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Executive summary 

Chapter 1: Objectives and structure of the report 

It is the major objective of this research to provide a science-based assessment of the past and future 
climate change effects in some of the major banana producing regions of selected Latin American 
countries – including impacts on banana yields and prices, as well as on farmers’ income and profit-
ability, and effects on biodiversity. The specific focus of this report will be on Colombia, Costa Rica, 
the Dominican Republic, and Ecuador. By looking at the situation and particularities of climate 
change and banana production in the regions of Antioquia, Magdalena and La Guajira in Colombia, 
Heredia in Costa Rica, Valverde and Azua in the Dominican Republic, as well as El Oro in Ecuador, 
similarities and differences between these regions shall be identified in order to derive sound policy 
and business implications with respect to sustainable banana production now and in the future. 

The report is structured accordingly and first gives a concise overview of the basic facts about climate 
change and its impacts on agriculture at the national level of Colombia, Costa Rica, the Dominican 
Republic, and Ecuador. This is followed by a closer look at the four Latin American countries to 
provide a projection of future climate changes to be expected in the main banana producing regions 
of these countries. This again is followed by a comprehensive ex-post assessment of the climate 
change impacts on banana yields over the last 30 years in Antioquia, Azua, El Oro, Heredia, La 
Guajira, Magdalena, and Valverde, as well as in specific banana production areas located within these 
regions. This ex-post assessment is complemented by an ex-ante quantitative estimation of potential 
climate change impacts on banana yields. Yield is, however, only one variable that may be affected 
by climate change, but banana production might also be affected by changes in the suitability of the 
production area as well as by changes in the incidence of pests and diseases. In addition, the changing 
production conditions will also have an effect on market prices and will, thus, have an influence on 
farm profitability and income. Moreover, environmental aspects can be affected as well. These as-
pects will be additionally analyzed before recommendations for sound private and public decision-
making are presented along with suggestions for the targeted formulation and implementation of 
policy and research efforts. 

Chapter 2: Status quo of the scientific discussion 

According to the current state of knowledge, temperature is already increasing in the selected coun-
tries, and a future increase in temperature is projected. Regarding the quantity and distribution of 
precipitation, the results are less uniform. Most models and experts still agree that climate change 
often has negative effects on agricultural production, and banana production in the four countries of 
Latin America and Caribbean (LAC) is predicted to be affected as well. However, the direction and 
magnitude of potential changes in banana yields seem to vary in each country. Out of the countries 
we focus on, Colombia and Costa Rica will potentially be affected most, while the Dominican Re-
public may experience smaller losses and Ecuador could even benefit from climate change in terms 
of banana yields. This is also visualized in figure A. 
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Figure A: Predicted banana yield impacts of the RCP 8.5 climate scenario in 2050 for Co-
lombia, Costa Rica, the Dominican Republic, and Ecuador compared to 1970-
2000 

 

Source: Own figure based on Varma and Bebber (2019a). 

It is important to point out, however, that the available information on potential climate change-
related banana yield losses or gains at the national scale should not be overestimated. Climate projec-
tions always entail a considerable degree of uncertainty and, in addition, may even differ within a 
country. In fact, the yield effects presented in figure A are based only on average temperature and 
precipitation and explicitly do not account for other factors such as the climate-driven increase in the 
frequency of extreme events, or the risk posed by established or emerging diseases. To improve our 
understanding of climate change impacts on banana production, it is therefore necessary to zoom 
into the most important banana producing regions of the countries analyzed in this study. 

Chapter 3: Observed and projected climate developments 

For the seven selected banana producing regions in LAC, we consequently analyze the observed 
climate as well as the projected climate change by 2050 and 2070. We do this by looking at the devel-
opment of average annual temperature and precipitation as well as the number of dry months 
(months with less than 60 mm precipitation) and potential evapotranspiration (PET). With respect 
to these variables, the following can be stated for their historical/observed averages in the period 
from 1990 until 2018 in the selected seven regions: 

• Due to its location between the Andes and the coast of Ecuador, El Oro shows a steep east-west 
gradient in temperature ranging from around 15°C in the east to around 25°C in the west. 
Meanwhile, the Costa Rican region of Heredia displays a north-south gradient ranging from 
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temperatures of less than 20°C in the south to more than 25°C in the north. In the Dominican 
Republic, temperatures in Valverde are on average between 25 and 27.5°C, while temperatures in 
the more southern region of Azua range from 17.5 to 25°C. In comparison with the other regions 
considered in this study, the Colombian regions show the largest temperature range. Antioquia 
covers the tail of the Andes with temperatures between 15 and 17.5°C as well as lowlands and 
coastal regions, where temperatures range from 25 to 27.5°C. And the most northern Colombian 
regions of Magdalena and La Guajira display average temperatures ranging from 10°C in the Sierra 
Nevada de Santa Marta to 30°C at lower altitudes. 

• La Guajira in Colombia also shows the largest precipitation range of all the regions considered. 
In fact, the driest sub-region can be found here in northern Colombia: The northeast of La Guajira 
is a desert with a large area receiving less than 500 mm of precipitation per year. In contrast, in 
the western parts of La Guajira precipitation levels of up to 3,000 mm are observed. El Oro in 
Ecuador as well as Valverde and Azua in the Dominican Republic receive moderate precipitation 
of around 500 to 1,500 mm per year. Magdalena in Colombia receives similar precipitation 
amounts of around 1,000 to1,500 mm in most of the region, except for the Sierra Nevada de 
Santa Marta, where annual precipitation rates of up to 4,000 mm are found. Antioquia shows a 
large precipitation range with a drier center, where annual rainfall is around 1,000 to 1,500 mm, 
while most precipitation is experienced on the western slopes of the Andes with up to 6,000 mm. 
The climatic conditions in Costa Rica are overall rather wet. The region of Heredia, thus, 
experiences annual precipitation levels of 3,000 to 4,500 mm on average. 

• The observed number of annual dry months reciprocally reflects the distribution of precipitation. 
Consequently, El Oro at the Ecuadorian Pacific coast experiences between six and ten dry months 
per year. In the north of La Guajira even ten to eleven dry months per year are observed on 
average, while fewer dry spells are experienced in the east with an average of one month locally. 
The number of dry months in the neighboring region of Magdalena is similarly low with most of 
the region staying below six months per year. The third Colombian banana producing region of 
Antioquia has a maximum of two dry months per year locally. In Costa Rica, the numbers of dry 
months are also low, and in Heredia the average is below one month per year. In the Dominican 
Republic, however, local conditions vary strongly. The number of dry months in Azua and 
Valverde ranges from two to eight months in most areas. 

• As PET is a non-linear function of temperature, the spatial distribution strongly resembles the 
temperature distribution, however, the spatial variability is stronger. Accordingly, the Colombian 
regions of La Guajira, Magdalena and Antioquia show the largest range in annual PET from 500 
to 2,250 mm. The annual PET sum of El Oro in Ecuador is comparatively low with values 
between 500 and 1,500 mm. An almost similar range can be observed for Heredia in Costa Rica, 
where the annual PET sum is between 750 and 1,500 mm locally. The same PET range can also 
be observed in the Azua region, while Valverde, also in the Dominican Republic, has a PET sum 
of 1,250 to 1,500 mm per year. 

All future climate analyses – for the periods until 2050 and 2070 – are run for two different climate 
change scenarios. First, we use the Representative Concentration Pathway (RCP) 2.6, the so-called 
“peak” scenario which is in line with the Paris Agreement. In addition, we also use the RCP 8.5 
scenario which represents a trajectory of high emissions or a Business as Usual (BAU) scenario. With 
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respect to temperature, the projected changes for the seven banana producing regions are presented 
in Figure B.  

Figure B: Calculated difference of the near-surface temperature, compared to 1990-2018, 
for the selected banana producing regions of Colombia, Costa Rica, the Do-
minican Republic, and Ecuador 

Region 2050 – RCP 2.6 2050 – RCP 8.5 2070 – RCP 2.6 2070 – RCP 8.5 

Antioquia 0.99°C 1.98°C 1.13°C 3.20°C 

Azua 0.87°C 1.74°C 0.90°C 2.82°C 

El Oro 0.94°C 1.75°C 1.04°C 2.81°C 

Heredia 0.78°C 1.43°C 0.81°C 2.26°C 

La Guajira 0.88°C 1.60°C 0.93°C 2.55°C 

Magdalena 0.97°C 2.00°C 1.16°C 3.30°C 

Valverde 0.97°C 1.84°C 0.97°C 2.95°C 
Source: Own figure. 

The projections clearly show that by 2050 temperatures will increase everywhere in the seven selected 
banana producing regions. Under the strong mitigation scenario RCP 2.6 the warming rates only 
differ slightly amongst regions and are between 0.76°C in Heredia and 0.99°C in Antioquia. Under 
the BAU scenario RCP 8.5, the warming distribution in 2050 looks strikingly similar, while warming 
rates are roughly doubled everywhere in the seven regions. Conditions will not substantially change 
by 2070 under the RCP 2.6 scenario, although temperatures will be slightly higher than those pre-
dicted for 2050. However, a stronger increase in temperatures is expected for RCP 8.5 by 2070. Av-
erage temperatures in the seven banana producing regions are then expected to increase between 
2.16°C in Heredia and 3.30°C in Magdalena. 

The projected changes in precipitation for the seven banana producing regions are presented in Fig-
ure C. The projected changes under RCP 2.6 by 2050 are generally small but already show a wide 
range across the different regions. While changes are negligible in El Oro in Ecuador with a decrease 
of less than 1 percent, precipitation is expected to increase on average by around 5 percent in the 
Colombian region of La Guajira. As for the RCP 8.5 scenario, annual precipitation changes projected 
for 2050 are – on average – slightly stronger, and not everywhere consistent with the direction of the 
changes projected for RCP 2.6. For instance, a decrease in precipitation can now be observed in Azua 
in the Dominican Republic, as well as in the Colombian regions of La Guajira and Magdalena. With 
a decrease of less than 1 percent on average the precipitation changes in El Oro are again negligible 
as already projected under the RCP 2.6 scenario. In turn, the strongest drying trend of the seven 
regions is expected in Valverde in the Dominican Republic, where precipitation is projected to de-
crease by around 12 percent on average. 
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Figure C: Calculated difference of the annual precipitation, compared to 1990-2018, for 
the selected banana producing regions of Colombia, Costa Rica, the Domini-
can Republic, and Ecuador 

Region 2050 – RCP 2.6 2050 – RCP 8.5 2070 – RCP 2.6 2070 – RCP 8.5 

Antioquia -2.02 % -6.61 % -3.02 % -12.06 % 

Azua 2.07 % -8.09 % -0.48 % -18.69 % 

El Oro -0.75 % -0.86 % -0.64 % 2.86 % 

Heredia 4.11 % 1.78 % 1.58 % 4.93 % 

La Guajira 5.37 % -5.90 % -3.98 % -18.75 % 

Magdalena 0.91 % -8.89 % -4.61 % -17.92 % 

Valverde -4.72 % -11.78 % -5.10 % -22.61 % 
Source: Own figure. 

By 2070, projected changes of annual precipitation remain small under the strong mitigation scenario 
RCP 2.6. The most obvious difference to 2050 is that the direction of precipitation changes in La 
Guajira is reversed going from positive to negative, now decreasing by approximately 4 percent, while 
e.g. the precipitation changes in Heredia, Azua and El Oro are negligible with 1 to 2 percent on 
average. In contrast, precipitation changes in 2070 will be much more pronounced for the RCP 8.5 
scenario: The Colombian banana producing regions will become substantially dryer with precipitation 
decreasing on average by 12 percent in Antioquia, 19 percent in La Guajira, and 18 percent in Mag-
dalena. The two regions located in the Dominican Republic will also experience precipitation de-
creases of on average 23 percent in Valverde and19 percent in Azua. In contrast, El Oro in Ecuador 
as well as Heredia in Costa Rica are expected to experience precipitation increases of around 3 and 5 
percent, respectively. 

The projected annual precipitation changes are also reflected in the projected changes of the number 
of dry months per year. Generally, the seven selected regions show a tendency towards a higher 
number of dry months with the strongest increases in banana producing regions located in Colombia 
and especially in the Dominican Republic. The only exception to this trend is projected for Heredia 
in Costa Rica, where dry months are expected to decrease in the future. 

With respect to PET, the projected changes by 2050 range from increases by 10 percent in Heredia 
to 19 percent in Magdalena for the RCP 2.6 scenario and from 20 percent in Heredia to around 
50 percent in Magdalena for the RCP 8.5 scenario. By 2070 and under the RCP 2.6 scenario only very 
small changes in PET are expected compared to the changes in 2050. Most notable is the change in 
Magdalena, where PET will increase from 19 percent in 2050 to 23 percent in 2070. By 2070 the 
climate models project a strong increase in annual PET under the RCP 8.5 scenario, with larger dif-
ferences across the seven regions. While in Heredia, Costa Rica, the projected PET change will still 
only be 33 percent on average, the change will be highest in the Colombian region of Magdalena with 
an increase of annual PET by more than 90 percent. 
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Chapter 4: Ex-post assessment of climate change impacts on yields 

We use a sophisticated methodological concept known as a dynamic process-based model to deter-
mine the yield impacts of observed climate change. For this purpose, climate change is initially de-
fined as the change in annual temperature and yearly precipitation in a selected region. Our method 
is based on calculating a climate-yield coefficient. This coefficient quantifies the difference between 
the obtainable yield for observed climatic conditions in the banana producing regions and the achiev-
able yield under an optimal climate for banana production. To calculate it, the observed annual aver-
age temperature and precipitation for each region/area are needed. In addition, the minimum, opti-
mum and maximum temperature and precipitation describing the suitable climatic ranges for banana 
production are also needed for our calculations. 

Our results show that the regional climate is very variable and never optimal for banana production 
across the regions. This means that suboptimal climate conditions cause losses in banana production. 
Throughout the years, the annual average climatic conditions seem to have been relatively favorable 
in Magdalena, Antioquia and Heredia, whereas they were for instance slightly less favorable in El Oro 
and Azua. In any case, a uniform trend across all regions is not apparent. There are regions (Antioquia 
in Colombia, Heredia in Costa Rica, and El Oro in Ecuador), where a (small) decrease of annual yield 
losses can be identified over the past three decades. In opposite to that, there are regions (Azua and 
Valverde in the Dominican Republic, as well as La Guajira and Magdalena in Colombia), where a 
(small) increase of yield losses over time becomes evident. By and large, the results do not change 
when zooming into the banana production areas within the selected regions. However, since banana 
production is concentrated in areas where temperature and precipitation are closer to the optimum, 
suboptimal climatic conditions cause fewer losses. 

In addition, it can be stated that all but one region (namely El Oro in Ecuador) experienced an in-
crease in annual climate fluctuation. This can be considered an initial indicator of higher uncertainty 
due to already occurring climate change. In other words: The number and/or intensity of "good" but 
also of "bad" years for banana production is increasing and the annual yield is, thus, more often or 
more strongly influenced by annual changes in temperature and precipitation than by the long-term 
trends in these variables, which are much more subtle. One conclusion of our analysis therefore is 
that it is not so much the underlying trend of climatic changes, but rather the uncertainty associated 
with climate change that should be an immediate cause for concern regarding banana production. 

In fact, rising temperatures are considered to increase the frequency and/or severity of several types 
of extreme weather events already today, particularly leading to more droughts, more intense but less 
frequent rains, cold snaps, heat waves, and more violent storms. All these events have the potential 
to impact banana productivity in a temporary but serious way. Extreme weather events have had 
devastating impacts on local and regional banana production in the selected regions of Colombia, 
Costa Rica, the Dominican Republic, and Ecuador in the past 30 years. Temporarily, temperatures 
that were too hot and/or too cold, or conditions that were too wet and/or too dry, have often led to 
yield depressions at short notice that go (far) beyond the annual yield impacts resulting from the 
variability of average annual temperatures and yearly precipitation levels. Yield changes of plus or 
minus 20 percent compared to the achievable yield can be related to “normal” annual weather 
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fluctuations, while yield depressions of 80 percent and even more (up to a total loss) have been 
reported as the outcome of extreme events. 

Chapter 5: Ex-ante estimation of climate change impacts on yields 

The dynamic process-based yield model can also be used to determine the yield impacts of projected 
climate change. For this ex-ante analysis, the projected annual changes in temperature and precipita-
tion due to climate change (see figures B and C) will be used to run scenario analyses for two spatial 
levels. First, we consider the regions of Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, 
and Valverde as targets of our analysis. By doing so, we zoom from the national level to the regional 
level. In a second step, we duplicate this approach by looking even closer into specific banana pro-
duction areas located within the regions of Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, 
and Valverde. Hence, we also zoom from the regional to the local level.  

Our results for the regional level still neglecting particularities in banana producing areas within the 
regions (see below) show that the potential yield developments due to climate change are not uniform 
across the seven regions. Regardless of the chosen scenario, climate change may create a yield benefit 
for banana producers in Antioquia and El Oro. In both regions the current average annual tempera-
tures are still below 25°C, what means that the inherent temperature increases due to climate change 
would be favorable for banana production. At the same time, the precipitation changes projected for 
these regions are very small or even “positive”, so that the temperature-related trend is supported or 
at least not counteracted. In opposite to that, climate change will most probably be unfavorable for 
banana production in La Guajira and Magdalena as well as in Valverde. These three regions are cur-
rently experiencing average annual temperatures close to the optimum. Further temperature increases 
will therefore tend to lower yields as temperatures move away from the most suitable conditions for 
banana growth. This trend will also be supported by precipitation changes in the three regions. Fi-
nally, results for Azua and Heredia are somewhere in between. In both regions average annual tem-
peratures are currently below the temperature optimum for banana production and are expected to 
increase, again potentially leading to an increase in banana yields. However, both regions will most 
likely also see a worsening of the precipitation situation. Consequently, taken together both trends 
will rather act to further limit regional banana yields.  

By zooming from the regional level to the local level we can substantiate these findings. Figure D 
shows the yield impacts for the specific banana production areas.  
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Figure D: Climate change impacts on yields for specific banana production areas in the 
selected regions of Colombia, Costa Rica, the Dominican Republic, and Ecua-
dor under various scenarios compared to 1990-2018 

2050 RCP 2.6 2070 RCP 2.6 2050 RCP 8.5 2070 – RCP 8.5 

Area in Antioquia 

-3.5 % -3.6 % -6.8 % -12.9 % 

Area in Azua 

-0.9 % -2.5 % -9.0 % -21.6 % 

Area in El Oro 

0.6 % 2.6 % 2.7 % 4.0 % 

Area in Heredia 

-4.1 % -2.9 % -4.2 % -9.8 % 

Area in La Guajira 

-1.0 % -3.9 % -5.8 % -9.4 % 

Area in Magdalena 

1.1 % 1.2 % 1.7 % -0.9 % 

Area in Valverde 

-2.8 % -3.1 % -8.0 % -17.4 % 
Source: Own figure. 

In the case of Antioquia, zooming into the specific banana production area located in Urabá reveals 
that this area is already facing a temperature above 25°C in the reference period and that it will there-
fore most probably face future yield decreases as temperatures are projected to increase in any of the 
chosen scenarios. In the specific banana production area of Azua the rise of temperatures above the 
optimal level combined with precipitation levels that are still too low will act to decrease banana yields 
in any scenario. In the region of El Oro the local temperature near/east of Machala is already close 
to 25°C in the reference scenario, and future temperature increases will therefore partially lead to 
temperatures higher than optimal. In combination with precipitation levels that are still very low, this 
will result in an almost negligible yield effect to be expected from climate change. Future temperatures 
that will be higher than optimal are also expected in the local banana production area in Heredia. In 
combination with increasing precipitation levels that are too high for optimal banana growth already 
today, climate change will lead to slightly decreasing yields. Similarly, in the local production area of 
La Guajira future changes in temperature and precipitation are predicted to result in yield decreases. 
In the banana production area of Magdalena the projected changes in local precipitation and temper-
ature will probably not alter the yield situation in a significant way. Finally, in the banana production 
area of Valverde the situation basically does not change when compared to the broader region, where 
climatic conditions are expected to lower banana yields in the future. 
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We now apply the same approach as Varma and Bebber (2019a), who aimed at assessing the “affect-
edness” of a country’s banana production in the face of climate change by using the three criteria “at 
risk”, “adaptable” and “advantage”. Using this approach, we show that by zooming in from the na-
tional to the regional and furthermore to the local level we can achieve a substantiation of this as-
sessment. The results are shown in figure E. 

Figure E: Risk assessment for the selected banana producing regions of Colombia, 
Costa Rica, the Dominican Republic, and Ecuador using the RCP 8.5 scenario 
in 2050 

Assessment of  
Varma and Bebber (2019a) 

Own assessment for  
the regional level 

Own assessment for  
the local level in … 

Colombia At risk Antioquia Advantage … Antioquia At risk 

La Guajira At risk … La Guajira At risk 

Magdalena At risk … Magdalena Adaptable 

Costa Rica Adaptable Heredia Adaptable … Heredia Adaptable 

The Domini-
can Republic 

Adaptable Azua Adaptable … Azua At risk  

Valverde At risk … Valverde At risk 

Ecuador Advantage El Oro Advantage … El Oro Adaptable 

Source: Own figure. 

