.

Future projections of cacao suitability were made for three time
horizons (2030s, average for 2020-2049; 2050s, average for 2040-
2069; 2070s, average for 2060-2089) and two Representative
Concentration Pathways (RCP4.5 and RCP8.5). RCP4.5 corresponds
to the emission scenario in which all countries would comply with
their Intended Nationally Determined Contributions under the Paris
Agreement (Tribett et al., 2017), whereas the RCP8.5 represents a
worse-case scenario. Future climatic conditions were characterized
using multiple downscaled General Circulation Models (GCMs) from
the CCAFS Climate Data Portal (Ramirez Villegas & Jarvis, 2010). We
compared the future predictions obtained using all the GCMs available
on this platform (31 GCMs for RCP4.5 and 33 GCMs for RCP8.5) with
a subset of five well-performing and dissimilar GCMs (CESM1(CAMS5),
GFDL-CM3, HADGEM2-ES, MIROC5 and MPI-ESM-LR). This subset
was selected following Fremout et al., (2020) (Text S3 in Appendix S1).

Suitability maps for present and future climates were converted
in presence-absence maps using the maximum training sensitivity
plus specificity threshold (Liu et al., 2005). Suitable conditions under
future climatic conditions were predicted in grid cells where at least
75% of the GCMs coincide. For each of the six time horizon-by-RCP
combinations, we defined novel climates (i.e., climatic conditions
outside the range between the 5% and 95% percentile of the condi-
tions used to calibrate the distribution models) using the ensemble.
novel function in BiodiversityR. For simplicity, the figures in the man-
uscript focus on the projections for 2050s and RCP4.5, but we pres-
ent the main findings for all the time horizon-by-RCP combinations

in the text and include figures for all combinations in the appendix.

2.4 | Ecogeographical zones and niche
overlap analysis

To assess changes in growth conditions within the suitable distri-
bution range of cultivated and wild cacao under climate change,
we subdivided the current cacao distribution in homogeneous
ecogeographical zones (Parra-Quijano et al., 2012) and projected
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these zones to future climates, following Fremout et al., (2021).
We determined these zones using the CLARA (Clustering Large
Applications) method implemented in the cluster package for R
(Maechler et al., 2019). As input data, we used the first 10 princi-
pal components from a principal component analysis using values
for all the 34 environmental variables mentioned above within the
total current distribution range of cacao (both cultivated and wild),
which together explained more than 95% of variance. The potential
number of clusters (i.e., ecogeographical zones) was varied between
five and 25, and the optimal number was determined using the clus-
ter silhouette criterion through the optCluster package for R (Sekula
et al., 2020), resulting in nine zones. Variables were normalized prior
to clustering. For future projections, each grid cell was assigned to
the closest cluster in ordination space based on the values of the
principal components resulting from the environmental variables
under future climate scenarios, using the cl_predict function from
the clue package for R (Hornik & Béhm, 2020).

To investigate whether cultivated and wild cacao occupy dif-
ferent environmental niches, we performed a niche overlap anal-
ysis and niche hypervolume analysis. We calculated niche overlap,
niche equivalency and niche similarity following the methodology
described by Broennimann et al., (2012) and implemented in the
ecospat package for R (Broennimann et al., 2012). We calculated
the niche hypervolume occupied by cultivated and wild cacao and
their intersection using the hypervolume package for R (Blonder
et al., 2014). Further methodological details are presented in Text
S4 in Appendix S1.

2.5 | Outlier analysis for climate change-
tolerant genotypes

We carried out an outlier analysis of the environmental conditions
within the modelled distribution ranges to identify the areas where
climate change-tolerant genotypes are potentially present. For this
analysis, we selected twelve variables predicted to be important for
climate change adaptation of cacao cultivation based on variable im-
portance, suitability response curves and the expected direction of
climate change (Table 2, Fig. S6, Fig. S7 and Fig. S8 in Appendix S1).
These variables include flooding risk (tolerance to flooding), altitude
(tolerance to occasional chills) and ten climatic variables: maximum
temperature of warmest month, mean temperature of driest quarter,