From the above it can be concluded that our analysis is robust and leads to differentiated outcomes 
if local and uncertainty aspects are added. In fact, the more the focus of the analysis is on the local 
level, the more the aspect of uncertainty must be considered. To better cope with this uncertainty, 
alternative climate model runs can be used and predictions with respect to the regional and local 
susceptibility to more frequent and/or severe weather events must be made. For the latter, we arrive 
at the conclusion that such events will become more likely in future. Hence, short-term considera-
tions (extreme events and subsequent potentially devastating yield impacts) must be distinguished 
from mid-term to long-term considerations (i.e. fluctuating yield impacts around the trend) when it 
comes to assessing the projected impact of climate change on banana yields in the study regions. 

Chapter 6: Analyses of other than yield impacts of climate change 

Apart from direct impacts on yields, shifts in the suitability of production areas are also essential to 
be taken into consideration. In this respect, we find that remarkable shifts may be the outcome in the 
broader LAC region and that in selected regions and production areas the impacts due to 
lower/higher yields might be “enhanced” by changes in the suitability of area. In these cases the 
climate change impacts will therefore be greater than suggested by the direct yield impacts alone. It 
can also be concluded that the pressure of various pests and diseases will increase with climate change. 
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In particular, diseases may spread further and cause increasing damages. The potential production 
impacts can be exemplified for the Black Sigatoka disease.  

The direct yield impacts resulting from climate change, as well as the impacts of changing suitability 
of area and Black Sigatoka disease pressure can be merged to provide a condensed overview of the 
aggregated climate change impacts on banana production. Figure F displays the results for the 
RCP 8.5 scenario in 2050. Accordingly, all banana production areas are expected to suffer losses. 

Figure F: Accumulated production impact of various drivers of climate change for spe-
cific banana production areas and the RCP 8.5 scenario in 2050 

 

Source: Own figure and calculations. 

Production losses from climate change are equivalent to a supply shortage. Hence, various other 
economic variables will be affected by these losses as well. Market and trade volumes will shrink 
accordingly, and this will tend to increase domestic as well as international banana prices. However, 
we find that the relative price increases will usually be smaller than the relative production decreases. 
This means that market revenues that can be generated from banana production will shrink. In com-
bination with production costs that will most probably increase due to necessary adaptation measures 
on-farm, this will act to decrease farm income. 

Our results have given evidence that banana production is affected by climate change and will con-
tinue to be so in the future. However, banana production is also a contributor to climate change. 
Therefore it is crucial to also look at the mitigation potential on-farm. Inorganic fertilizers and plant 
waste landfills have the highest carbon footprint in banana production. Consequently, options for 
reducing greenhouse gas (GHG) emissions from banana production should target these two sources 
first. Two other major sources for GHG emissions are postharvest losses and land use changes. Each 
banana that is wasted has been produced in vain and, hence, each unit of waste represents an oppor-
tunity to further reducing on-farm GHG emissions. This holds especially true if the demand is 
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partially supplied by bananas produced on areas formerly dedicated to other ecosystems than agricul-
ture. The use of newly cultivated land for banana production potentially releases much more GHG 
emissions than production on areas that are already under agricultural use. Considering the above, all 
options must be used to sustainably intensify banana production where possible. 

The same applies to threats related to biodiversity that can be linked to banana production and climate 
change. These risks are numerous. The impact, however, is always site-specific. Negative biodiversity 
impacts can be reduced by many measures, e.g. by implementing polycultures, integrated pest man-
agement and organic management practices. Moreover, banana production requires large areas of 
land, while at the same time natural land that is not used for banana production (or agricultural pro-
duction in general) can be dedicated to preserving biodiversity. The question now is: What can be 
done on-farm and along the banana value chain when pressure on land increases? Again, to avoid 
substantial biodiversity losses all options must be considered to sustainably intensify banana produc-
tion where possible. This will essentially help to avoid or reduce land use changes and to preserve as 
much natural and nature-like habitats as possible. Nevertheless, many interactions within this com-
plex system must still be understood and scientifically analyzed to fully assess the biodiversity changes 
and changes in other environmental aspects that might result from the increasing impacts of climate 
change on banana production. 
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Chapter 7: Recommendations 

Climate change impacts on banana production are robustly covered in this study. However, some 
important aspects regarding the study’s scope and limitations must be considered and lead to concrete 
research needs to improve the assessment of climate change impacts on banana production:  

• Climate models can be selected based on different approaches. Therefore, future studies should 
ideally use different model ensembles for their analyses to enable a comparison and discussion of 
the different resulting climate futures and their results for banana production. 

• Our approach to calculate a climate-yield coefficient is but one amongst various methods to 
analyze the climate impacts on banana yields. Once more data and better information become 
available other methods should additionally be used. 

• We calculated the climate-yield coefficient using average annual temperature and precipitation as 
endogenous variables, and specific optimum, minimum and maximum values of these variables 
to define an ecological niche. As the optimal growing conditions for bananas may differ between 
regions and management regimes, further regional analyses looking into specific ecological niches 
for banana production might provide additional insights. 

• Yield is multi-factorial and depends on many factors other than climate variables. An integration 
of such factors and their interlinkages would add value to the analysis. 

• Probability considerations with respect to tipping points were also not included in our analysis. 
Enlarging uncertainty analyses to take account of potential tipping points is an important 
requirement for further research on the topic. 

• Water availability considerations must also be elaborated in more detail. Given the great impact 
of water availability on banana yields and the delay factor of noticeable impacts, it is crucial for 
further investigations to look at potential impacts on irrigation and water availability in a broader 
interregional context including hydrological conditions.  

• Finally, adaptation efforts within the banana sector are not included in our study. Including these 
is likely to at least alleviate the adverse effects climate change might have.  

In fact, on-farm adaptation measures must cope with changes in temperatures, water availability, 
winds, and a higher frequency and severity of extreme weather events. In this respect, a first important 
issue is integrated water resource management including aspects such as climate-smart irrigation, re-
covery after water stress events, soil moisture management, climate-smart professional practices, and 
improved water and nutrient efficiency. Other adaptation measures include building dikes to block 
floods, improving the soil organic matter and the drainage of the soils. Noteworthy is also, that the 
plants’ recovery after extreme events can and should be helped by cleaning up fallen plants, selecting 
replacement suckers and replanting. Also moving from monocropping to a more diverse cropping 
system or agroforestry system can reduce the impacts of extreme events. Canals built around the 
banana plants might also help to combat flooding and avoid standing water. In addition, banana 
growers should generally resort to supplementary irrigation if possible. 
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As high temperature events seem to pose more problems to banana production than low temperature 
events, an important preventive measure can be the use of banana varieties adapted to higher tem-
peratures. Therefore, varieties adaptable to the different regional conditions must be identified or 
developed. Another option that might be quicker to implement and more effective given the hetero-
genous conditions in which bananas are grown, is to adapt key production processes and technologies 
to the changing climate. This includes the points mentioned above as well as different pre-harvest 
and post-harvest processes. To cope with high gusts of wind, banana trees can furthermore be tied 
through string reinforcements and windbreaks. Having robust systems for recovery in place — like 
rapid infrastructure repair, disease-free rhizomes, and equipment re-supply — is also considered cru-
cial to limit the overall impacts of climate change and in particular of extreme events. More precisely, 
climatic variability caused by the El Niño Southern Oscillation must also be considered. This argues 
for paying increased attention to providing flood, drainage, and emergency systems for a wider range 
of adverse rainfall outcomes. Supporting the meaningful application of plant protection products for 
the control of pests and diseases and promoting appropriate fertilization methods is also deemed to 
be of substantial importance. 

Sound policy making can enable and foster a transition towards climate-smart banana production. 
Educational programs and extension services should be supported and made available at low costs. 
Targeted education and training programs should also promote the diversification of incomes and 
reduce the existing regional dependencies on banana production. Political decision-making should 
therefore more frequently consider and promote agricultural diversification in areas where banana 
production is especially threatened by climate change. Also infrastructure should be enhanced and 
developed in such a manner that it improves access to markets, inputs and technologies while reduc-
ing post-harvest losses. In the context of our study the sharing of information and knowledge across 
the LAC region is especially important and should be significantly facilitated. The dissemination of 
climate information to banana growers could be an additional important policy issue. 

Research is a policy topic of its own when it comes to managing climate change. With respect to 
banana production, research is vital to develop and test the necessary management practices for farm-
ers to cope with climate change impacts. Such research should be of high priority in banana-related 
scientific and development activities. More generally, the data availability for banana research needs 
to be considerably improved, what requires among others to intensify the collaboration between 
plant, agricultural and climate sciences. Further research efforts must also be made to explore the 
effect of abiotic stresses and of possible adaptation options for banana production. A specific focus 
of research policy should also be directed towards plant breeding. Moreover, research can also help 
to improve and adapt land use policies in to better facilitate climate change adaptation. Policy makers 
of banana importing countries can also do their part by establishing policies to promote consumer 
acceptance of other banana varieties apart from the Cavendish banana and to reduce food loss. Fi-
nally, a regional or global framework in research should be fostered with the aim of facilitating mutual 
exchange as a well as common data collection and analysis. The present study can be seen as a first 
attempt towards establishing such a regional and global research framework on climate change and 
banana production. However, the challenges ahead are still numerous and require cooperation and 
collaboration between all stakeholders involved and at all levels to ensure banana production can 
continue to thrive also in the future.   
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1 Objectives and structure of the report 
All over the world, agriculture is highly dependent on the prevailing climate and weather conditions. 
Agricultural primary production and the supply chains based on it are therefore often at a high risk 
of being strongly affected by global climate change, potentially leading to lower and/or uncertain 
yields and sometimes even to total production losses. To ensure a sustainable food production and 
supply for a growing global population, mitigation as well as adaptation strategies for the agricultural 
sector are urgently needed, and – to be successful – these strategies must be based on thorough 
scientific research, including available knowledge of the interlinkages between climate change on the 
one hand and the physical, ecological and socio-economic dimensions of agriculture on the other 
hand. 

In terms of world food security, bananas play an important role. The fruit is produced in more than 
130 countries, it is the second major fruit crop produced in the world and represents a top source of 
starch (Siddiq et al., 2020). As such bananas are one of the most popular fruits imported by western 
countries, and consequently they are a source of income and especially of export revenue generation 
in some developing and emerging economies that should not be underestimated (Evans et al., 2020b). 
However, while local populations of the main exporting countries are dependent on banana planta-
tions to secure and potentially improve their livelihoods, production conditions in these countries are 
still often deficient, and the future of banana production might increasingly be threatened or at least 
become uncertain in the face of ongoing climate change. 

In this context, it is the major objective of this research to provide a science-based assessment of the 
past and future climate change effects in some of the major banana producing regions of selected 
Latin American countries – including impacts on yields and prices, as well as on farmers’ income and 
profitability, effects in agroecological zones and impacts on biodiversity. In fact, the focus hereafter 
is on Colombia, Costa Rica, the Dominican Republic, and Ecuador1. By looking at the situation and 
particularities of climate change and banana production in Antioquia, Magdalena and La Guajira in 
Colombia, Heredia in Costa Rica, Valverde and Azua in the Dominican Republic, as well as El Oro 
in Ecuador, regional similarities and differences shall be identified leading to sound policy and busi-
ness implications with respect to sustainable banana production now and in the future. Thus, a com-
parative assessment of the different production regions will allow us to provide important insights 
and to compare and learn more from our findings than by only looking at one single country or 
production region.  

  

 
1 In accordance with the ISO 3166 international standard, the following abbreviations (country ISO codes) will occa-

sionally be used: COL – Colombia, CRI – Costa Rica, ECU – Ecuador, and DOM – Dominican Republic. 
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More particularly, and in full accordance with the terms of reference for this research, the study will 
focus on providing: 

• a concise overview of the basic facts on the topic of climate change and its impacts on agriculture 
at national scale in Colombia, Costa Rica, the Dominican Republic, and Ecuador, focusing 
specifically on the impacts of climate change on banana production, 

• an analysis of the most recent climate change developments and a projection of future climate 
changes to be expected in some of the main banana producing regions of Colombia (i.e. 
Antioquia, Magdalena and La Guajira), Costa Rica (i.e. Heredia), the Dominican Republic (i.e. 
Valverde and Azua), and Ecuador (i.e. El Oro), based on state-of-the-art scientific research 
findings and particularly on the latest climate change modelling results, 

• a comprehensive ex-post assessment of the climate change impacts that have already affected 
banana production in these regions over the last 30 years (i.e. since 1990), complemented by an 
ex-ante quantitative estimation of potential climate change impacts on banana production to be 
expected in the future (i.e. in the medium-term for 2050 and in the long-term for 2070) and under 
various Intergovernmental Panel on Climate Change (IPCC) scenarios in the selected regions, and  

• a thorough knowledge base for necessary decision-making and policy advice by presenting a 
nuanced discussion of the obtained results in the context of viable agricultural and other policies, 
as well as public and private actions towards climate change adaptation and mitigation that are (or 
might be) applicable to banana production in the selected countries today, as well as in the 
medium- and long-term future. 

To fully deliver the above results, various tasks must be performed. The tasks are as follows and 
straightforwardly define the structure of the report: 

• First, a concise overview of the basic facts on the topic of climate change and its impacts on 
agriculture at the national level in Colombia, Costa Rica, the Dominican Republic, and Ecuador 
will be given in chapter 2 focusing specifically on the impacts of climate change on agriculture in 
general and on banana production in particular. 

• Chapter 3 will then zoom into the four Latin American countries in the focus of this study to 
perform an in-depth analysis of the most recent climate change developments, and to provide a 
projection of future climate changes to be expected in these main banana producing regions of 
these countries. 

• An ex-post assessment of the climate change impacts on banana yields over the last 30 years in 
the seven selected regions of Colombia, Costa Rica, the Dominican Republic, and Ecuador, as 
well as in the specific banana production areas will follow in chapter 4. 

• In chapter 5, this ex-post assessment will be complemented by an ex-ante quantitative estimation 
of potential climate change impacts on banana yields to be expected under selected IPCC 
scenarios until 2050 and 2070, respectively. 
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• Yield is only one variable that may vary due to climate change. However, banana production might 
also be affected due to changes in the suitability of the production area, as well as by an increase 
(or decrease) of the incidence of pests and diseases. These changing production conditions could 
also alter market prices and would consequently influence farm profitability and income. 
Moreover, biodiversity could be affected as well. These and selected other aspects that are also 
considered to be subject to change will additionally be analyzed in chapter 6. 

• Based on the above results, recommendations for sound private and public decision-making will 
be presented in the final chapter 7, along with recommendations for targeted policy and research 
formulation and implementation. 

• Various methods must be applied, and comprehensive data will be used to fulfill these tasks. More 
detailed information on the methods and data employed can be found in the annexes of this 
report. 

Nevertheless, a few methodological particularities shall already be highlighted here, before the start 
of the various analyses: 

• The ex-post analysis done in this study covers a time span of (almost) three decades, i.e. from 
1990 until most recently. Consequently, the 30-year period normally referred to goes from 1990 
to 2019. However, reliable statistical data often does not cover the most recent years, i.e. 2019 or 
even 2018, and in other cases, earlier years prior to the turn of the millennium are not 
appropriately covered. The specific data sets used within the study will therefore always very 
clearly be marked to define the relevant time horizon. 

• The ex-ante analysis covers two scenarios. The scenarios aim at analyzing the potential situation 
in/around the years 2050 and 2070, respectively. Hereafter, the first-mentioned time horizon is 
considered the mid-term scenario and the second time span is considered the long-term scenario. 

• All future analyses – for 2050 and 2070 – will be run for two climate change (i.e., IPCC) scenarios. 
First, the Representative Concentration Pathway (RCP) 2.6, the so-called “peak” scenario in line 
with the Paris Agreement, will be used. In addition, the RCP 8.5, the high emission or Business 
as Usual (BAU) scenario, will be in the focus of the study. Using these two scenarios, the whole 
range of potential future greenhouse gas (GHG) emissions will be displayed. 

• The models and approaches used for the different analyses in this study are based on the latest 
scientific findings and represent the current state of the art in research on agricultural and 
environmental economics. This also means that the latest available climate models are used.  
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2  Status quo of the scientific discussion linking climate 
change and agriculture in countries of Latin America 
and the Caribbean 

In accordance with the terms of reference for this research, a brief overview of the international 
discussion on agriculture and climate change will be given in the following, as an introduction to the 
more specific analysis of the selected banana producing regions of Colombia, Costa Rica, the Do-
minican Republic, and Ecuador. Based on an elaborate review of the available literature, the analysis 
will therefore start with some general findings for Latin America and the Caribbean (LAC) (sub-
chapter 2.1) and will continue with specific findings for Colombia (sub-chapter 2.2.), Costa Rica (sub-
chapter 2.3), the Dominican Republic (sub-chapter 2.4), and Ecuador (sub-chapter 2.5) before a brief 
summary is provided (sub-chapter 2.6). 

2.1 Climate change and its consequences for agriculture in Latin America 
and the Caribbean 

LAC can be considered a major agricultural producer and strong competitor in international markets 
for primary and food products. In fact, from its area of well above two billion hectares, almost 40 per-
cent is used to produce crops and livestock (OECD and FAO, 2019). As a result, the structure of the 
region’s agriculture is very diverse (Duff and Padilla, 2015): Large farms may account for much of 
the commercially produced food, feed, fuel, and fiber, whereas approximately half of the food pro-
duced in the region comes from smallholders. Due to the wide latitudinal range and a varying topog-
raphy, this diversity is also mirrored in the region’s biodiversity, and it is also a characteristic element 
of the region’s agriculture-related macroeconomics as figure 2.1 displays.  

More particularly, figure 2.1 visualizes the agricultural share of the workforce (based on data for 2018) 
and of the gross domestic product (GDP) (based on information for 2019) for the four countries of 
the LAC region in the focus of this study, as well as for Germany for comparison purposes. It be-
comes apparent that in all the selected countries agriculture contributes (much) more to employment 
and overall economic performance than, for instance, in Germany:  

• While in Germany both shares are below 1.0 percent,  

• the agricultural shares of workforce and GDP are considerably higher in the Dominican Republic, 
in Colombia and Costa Rica, and especially in Ecuador.  

Since climate change is considered a major driver of agricultural development around the globe (see, 
e.g. FAO, 2018; Zabel, 2015), these economies in LAC might be more vulnerable and prone to suffer 
from the potentially negative impacts of climate change than, for instance, member states of the 
European Union (EU), when it comes to future temperature rises and the severity of weather events. 
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Figure 2.1:  Agricultural share of workforce and GDP for selected countries of Latin Amer-
ica and the Caribbean in comparison with Germany 

 

Source: Own figure based on FAO (2020b) and The World Bank (2020a). 

In fact, the impacts of climate change on agriculture in the broader LAC region are projected to be 
significant in coming decades, and remarkable GDP decreases would be a consequence if climate 
change was not abated (Fernandes et al, 2012). A change in precipitation patterns, an increase in 
average temperatures, changes in carbon dioxide concentration levels, as well as a higher climate 
variability and more extreme weather events are considered to impact agriculture (among other sec-
tors) in various ways: Changes in the agricultural potential of territories and changes in the type, 
distribution and intensity of pests and diseases come along with changes in crop yields; and this will 
have further consequences such as a change in the composition of crops, changes in the type of 
agricultural practices employed and in land use, changes in agricultural revenues and rural employ-
ment, changes in rural income, changes in agriculture’s contribution to GDP and to the commercial 
balance, and, last but not least, an increase in food prices (FAO, 2017b). Consequently, attaining 
sustainable agricultural growth in the region is considered a challenge in times of climate change 
(OECD and FAO, 2019). 

Taking this as a point of departure, country-specific findings provide more details and will be pre-
sented in the following. In alphabetic order, climate change and its impacts will separately be dis-
cussed for Colombia, Costa Rica, the Dominican Republic, and Ecuador. The following overview, 
thereby, distinguishes a discussion of the current climate from a discussion of already observed as 
well as projected climate change processes before impacts on agriculture in general and particularly 
on banana production are explained. 
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2.2 Climate change and its impacts on agriculture and banana production 
in Colombia 

Various studies already had a look onto climate change in Colombia. Using information obtained 
from Boshell et al. (2018), GFDRR and The World Bank (2011a), Prager et al. (2020), The World 
Bank Group (2020b), Thomas et al. (2018), and USAID (2017a), the following can be summarized 
and subsequently stated with respect to past, current and future climate change in this specific country 
of the LAC region: 

• Colombia’s topography spans a wide spectrum ranging from arid deserts to wet tropical rainforest. 
Consequently, the climate varies as well. The average annual temperature for Colombia as a whole 
is around 24 to 25°C, but ranges from approximately 27°C in the tropical zones, which are located 
lower than 1,000 m above sea level, to around 13°C in zones above 3,000 m above sea level2. 
Also, annual rainfall varies a lot within the country. On average, it is around 2,650 mm but may 
range from as much as 7,000 mm per year along the West Pacific coast and in the Andes3 to less 
than 500 mm per annum in the arid desert zone. Although year-to-year variations of temperature 
and precipitation often appear to be relatively small for the country as a whole, inter-annual 
warmth and rainfall variability is affected by the El Niño Southern Oscillation (ENSO): On 
average, the climate between June and August is warmer and drier (colder and wetter) during El 
Niño (La Niña) years. 