annual precipitation, precipitation of wettest quarter, precipitation

FIGURE 2 Future distribution of suitable habitat according to all the ensemble models constructed with different absence point selection
approaches and resolutions of spatial filtering for a) cultivated and b) wild cacao in Peru. Future projections show all areas identified as
suitable by at least 75% of the subset of five well-performing and dissimilar General Circulation Models (GCMs) for the Representative
Concentration pathway (RCP) 4.5 and the 2050s time period. Ensemble models with sufficient predictive accuracy (cvAUC >0.75) used for
estimate future uncertainty are in black boxes while the best models for each approach are in red boxes: the base model at 5 arcmin filtering
and the target group model at 30 arcsec filtering for cultivated cacao, and the base model at 30 arcsec filtering and the target group model
at 30 arcsec filtering for wild cacao. The first four maps present the areas expected to become suitable (light green), the area expected to
remain suitable (dark green) and the area expected to become unsuitable (red) as predicted by each of the four models. As a summary, the
consensus maps on the right present the number of ensemble models predicting suitability (from 1 model in yellow up to 4 models in dark
purple), including only the ensemble models with sufficient predictive accuracy
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of driest quarter, annual potential evapotranspiration, aridity (toler-
ance to heat and drought), mean diurnal range, temperature season-
ality and precipitation seasonality (tolerance to altered diurnal and
seasonal variation). The flooding risk map was retrieved from the
National Service of Meteorology and Hydrology of Peru (SENAMHI,
Spanish acronym) (Aybar et al., 2019). Altitude was included among
the selected in the view of potential expansion of cacao at higher el-
evations where occasional chills can occur. Apart from flooding risk
and altitude, among the remaining ten climatic variables, annual pre-
cipitation, precipitation of wettest quarter and aridity were colinear
with other variables and not retained by the models and therefore
do not have a response curve. Nevertheless, they were used in the
outlier analysis because annual precipitation is one of the most im-
portant factors influencing yield (Zuidema et al., 2005), precipitation
of the wettest quarter is an important predictor of flooding risk, to
which cacao can be sensitive (De Almeida & Valle, 2007; Wood &
Lass, 2008), and aridity is a fundamental indicator for climate change
assessments (Berg et al., 2016; Fu & Feng, 2014).

For each variable, we calculated the outlier threshold as the 1%
percentile for the lower outliers and the 99% percentile for the upper
outliers. The outliers were calculated based on all grid cell values
within the total cacao distribution range (both cultivated and wild).
To maximize the chance of including areas under the most extreme
environmental conditions at the margins of habitat distribution, we
defined the distribution range for wild cacao using the minimum
training presence (i.e. the lowest predicted suitability value at the
training presence points) as threshold for suitability. Coastal regions
where wild cacao does not occur were excluded from the obtained
distribution for wild cacao by excluding the respective terrestrial
ecoregions. The areas where climate change-tolerant genotypes are
potentially present were identified as those with environmental vari-
able scores above or below the respective outlier thresholds. Finally,
we maximized the probability of actual presence by overlaying these

areas with 5 km buffers around cacao presence points.

3 | RESULTS

The calibrated suitability models resulted in different suitability
distributions, depending on the pseudo-absence point selection
approach and resolution of spatial filtering (Figure 1). Table S4 in
Appendix S1 shows the number of presence and pseudo-absence
points, modelling algorithms and environmental variables used in
the different ensemble models. In general, models generated with
the target group approach and at lower resolutions of spatial filter-
ing resulted in broader and less overfit distributions compared with
models constructed using the base approach and higher resolutions
of spatial filtering (Figure 1). According to the evaluation metrics
(Fig. S1 in Appendix S1), the best-performing models for each of the
pseudo-absence points selection approaches were the base model
at 5 arcmin filtering and the target group model at 30 arcsec filter-
ing for cultivated cacao, and the base model at 30 arcsec filtering

and the target group model at 30 arcsec filtering for wild cacao. For

cultivated cacao, we were interested in the model that provides the
closest fit to the current range of cultivated cacao (i.e. base model
at 5 arcmin filtering) to obtain more reliable indications of climate
change impacts in currently cultivated areas. By contrast, for wild
cacao the target group model at 30 arcsec provides a more realistic
approximation of the present distribution of wild cacao compared
with the base approach models which tended to overfit the spatially
biased presence data. The selected models for cultivated and wild
cacao presented distinct suitability distributions, with cultivated
cacao extending along the Andes foothills and wild cacao covering
most of the Peruvian Amazon (Figure 1). In both models, the coastal
regions were not predicted as suitable.

To estimate the uncertainty of future predictions related to
model selection, we generated projections for all the ensemble
models and built consensus maps including only the models with
sufficient predictive accuracy (cvAUC >0.75) (Figure 2). As the pre-
dictions of the four best-performing ensemble models using the full
set of GCMs (Figure 3 and S2) were similar to the predictions ob-
tained with the subset of five well-performing and dissimilar GCMs
(Fig. S3 in Appendix S1), we used only the subset of five GCMs for
these projections. For cultivated cacao, spatial filtering strongly in-
fluenced the future projections (Figure 2a), with forecasts becoming
more optimistic at decreasing resolution of spatial filtering, regard-
less of the pseudo-absence selection method used. For wild cacao,
future projections were more consistent among different ensemble
models (Figure 2b).

The future projections of the four best-performing models
showed different trends between cultivated and wild cacao. For cul-
tivated cacao, future projections predict a contraction of suitable
areas in the northern and central Amazon, and an expansion into the
southern Amazon of Madre de Dios as well as towards higher eleva-
tions along the Andes (Figure 3 and S2 in Appendix S1). A compar-
ison of current and future suitability models showed that the 99%
quantile for altitude shifts from 1,700 masl under present climate
conditions up to 2,100 masl for the expected future distribution
range (Fig. S4 in Appendix S1). However, according to at least 75% of
the GCMs, the predicted expansion areas are smaller than the con-
traction areas, resulting in a net decrease in suitable area (Table 1
and Table S5). Similar trends are expected under the worst-case
(RCP8.5) and more optimistic emission scenario (RCP4.5), and differ-
ent time horizons (Fig S5). For wild cacao, most of the current distri-
bution range is foreseen to remain suitable by at least 75% of GCMs
and is predicted to further expand towards the Amazon region and
the Andes (Figure 3 and Figure S2). Higher gains in suitable area of
wild cacao are predicted at more distant time horizons and under the
worst-case emission scenario (RCP8.5) (Table 1 and Table S5).

The single best suitability models for cultivated (base model
at 5 arcmin filtering) and wild cacao (target group model at 30
arcsec filtering) retained similar environmental variables, although
these variables showed different importance scores (Fig. Sé in
Appendix S1) and different trends in the response curves (Table 2,
Fig. S7 in Appendix S1). The niche overlap and niche hypervolume

analyses showed that cultivated and wild cacao occupy different



CECCARELLI ET AL.

(a) Cultivated cacao

Change of future suitability
respect to present for at
least 75% GCMs

Change of future suitability
respect to present for at
least 50% GCMs

(b) Wild cacao

Change of future suitability
respect to present for at
least 50% GCMs

Change of future suitability
respect to present for at
least 75% GCMs

Covrsiy s iriowions VTRV

Change of future suitability
respect to present for at
least 90% GCMs

Jo— |
0 150 300 km

expected to remain suitable

expected to become suitable
expected to become unsuitable

Change of future suitability
respect to present for at
least 90% GCMs

J— |
0 150 300 km

expected to remain suitable

expected to become suitable
expected to become unsuitable

FIGURE 3 Future distribution of suitable habitat for a) cultivated and b) wild cacao in Peru showing all areas identified as suitable by at
least 50%, 75% and 90% of 31 different future General Circulation Models (GCMs). The maps present the areas expected to become suitable
in light green, the area expected to remain suitable in dark green and the area expected to become unsuitable in red. Here, we present the
maps for the selected ensemble models (i.e. the base model at 5 arcmin filtering for cultivated cacao and the target group model at 30 arcsec
filtering for wild cacao), and for the Representative Concentration Pathway (RCP) 4.5 and the 2050s time horizon, but similar results were
found for the projections with combinations of other models, emission scenarios and time horizons (Figs. S2 and S5, Table 1 and S5)

environmental niches, with cultivated cacao occurring in areas with
higher mean diurnal temperature range, lower mean temperature
of wettest quarter and higher precipitation of the warmest quarter
compared with wild cacao (Text S4).