• Over the past decades, several climatic changes have already been observed in the country. 
Foremost, a trend towards slightly increasing average annual temperatures could be identified. 
The temperature may have increased in the order of approximately 1°C in the last 20 years. In 
addition, increasing trends of daily mean and minimum temperatures have been noted for the past 
30 to 40 years. The number of hot days (and nights) has also increased by approximately 5 percent 
per decade. In opposite to that, a negative trend for the occurrence of cold nights is obvious. The 
trend as regards precipitation is less clear: While an increase in average rainfall from December to 
February/March is observed, decreasing rainfall between June and April seems to be less 
apparent. In fact, annual precipitation in past decades varied significantly, between –4 and 6 
percent. Certainly, extreme rainfalls have increased in magnitude and frequency4, and there is also 
a positive tendency for consecutive dry days. Bridging temperature and precipitation, hydro-
climatic records partly show significant positive trends in relative humidity and pan evaporation 
throughout the country. 

• Historic observations lead to projected changes for the future. Accordingly, until 2050 an increase 
in the average annual temperature accompanied by an increase in the number of hot days (and 
nights) and vice versa a decrease in the number of cold days and nights can be expected. In 

 
2 This brief description of the broader range should not neglect the facts that (1) in some parts of the Caribbean region 

of the country temperatures higher than 36°C can occur and that (2) in some mountainous areas frost occurs or snow 
is permanently present. 

3 In some parts of the country, annual rainfall may locally reach a level of 11,000 mm or even 12,000 mm. 
4 For instance, it was found that the frequency of tropical cyclones passing through the Colombian maritime region has 

doubled since pre-industrial time. 
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addition, a (slight) increase in average annual rainfall with a particularly large increase in December 
and January and a decrease during September and October can be anticipated. Also, a rather 
strong increase in extreme rainfall days (of up to a third) should be considered the new reality in 
the future. 

More details substantiating and accentuating the above discussion of the past, current and future 
climate in Colombia can be found by looking at the following four figures using data from The World 
Bank Group (2020b) which are based on spatially and temporally referenced data as described in The 
World Bank Group (2018): 

• Figure 2.2 displays the monthly temperatures for 1961-1990 and 1991-2016. The year 1990 marks 
the starting year of our ex-post analysis to be carried out below. Distinguishing the time before 
and after that starting year, hence, makes sense to indicatively point at major climate changes over 
time (before vs. after 1990). Comparing both time periods, a temperature increase becomes 
obvious. However, with less than 0.5°C this increase is smaller than it would be if only the past 
two decades were considered (see above). This might already point at the fact that temperature 
increases have gained a stronger momentum in the most recent two decades, compared to the 
previous four decades from the 1960s to the 1990s. 

• Similarly, figure 2.3 visualizes the monthly precipitation for the two time periods 1961-1990 and 
1991-2016. On average, overall rainfall increased by just 2 mm per month, i.e. by less than 1.0 
percent over time. More pronounced (and interesting) in this case are the inter-annual changes: 
Rainfall particularly increased in December and March, whereas it particularly decreased in 
October and slightly also during August and September. 

• In terms of trends, the temperature rise is projected to continue. Figure 2.4 presents the projected 
monthly temperatures for altogether four combinations of scenario and observation periods: for 
the RCP 2.6 scenario in 2050, the RCP 2.6 scenario in 2070, the RCP 8.5 scenario in 2050, as well 
as the RCP 8.5 scenario in 2070. It becomes apparent that the temperature in Colombia will 
continue to increase, even if the Paris Agreement is met. In this case a temperature increase of 
more than 1°C is projected for 2050 and 2070. If global economies tend towards following the 
BAU scenario, temperatures will rise further: A temperature increase by almost 2°C in 2050 and 
almost 3°C in 2070 needs to be envisaged, then. 

• The potential developments regarding annual and monthly precipitation are less straightforward, 
as depicted in figure 2.5. By and large, it can be stated that annual precipitation is projected to 
slightly increase in any scenario. Accordingly, the highest precipitation increase can be expected 
under RCP 8.5 in 2070. In that case, 60 mm more rainfall would occur within 12 months, which 
is 2.2 percent more than what has been observed most recently in the country (see figure 2.3). 
The changes throughout the year are even more interesting: Apparently, rainfall in the months 
September, October and November will decrease in any scenario, whereas it will increase from 
around December to May. 
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Figure 2.2: Average monthly temperature of Colombia for the years 1961-1990 as well as 
1990-2016 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure 2.3  Average monthly precipitation of Colombia for the years 1961-1990 as well as 
1990-2016 

 

Source: Own figure based on The World Bank Group (2020b).  
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Figure 2.4:  Change of average monthly temperature of Colombia for the years 2050 as well 
as 2070 and the climate change scenarios RCP 2.6 and RCP 8.5 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure 2.5:  Change of average monthly precipitation of Colombia for the years 2050 as 
well as 2070 and the climate change scenarios RCP 2.6 and RCP 8.5 

 

Source: Own figure based on The World Bank Group (2020b). 
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The figures 2.4 and 2.5 visualize the average for the ensemble of altogether 16 climate models. The 
various models, however, come to different conclusions. This implies uncertainty. To appropriately 
take into consideration this uncertainty aspect, i.e. to better cope with the – despite all scientific 
efforts – still vague projections, the 10-percent and 90-percent percentiles of available model data are 
additionally plotted in annex A of this report for temperature and precipitation, for 2050 and 2070, 
as well as for the RCP 2.6 and RCP 8.5 scenarios. Taking the RCP 8.5 and 2050 as an example, the 
graphs in annex A can be interpreted as follows: While the annual temperature is projected to rise on 
average by 1.9°C until 2050, it may as well increase anywhere between 1.4°C and 3.1°C; similarly, 
while annual precipitation is projected to increase on average by 18 mm, it may actually also decrease 
by 418 mm or increase by 588 mm. 

Surely, the historically observed changes in climate have already had an impact on Colombian agri-
culture, and the projected future climate change will certainly continue to do so. According to USAID 
(2017a), major stressors related to climate change in Colombia are considered to be the following: 
increased temperatures, higher rainfall variability along with increased drought conditions and storms 
leading to higher risks in terms of an increased incidence of pests and diseases, reduced soil moisture, 
increased soil erosion (partly due to increases of floods and landslides) and desertification. All these 
factors act to damage agricultural crops and livestock production and subsequently reduce yields, 
further leading to additional food insecurity. And along with that, an expansion of the cultivation of 
highlands is considered an outcome posing risks to fragile and unique mountain ecosystems and 
contributing to the decline of rare species such as high-altitude flora and fauna (USAID, 2017a). 

These rather general findings are partly mirrored by other experts and scientists. Fernandes et al. 
(2012), for instance, project a future decrease of the agricultural value added by up to 5 percent until 
2050, and this outcome would mainly be triggered by decreasing yields in crop production. Substantial 
yield reductions are also predicted by Boshell et al. (2018), while looking at land productivity changes 
between 2000 and 2050, and by Thomas et al. (2018) similarly bridging the time horizon between 
2010 and 20505. 

This may also affect banana production and harvestable yields of the crop. In fact, a remarkable yield 
decline should be anticipated. This follows from Varma and Bebber (2019a) who predict that banana 
production in Colombia is generally at risk and banana yields may decline by more than 4 percent in 
2050 compared to the average of the years 1970-2000 as figure 2.6 displays6. This equals a decrease 
of approximately 0.5 percent within a decade, or 0.05 percent per year. 

 
5 In addition, Lachaud et al. (2017) estimated a negative effect of climatic variability on agricultural output in Colombia 

for the first decade after the millennium to be in the range of 3.6 percent (compared to 1961-1999 holding inputs 
constant at their mean values). 

6 Varma and Bebber (2019a) calculate yield impacts for different climate change scenarios, for the RCP 8.5, as in this 
study, and in addition for the RCP 4.5. A scenario based on the RCP 2.6, however, is not part of the authors’ study and 
could, therefore, not be displayed in the figure. 
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Figure 2.6:  Predicted impacts of various climate change scenarios on banana yields in 
2050 for Colombia in comparison with 1970-2000 

Scenario RCP 4.5 RCP 8.5 

Yield impact -3.70 % (+/-1.10 %) -4.32 % (+/-1.16 %) 
Source: Own figure based on Varma and Bebber (2019a). 

2.3 Climate change and its impacts on agriculture and banana production 
in Costa Rica 

As in the case of Colombia, various studies deal with climate change in Costa Rica and allow to 
discuss past, current and future climate changes in the specific LAC country. Using mainly infor-
mation provided by GFDRR and The World Bank (2011b), Hannah et al. (2017), Herrera (2015), 
Prager et al. (2020), and Sain et al. (2019) the following can be summarized: 

• Costa Rica’s climate displays generally well-defined annual patterns. While the lowlands of the 
country harbor a tropical and subtropical climate, a mountainous climate is experienced in the 
highlands. The mean annual temperature for Costa Rica is around 24 to 25°C, ranging from 26 to 
28°C on the Caribbean and North Pacific coast to only 6°C on Cerro Chirripó, the highest peak 
in the country. The mean annual precipitation is around 3,000 mm, ranging from 1,300 mm in the 
dry climates of Guanacaste Province, to more than 7,000 mm in the Río Grande de Orosí 
watershed on the Caribbean slope. Monthly rainfall patterns vary widely across different regions 
as the country’s topographic diversity creates a "rain shadow" effect, with the Caribbean slope 
experiencing rain practically all year round and the Pacific slope characterized by a prolonged dry 
season lasting approximately from November until April or May and a wet season during the rest 
of the year. Periodically, the El Niño phenomenon causes severe droughts on the Pacific coast of 
Costa Rica, while intense rains can cause flooding on the central Caribbean slope. 

• The country is considered a primary “hot spot” for the already ongoing climate change in the 
tropics. An analysis of temperature and precipitation reveals many changes in the extreme values 
of these variables from 1961 onwards. Accordingly, temperatures have increased between 0.2 and 
0.3°C per decade with a prolonged and hotter dry season. Similarly, temperature extremes have 
also increased. The number of warm days (nights) has increased by 2.5 percent (1.7 percent), while 
the number of cold nights and cold days has decreased by 2.2 and 2.4 percent per decade, 
respectively. Precipitation trends in the region, on the other hand, are highly spatially variable and 
usually statistically insignificant. Overall average annual precipitation in the region and the number 
of consecutive wet days do not show very significant changes although there has been a slight 
increase in volume and rainfall intensity. However, extreme precipitation has increased 
significantly. Trends over the last four decades suggest the occurrence of more intense rain during 
shorter periods of time that produce greater average precipitation per episode. 
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• Concerning future climate change, temperatures in Costa Rica are projected to increase by 1 to 
2°C in 2050, and between 2 and 4°C in 2080, with increases happening particularly during May 
and June. Warming will be more pronounced in the lowlands than in the highlands, while 
temperature variance will be more pronounced at higher elevations than in the lowlands. The 
number of dry days is expected to increase as well, along with the frequency of more intense 
precipitation and extreme events such as storms and floods. Projected changes in precipitation 
vary by region and are highly uncertain. While rainfall is projected to decrease between 13 and 25 
percent in the North Pacific Region, between 16 and 23 percent in the Caribbean Region, and 
between 7 and 56 percent in the Northern Region, projected increases in annual rainfall are 
expected in the Central Pacific Region and in coastal areas of the Central Region. The expected 
increase in climate variability may lead to a shift in the height of the orographic cloud base of 
tropical montane forests, increasing the altitude of cloud formation in the region and seriously 
affecting the moisture supply to the montane forests during the dry season.  

More details of the past, current and future climate in Costa Rica can be obtained from the following 
four figures which, again, use data from The World Bank Group (2020b): 

• Since the year 1990 marks the starting year of our ex-post analysis below, figure 2.7 displays the 
monthly temperature for the time periods 1961-1990 and 1991-2016. This allows to better 
distinguish the time before and after that starting year. Comparing both time periods, a 
temperature increase of at least 0.5°C becomes obvious. The increase is more pronounced for 
summer and autumn months than for winter and spring months. 

• Similarly, figure 2.8 visualizes the monthly precipitation for the two time periods 1961-1990 and 
1991-2016. On average, overall rainfall increased by just 13 mm per month. Apart from that, inter-
annual change is obvious: Rainfall seems to increase between November and May, whereas it 
slightly decreases between June and October. 

• In terms of tendency, the temperature rise is projected to continue. Figure 2.9 shows this for the 
monthly temperature and various scenarios. It becomes apparent: If the Paris Agreement (the 
RCP 2.6 scenario) is met, temperature will increase by less than 1°C in 2050 and 2070. But if the 
Paris Agreement fails and the emissions pathway follows the BAU scenario, temperatures will 
increase much more: by almost 1.5°C in 2050 and by more than 2.2°C in 2070. 

• The prediction of precipitation is less straightforward as displayed by figure 2.10. By and large, it 
can be stated that changes in annual precipitation are projected to be only minimal if RCP 2.6 is 
considered. However, under RCP 8.5 summer and autumn months would become a bit dryer 
while during winter and spring no remarkable change in monthly rainfall should be expected. 
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Figure 2.7:  Average monthly temperature of Costa Rica for the years 1961-1990 as well as 
1990-2016 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure 2.8  Average monthly precipitation of Costa Rica for the years 1961-1990 as well as 
1990-2016 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure 2.9:  Change of average monthly temperature of Costa Rica for the years 2050 as 
well as 2070 and the climate change scenarios RCP 2.6 and RCP 8.5 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure 2.10: Change of average monthly precipitation of Costa Rica for the years 2050 as 
well as 2070 and the climate change scenarios RCP 2.6 and RCP 8.5 (in mm) 

 

Source: Own figure based on The World Bank Group (2020b). 
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The figures 2.9 and 2.10 visualize the average for the ensemble of altogether 16 climate models. Each 
of these models, however, comes to its own conclusion. To appropriately take into consideration the 
model-specifics as well as the associated uncertainty, the 10-percent and 90-percent percentiles of 
available model data are additionally plotted in annex B of this report for temperature and precipita-
tion, for 2050 and 2070, as well as for the RCP 2.6 and RCP 8.5 scenarios. Taking the RCP 8.5 and 
2070 as an example, the graphs in annex B can be interpreted as follows: While the annual tempera-
ture is predicted to increase by 2.2°C on average, it realistically may increase between 1.7 and 3.6°C; 
similarly, while annual precipitation is projected to decrease on average by 83 mm, it may as well 
decrease by 642 mm or increase by 525 mm. 

Global climate change is already a reality throughout most of Central America including Costa Rica. 
Consequently, it is already affecting the regions’ agricultural production systems. Considering this 
and according to The World Bank, CIAT and CATIE (2014), the country’s agricultural sector faces 
immediate risks from climate change, including increased frequency of extreme weather events, rising 
temperatures, and abnormal weather patterns. The increasingly erratic and unpredictable patterns of 
seasonal rainfall are of particular concern. Also, the spread of pests and diseases associated with long-
term climate warming is considered a problem for the agricultural sector. These rather general find-
ings are also supported by other authors. For instance, Hannah et al. (2017) see agriculture in the 
Central American region as particularly vulnerable to climate change, since production of many of 
the region’s principal crops is expected to decrease significantly with rising temperatures. Moreover, 
most farmers are smallholders with limited adaptive capacity and there is high dependency on eco-
systems and biodiversity for both on-farm (e.g. pollination, water provision) and off-farm (e.g., tour-
ism) income. In fact, all the changes mentioned above will pose negative implications for the coun-
try’s ecosystems and endemic species, which are all too often dependent on a narrow range of 
temperatures and precipitation (Hannah et al., 2017). 

Lachaud et al. (2017) already estimated the negative effect of climatic variability on agricultural output 
in Costa Rica for the first decade after the millennium to be in the range of 14.5 percent (compared 
to 1961-1999 holding inputs constant at their mean values). Apart from that, negative agricultural 
impacts for the future are expected by Ovalle-Rivera et al. (2015) and Läderach et al. (2013). Conse-
quently, climate change may also affect banana production and harvestable banana yields. A moderate 
climate-driven yield decline is anticipated by Varma and Bebber (2019a) who predict that banana 
production in Costa Rica could see yield declines of up to 3.0 percent by 2050, as displayed in figure 
2.11. This equals a decrease of slightly more than 0.3 percent within a decade, or around 0.03 percent 
per year. 

Figure 2.11: Predicted impacts of various climate change scenarios on banana yields in 
2050 for Costa Rica in comparison with 1970-2000 

Scenario RCP 4.5 RCP 8.5 

Yield impact -1.03 % (+/-2.02 %) -2.97 % (+/-2.24 %) 
Source: Own figure based on Varma and Bebber (2019a). 
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2.4 Climate change and its impacts on agriculture and banana production 
in the Dominican Republic 

The Dominican Republic shares the Caribbean island of Hispaniola with Haiti occupying the eastern 
two thirds of the island. Using information provided by USAID (2017b), Caffrey et al. (2013), Prager 
et al. (2020), and The World Bank Group (2020) the following can be summarized in terms of climatic 
change and its impacts in the Dominican Republic: 

• Average annual temperature is around 24°C, but it varies with time of the year and altitude. 
Monthly temperatures are highest between July and September, reaching 26 to 28°C close to sea 
level, and lowest from December to February, when they average between 23 and 25°C. Average 
annual precipitation for the Dominican Republic is about 1,400 mm with two peaks during the 
year around May and October. The spatial distribution of rainfall is determined by trade wind 
direction and the orientation of the mountains from northwest to southeast. The heaviest 
precipitation occurs in the northeast, where it exceeds 2,500 mm per year, while the far western 
and southwestern valleys of the country remain relatively dry with less than 760 mm of annual 
precipitation. Inter-annual variability in climate is strongly influenced by the ENSO: Between June 
and August, El Niño (La Niña) episodes bring warmer (colder) and drier (wetter) than average 
conditions. In addition, the Dominican Republic is in the center of a hurricane belt, with cyclone 
and hurricane landfall frequencies averaging one every two years, but sometimes occurring as 
often as two per year or as little as every five to ten years. 

• Several climatic changes have already been observed in the country over the past decades. From 
1960 to 2015 average annual temperatures slightly increased in the order of around 0.05°C per 
decade. The increase in the number of hot days (and nights) was more pronounced with increases 
of more than 17 percent (13 percent) between 1960 and 20037. The trend in average annual 
precipitation points towards a slight increase of 4 to 5 percent from 1960 until 2015. However, 
this trend is not statistically significant. Also, data to determine the trends in daily rainfall extremes 
has found to be insufficient. 

• Projected changes for the future can be obtained based on historic observations and additional 
modelling. For the Dominican Republic, it is expected that by 2050 average annual temperatures 
will increase by 1 to 1.5°C accompanied by a slight decrease in average annual rainfall. 
Consequently, an increase in the number of consecutive dry days is also expected. Shifts in 
seasonal rainfall patterns are also predicted, with a decrease in rainfall in May (a particularly rainy 
month in all regions of the country) and an increase in December (a rather dry month in all the 
regions). Uncertainty remains about the changes in extreme rainfall as well as in the frequency of 
hurricanes hitting the country. However, an increase in the global average intensity of tropical 
storms is predicted by the year 2100. 

Again, more details of the past, current and future climate (change) in the country can be obtained 
from data provided by The World Bank Group (2020b) and the following inserted four figures: 

 
7 The highest rates of increase thereby occurred from June to August. 
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• Figure 2.12 displays the average monthly temperature for 1961-1990 and 1991-2016. This allows 
to better distinguish the time before and after the starting year of our ex-post analysis, i.e. 1990. 
Comparing both time periods, a temperature increase of 0.6°C can be observed. The increase is 
almost similar for all months of the year, but highest for December with 0.7°C. 

• Similarly, figure 2.13 visualizes the monthly precipitation for the two time periods, i.e. 1961-1990 
and 1991-2016. On average, overall rainfall increased by less than 2 mm per month. However, 
inter-annual change is obvious: Rainfall sharply decreased in May and June, whereas it (slightly) 
increased in most of the other months. 

• The temperature rise is projected to continue. Figure 2.14 shows this for the monthly temperature 
and the selected four scenarios. Accordingly, it becomes obvious that temperature will increase 
by 0.8°C in 2050 and 0.9°C in 2070 if the Paris Agreement is met. However, if the Paris Agreement 
fails and the future emissions pathway follows the RCP 8.5 scenario, temperatures will increase 
much more: by almost 1.4°C in 2050 and 2.1°C in 2070. 

• The projection of precipitation is less uniform as visualized by figure 2.15. It can be stated that 
annual precipitation is projected to stay the same if RCP 2.6 is considered. Monthly changes will 
be in the range of less than +/– 5 mm. However, a remarkable change should be taken into 
account under RCP 8.5. In this specific case, any month of the year will experience a loss in 
precipitation accumulating to more than 50 (60) mm per year in 2050 (2070). 

Figure 2.12: Average monthly temperature of the Dominican Republic for the years  
1961-1990 as well as 1990-2016 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure 2.13  Average monthly precipitation of the Dominican Republic for the years  
1961-1990 as well as 1990-2016 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure 2.14: Change of average monthly temperature of the Dominican Republic for the 
years 2050 as well as 2070 and the climate change scenarios RCP 2.6 and 
RCP 8.5 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure 2.15: Change of average monthly precipitation of the Dominican Republic for the 
years 2050 as well as 2070 and the climate change scenarios RCP 2.6 and 
RCP 8.5 

 

Source: Own figure based on The World Bank Group (2020b). 