In the area where cacao is currently cultivated, temperatures
and potential evapotranspiration are predicted to increase across
the whole distribution range, while precipitation changes show
varying patterns depending on the season and region (Fig. S8 in

Appendix S1). For cultivated cacao, expansion of suitable range

seems to occur in areas that will have higher precipitation of wettest
month/quarter and coldest quarter, and similar precipitation of dri-
est month/quarter and warmest quarter compared with current pre-
cipitation regimes in currently suitable areas (Fig. S8 in Appendix S1).
Similar changes in climate are expected within the distribution range
of wild cacao (Fig. S9 in Appendix S1).

Ecogeographical zones identified within the cacao distribution
range are expected to change 8%-16% in area (Fig. S10, Table S6 in

Appendix S1), meaning that local climatic conditions are expected to
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TABLE 1 Changes in suitable areas for cultivated and wild cacao in Peru for two Representative Concentration Pathways (RCPs) and
three time horizons. Total suitable areas and area changes were calculated by predicting suitable conditions in grid cells where at least

75% of the 31/33 General Circulation Models (GCMs) predict suitable conditions. Here, we present the results for the selected ensemble
models (i.e. the base model at 5 arcmin filtering for cultivated cacao and the target group model at 30 arcsec filtering for wild cacao), while
the results for the target group model at 30 arcsec filtering for cultivated cacao and the base model at 30 arcsec filtering for wild cacao are

presented in Table S5 in Appendix S1

CULTIVATED CACAO WILD CACAO

Time Contraction Net area Net area
RCP horizon area Expansion area change Contraction area Expansion area change
RCP4.5 2030s -26% +17% -9% 7% +12% 5%

2050s -29% +18% -11% -4% +17% 13%

2070s -28% +19% -9% -4% +18% 15%
RCP8.5 2030s -26% +20% -6% -3% +15% 13%

2050s -27% +23% -4% -1% +29% 28%

2070s -31% +25% -6% -0% +39% 39%

change even in some areas that are predicted to remain suitable. No
novel climatic conditions are expected to appear within the present
nor future distribution range of cultivated and wild cacao according
to most of the GCMs (Fig. S11 in Appendix S1), except for small areas
in Puno and Ucayali for the base model of wild cacao (Fig. S11c in
Appendix S1).

According to the selected variables, potential climate change-
tolerant populations are spread across different regions around Peru
and in many cases occur along the margins of the cacao distribution
range (Figure 4). Some areas present multiple environmental extremes,

for instance the areas in the departments of Cuzco and Cajamarca.

4 | DISCUSSION

In this study, we modelled the current and future distribution of culti-
vated and wild cacao in Peru by comparing multiple ensemble models
constructed using different pseudo-absence selection approaches and
resolutions of spatial filtering. Both the procedures had pronounced
impacts on model predictions (Figure 1). In general, the target group
approach and spatial filtering at lower resolutions reduced overfitting
by reducing spatial sample bias (Phillips et al., 2009). However, spa-
tial filtering strongly impacted future predictions for cultivated cacao,
ranging from net negative impacts at higher spatial resolution of filter-
ing to net positive impacts at lower resolution. And this in spite of the
fact that models calibrated with data filtered at different spatial reso-
lutions had a similar accuracy in terms of cvAUC and produced similar
distribution ranges under current climate conditions.

Two lessons can be learned from this. First, that model selection
must be tailored to the characteristics of available data, the mod-
elled species and the intended use of the suitability models (Derville
et al., 2018; Segurado & Araujo, 2004). In our case, for cultivated
cacao we had very detailed agricultural census data and were inter-
ested in the current (instead of potential) range of cultivated cacao to
obtain more reliable indications of impacts of climate change in cur-

rently cultivated areas. By contrast, for wild cacao our data showed

strong spatial sampling bias and we were interested in a model that
best predicts the current realized distribution also in poorly sam-
pled areas. Hence, the random pseudo-absence point selection
worked better for cultivated cacao, while the target group selection
worked better for wild cacao. A second lesson is that selecting the
best models for future climate projections based on performance
under current climate conditions alone may be misleading as alter-
native models with similar accuracy can result into variable future
projections (Aradjo & New, 2007; Thuiller et al., 2019). Therefore,
testing projections for multiple models is required to estimate the
uncertainty of future predictions (Aradjo & New, 2007; Thuiller
et al, 2019).

Our results show that cultivated and wild cacao present dis-
tinct suitability distributions (Figure 1), in accordance with the fact
they occupy different environmental niches (Text S4 in Appendix
S1). This is in line with other suitability modelling studies compar-
ing the distributions of cultivated and wild populations of the same
species (d'Eeckenbrugge & Lacape, 2014; Eshetae et al., 2019; A.
J. Miller & Knouft, 2006). The best-performing model obtained for
cultivated cacao presents a realistic representation of where cacao
is currently grown in Peru (Figure 1a). For cultivated cacao, many
parts of Peruvian Amazon are probably currently suitable, as evi-
denced by cacao cultivation by indigenous communities and small-
scale plantations (Levis et al., 2017; R. P. Miller & Nair, 2006), but
cacao is not grown there at commercial scale. As expected, none of
the models of cultivated cacao predicted suitability in the coastal
regions where cacao is unable to grow without irrigation. The best-
performing model for wild cacao represents a realistic distribution
of the current suitable habitat of wild cacao (Figure 1b). However,
even though the target group suitability models for wild cacao min-
imized overfitting, the best-performing model still omitted some
areas that may be suitable in the northern Amazon region and as-
signed higher suitability values to the more accessible areas along
rivers. This is most likely due to the strong spatial sample bias, with
a near complete lack of collection missions in inaccessible areas lo-

cated at longer distances from rivers.
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TABLE 2 Overview of general trends in response curves of cultivated and wild cacao suitability (Y-axis) to different climate variables
(X-axis) and trends of climate variables under climate change. Red trend lines indicate whether the variable has positive, negative, flat,
flattening or optimum curve (exact response curves are given in Fig S7). Black arrows indicate whether the variable is expected to increase,
decrease, or increase and decrease depending on the areas in the future in the distribution range of cacao in Peru (shown in Fig S8). The
climatic variables included in the outlier analysis to identify climate-tolerant genotypes are indicated with an "a". These response curves
and future trends of climatic variables were used to define the ten climatic variables used in the outlier analysis, in addition to altitude and
flooding risks. The selected climatic variables are: maximum temperature of warmest month, mean temperature of driest quarter, annual
precipitation, precipitation of wettest quarter, precipitation of driest quarter, annual potential evapotranspiration, aridity, mean diurnal
range, temperature seasonality, precipitation seasonality. Among these ten variables, annual precipitation, precipitation of wettest quarter
and aridity were colinear with other variables and not retained by the models, and therefore do not have a response curve. Nevertheless,
they were used in the outlier analysis because annual precipitation is one of the most important factor defining yield (Zuidema et al., 2005),
precipitation of the wettest quarter is the main predictor of flooding risk which cacao is sensitive to (Almeida & Valle, 2007; Wood &

Lass, 2008), and aridity is a fundamental indicator for climate change assessments (Berg et al., 2016; Fu & Feng, 2014)

Variable

Mean Diurnal Range?®

Isothermality

Temperature Seasonality®

Max Temperature of Warmest Month?

Temperature Annual Range

Mean Temperature of Wettest Quarter

Mean Temperature of Driest Quarter?

Precipitation of Wettest Month

Precipitation of Driest Month

Precipitation Seasonality?

Precipitation of Wettest Quarter?