To appropriately take into consideration the various models leading to average values as depicted in 
figures 2.14 and 2.15 and the herewith associated uncertainty, the 10-percent and 90-percent percen-
tiles of available model data are additionally plotted in annex C of this report. Taking the RCP 8.5 
and 2070 as an example, the graphs in annex C should be interpreted as follows: The annual temper-
ature is predicted to increase by 2.1°C on average (ranging from 1.7 to 3.2°C); and annual precipita-
tion is projected to decrease on average by 62 mm ranging from a decrease by 386 mm to an increase 
by 163 mm. 

It is evident that the historically observed climate change has already had an impact on agriculture in 
the Dominican Republic, and the projected future climate change will certainly continue to do so. 
According to USAID (2017b), major stressors for agriculture related to climate change are considered 
to be the following: rising temperatures, changes in the seasonality of precipitation along with in-
creased drought conditions and storms leading to higher risks in terms of an increased incidence of 
pests and diseases, increased waterlogging of fields, increased soil erosion and loss of soil fertility as 
well as increased storm damage to crops and livestock. All these factors act to damage agricultural 
crops and livestock production and subsequently reduce yields further leading to additional food 
insecurity. In addition, the projected sea level rise leads to seawater intrusion of aquifers, subsequently 
leading to the salinization of coastal aquifers that will considerably reduce freshwater quality and 
supply for irrigation of agricultural crops under dryer conditions. Such negative effects of climate 
change on the agricultural sector are also described by Caffrey et al. (2013). Interestingly, Lachaud et 
al. (2017) estimate the negative effect of climatic variability on agricultural output in the Dominican 
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Republic in the first decade post the millennium to be only relatively small, namely at 0.02 percent, 
pointing to the fact that the agricultural sector might have been able to cope relatively well with the 
climatic changes observed during that period. 

While the effects of climate change on the agricultural sector might be negative overall, neutral, or 
somewhat positive impacts of climate change are expected by some authors. In particular, a slightly 
positive to slightly negative climate-driven yield effect is anticipated by Varma and Bebber (2019a) 
who predict that banana production in the Dominican Republic could alternatively see average yield 
increases of less than 1.0 percent or declines of approximately 0.5 percent by 2050 compared to the 
years 1970-2000 as displayed in figure 2.16. 

Figure 2.16: Predicted impacts of various climate change scenarios on banana yields in 
2050 for the Dominican Republic in comparison with 1970-2000 

Scenario RCP 4.5 RCP 8.5 

Yield impact 0.84 % (+/-1.69 %) -0.50 % (+/-1.80 %) 
Source: Own figure based on Varma and Bebber (2019a). 

2.5 Climate change and its impacts on agriculture and banana production 
in Ecuador 

Based on GFDRR and the World Bank (2011c), Marengo et al. (2014), Moran-Tejeda et al. (2016), 
Prager et al. (2020), and The World Bank Group (2020b), the following can specifically be summa-
rized for past, current and future climate change in Ecuador: 

• Ecuador has two major seasons that are differentiated by the distribution of rainfall: a rainy and a 
dry season. On average, the mean annual precipitation is around 2,100 mm. However, the 
country’s topography is very diverse, and consequently, the climate differs strongly depending on 
the region.  

• The coastal region, for instance, has a tropical climate and a rainy season extending from end of 
December to May, with an average annual temperature of around 21 to 22°C. In opposite to that, 
the inter-Andean valleys have a temperate climate with average temperatures of only around 14 
to 15°C. In this region, the rainy season runs from October to May and a dry season is experienced 
from June to September. In the Amazon region, located in the eastern part of the country, the 
average temperature is around 21°C during most months, and rainfall is also continuously 
experienced throughout the year. Finally, on the Galapagos Islands in the Pacific Ocean, the 
climate is similar to that of the coastal region, with average temperatures of around 25 to 26°C 
during the rainy season (December to May) and between 21 and 22°C during the dry season (June 
to November), mainly owing to the influence of the cold Humboldt current. As in other LAC 
countries, the inter-annual variability of the country’s climate is strongly influenced by the ENSO. 
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• Climatic changes have also been observed in Ecuador in the recent decades. A trend towards 
rising temperatures has been identified across the country. In the rural highland zone consistent 
trends point to changes in the mean temperature of 1.5°C between 1930 and 1990, while in the 
urban coastal zones mean temperatures have “only” increased between 0.5 and 1°C8. At the same 
time, increasing trends of cold nights have been observed along the coastline too. In addition, 
there is no clear trend in precipitation changes at the national level, but a greater inclination 
towards a decline in rainfall has been observed, especially in the coastal regions. Positive trends in 
extreme rainfall have been observed too, as well as an increase in the frequency and maximum 
length of dry spells along the coastline. 

• In terms of climatic changes to be expected in Ecuador in the future, projected temperature 
increases are substantially higher than the global average. Mean annual temperatures are projected 
to rise by 2 to 3°C in the period 2030-2049 as compared with 1980-1999, while annual 
precipitation is expected to increase by around 3 percent in the same period. Precipitation levels 
are also projected to increase in the periods from December to February and from March to May 
by 3 percent and 5 percent, respectively, while for the period from June to August, precipitation 
levels are likely to decrease by 3 percent. Following from the already observed positive trends in 
extreme rainfall events, the frequency and intensity of these extreme events are projected to 
increase in the coastal region. 

More details of the past, current and future climate in Ecuador can be obtained from the following 
four figures 2.17 to 2.20 which, as in the case of the other three LAC countries, again use data from 
The World Bank Group (2020b): 

• Figure 2.17 displays the average monthly temperature for the two time periods 1961-1990 and 
1991-2016. Comparing both time intervals before and after the starting point of our analysis 
reveals that a temperature increase has already happened. However, with on average “only” 0.2°C 
this increase in temperature is rather small compared to the other three LAC countries analyzed 
in this study (see above). 

• Similarly, figure 2.18 visualizes the monthly precipitation in the country for the two time periods 
1961-1990 and 1991-2016. Accordingly, it can be stated that on average overall rainfall increased 
by 14 mm per month. However, real increases can only be observed from February until July and 
for November, while the other five months of the year experienced rainfall losses. 

• In terms of tendency, the temperature rise for Ecuador is projected to continue. Figure 2.19 shows 
this for the average monthly temperature and the four scenarios in the focus of this study. It 
becomes apparent that the temperature will increase, even if the Paris Agreement is met. In this 
case a temperature increase of around 1.0°C is projected for 2050 and 2070. If the Paris 
Agreement fails, i.e. if global economies tend towards following the BAU scenario, temperatures 
will further increase. In this case, a temperature rise by 1.7°C in 2050 and 2.6°C in 2070 shall be 
envisaged. 

 
8 At the same time, the rural coastal zones do not seem to show any clear positive trends in terms of temperature. 
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• The potential developments regarding annual and monthly precipitation are less straightforward 
are as depicted in figure 2.20. By and large, it can be stated that annual precipitation is projected 
to slightly increase in any scenario. Accordingly, precipitation will increase the highest (lowest) 
under RCP 8.5 in 2070 (RCP 2.6 in 2050). In this case, more than 180 mm (less than 40 mm) 
additional rainfall would occur within twelve months. However, the changes throughout the year 
are also interesting: Apparently, rainfall in October will decrease in any scenario whereas it will 
increase the most during winter and spring if the two RCP 8.5 scenarios are considered. 

As in the case of the other three LAC countries analyzed in this study, the figures 2.19 and 2.20 
visualize the average for the ensemble of altogether 16 climate models. The various models, however, 
come to different conclusions, subsequently implying uncertainty. To take into consideration this 
uncertainty, the 10-percent and 90-percent percentiles of available model data are additionally plotted 
in annex D of this report for temperature and precipitation, for 2050 and 2070, as well as for the 
RCP 2.6 and RCP 8.5 scenarios.  

Figure 2.17:  Average monthly temperature of Ecuador for the years 1961-1990 as well as 
1990-2016 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure 2.18  Average monthly precipitation of Ecuador for the years 1961-1990 as well as 
1990-2016 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure 2.19:  Change of average monthly temperature of Ecuador for the years 2050 as well 
as 2070 and the climate change scenarios RCP 2.6 and RCP 8.5 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure 2.20: Change of average monthly precipitation of Ecuador for the years 2050 as well 
as 2070 and the climate change scenarios RCP 2.6 and RCP 8.5 

 

Source: Own figure based on The World Bank Group (2020b). 

Taking the RCP 8.5 and 2070 as an example, the graphs in annex D can be interpreted as follows: 
While the annual temperature is projected to rise on average by 2.6°C until 2070, in reality it may as 
well increase between 2.0°C and 4.2°C; similarly, while annual precipitation in Ecuador is projected 
to rise on average by 183 mm, it may actually decrease by 326 mm or increase by 917 mm. 

As outlined above, climate change in Ecuador is expected to increase the variability and incidence of 
extreme weather events, such as droughts, floods, and intense rainfall events (GFDRR and The 
World Bank, 2011c). This variability can be expected to negatively impact crop production, particu-
larly because agriculture is already vulnerable to current fluctuations in climate. Increasing tempera-
tures will also cause greater evapotranspiration, which will lead to drier soil conditions in many areas. 
The increasing demand for water will likely decrease water availability even with an increase in pre-
cipitation. Apart from these more general findings, climate change is expected to affect agriculture in 
different ways depending on the specific crops. According to GFDRR and The World Bank (2011c), 
rice production will probably be negatively affected if no adaptation measures are pursued. For po-
tatoes, different (less or more optimistic) scenarios predict both, a deficit as well as a surplus in pro-
duction. Similarly, soybeans would also be adversely affected by climate change, while corn produc-
tion would benefit from it. While estimating the effect of climatic variability on agricultural output in 
Ecuador in the decade from 2000-20129, Lachaud et al. (2017) found for Ecuador that the accumu-
lated effect was positive, at around 10 percent. Although these results need to be interpreted with 

 
9 The authors estimated the percentage change in agricultural production over the period 2000–2012 relative to 1961–

1999 holding inputs constant at their mean values. 
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caution, they could suggest that the agricultural sector in the country might have been able to cope 
relatively well with the climatic changes observed during that period.  

In fact, relatively neutral to positive impacts of climate change are also expected by some of the few 
available studies analyzing the potential impacts of climate change on the country’s banana produc-
tion. For instance, a study published by Elbehri et al. (2016) concluded that climate change between 
today and the middle of this century is unlikely to present a major challenge to Ecuador’s capacity to 
produce bananas, although the authors also point out that climate change in the medium to long term 
will likely require adjustments in certain banana production practices. Positive climate-driven yield 
effects are also anticipated by Varma and Bebber (2019a) who predict that banana production in 
Ecuador could see yield increases of (more than) 6.2 percent by 2050 compared to 1970-2000, as 
displayed in figure 2.2110. 

Figure 2.21: Predicted impacts of various climate change scenarios on banana yields in 
2050 for Ecuador in comparison with 1970-2000 

Scenario RCP 4.5 RCP 8.5 

Yield impact 6.20 % (+/-1.89 %) 6.27 % (+/-2.18 %) 
Source: Own figure based on Varma and Bebber (2019a). 

2.6 Brief summary on the findings so far 

The current state of knowledge shows that a temperature increase is already happening in the selected 
countries, and that a future rise of temperatures is projected. The developments regarding precipita-
tion quantities and distribution are less uniform. Climate change often has negative effects on agri-
cultural production, and banana production in the four LAC countries is predicted to be affected as 
well. However, the direction and magnitude of potential banana yield changes seem to be different 
for each country as figure 2.22 summarizes for the RCP 8.5 scenario and the year 2050:  

• Within the group of countries that we are focusing on, Colombia and Costa Rica will potentially 
suffer the most while  

• the Dominican Republic may experience smaller losses and  

• Ecuador could even benefit from climate change in terms of banana yields.  

Comparing both climate change scenarios used in this study, smaller losses can be expected for the 
RCP 2.6 scenario, while larger losses are most probable for the RCP 8.5 scenario in the longer term.  

 
10 This equals a yield increase of more than 0.7 percent per decade. 
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Figure 2.22: Predicted banana yield impacts of the RCP 8.5 climate scenarios in 2050 for 
Colombia, Costa Rica, the Dominican Republic, and Ecuador compared to 
1970-2000 

 

Source: Own figure based on Varma and Bebber (2019a). 

It is important to point out, however, that the available information on potential climate change-
related banana yield losses or gains at the national scale should not be overestimated at this point. 
Climate projections always entail a considerable degree of uncertainty (as is also shown in annexes A 
to D of this study), and this uncertainty tends to become even more pronounced as projections ex-
tend further into the future. In addition, climate projections may differ within a country. It also needs 
to be taken into account that, apart from climate, yield is also influenced by several other factors, 
such as available agricultural technology and management options, the occurrence of pests and dis-
eases, efforts in plant breeding and availability of improved varieties, access to irrigation infrastruc-
ture, and many more. And of course, as an economic sector agriculture is also embedded into the 
broader socio-political context of a country, and often indirectly influenced by developments and 
political decisions primarily directed at other sectors of the economy. Therefore, yield projections 
will naturally only have a limited validity, and will often be based on modelling the effects of a few 
influencing variables, while the totality of influencing factors cannot be considered to their full com-
plexity.  

In fact, the yield effects at national scale presented in figure 2.22 are based only on average climatic 
conditions, and explicitly do not account for other factors such as the climate-driven increase in the 
frequencies of extreme events, or the risk posed by established and emerging diseases (Varma and 
Bebber, 2019a). In addition, the changes displayed in figure 2.22 are predicted to happen over a 
period of around 65 years. Hence, the average change for Colombia equals a yield decrease of 0.5 
(0.05) percent per decade (year). And in the case of Ecuador, a yield increase of less than 0.75 (0.075) 
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percent per decade (year) can be anticipated. To compare, during the past three decades, banana 
yields in LAC increased on average by 1.3 percent - per year (FAO, 2020b). Therefore, and as is also 
pointed out by Varma and Bebber (2019a) in their study, the dimension of the climate-related yield 
effects projected for the four countries by 2050 suggests that decreasing climate-related yield trends 
could potentially be compensated by technology– and management-driven yield increases, as long as 
changes in climate remain within certain “manageable” thresholds11. 

Apart from the points mentioned above, a limitation of the discussion so far is that the overview has 
focused merely on the national level of the selected LAC countries, thereby displaying average values 
for the countries and not taking into account some of the differences in climate and banana yields 
found in the different geographic regions within these countries. For instance, differences in altitude, 
latitude, and other topographic peculiarities may be very large and, thus, will certainly affect the coun-
tries’ regional natural conditions including regional and even very localized weather patterns. To im-
prove our understanding of climate change impacts on banana production, it is therefore necessary 
to zoom into the most important banana producing regions within these countries. This will be done 
in the following sections of the study.   

 
11 Of course, depending on the climate scenario, a compensation of climate-related negative yield effects through tech-

nology and management options will only be possible up to a certain point, as adaptation of banana cultivation to a 
changing climate might no longer be feasible once certain tipping points in the atmospheric concentration of GHG are 
reached (Hoegh-Guldberg et al., 2018; IPCC, 2014; Lenton, 2013). 
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3 Observed and projected climate developments in 
selected banana producing regions of Latin America and 
the Caribbean 

For the selected banana producing regions in the focus of this study and additionally for the overall 
LAC region, the following discussion distinguishes an analysis of observed climate (sub-chapter 3.1) 
from an analysis of projected climate change, i.e. the climate expected in the future (sub-chapter 3.2). 
Major target variables are temperature, precipitation, number of dry months, and potential evapo-
transpiration (PET). Methodological and data aspects of the analysis are discussed in annex E. 

3.1 Observed climate in the regions 

To describe the climate of the broader LAC region and in the selected seven regions, we average and 
compare the chosen climate variables over a 29-year period by using historical/observed climate in-
formation from 1990 until 2018. By and large, it can be stated that the climate of the seven LAC 
regions analyzed in this study is tropical (Beck et al., 2018) with rather high temperatures and precip-
itation values. For the temperature variable, this also becomes evident when looking at figure 3.1, 
which visualizes the observed average temperatures between 1990 and 2018 in the entire LAC region 
as well as in the selected seven sub-national regions. The observations for the seven regions (An-
tioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde) as well as for specific banana 
producing areas located within these seven regions are additionally displayed in annexes F and G12. 

In coastal and rainforest regions, the average temperatures lie between 20 and 30°C, while it is con-
siderably colder in mountainous regions. The lowest temperatures of the region are found in the 
Andes. For example, average temperatures in the Ecuadorian Andes are below 10°C. With respect to 
the selected seven regions, the following can be highlighted: 

• Due to its location between the Andes and the coast of Ecuador, El Oro shows a steep east-west 
gradient in temperature ranging from around 15°C in the east to around 25°C in the west.  

• In contrast, the Costa Rican region of Heredia displays a north-south gradient ranging from 
temperatures of less than 20°C in the south to more than 25°C in the north.  

• In the Dominican Republic, temperatures in Valverde are on average between 25 and 27.5°C, 
while temperatures in the more southern region of Azua range from 17.5 to 25 °C.  

• In comparison with the other regions of this study, the Colombian regions show the largest 
temperature range: Antioquia covers the tail of the Andes with temperatures between 15 and 
17.5°C as well as lowlands and coastal regions where temperatures range from 25 to 27.5°C; and 

 
12 Exactly this set of annual temperature and precipitation (see below) observations will also constitute an important 

dataset for modelling the climate-yield impact in chapter 4 and chapter 5 of the study. 
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the most northern Colombian regions of Magdalena and La Guajira display average temperatures 
ranging from 10°C in the Sierra Nevada de Santa Marta to 30°C at lower altitudes. 

Figure 3.1: Observed near-surface temperature (at 2 m) averaged over the period from 
1990 to 2018 in the broader LAC region as well as in the selected banana pro-
ducing regions of Colombia, Costa Rica, the Dominican Republic, and Ecua-
dor 

 

Source: Own figure. 

Observed annual precipitation in the broader LAC region has a large range as well. This is displayed 
in figure 3.213. Accordingly, average precipitation from 1990 to 2018 was between less than 250 mm 
precipitation per year in deserts of coastal areas in Colombia and Ecuador and more than 6,500 mm 
in tropical rainfall regions at the Pacific coast of Colombia. The seven regions in the focus of this 
study also show quite high precipitation ranges: 

• La Guajira in Colombia does not only show the largest temperature range, but also the largest 
precipitation range of all the regions considered here. In fact, the driest sub-region can be found 
in northern Colombia: The northeast of the region is desert, and a wide area receives less than 
500 mm precipitation per year. In contrast, in the western parts of La Guajira precipitation rates 
of up to 3,000 mm are found. 

 
13 For the seven regions of Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde as well as for the 

specific banana producing areas within these seven regions, the annual observations are again displayed in annexes F 
and G and constitute another important dataset for modelling the climate-yield impact. 
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• El Oro in Ecuador as well as Valverde and Azua in the Dominican Republic receive moderate 
precipitation of around 500 to 1,500 mm per year.  

• Magdalena in Colombia receives similar precipitation amounts of around 1,000 to1,500 mm in 
most of the region, except for the Sierra Nevada de Santa Marta, where annual precipitation rates 
of up to 4,000 mm are found.  

• Antioquia shows a large precipitation range with a drier center, where annual rainfall is around 
1,000 to 1500 mm, while most precipitation is experienced on the western slopes of the Andes 
with up to 6,000 mm.  

• Climatic conditions in Costa Rica are overall rather wet. Thus, the region of Heredia experiences 
an annual precipitation of 3,000 to 4,500 mm on average. 

Figure 3.2: Observed annual precipitation averaged over the period from 1990 to 2018 in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure.  
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As banana growth is not only influenced by average precipitation but also by dry spells, we analyze 
the number of annual dry months too. Dry months are defined as months with less than 60 mm of 
precipitation (see also Calberto et al., 2015). The observed number of annual dry months in the 
broader LAC region, averaged for the period from 1990 to 2018, is presented in figure 3.3.  

Figure 3.3: Observed annual number of dry months averaged over the period from 1990 to 
2018 in the broader LAC region as well as in the selected banana producing re-
gions of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 

Source: Own figure. 

Evidently, the observed number of annual dry months reciprocally reflects the distribution of pre-
cipitation as can be seen for instance by looking at the northwestern parts of Colombia. Again, re-
markable differences between the selected seven regions in Colombia, Costa Rica, the Dominican 
Republic, and Ecuador exist: 

• El Oro at the Ecuadorian Pacific Coast has between six and ten dry months per year.  

• Northern La Guajira even has ten to eleven dry months per year on average, while the east displays 
fewer dry spells – locally even just one month on average.  

• The bordering region of Magdalena has similarly low numbers in dry months with most of the 
region staying below the value of six months per year.  

• The third Colombian banana producing region, Antioquia, locally has a maximum of two dry 
months per year.  
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• In Costa Rica, the number of dry months is also low, and in Heredia the average is below one 
month per year. 

• In the Dominican Republic, however, conditions locally vary strongly. The number of dry months 
in Azua and Valverde ranges from two to eight months in most areas. 

While precipitation as a climate variable gives information on the input of moisture into the local 
system, the future water availability for agriculture will also be limited by the increased water demand 
of the warming atmosphere. This water demand is expressed by PET, which is the maximum rate of 
evapotranspiration, if enough water is available14. Against this background, the average annual sum 
of PET in the broader LAC region as well as in the selected seven regions of Colombia, Costa Rica, 
the Dominican Republic, and Ecuador is shown in figure 3.4.  

Figure 3.4: Observed annual sum of potential evapotranspiration averaged over the period 
from 1990 to 2018 in the broader LAC region as well as in the selected banana 
producing regions of Colombia, Costa Rica, the Dominican Republic, and Ec-
uador 

 

Source: Own figure. 

As PET is a non-linear function of temperature, the spatial distribution strongly resembles the tem-
perature distribution, but the spatial variability is stronger. Lower values of 500 to 750 mm per year 
are found in the Andes and the Sierra Nevada de Santa Marta, while the lower regions of Colombia 

 
14 The actual evapotranspiration is usually lower than the PET as the actual evapotranspiration is determined by the water 

input, i.e. the precipitation, and the soil characteristics. In this respect, an increased atmospheric water demand due to 
rising temperature must be considered when it comes to providing sufficient water – for instance via irrigation – for 
the banana production. 
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show annual sums between 2,000 and 2,500 mm. In regions like the deserts of northern La Guajira, 
the soil and rainfall clearly do not provide enough moisture to ever reach evapotranspiration rates 
close to this theoretical upper limit. Between the seven regions, remarkable differences exist: 

• The Colombian regions La Guajira, Magdalena and Antioquia show the largest range in annual 
PET from 500 to 2,250 mm.  

• The annual PET sum of the Ecuadorian region of El Oro is comparatively low with values 
between 500 and 1,500 mm; and an almost similar range can be observed in Heredia in Costa 
Rica. Here, the annual PET sum is between 750 and 1,500 mm locally.  

• The same PET range can also be seen in the Azua region, while Valverde, also in the Dominican 
Republic, has 1,250 to 1,500 mm per year. 

In addition to the climatic factors already presented above, which influence banana production, wind 
and temperature extremes are also of importance. However, an analysis of observed wind conditions 
is problematic due to the poor data situation. There is little agreement on past wind variability be-
tween datasets. And particularly gridded datasets, which give the necessary coverage needed in this 
study, tend to underestimate wind speed peaks (Hartman et al., 2013). To cover these wind peaks, 
high spatial resolution data, with a higher resolution than the grid level scale of the climate models 
used in this study (see annex E), and with a much higher temporal resolution would be necessary15. 
In addition, as there is little agreement between models the confidence in future changes in wind 
conditions is also very low (Seneviratne et al., 2012). In the LAC region, however, wind speeds related 
to tropical cyclones are projected to increase (Christensen et al., 2013). 

Since extreme temperatures are increasing and projected to further increase globally (Seneviratne et 
al., 2012), an additional analysis of the highest annual temperatures as well as of consecutive dry days 
would strongly resemble an analysis of the status quo and of the pattern of increase of mean temper-
atures (see above), and the observations and projected changes of maximum temperatures would 
merely highlight the same regions. By and large, it can be stated that the magnitudes of the projected 
changes in maximum temperatures are similar to the projected changes in mean temperatures. In this 
respect, Annex H provides more details on regional maximum temperatures and covers all the infor-
mation that has been discussed in sub-chapter 3.1, and which will additionally be considered in sub-
chapter 3.2 for the other climate variables. 

3.2 Projected climate change for the regions 

In the following, the climatic changes projected for the broader LAC region and for the selected 
seven regions will be described. To do so, we average and compare the climate variables discussed in 
the previous chapter over 29-year periods. This is done by using model data for the two time periods 
ranging from 2036 to 2064 to analyze the climate for 2050, and from 2056 to 2084 to analyze the 
climate for 2070. These data will be compared to model data for the years from 1990 to 2018. 

 
15 In this study we used daily weather and climate data, but for capturing the wind peaks, hourly observations would be 

needed, which, in turn, could not be projected to future periods at the end of the 21st century. 
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Regardless of the time horizon, the climate models strongly agree that the earth will continue to warm 
(Kirtmann et al., 2013). Consequently, the temperature in the broader LAC region is also projected 
to increase as figure 3.5 displays. In this figure, we compare the evolution of near-surface temperature 
averaged over the whole region using climate projections from 1990 to 208516. 

Figure 3.5: Projected evolution of near-surface temperature (as 11-year running mean) aver-
aged over the whole LAC region being in the study focus, 1990-2080 (in °C) 

 

Source: Own figure.  

 
16 Note: As we show the 11-year running means of temperature change in the figure to reduce inter-annual variability, the 

time series displayed covers the years from 1995 until 2080 only. 
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More particularly, we show the model mean as well as the model range under the two most extreme 
of the RCP scenarios, namely RCP 2.6 (representing strong mitigation efforts) and RCP 8.5 (repre-
senting no mitigation efforts). All the climate models we use in this study (see again annex E) project 
a temperature increase under both scenarios:  

• Under RCP 2.6, the model average shows a temperature increase of about 1°C in comparison 
with historic conditions (1990-2018) by the middle of the century and then temperature stabilizes 
over time. Also, the model range is about 1°C in the RCP 2.6 scenario. 

• Under RCP 8.5, temperature increases continuously and hits the 4°C mark around the year 2080. 
Around 2050, the increase arrives at approximately 2°C, and for 2070, an increase of more than 
3°C should be expected. Also note that the model range is expanding with increasing temperature 
under RCP 8.5 to about 2°C by 2080. 

In contrast to that clarity regarding projected temperature increases, precipitation projections are 
generally much more uncertain (Kirtmann et al., 2013). This is displayed in figure 3.6, which similarly 
to figure 3.5 shows the evolution of average annual precipitation over the whole LAC region consid-
ered here. 

Figure 3.6: Projected evolution of annual precipitation (as 11-year running mean) averaged 
over the whole LAC region being in the study focus, 1990-2080 (in mm) 

 

Source: Own figure.  
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Over time, the model mean for annual precipitation in the broader LAC region shows a decrease 
under both RCP scenarios. Following the RCP 2.6 trajectory, the model mean precipitation decreases 
by around 50 mm by 2080 in comparison with the 1990-2018 average. However, the model range is 
around 200 mm, therefore one of the three models even projects a slight increase in precipitation. 
Following the RCP 8.5 trajectory, the model mean precipitation decreases by around 250 mm by 
2080 with a similar model range of about 200 mm. 

These values visualized in figures 3.5 and 3.6 are, however, only the average of the very diverse cli-
matic changes projected for a rather large geographic region. To account for this diversity within the 
LAC region, we will present the values of projected changes for each individual region in the follow-
ing. Our analysis will focus on all the climate variables discussed in the previous chapter and present 
the model ensemble means for each of these variables and for each of the seven regions by 2050 and 
2070, respectively. For this purpose, several figures will be presented and discussed in this chapter, 
each focusing on the projection of a specific climate variable for one specific time period (i.e. for 
2050 and 2070) and for one defined RCP scenario (i.e. RCP 2.6 and RCP 8.5).  

Starting with an analysis of the projected changes in temperatures in the regions, the essential out-
comes are presented in figure 3.7. The figure displays the calculated absolute temperature difference 
by 2050 and by 2070, compared to 1990-2018, for the seven selected regions and the two RCP sce-
narios (see also annex I17).  

In addition, figures 3.8 and 3.9 show the modelled absolute mean temperature increases as geographic 
maps by 2050 for the RCP 2.6 scenario and RCP 8.5 scenario, respectively. Similarly, figures 3.10 and 
3.11 depict the modelled mean temperature changes by 2070 for the two defined RCP scenarios. 

  

 
17 Annex I displays similar information as figure 3.7 for specific banana production areas located within the seven regions. 

The data are needed to later perform a more detailed climate-yield impact analysis. 
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Figure 3.7: Calculated difference of the near-surface temperature, compared to 1990-2018, 
for the selected banana producing regions of Colombia, Costa Rica, the Do-
minican Republic, and Ecuador 

Region 2050 – RCP 2.6 2050 – RCP 8.5 2070 – RCP 2.6 2070 – RCP 8.5 

Antioquia 0.99°C 1.98°C 1.13°C 3.20°C 

Azua 0.87°C 1.74°C 0.90°C 2.82°C 

El Oro 0.94°C 1.75°C 1.04°C 2.81°C 

Heredia 0.78°C 1.43°C 0.81°C 2.26°C 

La Guajira 0.88°C 1.60°C 0.93°C 2.55°C 

Magdalena 0.97°C 2.00°C 1.16°C 3.30°C 

Valverde 0.97°C 1.84°C 0.97°C 2.95°C 
Source: Own figure. 

Figure 3.8: Projected change in near-surface temperature by 2050 for the RCP 2.6 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 

Source: Own figure. 
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Figure 3.9: Projected change in near-surface temperature by 2050 for the RCP 8.5 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Figure 3.10: Projected change in near-surface temperature by 2070 for the RCP 2.6 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure.  
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Figure 3.11: Projected change in near-surface temperature by 2070 for the RCP 8.5 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 

Source: Own figure. 

Accordingly, it can be stated that by 2050 temperatures are expected to increase everywhere in the 
LAC region. Under the strong mitigation scenario RCP 2.6, this increase ranges from 0 to 2°C as 
figure 3.8 displays. In all of Costa Rica, i.e. also in Heredia, in the banana producing regions of the 
Dominican Republic and of Ecuador, as well as in La Guajira in northern Colombia temperature is 
projected to increase by up to 1°C. And for much of Antioquia as well as for the east of Magdalena, 
both in Colombia, a warming of 1 to 2°C is even predicted for specific locations. However, when 
averaged for each of the seven regions, the warming rates for the banana producing regions only 
differ slightly from each other and are between 0.76°C in Heredia and 0.99°C in Antioquia (see figure 
3.7 and annex I). Under the no-mitigation scenario RCP 8.5, the warming distribution in 2050 looks 
strikingly similar, but warming rates are roughly doubled everywhere in the seven regions as shown 
by figure 3.7, annex I and figure 3.9.  

By 2070, conditions will not substantially change from those predicted for 2050 under the RCP 2.6 
scenario: the details are shown in figure 3.10. Accordingly, the further increase in temperature is most 
notable in El Oro, which by 2070 is projected to be locally about 1 to 2°C warmer than in the historic 
period. However, the average temperature difference will only increase by 0.1°C from the value pro-
jected for 2050 (see figure 3.7 and annex I). The difference in temperature changes between 2070 and 
2050 for RCP 2.6 in Heredia, La Guajira, Valverde, and Azua are (also) negligibly small. In contrast 
to that, the warming areas within Antioquia and Magdalena will have extended, which leads to a 
further increase in the regional average temperature of these regions by more than 0.1°C. In contrast, 
there is a strong further increase of temperatures under RCP 8.5 by 2070. While the warming pattern 
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is the same by 2070, the regional warming will range between 2.16°C in Heredia and 3.30°C in Mag-
dalena (see figure 3.11 and, again, figure 3.7 as well as annex I). 

The projected changes for precipitation show different wetting and drying trends throughout the 
selected regions. Figure 3.12 shows the details in terms of the calculated relative difference of the 
annual precipitation by 2050 and 2070, compared to 1990-2018, for the seven selected regions and 
the two RCP scenarios18).  

In addition, figures 3.13 and 3.14 show the modelled mean relative precipitation change as geographic 
maps by 2050 for the RCP 2.6 scenario and RCP 8.5 scenario, respectively. Similarly, figures 3.15 and 
3.16 depict the modelled mean precipitation change for 2070 and the two defined RCP scenarios. 

By 2050, the projected changes in precipitation under RCP 2.6 will generally be small but already 
show a large spread as figure 3.13 and annex I visualizes. In Ecuador, there is no clear wetting or 
drying pattern throughout the country and the changes in El Oro are negligible, with a decrease by 
less than 5 percent in specific locations and a decrease of around 1 percent on average. In Heredia, 
there is a slight increase in precipitation of up to 10 percent locally and of around 4 to 5 percent on 
average. Instead, in the Dominican Republic, a low decrease in precipitation of up to 10 percent 
locally and of 3 to 5 percent on average is projected for Valverde, whereas a negligible increase of 
precipitation of less than 5 percent locally and of slightly more than 2 percent on average is projected 
in Azua. In the Colombian banana producing regions, changes in Magdalena are also negligible 
amounting to less than 5 percent locally and close to 1 percent on average, while central Antioquia 
shows a reduction in precipitation of up to 15 percent locally. In contrast, western Antioquia shows 
an increase in precipitation of up to 15 percent, which brings the regional average change to near 
minus 2 percent as well. The strongest relative change is found in the northern part of La Guajira, 
with an increase in precipitation of up to 30 percent. However, since annual precipitation in this 
region is very low, the absolute change is also low. Therefore, precipitation in La Guajira will only 
increase by 5 percent on average. 

 
18 Again, annex I displays similar information as figure 3.12 for specific banana production areas located within the seven 

regions. The data are also needed to perform a more detailed climate-yield impact analysis hereafter. 
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Figure 3.12: Calculated difference of the annual precipitation, compared to 1990-2018, for 
the selected banana producing regions of Colombia, Costa Rica, the Domini-
can Republic, and Ecuador 

Region 2050 – RCP 2.6 2050 – RCP 8.5 2070 – RCP 2.6 2070 – RCP 8.5 

Antioquia -2.02 % -6.61 % -3.02 % -12.06 % 

Azua 2.07 % -8.09 % -0.48 % -18.69 % 

El Oro -0.75 % -0.86 % -0.64 % 2.86 % 

Heredia 4.11 % 1.78 % 1.58 % 4.93 % 

La Guajira 5.37 % -5.90 % -3.98 % -18.75 % 

Magdalena 0.91 % -8.89 % -4.61 % -17.92 % 

Valverde -4.72 % -11.78 % -5.10 % -22.61 % 
Source: Own figure. 

As for the RCP 8.5 scenario, annual precipitation changes projected for 2050 are – on average – 
slightly stronger and not everywhere consistent with the direction of the changes projected for the 
RCP 2.6 scenario in the same period as figures 3.12 and 3.14 as well as annex I reveal. For the RCP 8.5 
by 2050, the Dominican Republic, for instance, now shows a decrease in precipitation with the 
changes amounting to up to 15 percent in specific areas of both, Valverde and Azua. The average 
change in annual precipitation in these two regions will be minus 12 percent and minus 8 percent, 
respectively. The change in Heredia is similar to the RCP 2.6 scenario with increases of still up to 
10 percent locally and with an average increase of now 2 percent. The precipitation changes in El 
Oro are again negligible, as they already were under the RCP 2.6 scenario. A decrease of 1 percent 
on average can be projected in this region. In turn, for RCP 8.5 Colombia shows a stronger drying 
than for the RCP 2.6 scenario. Central and eastern Antioquia are projected to be drier by up to 25 
percent locally and by 7 percent on average, and Magdalena shows a drying of up to 15 percent 
throughout much of the region resulting in an annual precipitation decrease of 9 percent on average. 
The direction of precipitation changes in La Guajira is reversed going from an increase to a slight 
decrease in precipitation of up to 10 percent locally and of 6 percent on average for the whole re-
gion19.  

By 2070, projected changes for annual precipitation under the strong mitigation scenario RCP 2.6 are 
still only small, as figure 3.15 shows. The most obvious difference to 2050 is that precipitation 
changes in La Guajira move from positive to negative, but as the changes displayed in figure 3.15 are 
relative, the change in this region is disproportionally strong compared to the other regions. On 
average, precipitation in La Guajira is projected to decrease by approximately 4 percent. Most of the 
Colombian banana producing regions show a clear drying. In Magdalena, for instance, the change is 
up to 10 percent locally and around 5 percent on average, while in Antioquia, it is up to 20 percent 

 
19 For some specific and more differentiated data zooming into the specific banana production areas of this and the other 

seven regions, see again annex I.  
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locally and 3 percent on average. In contrast, the changes in Heredia and El Oro are negligible with 
less than 5 percent locally and 1 to 2 percent on average. In the regions of the Dominican Republic, 
there is also a comparatively slight drying projected, with a 5 percent average decrease in precipitation 
in Valverde, but almost no change in the average precipitation projected for Azua (see also annex I). 

Figure 3.13: Projected change in annual precipitation by 2050 for the RCP 2.6 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 

Source: Own figure. 
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Figure 3.14: Projected change in annual precipitation by 2050 for the RCP 8.5 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Figure 3.15: Projected change in annual precipitation by 2070 for the RCP 2.6 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure.  
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Figure 3.16: Projected change in annual precipitation by 2070 for the RCP 8.5 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Precipitation changes for the RCP 8.5 scenario by 2070 are projected to be much stronger, but similar 
in direction to those projected for 2050, as is visualized in figures 3.12 and 3.16 as well as in annex I. 
Accordingly, the Colombian banana producing regions show an overall drying, with precipitation 
being reduced by up to 40 percent locally and by 12 percent on average in Antioquia and, again, by 
40 percent locally but by 19 percent on average in La Guajira. Magdalena, under this scenario, shows 
a 25 percent decrease of precipitation locally and a decrease of 18 percent on average. The two regions 
located in the Dominican Republic also show local precipitation decreases of up to 25 percent. Pre-
cipitation decreases on average by 23 percent in Valverde and by 19 percent in Azua. In contrast, 
Heredia in Costa Rica and El Oro in Ecuador display a mix of slightly wetting and drying across the 
two regions. In both regions, precipitation is shown to increase by up to 15 percent locally, but while 
El Oro also shows an average increase of 3 percent in precipitation, the change in Heredia postulates 
a weak increase of around 5 percent on average. 

The projected annual precipitation changes are also reflected in the projected changes of the number 
of dry months per year, i.e. months with less than 60 mm rainfall. Figure 3.17 shows the details 
comparing projections for 2050 and 2070 with the period of 1990-2018, again for the seven selected 
regions and the two RCP scenarios. In addition, figures 3.18 and 3.19 show the modelled mean 
changes in dry months by 2050 for the RCP 2.6 scenario and RCP 8.5 scenario, respectively, whereas 
figures 3.20 and 3.21 depict the same information for 2070. 
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Figure 3.17: Calculated change of annual dry months, compared to 1990-2018, for the se-
lected banana producing regions of Colombia, Costa Rica, the Dominican Re-
public, and Ecuador  

Region 2050 – RCP 2.6 2050 – RCP 8.5 2070 – RCP 2.6 2070 – RCP 8.5 

Antioquia 0.16 months 0.37 months 0.22 months 0.72 months 

Azua 0.07 months 0.56 months 0.17 months 1.06 months 

El Oro 0.08 months 0.29 months 0.16 months 0.42 months 

Heredia -0.22 months -0.32 months -0.17 months -0.42 months 

La Guajira -0.09 months 0.26 months 0.24 months 0.71 months 

Magdalena 0.09 months 0.36 months 0.27 months 0.82 months 

Valverde 0.07 months 0.55 months 0.02 months 1.01 months 
Source: Own figure. 

Accordingly, it can be stated that the changes vs. the reference situation differ per scenario and are 
as follows: 

• For the RCP 2.6 scenario in 2050, only certain areas in Antioquia show up to one dry month more 
per year locally as displayed in figure 3.18. However, the regional average change for Antioquia is 
still only 0.16 months per year. In contrast, dry months in Heredia decrease by 0.22 months per 
year. In the other banana producing regions, the average changes are negligible, i.e. less than 
plus/minus 0.1 months per year.  

• For the RCP 8.5 scenario, the projected changes by 2050 are slightly stronger as is visualized in 
figure 3.19. Some smaller areas of El Oro in Ecuador, of Valverde in the Dominican Republic 
and of Magdalena in Colombia show an increase in dry months of up to one month per year. In 
some small areas of the Colombian regions of La Guajira and Antioquia, there is even a projected 
increase of dry months of up to 1.5 months per year. In contrast, northern Heredia in Costa Rica 
shows a decrease in dry months of up to 1 month per year. The average changes range from a 
decrease of 0.32 months per year in Heredia to an increase of 0.56 months per year in Azua20. 

• Looking at the RCP 2.6 scenario again, the changes projected by 2070 are only slightly stronger 
than those projected by 2050 (see figure 3.20). The drying in central Antioquia is slightly more 
prominent than what is expected for the two decades before. Generally, the Colombian banana 
producing regions show the strongest further increase of dry months in comparison with 2050, 
with projected increases of 0.22 months per year for Antioquia, 0.24 months per year for La 
Guajira and 0.27 months per year for Magdalena. Changes in Valverde in the Dominican Republic 
are, in contrast, still negligible, while Azua shows a projected average increase in dry months of 

 
20 Only Heredia in Costa Rica shows a projected decrease in dry months under the RCP 8.5 scenario in 2050 and continues 

to do so in the other scenarios. 
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0.17 per year. Heredia in Costa Rica and El Oro in Ecuador show a decrease of 0.17 months per 
year and an increase of 0.16 months per year on average, respectively.  

• In line with temperature and precipitation, the changes projected for 2070 are much stronger 
under the RCP 8.5 scenario (see figure 3.21). Generally, the selected regions show a tendency 
towards more dry months. The strongest increases in dry months are predicted to be in the 
Colombian regions. Locally, in central Antioquia, as well as southern La Guajira, the models 
project an increase of more than two months per year. The projected average change in both 
regions is an increase of 0.72 months per year in Antioquia and 0.71 months per year in La Guajira. 
Throughout most of Magdalena, the increase is up to one month per year locally and 0.82 months 
per year on average. The Dominican Republic is also projected to suffer an increase in dry months. 
Valverde shows an increase of up to one month per year locally and on average, and Azua will 
most probably face an increase of up to 1.5 months per year locally and 1.06 months per year on 
average. The changes in El Oro are still weak, with only a small area in the east of the region 
showing an increase in dry months of up to one month per year, while the other regions show an 
average increase of 0.42 dry months per year. In contrast to most of the broader LAC region, the 
north of Heredia in Costa Rica, again, shows a decrease in dry months of up to one month locally 
and 0.42 months per year on average. 