Precipitation of Warmest Quarter

Precipitation of Coldest Quarter

Annual Potential Evapotranspiration®

SN YA

Response curve of cultivated cacao

Future trend

"

Response curve of wild cacao

"

e AN P

"

"

SIS/

2Climatic variables included in the outlier analysis to identify areas where climate tolerant populations are potentially present.

Future projections yielded different results between cultivated
and wild cacao. For cultivated cacao, projections foresee a con-
traction of the suitable range and shift at higher elevation which
is in line with other studies in West Africa (Ldderach et al., 2013;
Schroth et al., 2016) and Central America (Eitzinger et al., 2015;
de Sousa et al., 2019), although there is some uncertainty among
projections from different ensemble models (Figure 3). Because
cacao cultivation in Peru has been expanding at an annual rate
of 9.1% in recent years (MINAGRI, 2018), new expansion efforts

should be directed towards areas that will remain or will become
suitable into the future rather than the predicted contraction areas
in the northern and central Amazon (Figure 3). However, some of
the new suitable areas in southern Amazon are currently covered
by forests and it is paramount that potential expansion of cacao
cultivation is not implemented at the expense of deforestation or
encroachment into protected areas. By contrast, our projections
consistently foresee a positive future for wild cacao in Peru as the

current suitable area is expected to largely remain suitable and to
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FIGURE 4 Areas where cacao occurs under extreme environmental conditions within Peru for the twelve selected variables, as identified

by the outlier analysis. The area in dark grey represents the distribution range of cultivated cacao (base model at 5 arcmin filtering) while the
area in light grey represents the distribution range of wild cacao (target group model at 30 arcsec filtering). The distribution range for wild
cacao was defined using the minimum training presence as threshold for suitability, excluding the terrestrial ecoregions (Olson & Dinerstein,
2002) without presence of wild cacao. The areas shown are identified by overlaying the areas with extreme environmental conditions with

5km buffers around known cacao presence points.

further expand in the future. As mentioned above, predicted ex-
pansion areas in the northern Amazon region are possibly already
suitable for wild cacao, but the Andes foothills represents a newly
suitable area for wild cacao.

Different responses of cultivated and wild cacao to climate
change might be explained by the fact the two groups are partly
adapted to and/or grown under different climatic conditions, as
shown by the distinct suitable distributions and environmental
niches (Figure 1, Text S4 in Appendix S1), and by the different vari-

able importance scores and response curves (Table 2, Fig. S6 and

Fig. S7 in Appendix S1). Different importance scores and mean val-
ues in the environmental variables have also been found in other
modelling studies comparing cultivated and wild populations of
the same species (Eshetae et al., 2019; Galluzzi et al., 2015; A.
J. Miller & Knouft, 2006). During domestication, humans exert
artificial selection on a species, rendering the cultivated popula-
tions distinct from the wild progenitors and eventually resulting in
slightly different environmental adaptations. In our study, differ-
ences in future projections can be partly explained by the fact that

for wild cacao the response curves between climate variables and
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habitat suitability more often follow the same trend as the direc-
tion of climate change than for cultivated cacao. For example, our
results (Table 2, Fig. S7 and Fig. S8 in Appendix S1) suggest that
cultivated cacao is vulnerable to expected future decreases in di-
urnal and increases in annual temperature ranges, and increases in
temperature and evapotranspiration, whereas wild cacao might be
better adapted to those conditions. However, further research is
needed to understand to what extent the response curves reflect
the current distribution ranges (realized niche) of cultivated and
wild cacao, as compared to the true breath of environmental con-
ditions under which cacao populations could thrive (fundamental
niche). For example, evidence from West Africa and Malaysia sug-
gest that cacao can be cultivated at higher potential evapotranspi-
ration and temperatures (maximum daily temperatures up to 44°C)
than currently observed in Peru, as long as water availability is not
limiting (Lahive et al., 2019; Medina & Laliberte, 2017; Wood &
Lass, 2008).