Figure 3.18: Projected change in number of dry months by 2050 for the RCP 2.6 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 

Source: Own figure.  
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Figure 3.19: Projected change in number of dry months by 2050 for the RCP 8.5 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Figure 3.20: Projected change in number of dry months by 2070 for the RCP 2.6 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure.  
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Figure 3.21: Projected change in number of dry months by 2070 for the RCP 8.5 scenario in 
the broader LAC region as well as in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Finally, we will now analyze the potential changes in atmospheric water demand, i.e. in PET. As 
visualized in figure 3.22, the regions selected for this study show an increase in PET for both future 
time periods, and under both RCP scenarios due to the temperature dependence of PET.  

Figure 3.22: Calculated change of annual potential evapotranspiration, compared to 1990-
2018, for the selected banana producing regions of Colombia, Costa Rica, the 
Dominican Republic, and Ecuador 

Region 2050 – RCP 2.6 2050 – RCP 8.5 2070 – RCP 2.6 2070 – RCP 8.5 

Antioquia 15.55 % 37.05 % 18.21 % 65.67 % 

Azua 11.71 % 26.44 % 12.01 % 45.26 % 

El Oro 12.68 % 26.26 % 13.99 % 44.40 % 

Heredia 10.19 % 20.26 % 10.51 % 33.22 % 

La Guajira 13.92 % 28.16 % 14.59 % 47.65 % 

Magdalena 18.93 % 48.68 % 23.29 % 90.59 % 

Valverde 14.85 % 32.02 % 14.65 % 55.02 % 
Source: Own figure. 
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Additionally, this becomes apparent by looking at figures 3.23 and 3.24. which show the modelled 
mean changes in PET by 2050 for the RCP 2.6 scenario and RCP 8.5 scenario, and figures 3.25 and 
3.26, which present the same information for the two RCP scenarios in 2070. The following can be 
highlighted: 

• Figure 3.23 shows the projected changes in PET by 2050 for the RCP 2.6 scenario. Almost for 
the whole LAC region the changes are lower than 20 percent21. Within the seven selected regions 
the changes range from 10 percent in Heredia to 19 percent in Magdalena.  

• Under the RCP 8.5 scenario, the projected PET changes in 2050 are slightly stronger as figure 
3.24 displays. The change in Heredia, Costa Rica, is between 0 and 40 percent locally. In the other 
regions, the projected change is mostly between 20 and 40 percent locally. In most of Magdalena, 
Colombia, the PET increase, however, is even up to 60 percent. Consequently, the average 
changes within the regions are roughly twice as high compared to the changes projected for the 
RCP 2.6 scenario in 2050 (see also figure 3.22), which again shows the strong dependence on 
temperature changes being more or less similar in ratio. More particularly, changes under this 
scenario range from 20 percent in Heredia to 50 percent in Magdalena. 

• By 2070, changes under the RCP 2.6 scenario are expected to have stayed rather constant in 
comparison with 2050 (see figure 3.25). Within the seven selected regions, the average projected 
PET changes only show very small differences bridging the two decades. The change in 
Magdalena is most notable ranging from 19 percent in 2050 to 23 percent in 2070.  

• Under the RCP 8.5 scenario for 2070, finally, the climate models project a strong further increase 
in annual PET. This is clearly visible in figure 3.26. The strongest changes are found for the 
western Amazon region with up to 160 percent and the Colombian lowlands south of the Sierra 
Nevada de Santa Marta, where PET is projected to increase by up to 140 percent. Within the 
seven regions the range is large. In Heredia, Costa Rica, the projected PET change is still only 
between 20 and 40 percent locally and 33 percent on average. In the regions of the Dominican 
Republic as well as of Ecuador the local changes range from 20 to 60 percent with average changes 
of 55 percent in Valverde, 45 percent in Azua and 44 percent in El Oro. And the Colombian 
banana producing regions show a local range of 20 percent increase in, for instance, central 
Antioquia and up to 140 percent increase in southeastern Magdalena. The averages of the 
projected annual PET increases are 48 percent in La Guajira, 66 percent in Antioquia and more 
than 90 percent in Magdalena. 

All this additional atmospheric water demand has to be compensated by higher precipitation – which 
is not projected to increase in most of our case study regions in the future as has been discussed 
earlier – or by irrigation to assure a water supply situation as it currently is. 

 
21 This should already be considered a strong change, but it is the “best case scenario” in comparison with changes under 

the RCP 8.5 to be discussed hereafter. 
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Figure 3.23: Projected change in annual potential evapotranspiration by 2050 for the RCP 2.6 
scenario in the broader LAC region as well as in the selected banana producing 
regions of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 

Source: Own figure. 

Figure 3.24: Projected change in annual potential evapotranspiration by 2050 for the RCP 8.5 
scenario in the broader LAC region as well as in the selected banana producing 
regions of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure.  
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Figure 3.25: Projected change in annual potential evapotranspiration by 2070 for the RCP 2.6 
scenario in the broader LAC region as well as in the selected banana producing 
regions of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Figure 3.26: Projected change in annual potential evapotranspiration by 2070 for the RCP 8.5 
scenario in the broader LAC region as well as in the selected banana producing 
regions of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 

Source: Own figure.  
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4 Ex-post assessment of climate change impacts on 
banana yields in selected regions of Latin America and 
the Caribbean 

In the following, climate change impacts on banana yields are analyzed ex-post (in chapter 4) and ex-
ante (in chapter 5). Before starting with the analysis, it is, however, important to note that banana 
yields are always a multifactorial outcome. Therefore, changing weather patterns (or climate change) 
constitute only one component and cannot totally explain yield developments and variability. Since 
the turn of the millennium, banana yields in LAC have increased by 35 percent, or the equivalent of 
1.7 percent per year, on average (see FAO, 2020b). In contrast, with less than 0.01 percent per year, 
or less than 1.0 percent per decade, the climate change-induced impacts on yields predicted by Varma 
and Bebber (2019a) for the four LAC countries appear to be relatively small (see figures 2.6, 2.11, 
2.16, and 2.21). In fact, the use of new technologies, improved inputs and mechanization, as well as 
several other factors have been very important drivers of land productivity across the globe leading 
to considerable yield improvements in agricultural production also in the LAC region (Avila and 
Evenson, 2010; Fuglie, 2012). The resulting development of banana yields in Colombia, Costa Rica, 
the Dominican Republic, and Ecuador from 1990 onwards is visualized in figure 4.1. 

Figure 4.1:  Banana yield development in Colombia, Costa Rica, the Dominican Republic, 
and Ecuador, 1990-2018 

 

Source: Own figure based on FAO (2020b). 

It becomes evident from figure 4.1, for instance, that Ecuador has experienced a strong increase of 
crop-specific land productivity in the past three decades. On average, banana yields in this country 
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have increased by 2.4 percent per annum. This cannot be explained by the observed rather small 
temperature and rainfall increases alone (see figures 2.17 and 2.18). A relatively small temperature 
and rainfall increase was also observed in Colombia (see figures 2.2 and 2.3). Here, however, yields 
declined by approximately 1.0 percent per year during the same period. Between 1990 and 2018, 
banana yields in Costa Rica and the Dominican Republic annually increased by 0.6 and 1.5 percent, 
respectively. Also, the considerable difference in terms of yield levels between Costa Rica and the 
other three countries cannot simply be explained by different climatic conditions. Consequently, it 
becomes evident that yield developments cannot be discussed in terms of climate (change) only, and 
that factors other than climate did apparently have a much larger influence on yields during this 
period. 

Before analyzing the specific climate change impacts on banana yields, it is therefore necessary to 
have a better understanding of the totality of factors that actually influence banana yields, as well as 
to gain an understanding of how the impacts of (changing) weather conditions (may) affect banana 
yields in comparison with other major yield determinants. Consequently, the following sub-chap-
ter 4.1 will more generally discuss such factors before the specific climate change impact is then an-
alyzed in sub-chapter 4.2. In the latter, we will also zoom into the seven selected banana production 
regions and also into specific banana production areas located within these regions going from the 
national to the regional and further to the local level because, as was already highlighted in chapter 3, 
climate change manifests itself in different ways at the various scales and will therefore continue to 
have different impacts on the selected regions and areas in the future. 

4.1 Overview on determinants of banana yield and its development 

The bulk of banana production in the overall LAC region is of the Cavendish type produced in large 
plantations for the export market. Taking this as a point of departure and based largely on Gonçalves 
and Kernaghan (2014), Dita et al. (2013), and Evans et al. (2020a), some basic elements of banana 
cultivation in the major banana producing regions of LAC will briefly be described in the following: 

• From a morphological perspective, bananas are tree-like perennial herbs: After the fruit-bearing 
stem is harvested and cut down, shoots arising from lateral buds on the rhizome – called suckers 
– take over and develop into the next fruit-bearing stems. Accordingly, banana production is not 
seasonal, and the natural cycle of each individual banana plant begins when the sucker that grows 
alongside the main or mother plant appears at the ground level. After the mother plant dies, the 
shoot grows to become the next mother plant emitting leaves until flowering, and then the 
inflorescence develops forming the banana bunch. When the bunch is harvested the mother plant 
is usually cut down and dies and the next sucker, which always appears next to the mother plant, 
will replace the dead tree, thereby maintaining the process on a continuous basis. The whole cycle 
from the appearance of the sucker at the ground level until the harvesting of the bunch takes 
approximately one year. Each banana tree produces a single bunch that is formed by many banana 
fruits (or “fingers”) and clustered in several “hands”. 

• According to their morphological characteristics, bananas are generally cultivated in tropical and 
subtropical regions with plenty of water, heat, air humidity and light. As the most important 



54  Climate change and its effects on banana production in COL, CRI, DOM, and ECU | 05/2021 

 

tropical fruits, bananas are grown between approximately 30ºN and 30ºS of the equator (FAO, 
2020c). Commonly, bananas for commercial purposes are cultivated in areas where rainfall is 
around (and above) 1,200 mm per year and temperature is around 25 to 27°C; soils must be 
nutrient-rich as well. Under such natural conditions, bananas grow during the whole year, 
although the growth of the plants is somewhat slower during colder seasons.  

• If temperatures become too low, bananas might start to show chilling injuries around day/night 
temperatures of 17/10°C, while heat damages start to occur at day/night temperatures of 
37/30°C (Turner and Lahav, 1983)22. In addition to requiring a specific temperature range, 
bananas prefer not to be exposed to stronger winds. In fact, wind is not tolerated well by banana 
plants, as their large leaves are quickly damaged reducing the capacity of the plant to make 
photosynthesis23.  

• In terms of humidity, bananas prefer values above 60 percent. In fact, the continuous availability 
of plenty of water is indispensable to assure high yields. In rainfed cropping systems, an average 
– well distributed – rainfall of more than 2,000 mm per year is desirable. However, the crop will 
also grow with lower amounts of water and may develop high yields if irrigated (FAO, 2020c). 
Although bananas need plenty of water, saturated or flooded areas are not well tolerated by this 
crop, and soils need to be well drained. 

• The soil conditions are indeed an important factor. Soil depth, drainage and water holding capacity 
as well as salinity and humus content will determine the land productivity to a remarkable extent 
(FAO, 2020c). 

• Apart from the natural conditions, it is the specialized management of the crop that will lead to 
successful banana growth and production. Different methods are used for establishing 
conventional banana plantations depending on the purpose of the farm. While smallholder 
farmers often accomplish land preparation by hand with the help of a sickle, commercial 
plantations often employ mechanized soil tillage to clear existing vegetation from the ground 
before planting. Herbicides are commonly used in small and large-scale production systems to 
eliminate and suppress undergrowth. Insecticides for the initial control of pests, especially 
nematodes, are also commonly used. Depending on the purpose of the farm, the planting material 
is either taken directly from established banana plantations (i.e. by getting freshly cut suckers from 
neighboring farmers) or produced from seedlings that are propagated in laboratories from tissue 
cultures. Before planted in the field, the seedlings first need to be transferred to a nursery until 
they reach a size suitable for transplanting.  

• Potential yields also depend on planting distances. Plants in commercial plantations are often 
spaced at grids of 2.0 x 2.0 meters to 2.0 x 3.0 meters, thus, generating a density ranging from 
1,800 to 2,100 plants per hectare24. 

 
22 According to FAO (2020c), a minimum temperature for adequate growth of 16°C is required. Below this level, growth 

is checked and shooting delayed. However, only temperatures below 8ºC for longer periods are considered to cause 
severe damage. The maximum temperature for adequate growth in accordance with FAO (2020c) is about 38ºC. 

23 A wind speed of already more than 16 km per hour is considered to cause initial crop losses (FAO, 2020c). 
24 Some management options include a 5.0 x 5.0 meters grid allowing to plant 400 plants per hectare. 
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• In highly land-productive and large-scale commercial plantations, fertilizer is applied regularly 
during the whole life cycle of the plant, with applications often taking place every two weeks all 
year round. Especially the demands for nitrogen (N) and potash (K) are very high during the 
phase of planting as well as while developing the ratoon crop and require short intervals of 
fertilizer application to later account for high yields (FAO, 2020c). Fertilizer use, thus, often 
exceeds 400 kg of N and 700 kg of K per year. Organic fertilizer is also often applied. In addition 
to controlling nematodes (with up to four applications per year), chemical plant protection is also 
used to combat black leaf streak or Black Sigatoka (with applications ranging from 15 to 60 per 
year depending on total rainfall and the number of dry months). At the same time, insects and 
diseases of the bunch are increasingly controlled through biological means or indirectly with 
protective bags and cultural practices such as deflowering. 

• After establishing, banana plantations can remain productive for several decades: In some regions 
it is even possible to find banana plantations more than 50 years old. However, on commercial 
banana plantations the plants are commonly renewed after a period of between seven and ten 
years with the main purpose of controlling the appearance of pests and diseases. In this respect, 
the very aggressive fusarium wilt disease, more specifically the Tropical Race (TR) 4 strain (García-
Bastidas et al., 2014; Lambert, 2019), is considered by many as the biggest threat to global banana 
production with the potential to even eliminate all banana plantations worldwide (Ploetz, 2006; 
Evans et al., 2020a)25.  

If planted, nutrified, and protected that way or by other means, bananas are harvested at full-mature 
(green) stage26 and may produce more than 60 tons of fruits per hectare under very good production 
conditions. It becomes obvious, then: Many factors contribute to ensuring high banana yields. And 
– as was tried to illustrate in this sub-chapter – weather patterns and climatic conditions are but one 
of these, while proper crop management and technologies play an essential role. 

4.2 Analysis of the climate change impact on regional banana yields 

As has been shown in chapter 3, climate change is already manifesting itself in the LAC region, but 
so far, its impacts in terms of absolute changes in the most important climate variables are still rela-
tively moderate. Therefore, the comparably rather broad climate niche suitable for banana growth 
and production paired with the important effects of factors other than climate on banana yields (such 
as the managerial and technological factors highlighted in sub-chapter 4.1), allow us to formulate the 

 
25 In addition, the economic impact of the Black Sigatoka disease is significant for producers due to the cost of protection 

measures, such as regular fungicide applications, that have been found to raise production costs by 25 percent or more 
(see below, as well as FAO, 2013). 

26 Bunches are usually hung in a shaded and cool place for up to two weeks after the harvest to improve flavor develop-
ment. Afterwards, bananas undergo different stages of ripening, the fruits going from dark green to yellow with brown 
freckles. During ripening, different physiological, biochemical, and organoleptic changes lead to a soft and edible ripe 
fruit. Depending on variety and final use, bananas are shipped to markets at their optimal ripening stage or at full-
mature green stage. Postharvest losses are common if the harvested fruit is not stored and transported at optimal 
temperature conditions. 
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following working hypothesis to be “tested” hereafter: Climate change certainly – but only partly – 
influences current banana yields, in addition to other drivers. 

Thus, measuring the impacts of climate change on banana yields is obviously a considerable challenge. 
In fact, very few scientific studies that have attempted to conduct such an analysis have been pub-
lished so far. Two of these studies are the research conducted by Calberto et al. (2015) and the study 
by Elbehri et al. (2016) focusing on Ecuador. Both studies use a methodological concept that dis-
cusses banana yields as a variable determined by agroecological zones which are characterized by 
meeting certain ranges of temperature (13-18°C, 18-24°C, 24-35°C, and more than 35°C), precipita-
tion (less than 900 mm, 900-1,500 mm, 1,500-2,500 mm, and more than 2,500 mm) and duration of 
dry months (less than 3 months and more than 3 months). Hence, banana yields are discretely dis-
tributed and cannot be set in relation to continuously changing variables such as temperature and 
precipitation in terms of a non-interrupted mathematical function. Moreover, yield effects cannot be 
calculated directly in terms of percent or tons per hectare but more indirectly in terms of the so-called 
leaf emission rate27.  

Varma and Bebber (2019a) also calculate banana yields as a function of climate variables such as 
temperature and precipitation. In opposite to Calberto et al. (2015) and Elbehri et al. (2016), however, 
their approach allows for the calculation of a functional relationship between the banana yield on the 
one hand and two distinct climate variables – namely annual temperature and annual precipitation – 
on the other hand. More precisely, in this approach banana yields are affected by two yield coefficients 
which “measure” the distance of an observed annual temperature and precipitation from the optimal 
values of these two climate variables for banana production. 

Accordingly, the yield coefficient for temperature Rt is derived by the following equation (1): 

(1) Rt =((Tmax-Tobs)/(Tmax-Topt))*((Tobs-Tmin)/(Topt-Tmin))^((Topt-Tmin)/(Tmax-Topt)) 

With Rt = Yield coefficient for temperature, 
Tmax = Maximum temperature for banana growth and production, 
Tobs = Observed annual average temperature, 
Topt = Optimal temperature for banana growth and production, and 
Tmin = Minimum temperature for banana growth and production. 

And similarly, the yield coefficient for precipitation Rp is defined in equation (2): 

(2) Rp =((Pmax-Pobs)/(Pmax-Popt))*((Pobs-Pmin)/(Popt-Pmin))^((Popt-Pmin)/(Pmax-Popt)) 

With Rp = Yield coefficient for precipitation,  
Tmax = Maximum precipitation for banana growth and production, 
Tobs = Observed annual precipitation, 
Topt = Optimal precipitation for banana growth and production, and 
Tmin = Minimum precipitation for banana growth and production. 

 
27 Simply speaking: The higher the leaf emission rate, the more photosynthesis will take place in a banana plant, and 

subsequently a higher accumulation of carbohydrates in banana fruits will be possible. 
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In addition, the conditions in formulas (3) and (4) shall apply: 

(3) Tmin≤Topt≤Tmax 

(4) Pmin≤Popt≤Pmax 

Following Varma and Bebber (2019a), the (mathematical) product of the two yield coefficients for 
temperature Rt and precipitation Rp is equal to the quotient of an observable yield in a particular year 
(numerator) and an achievable yield given perfect climate conditions for banana production for that 
particular year (denominator) holding all other production conditions constant. Therefore, equation 
(5) applies: 

(5) Yobs/Yach=Rt *Rp   

With Yobs = Observable yield at a particular point in time and 
Yach = Achievable yield given optimal temperature and precipitation. 

Consequently, Rt and Rp – as well as the product of both individual coefficients – are without a unit 
and must be larger than 0.0 and smaller than 1.0 to display realistic yield manifestations28. From 
equation (5) it stringently follows that in a non-static but dynamic environment the product “Rt * Rp“ 
must be interpreted as the percentage value of an observed or potentially observable yield for a spe-
cific year vs. the climate-optimal yield for that same specific year (holding all other yield determinants 
constant).  

In the following, this product describing the relative partial impact of annual temperature and yearly 
precipitation on yield is named the “climate-yield coefficient”. For example, a climate-yield coefficient 
of 0.8 means that given the observed or observable temperature and precipitation at a specific time 
(year) and location, 80 percent of the achievable yield – under the production settings given at that 
time – have been or can potentially be reached. Thus, changes in the trend and variation of the 
product “Rt * Rp“ over time will be a signal for climate change impacts on banana yields. This is 
because an impact of other variables subject to change, such as managerial and technological factors, 
as well as other natural conditions can be excluded and do not cause a bias29. In other words: The 
climate-yield coefficient precisely measures the partial impact of annually changing average tempera-
ture and precipitation30 on yield in relative terms31. 

 
28 If Tobs (Pobs) was equal to Tmin (Pmin) or Tmax (Pmax), a Rt (Rp) value of 0.0 would result. If Tobs (Pobs) was equal to Topt 

(Popt), a Rt (Rp) value of 1.0 would be the outcome. If Tobs (Pobs) was lower than Tmin (Pmin) or larger than Tmax (Pmax), 
negative yields – not observable in reality – would be calculated. 

29 The coefficient will be calculated for each year. The other – over time but not within a year also changeable – factors 
are included twice. They are congruently an integral part of Yach as well as of Yobs. Mathematically speaking, both factors 
would be cut out (see once more equation (5)) and, hence, do not alter the development of the calculable climate yield 
coefficient over time. 

30 Note: Climate is, of course, much more than only annual average temperature and precipitation. Our analysis of yield 
impacts due to climate change will appropriately discuss this complexity below. 

31 Therefore, precise yield information is not necessary since the coefficient value directly measures the ratio of an ob-
served or observable yield vs. the achievable yield (see, again equation (5)). Such precise yield data would only be needed 
if the analysis aimed at providing an absolute yield impact (see below). 
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In the following we will make use of this sophisticated methodological concept known as a dynamic 
process-based model32 to determine the yield impacts of observed climate change (initially being de-
fined as a change in annual temperature and yearly precipitation) in the selected seven regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador, as well as in specific banana produc-
tion areas within these regions.  

As specified above, the observed annual average temperature and observed annual precipitation are 
needed to calculate a percentage climate-yield coefficient. In addition, the minimum, optimum and 
maximum temperature and precipitation values describing the suitable climatic ranges for banana 
production are needed33. Observations for temperature and precipitation were already discussed in 
chapter 3 as well as in the annexes F and G and can, thus, easily be integrated into our dynamic 
process-based climate-yield model. However, data on the two suitability ranges still have to be deter-
mined. In this respect, our literature review provided the values suggested by different authors that 
are shown in Figure 4.2.  

It becomes apparent that the suggested ranges suitable for banana production are not uniform across 
the different studies and regions, what implies uncertainty for further analyses. In the following, we 
will use the center values of the displayed intervals. Two aspects shall be highlighted in this respect:  

• The values to be used in our calculations are based both on profound statistical analyses34 as well 
as on condensed expert wisdom. Due to the overall weak information base, especially with regards 
to precipitation, we have opted to combine both approaches. This will also allow for a more 
profound stress testing of our analytical results later. 

• The specific minimum and maximum values proposed by Varma and Bebber (2019a) for the LAC 
region, which at first glance might be considered preferable to use, are, however, too narrow for 
our sub-regional assessment. This means that the observed temperature and precipitation levels 
in the seven regions are sometimes beyond the LAC-specific frontiers defined by Varma and 
Bebber (2019a) and, therefore, would not allow us to use the mathematical algebra discussed 
above. 

 
32 Varma and Bebber (2019a) were not the first authors who have used the concept. In fact, earlier versions of such a 

process-based climate-yield model were already suggested, established and/or used by, for instance, Archontoulis and 
Miguez (2015), Thomas et al. (1998), Turner and Lahav (1983), and Yin et al. (1995). 

33 To calculate an absolute yield impact, yield observations are necessary too. Here, we will concentrate on the relative 
impact of climate and climate change on yields. Findings with respect to absolute yield implications will be discussed 
further below. 

34 For more information see Varma and Bebber (2019b). 
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Figure 4.2: Recommended ranges of temperature and precipitation suitable for growing 
and producing bananas 

Author Region Variable Minima Optima Maxima 

Calberto et al. (2015) Global Temperature 13°C 27°C 38°C 

FAO (2020c) Global Temperature 16°C 27°C 38°C 

Ikisan (2020) Global Temperature 10°C 23°C 40°C 

Turner and Lahav (1983) Global Temperature 10°C 25°C 37°C 

Varma and Bebber (2019a) Global Temperature 10°C 27°C 35°C 

Varma and Bebber (2019a) LAC Temperature 20°C 27°C 30°C 

Varma and Bebber (2019a) Global Precipitation 0 mm 1,673 mm 7,997 mm 

Varma and Bebber (2019a) LAC Precipitation 85 mm 2,646 mm 5,307 mm 
Source: Own figure based on Calberto et al. (2015), FAO (2020c), Ikisan (2020), Turner and Lahav (1983), and Varma and 

Bebber (2019a). 

Accordingly, the minimum, optimum and maximum values used in our calculations hereafter are as 
follows:  

• 15°C, 25°C and 35°C, respectively, for annual average temperature, and  

• 43 mm, 2,160 mm and 6,652 mm, respectively, for annual average precipitation. 

Using the above values results in the outcomes detailed in the following, which consist of two differ-
ent data sets for annual average temperature and precipitation. In fact, average data hide complexity, 
and this is also the case for climate data. Consequently, the larger the region under consideration, the 
more complexity is hidden by the average values used, and the more details or complexity will get 
lost in the process. While Varma and Bebber (2019a) looked at Colombia, Costa Rica, the Dominican 
Republic, and Ecuador at the country level, our aim is therefore to go one step further and look at 
specific regions and areas within these countries. A stepwise concept is applied hereafter: 

• First, we will look at regional data, i.e. we consider Antioquia, Azua, El Oro, Heredia, La Guajira, 
Magdalena, and Valverde as target regions of our analysis. By doing so, we zoom from the national 
level to the regional level. 

• Second, we duplicate the approach by looking into specific banana production areas within 
Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde. Hence, we also zoom 
from the regional level to the local level. 

The analysis starts with the regional level and the interesting question now is: Is there already a trend 
observable which affects banana production of the selected regions and is driven by past long-term 
shifts of annual average temperature and yearly precipitation (i.e. climate change) besides the annual 
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weather variability? And has this trend contributed to a worse (or better) situation for banana pro-
duction subsequently leading to lower (or higher) yields over the years at the regional level?  

To answer this question, the values of the climate-yield coefficient resulting from observed annual 
average temperatures and yearly precipitation in the single regions between 1990 and 2019 must be 
analyzed. Accordingly, figure 4.3 shows the relative yield loss per year caused by annually observed 
temperature and precipitation vs. optimal temperature and precipitation35. 

Figure 4.3: Yield losses based on climate-yield coefficients for selected banana producing 
regions of Colombia, Costa Rica, the Dominican Republic, and Ecuador, 
1990-2019 

 

Source: Own figure and calculations.  

 
35 Following equation (5), this implies a slight enlargement of the underlying algebra. For proper recalculation, the math-

ematical term “–1 *(1 – Yobs / Yopt) = -1 * (1 – Rt * Rp)” applies and leads to the results displayed in figure 4.3. 
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Not much can be seen at first glance, apart from the fact that the annual regional climate defined in 
terms of average temperature and precipitation is very variable36 and never optimal37 leading to partly 
considerable yield losses per year and region vs. the annually achievable yield. Throughout the years, 
the annual average climatic conditions seem to have been rather favorable in Magdalena, but also in 
Antioquia and Heredia, whereas they were for instance rather unfavorable in El Oro and Azua. In 
any case, a uniform trend is not apparent:  

• There are regions (Antioquia in Colombia, Heredia in Costa Rica, and El Oro in Ecuador), where 
a (small) decrease of annual yield losses (increase of the climate-yield coefficient) can be identified 
over the past three decades.  

• In opposite to that, there are regions (Azua and Valverde in the Dominican Republic as well as 
La Guajira and Magdalena in Colombia), where a (small) increase of yield losses (decrease of the 
climate-yield coefficient) over time becomes evident.  

The specific findings for the seven regions as a whole pass a stress test: In their study, Varma and 
Bebber (2019a) argue that in the past five and a half decades prior to 2016, the climate-related impact 
on banana yields in the entire region was still very small, but not uniform. Marmai et al. (2016) also 
state that the underlying recent temperature and precipitation trends have been found to impact crop 
yields only to a small extent. Nevertheless, our results should be interpreted with caution and con-
sidered to be merely an indicative climate change signal. Why? Three additional aspects shall be es-
pecially kept in mind in this respect: 

• The analyzed period in our study is rather short as 30 years are not a suitable time horizon when 
it comes to – for instance statistically – analyzing climate change impacts. To take an example, the 
model runs displayed in chapter 3 (see, again, figures 3.5 and 3.6) cover almost 100 years38.  

• The first two years in our analysis period (i.e. 1990 and 1991) show rather low values in the case 
of El Oro. This “bias” acts to push the start value for the trend extremely downwards and, hence, 
has a tendency to contribute to a rather “positive” trend for that region. 

• The approach behind our own calculations uses a temperature optimum of 25°C for banana pro-
duction, which is still higher than the average observed temperature in some of the regions (see 
annex F and G, as well as sub-chapter 4.2 below). Thus, basically the obvious trend of past tem-
perature increases tends to move climates in these regions towards the optimum conditions for 
banana production (positively influencing banana yields). Other regions face temperatures higher 
than 25°C already today. That means, further temperature increases tend to worsen the yield 

 
36 This is actually not unusual and similar to e.g. looking at annual temperature curves, where the annual variability is 

mostly much higher than any observable trend. 
37 In fact, the figure shows that although some years might have been very close to the optimum, none of the selected 

regions has ever had an optimal climate for banana production (which would require a climate-yield coefficient of 1.0 
or 100 percent). Instead, the climate is always sub-optimal (i.e. the climate-yield coefficient is below 100 percent), and 
remarkable differences exist between regions.  

38 Marmai et al. (2016) and Varma and Bebber (2019a) looked at more than 40, and almost 50 years, respectively. 
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situation. In any case: the outcome of the analysis is in part also the result of the chosen ecological 
niche39 and might look somewhat different if another niche was defined (see, again, figure 4.2).  

The trends of the regional climate-yield coefficients for the past 30 years (which as stated above must 
be interpreted with caution due to the limited time horizon), however, are only one characteristic of 
yield responses to climate (change) – defined in terms of annual temperature and yearly precipitation. 
Another important aspect to look at is the annual variation of the climate-yield coefficients from 
what can be considered the trend of the climate-yield coefficient. In this respect, the picture is more 
uniform, as shown by figure 4.4, where the standard deviation of the calculated regional climate-yield 
coefficients for two consecutive 15-year periods are displayed. 

Figure 4.4: Standard deviation of the climate-yield coefficients for the selected banana 
producing regions of Colombia, Costa Rica, the Dominican Republic, and Ec-
uador 

 
Source: Own figure and calculations. 

All but one region (namely El Oro in Ecuador 40) experienced an increase in annual fluctuation 
around the expected mean climate-yield coefficient. This can be considered as an initial indication of 
higher uncertainty due to already occurring climate change. In terms of the optimal climate for banana 
production, the number and/or intensity of "good" or close to optimal, but also of "bad" years is 
increasing. The annual yield is, thus, more often or more strongly influenced by changing annual 
temperature and yearly precipitation as well, and a first conclusion at this stage of the analysis is 
therefore that it is not so much the underlying trend of climatic changes (in terms of annual 

 
39 The results would have been (slightly) different if, for instance, the optimum temperature of 23°C suggested by Ikisan 

(2020) or of 27°C recommended by Calberto et al. (2015) (see also figure 4.2) had been used instead. 
40 The region is characterized by strong outliers especially at the beginning of the time series (see figure 4.3). 
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temperature and yearly precipitation) that should be an immediate cause for concern regarding ba-
nana production, but rather the uncertainty associated with climate change. 

Having discussed the yield impacts at regional scale, we will now zoom into specific banana produc-
tion areas that are located within the regions. By doing so, we intend to accentuate and substantiate 
our analysis and account for more complexity by including further details, while at the same time we 
aim at demonstrating the analytical capacities of the models applied. More specifically, we will discuss 
the information displayed in figures 4.3 and 4.4, but now for rather small and delimited banana pro-
duction areas located within Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde. 
As our analysis is conducted on the finest spatial resolution of the climate datasets, namely a 0.05° 
grid41, we have selected a square of approximately 5 km times 5 km located within the banana pro-
duction area of each of the seven selected regions to represent the conditions in a smaller sub-region. 
To identify such areas, appropriate information and detailed maps have been used42. In essence, this 
means we will now look at rather small and exemplary banana production areas, such as Urabá (An-
tioquia, Colombia) or near/east of Machala (El Oro, Ecuador)43. 

The calculation of the climate-yield coefficient, resulting from observed temperatures and precipita-
tion in the specific banana production areas within the selected regions between 1990 and 2019 (see 
annex G), results in figure 4.5. In comparison with figure 4.3, yield losses are lower and stay within a 
range of up to 40 percent, compared to a range of up to 50 percent when analyzing the larger regions. 
This is in line with the assumption that within larger regions banana production is concentrated in 
areas where temperature and precipitation are closer to the optimum44 leading to higher coefficients. 
However, our other conclusion regarding the broader regions is also valid for the downscaled results: 
All but one local areas (i.e. the area in El Oro) experienced an increase in fluctuation around the 
expected mean climate-yield coefficient (see figure 4.6). 

 
41 All data was re-gridded to this resolution using first order conservative remapping (see also annex E). 
42 These have been provided by Blanco-Liberos (2009) for Antioquia, Damiani (2002) and FAO (2017b) for Azua, Voor-

end et al. (2017) for Heredia, Fresh Plaza (2019) for La Guajira, Hudson (2010) for Magdalena, and Varma et al. (2020) 
for Valverde. 

43 In principle, the following analysis can be carried out for any 0.05° grid of all banana production areas located in the 
seven regions. Such a detailed analysis is far beyond the scope of this study. However, the exemplary cases provided 
hereafter are considered to display some interregional complexity. 

44 The difference between the regional and downscaled analysis is most prominent in the case of (the area in) El Oro, and 
this change is mainly driven by altering temperature observations. In accordance to the applied climate observations 
and models, the specific banana production area near/east of Machala has an annual average temperature of 23.7 °C 
(instead of 21.0 °C for El Oro as a whole region), and this is obviously much closer to the defined optimum for banana 
production of 25 °C. In this respect, note that our value of 23.7 °C is in between observations provided by, e.g., The 
World Bank (2018) with 22.5 °C and Metzler (2020) with 25.5 °C. 
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Figure 4.5: Yield losses based on climate-yield coefficients for specific banana production 
areas in the selected regions of Colombia, Costa Rica, the Dominican Repub-
lic, and Ecuador, 1990-2019 

 

Source: Own figure and calculations. 

Figure 4.6: Standard deviation of the climate-yield coefficients for specific banana pro-
duction areas in the selected regions of Colombia, Costa Rica, the Dominican 
Republic, and Ecuador 

 

Source: Own figure and calculations.  

-50%

-40%

-30%

-20%

-10%

0%

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

Y
ie

ld
 lo

ss

Year

Area in Antioquia Area in Azua Area in El Oro Area in Heredia

Area in La Guajira Area in Magdalena Area in Valverde

0%

2%

4%

6%

8%

10%

12%

Area in
Antioquia

Area in Azua Area in El
Oro

Area in
Heredia

Area in La
Guajira

Area in
Magdalena

Area in
Valverde

St
an

da
rd

 d
ev

iat
io

n

1990-2004 2005-2019



05/2021 | Climate change and its effects on banana production in COL, CRI, DOM, and ECU  65 

 

It has already been stated above, that it is not so much the underlying trend of climatic changes (in 
terms of annual temperature and yearly precipitation) that should be a cause for concern regarding 
banana production, but rather the uncertainty associated with climate change. This is supported by 
figure 4.6 and will potentially lead banana growers to experience more frequent very good harvests, 
but also more frequent very low harvests, or even total losses. In other words: 

• While the impacts of the “slower” changes in long-term temperature and precipitation trends on 
banana yields will probably become more significant at some point in the future,  

• the observed increases in climate variability, also induced by climate change and so far not 
appropriately covered in this study, clearly have the potential to impact banana yields very strongly 
– today and most probably also in future. 

In fact, the analysis of climate change impacts on banana production and yields should not only focus 
on changes in the mean values of weather variables such as annual temperature and yearly precipita-
tion, but also on the probability, frequency, and severity of extreme events (see, for instance, Mo-
riondo et al., 2011; Lesk et al., 2016; Marmai et al., 2016). The outcome of extreme events also affects 
the quantity (yields) and, in addition, the quality of agricultural raw materials such as banana bunches. 
This can partly be seen in annex J, which displays regional yield observations and relates them to the 
corresponding climate-yield coefficients. In essence, annex J shows that climate in terms of annual 
average temperature and yearly precipitation obviously has an impact on observable annual yields, 
but also that these yields must be determined by many more factors.  

As we focus on climate change, the necessity to look at additional yield determining factors other 
than average annual temperature and yearly precipitation can and must certainly be substantiated for 
the occurrence of extreme weather events which have not been taken into consideration so far. In 
the case of bananas, this specifically refers – among others – to dry spells, winds, and floods. In fact, 
Calberto et al. (2018) project that climate change also increases the frequency of weather events with 
partially extreme deviations from average occurrences. So far, climate models – and hence, also cli-
mate-yield models – still have difficulties to project such extreme weather events (see, again, Caberto 
et al., 2018) and related impacts. This affects our analysis as well.  

Nevertheless (and although the roughly 30 years of observations used in this study constitute a very 
small sample to conduct a meaningful analysis of extreme values), a few examples may illustrate the 
“hidden danger” posed by (very) short-term weather events and the “impact to be discovered” on 
banana yields in the selected regions. This is even more important, as this threat does not become 
evident by only looking at annual average temperature or precipitation data and at the subsequently 
resulting climate-yield coefficients, visualized for instance in figure 4.3. This will be shown by the 
following examples: 

• The year 2017, for instance, marks a year when the climate-yield coefficient was rather high in the 
region of Valverde (see figure 4.3). Accordingly, one might argue that banana yields must also 
have been high that year. This is not true, however: In the same year, Maria, a tropical hurricane 
of the highest category 5, heavily affected the north and east of the Dominican Republic bringing 
strong and damaging winds and leading to huge amounts of rainfall in just a few hours. Around 
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5,000 hectares of banana plantations were flooded. Many banana plants were bent and broken, 
and soils were waterlogged causing banana plants to suffer irreparable damage (Reay, 2019). 
Valverde was among the most heavily affected banana-growing areas (Produce Business UK, 
2017). Some growers saw 80 percent of their plantations destroyed. In addition, the wet conditions 
and damaged plants provided a solid breeding ground for fungal diseases affecting harvests in 
terms of quality and quantity that year, i.e. in 2018 (Reay, 2019)45. 

• According to the calculated climate-yield coefficients (see again figure 4.3), yield drops of only a 
very few percent might have occurred in Magdalena and La Guajira, the two northern Colombian 
regions, in 2014 compared to the year before. However, in early 2014, a severe drought took place 
leading to an actual banana yield decrease of up to 30 percent in the two regions (see Fresh Plaza, 
2014). 

• A serious drought also affected the Azua region around the turn of the millennium. This is partly 
mirrored in figure 4.3 as climate-yield coefficients at that time were below the climate-yield 
coefficients in the early and mid-nineties. However, the full extent of the drought-related 
problems is not visible in Figure 4.3: Not only were banana yields affected (i.e. the production 
volume), but the drought also had severe impacts on the production quality and, hence, on the 
marketable banana yield (Damiani, 2002). 

• The situation in Magdalena in 2010 was totally different. During this year, Colombia experienced 
one of the most intense episodes of La Niña in recent history, and a lot of agricultural land was 
flooded or affected by excess soil humidity. Total losses were often recorded for crops in flooded 
areas, whereas crops in areas with excess soil humidity had lower yields because of an increase in 
phytosanitary problems (Romero and Molina, 2015). Again, this extreme weather event is not 
detectable via figure 4.3. 

• Looking at the average annual temperature and precipitation data, the year 2010 marks a rather 
normal year for banana production in El Oro (as figure 4.3 depicts). However, the banana harvests 
in this region may have dropped by 40 to 60 percent due to temporarily low temperatures and 
lack of sun (Lara, 2010). A similar drop in harvests was observable in 2001, when a severe dry 
spell hit El Oro (Oñate-Valdivieso et al., 2020); however, figure 4.3 soothes this drop out. 

• In accordance to figure 4.3, the year 2014 marks a rather favorable year for Antioquia when it 
comes to assess banana yields in terms of observable annual temperature and precipitation. 
However, a strong windstorm in that particular year caused yield losses to many farmers. 25 
percent of banana growers and more than 15 percent of the planting area were negatively affected 
(Baquero-Melo, 2014). 

• Heredia experienced a remarkable banana yield drop (of approximately 20 percent) in 2013 
although the climate-yield coefficient for that year was rather favorable (see, again, figure 4.3). In 

 
45 Following Reay (2019), warmer seas have the potential to increase the energy of storms and result in more powerful 

hurricanes, but changing wind shear (the difference in speed and direction of winds in the upper and lower levels of 
the atmosphere) may actually reduce their number. It is likely that the kind of extreme rainfall and flooding risks posed 
by these storms have already become more pronounced and will be even greater in the coming decades. 
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2013, banana production was affected by mealybugs and scale insects (Cassidy, 2013). A slightly 
higher temperature and short-term changes in rain patterns favored weather conditions under 
which these insects could better reproduce. More particularly, the weather conditions shortened 
the bugs' reproduction cycle by about one-third in that year. Subsequently, the high number of 
insects considerably weakened the banana plants and lowered regional land productivity. 

The cause of these partly devastating weather events is most probably climate change (Calberto et al., 
2018) as rising temperatures are considered to increase the frequency and/or severity of several types 
of weather events already today, particularly leading to more droughts, more intense but less frequent 
rains, cold snaps, heat waves, and more violent storms46. As detailed above, all of these events have 
the potential to temporarily but seriously impact local and regional banana productivity. 