The search for climate change-tolerant cacao genotypes will
become increasing important in the areas where cultivated cacao
is expected to loose suitability and also in areas predicted to re-
main suitable but where a shift in ecogeographical zones is ex-
pected. Due to the lack of sufficient reliable data on individual
varieties, we modelled cultivated cacao as a single entity assuming
uniform adaptation to environmental conditions across the distri-
bution area. In reality, different varieties may vary in local adapta-
tion to the environment (Hallfors et al., 2016; Smith et al., 2017).
This is especially true in Peru where a large diversity of native
cacao varieties exists (Table S1). As the environmental niches of
different varieties are likely to be subsets of the environmental
niche that we have modelled, even in areas that are predicted to
remain suitable, individual varieties may not be adapted to the
predicted changes and may require to be replaced with more
tolerant ones. Lowland Amazonian cacao populations have great
potential for facilitating the adaptation of cacao cultivation to cli-
mate change, considering that wild cacao seems to be more re-
sistant to climate change. Furthermore, as these putatively wild
populations in fact represent a gradient of wild over cultivated to
incipiently domesticated cacao genetic resources which are the
result of thousands of years of management by indigenous soci-
eties (Clement et al., 2020; Levis et al., 2017; Thomas, 2017), they
may hold many more traits of human interest than just resistance
to extreme climate conditions.

We identified areas where cacao populations are expected
to be present that are tolerant to (a) drought, heat and increased
seasonality, because they are fundamental for cacao suitability
and are expected to change the most in the future, (b) occasional
chills, because future projections predicted elevational shifts, and
(c) flooding, because cacao is sensitive to flooding (A. De Almeida &
Valle, 2007; Wood & Lass, 2008). For climate adaptation purposes, it
may be advantageous to select climate change genotypes from areas
where multiple extremes overlap, on the premise that these may

be tolerant to multiple stress factors simultaneously. For example,
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several areas in Cajamarca and Cuzco combine potential drought tol-
erance with the tolerance to growth conditions at high elevations.

5 | CONCLUSIONS AND FUTURE
PROSPECTS

In this study, we modelled the distribution of suitable habitat of culti-
vated and wild cacao in Peru by comparing multiple ensemble models
constructed using different pseudo-absence selection approaches and
resolutions of spatial filtering. We found that model selection signifi-
cantly impacted both present and future modelling results. This stresses
the importance of tailoring the modelling approach to the objectives
and characteristics of the target species and projecting multiple mod-
els to future climatic conditions, to better assess uncertainty of future
projections, which should be considered in decision-making related to
climate change policies (Aratjo & New, 2007; Thuiller et al., 2019).

Overall, our models foresee a contraction of suitable area for
cultivated cacao while predicting a more positive future for wild
cacao in Peru. Because suitability is not necessarily correlated with
yield quantity or quality (Ramirez-Villegas et al., 2013), future stud-
ies should asses the expected impacts of climate change on cacao
yields, also including indirect effects such as altered incidence of
pests and diseases (Gateau-Rey et al., 2018).

Tolerant genotypes will be required to facilitate the adapta-
tion of cacao cultivation under climate change in Peru. To this aim,
populations of native cacao in the identified areas will be target of
planned collection missions. The resistance of these genotypes to
extremes in growth conditions will be verified in greenhouse and cli-
mate chamber experiments. The most promising genotypes will then
be established in clonal gardens for the supply of the propagation
material. In the longer term, these genotypes should be included in
breeding programmes aimed not only at enhancing climate change
tolerance but also yield quantity and quality, pest resistance and low
heavy metal accumulation.

Finally, the climate change-tolerant genotypes identified in
this study could also benefit other cacao producing countries
where climate change is expected to cause a contraction of the
suitable area for cacao cultivation (Eitzinger et al., 2015; Laderach
et al., 2013; Schroth et al., 2016; de Sousa et al., 2019). Especially
genotypes tolerant to high temperatures and low precipitation/
high evapotranspiration have the potential to increase the climate
change resilience of cacao production systems in these countries,
as these are the factors expected to drive contraction of suitable
area for cacao cultivation in future (Liderach et al., 2013; Schroth
et al., 2016).
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