Including these specific findings on climate variables such as short-term droughts (dry spells), floods, 
winds (storms), and temperature anomalies, which substantiate and accentuate the discussion of the 
climate-yield coefficient, the entire analysis of climate change impacts on regional banana yields for 
the past decades can be summarized as follows47: Extreme weather events have had devastating im-
pacts on local and regional banana production in the selected regions of Colombia, Costa Rica, the 
Dominican Republic, and Ecuador in the past 30 years. Temporarily, temperatures that were too hot 
and/or too cold, or conditions that were too wet and/or too dry, often led to yield depressions at 
short notice that went (far) beyond the annual yield impacts resulting from the variability of average 
annual temperatures and yearly precipitation levels:  

• Yield drops/surpluses of plus/minus 20 percent compared to the achievable yield (as suggested 
by the climate-yield coefficients displayed in figures 4.3 and 4.5) can be related to “normal” annual 
weather (i.e. average temperature and precipitation) fluctuations.  

• In opposite to that, yield depressions of 80 percent and even more (up to a total loss) have been 
reported as the outcome of local/regional extreme events.  

 
46 Having interviewed experts, Calberto et al (2018) summarize that in LAC the weather events that already occur more 

often are excess rain, drought, short-term critical temperature, wind, delayed start of the rainy season, and extended dry 
periods during the rainy season. 

47 More of such regional and even local events supporting this conclusion are reported in, for instance, Blake et al. (2018), 
as well as Toulkeridis et al. (2020). 
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5 Ex-ante estimation of climate change impacts on 
banana yields in selected regions of Latin America and 
the Caribbean 

So far, it can be stated that in terms of past annual temperature and yearly precipitation developments, 
climate change has been relatively “kind” to banana producers in the selected LAC regions. This 
preliminary conclusion is also supported by Vaughan (2019), who additionally argues, however, that 
in the decades to come, the “friend” may turn to “foe” as temperatures are likely to become so hot 
that the annual production gains will begin to drop, meaning that banana yields will begin to decline 
in “some places” regardless of weather extremes. Where these places may be located has been ana-
lyzed by Varma and Bebber (2019a). For the specific countries discussed in our study, the authors 
conclude the following: 

• Varma and Bebber (2019a) argue that in the future (by 2050) Ecuador might face an advantage 
compared to other banana production regions, meaning that even if no technology changes occur, 
the country may still experience yield increases – as these will be driven by climate change.  

• In opposite to that, Varma and Bebber (2019a) consider banana production in Colombia to be at 
risk, because the country might face decreasing banana yields due to climate change, while the 
rates of technological change experienced in Colombia in the past have been rather poor, and it 
is not evident that they will be able to compensate for climate-related losses in the future.  

• In between these two extremes, the authors situate Costa Rica and the Dominican Republic. 
According to Varma and Bebber (2019a), both countries are considered adaptable, meaning that 
yield declines due to climate change are projected, but could potentially be mitigated through 
climate-related technological improvements. 

In this study, we aim at providing additional predictions of future climate change impacts on banana 
production not for the national level (as done by Varma and Bebber (2019a)) but for the regional and 
even local level. In terms of banana yields, this means that potential changes in land productivity must 
be calculated, that can be traced back to predicted regional and local climatic developments. Hence, 
the question is whether the conclusions of Varma and Bebber (2019a) can be supported or must be 
accentuated and/or substantiated. To answer this question, the following ex-ante analysis basically 
uses the same methodological concept which has been applied for the ex-post assessment in chap-
ter 4, namely the concept of the climate-yield coefficient. The only difference is that instead of ob-
served temperature and precipitation levels, projected temperature and precipitation levels are used 
for the ex-ante analysis48. As for the ex-post analyses, the subsequent (ex-ante) scenario analyses will 
be run for two data sets:  

 
48 In this respect, it needs to be kept in mind that climate projections will always contain a (sometimes considerable) 

degree of uncertainty. This means that, although the different climate models generally show a high agreement in terms 
of projected temperature values, uncertainties do remain. This is even more the case for projections of future precipi-
tation quantities as well as for their seasonal distribution. 
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• First, we consider Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde as 
target regions of our analysis. By doing so, we zoom from the national level to the regional level.  

• Second, we duplicate the approach by looking into specific banana production areas located within 
Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde. Hence, we also zoom 
from the regional level to the local level.  

In both cases, the scenario analyses will concentrate on a comparison of the outcome in the reference 
scenario as displayed in chapter 449 with the outcomes of the two projected future scenarios, i.e. the 
RCP 2.6 and the RCP 8.5 at two different points in time, i.e. 2050 and 2070. 

Again, the analysis starts with the regional level, and the additional inputs to be entered into the model 
are summarized in figure 5.150. Looking at the values displayed and relating them to the optimum and 
range for proper banana production already allows us to identify some tendencies. Let us compare 
the temperature situation in the reference and RCP 8.5 scenarios for 2070 to get an initial impression: 

• In some of the regions, the regional average temperature value for the reference period is lower 
than 25°C, i.e. below the optimum for banana production as defined above. This applies to 
Antioquia, Azua, and Heredia, where in some of the future scenarios the 25°C-level will be 
reached. It also applies to El Oro as a whole, where according to the two scenarios a rather huge 
increase of the annual average temperatures will most likely happen, although the 25°C-level will 
not be reached yet by 2070. The temperature rises predicted in these regions therefore mean that 
the climatic conditions will move closer to the defined optimum for banana production, and this 
will act to increase yields. 

• In opposite to that, there are regions, where based on the regional average the optimum of 25°C 
has already been reached in the reference scenario, namely La Guajira, Magdalena, and Valverde. 
Increasing temperatures in these regions, hence, will move the climatic conditions away from the 
optimum, and this – ceteris paribus – will tend to lower banana yields. 

 
49 The reference scenario is defined by the observed temperature and precipitation values from 1990 to 2018 (see again 

sub-chapter 3.1 as well as annexes F and G). 
50 The input data are solely based on sub-chapter 3.2 and in particular on figures 3.7 and 3.12. This means that the average 

annual temperature and the average yearly precipitation for the seven regions as a whole are used as yield determining 
climate variables hereafter. This analytical perspective is certainly more detailed and focused than, for instance, the 
perspective applied by Varma and Bebber (2019a). However, it is still an average and also rather partial perspective 
which hides some of the underlying complexity. This complexity can only be discovered by (a) zooming further into 
the local level (as will be done below), and (b) including the uncertainty of climate change and further climate change 
indicators such as the frequency and severity of extreme events to the analysis (see also the further discussion below). 
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Figure 5.1: Input data for the calculation of climate change impacts on yields in the se-
lected banana producing regions of Colombia, Costa Rica, the Dominican Re-
public, and Ecuador  

Climate variable 
Reference 
scenario 

2050 
RCP 2.6 

2070 
RCP 2.6 

2050 
RCP 8.5 

2070 – 
RCP 8.5 

Antioquia 

Temperature (in °C) 22.48 23.47 23.61 24.46 25.68 

Precipitation (in mm) 3,126 3,063 3,032 2,919 2,749 

Azua 

Temperature (in °C) 22.71 23.58 23.61 24.45 25.53 

Precipitation (in mm) 876 894 872 805 712 

El Oro 

Temperature (in °C) 20.96 21.90 22.00 22.71 23.77 

Precipitation (in mm) 944 937 938 936 971 

Heredia 

Temperature (in °C) 22.77 23.55 23.58 24.20 25.03 

Precipitation (in mm) 3,638 3,787 3,695 3,703 3,817 

La Guajira 

Temperature (in °C) 25.96 26.84 26.89 27.56 28.51 

Precipitation (in mm) 863 910 829 812 701 

Magdalena 

Temperature (in °C) 25.98 26.95 27.14 27.98 29.28 

Precipitation (in mm) 1,517 1,531 1,447 1,382 1,245 

Valverde 

Temperature (in °C) 25.45 26.42 26.42 27.29 28.40 

Precipitation (in mm) 968 923 919 854 749 
Source: Own figure.  
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The projections with respect to regional average precipitation changes are less straightforward. Con-
sidering a defined optimum of 2,160 mm rainfall (see above), the following can be noted (again ini-
tially comparing the reference scenario and the RCP 8.5 scenario for 2070): 

• Two regions, namely Antioquia and Heredia, receive on average more rain than necessary for 
banana production. While the decreasing precipitation in Antioquia will therefore move climatic 
conditions closer to the optimum and will, thus, act to increase banana yields, the further 
increasing precipitation levels in Heredia will move climatic conditions even more away from the 
optimum, acting to decrease yields.  

• The other regions are confronted with less rain than needed for optimal banana production in the 
reference scenario. Consequently, higher (or lower) precipitation in the future will tend to increase 
(or decrease) regional banana yields. 

Using the data for temperature and precipitation as displayed in figure 5.1 for the reference scenario 
(the average of the years 1990 to 2018), the following climate-yield coefficients can be calculated:  

• It is 0.88 for Antioquia. This means, the average climate has caused a banana yield which is 12 
percent below the optimal yield using given production conditions.  

• For Azua it is 0.79, what compares to an average yield drop vs. the optimal yield of 21 percent.  

• In El Oro it is 0.71. Consequently, the average climate acted to lower regional yields by 29 percent 
compared to the achievable yield under an optimal climate and given other technologies and 
production management.  

• Heredia faces better climate conditions. Here the resulting climate-yield coefficient is 0.82, what 
allows to state that climate since 1990 only has acted to lower yields by 18 percent vs. the optimal 
level.  

• Looking at La Guajira, the coefficient is also 0.82, and the yield difference to the optimal 
(achievable) yield is 18 percent too.  

• The climate was most favorable in Magdalena with a climate-yield coefficient of 0.95. This is close 
to the optimum since a drop of only 5 percent from the optimal yield occurred.  

• Finally, Valverde has an average climate-yield coefficient of 0.86. Hence, the percentage yield drop 
is around 14 percent. 

Combining the temperature and precipitation changes per scenario as displayed in figure 5.1 now 
allows to calculate potential climate-yield coefficients for 2070 and 2050, as well as the two RCP 
scenarios. The relative change of these coefficients subsequently shows the potential yield impact of 
longer lasting climate change (defined as the change in annual average temperature and yearly precip-
itation). The results of this calculation approach can be found in figure 5.2, which shows the banana 
yield change in 2050 and 2070 for the two RCP scenarios compared to the average yield of the years 
from 1990 until 2018.  
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Figure 5.2: Climate change impacts on yields in the selected banana producing regions of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador under various 
scenarios compared to 1990-2018 

2050 RCP 2.6 2070 RCP 2.6 2050 RCP 8.5 2070 – RCP 8.5 

Antioquia 

5.1 % 6.0 % 9.1 % 10.7 % 

Azua 

4.1 % 3.3 % 2.1 % -2.4 % 

El Oro 

7.8 % 8.5 % 12.9 % 18.8 % 

Heredia 

-0.2 % 1.9 % 3.2 % 1.3 % 

La Guajira 

-0.7 % -4.0 % -7.7 % -18.0 % 

Magdalena 

-2.7 % -4.5 % -9.7 % -21.1 % 

Valverde 

-3.4 % -3.5 % -9.0 % -19.0 % 
Source: Own figure. 

As can be seen, potential yield developments due to climate change (as defined above) are not uni-
form across the seven regions51: 

• Regardless of the chosen scenario, climate change may apparently create a benefit in terms of yield 
for banana producers in Antioquia in Colombia and El Oro in Ecuador. In both regions the 
current regional average of annual temperature is still well below the defined optimum for banana 
production of 25°C (see figure 5.1). That means, the inherent temperature increase due to climate 
change is favorable. And precipitation changes are so small (as in the case of El Oro) or even 
“positive” (as they move towards the optimum in the case of Antioquia) (see again figure 5.1) that 
the temperature-related trend is supported or at least not counteracted. 

 
51 In this respect, it shall be repeated that this was already an outcome of the ex-post analysis provided in chapter 4.1. 

There were regions (Antioquia in Colombia, Heredia in Costa Rica, and El Oro in Ecuador), where a (small) increase 
of the climate-yield coefficient within the past three decades could be identified. In opposite to that, there were regions 
(Azua in the Dominican Republic, La Guajira and Magdalena in Colombia, as well as Valverde in the Dominican Re-
public), where a (small) decrease of the indicator over time became evident when using regional averages for annual 
temperature and yearly precipitation as explanatory variables of regional climate change. 
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• In opposite to that, climate change will most probably be (very) unfavorable (in terms of land 
productivity) for banana producers in La Guajira and Magdalena, both in Colombia, as well as in 
Valverde in the Dominican Republic. These three regions currently face regional averages of 
annual temperature around the optimum. Further temperature increase (see again figure 5.1) tends 
to lower yields as the temperature moves away from the most comfortable situation. The trend 
will be supported by precipitation changes: In all three regions current precipitation is below the 
optimum for banana production and frequently projected to further decrease (see, once more, 
figure 5.1). 

• Azua in the Dominican Republic and Heredia in Costa Rica are somewhere in between. On 
average, both regions are still below the temperature optimum for banana production and face 
increasing temperatures (as figure 5.1 shows). This tends to increase yields. However, both regions 
will most likely also see a worsening of the precipitation situation. In accordance with figure 5.1, 
annual rainfall might increase in Heredia, whereas the opposite should be considered a potential 
outcome of climate change in Azua. In any case, precipitation tends to move away from the 
optimal climate situation. Consequently, both trends act to further limit regional banana yields.  

Again, we will now zoom into specific banana production areas within the selected broader regions. 
More specifically, we will repeat the analysis and information displayed in figures 5.1 and 5.2 for the 
specific banana production areas (i.e. the 0.05° grids already used in sub-chapter 4.2) located within 
Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde. In figure 5.3, the tempera-
ture and precipitation values for the reference scenario (which are the result of the downscaled anal-
ysis in the previous sub-chapter) are displayed, as well as the change rates of average annual temper-
ature and yearly precipitation in accordance with annex I. The following shall be highlighted in 
comparison with the analysis of the broader regions and the reference scenario, i.e. the average cli-
mate situation in 1990-2018 (see also figure 5.1): 

• In the specific banana production area of Urabá in Antioquia, temperatures are higher (now above 
the optimum) and precipitation is lower (closer to the optimum) than on average in the entire 
region. 

• The climate of the banana producing area in Azua is also warmer and, in addition, wetter than the 
average climate of this region. 

• Similar to the case of Urabá in Antioquia, the climate conditions near/east of Machala in El Oro 
also show a (considerably) higher temperature and (slightly) lower precipitation levels than the 
region on average. 

• The specific banana production areas of La Guajira and especially of Magdalena also show higher 
precipitation levels, while temperatures do not differ too much from the regional average. 

• The climate of the banana producing area in Valverde does not differ too much from the average 
climate of this rather small region of the Dominican Republic. 
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Figure 5.3: Input data for the calculation of climate change impacts on yields for specific 
banana production areas in selected regions of Colombia, Costa Rica, the Do-
minican Republic, and Ecuador  

Climate variable 
Reference 
scenario 

2050 
RCP 2.6 

2070 
RCP 2.6 

2050 
RCP 8.5 

2070 – 
RCP 8.5 

Area in Antioquia 

Temperature (in °C) 26.30 27.12 27.22 27.89 28.87 

Precipitation (in mm) 2,536 2,639 2,590 2,541 2,367 

Area in Azua 

Temperature (in °C) 26.17 26.94 26.96 27.66 29.00 

Precipitation (in mm) 1,017 1,068 1,015 913 794 

Area in El Oro 

Temperature (in °C) 23.72 24.56 24.62 25.22 26.11 

Precipitation (in mm) 780 763 803 802 861 

Area in Heredia 

Temperature (in °C) 24.31 25.07 25.09 25.68 26.47 

Precipitation (in mm) 3,804 3,996 3,946 3,983 4,143 

Area in La Guajira 

Temperature (in °C) 25.99 26.83 26.94 27.58 28.58 

Precipitation (in mm) 1,113 1,169 1,073 1,109 1,234 

Area in Magdalena 

Temperature (in °C) 23.84 24.75 24.87 25.65 26.82 

Precipitation (in mm) 2,547 2,576 2,573 2,362 2,118 

Area in Valverde 

Temperature (in °C) 25.12 26.09 26.09 26.96 28.05 

Precipitation (in mm) 903 861 854 796 698 
Source: Own figure.  
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Although differences of “just a few” degrees Celsius and/or mm resulting from a comparison of local 
vs. regional temperature and precipitation data might be considered negligible at first sight, they can 
be substantial. This becomes clear when looking at figure 5.4, which shows the yield changes in the 
selected local banana production areas of Colombia, Costa Rica, the Dominican Republic, and Ecua-
dor in 2050 and 2070 for the two RCP scenarios compared to the average yields of 1990 to 2018. 

Figure 5.4: Climate change impacts on yields for specific banana production areas in the 
selected regions of Colombia, Costa Rica, the Dominican Republic, and Ecua-
dor under various scenarios compared to 1990-2018 

2050 RCP 2.6 2070 RCP 2.6 2050 RCP 8.5 2070 – RCP 8.5 

Area in Antioquia 

-3.5 % -3.6 % -6.8 % -12.9 % 

Area in Azua 

-0.9 % -2.5 % -9.0 % -21.6 % 

Area in El Oro 

0.6 % 2.6 % 2.7 % 4.0 % 

Area in Heredia 

-4.1 % -2.9 % -4.2 % -9.8 % 

Area in La Guajira 

-1.0 % -3.9 % -5.8 % -9.4 % 

Area in Magdalena 

1.1 % 1.2 % 1.7 % -0.9 % 

Area in Valverde 

-2.8 % -3.1 % -8.0 % -17.4 % 
Source: Own figure. 

By zooming from the regional level to the local level, we can substantiate the findings derived from 
our analysis so far. More particularly, the following should be considered a remarkable accentuation: 

• In the case of Antioquia, zooming into the specific banana production area of Urabá reveals that 
this area is facing a temperature above 25°C already in the reference scenario, and that it will 
therefore most probably be confronted with future yield decreases – instead of increases – in any 
of the chosen scenarios.  

• In the specific banana production area of Azua, all the scenarios show remarkable differences 
compared to the use of regional average data. The rise of temperatures above the optimal level 
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combined with precipitation levels that are still too low act to decrease yield in any scenario. The 
yield impact is substantial in the case of RCP 8.5 in 2070. 

• Our prior conclusion that banana production in the broader region of El Oro might benefit from 
climate change can no longer be supported when looking at the specific local level. The local 
temperature near/east of Machala is already close to 25°C in the reference scenario, and the future 
temperature increase will therefore partially lead to temperatures higher than optimal. In 
combination with precipitation levels that are still very low, this results in an almost negligible 
yield effect to be expected from climate change. 

• Temperatures higher than optimal are also expected in the local banana production area in 
Heredia. In combination with increasing precipitation levels that are already too high for optimal 
banana growth, climate change will lead to slightly decreasing yields when switching from the 
regional to the local perspective. This is again different from the slight yield increases projected 
on average for the region as a whole.  

• In contrast, the findings do not differ too much when comparing the local and regional level in 
the case of La Guajira. For the local production area, the current temperature level remains almost 
unchanged, while a slightly higher precipitation level can be noted in comparison with the regional 
average. Future changes in temperature and precipitation will still result in predicted yield 
decreases of now between 1 and almost 10 percent and, thus, be partially lower than for the region 
on average. 

• In Magdalena, the selected banana production area receives more precipitation than the regional 
average. While local precipitation and temperature levels are now slightly closer to the defined 
optimum, this will not considerably alter the local yield situation. 

• Finally, in the banana production area in Valverde the situation basically does not change when 
compared to the regional average, since the local current climate and its future changes remain 
very similar to the situation and predictions for the regional level. 

From the above, it becomes evident that the analysis at the local level is able to reveal more (and 
sometimes different) information than the discussion of the regional perspective alone, and that it 
can therefore substantiate our analysis. This also becomes clear by looking at figure 5.5.  

Using the only available source and wording which applied a similar approach as we did, i.e. Varma 
and Bebber (2019a), allows to evaluate the “affectedness” of a region’s and/or area’s banana produc-
tion facing climate change at different geographic levels52. While Varma and Bebber (2019a) assess 
Colombia as “at risk”, our analysis of the regional and local level allows for a finer differentiation: In 
both cases – i.e. when looking at the regional and local levels – one of the three Colombian re-
gions/local areas is not considered to be at risk. In the case of the chosen Costa Rican region and 
area, we come to the same conclusion as Varma and Bebber (2019a) did for the country as a whole. 

 
52 Concerning own calculations, a region or an area is considered to be “at risk”, if the climate change related yield impact 

is -5.0 percent or lower. A region or an area is considered to be “adaptable” if the impact is between -5.0 and +5.0 
percent, and a region or an area is assessed to face an “advantage” if a yield impact of +5.0 percent is predicted. 
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A similar conclusion cannot be drawn for Azua and Valverde. For both specific banana production 
areas we arrive at a conclusion worse than “adaptable” as proposed by Varma and Bebber (2019a). 
In addition, we must conclude that El Oro, or more precisely: the banana production area near/east 
of Machala, is not facing an “advantage” as the results from Varma and Bebber (2019a) would suggest 
for Ecuador, but should only be considered as “adaptable”. 

Figure 5.5: Risk assessment for the selected banana producing regions of Colombia, 
Costa Rica, the Dominican Republic, and Ecuador using the RCP 8.5 scenario 
in 2050 

Assessment of  
Varma and Bebber (2019a) 

Own assessment for  
the regional level 

Own assessment for  
the local level in … 

Colombia At risk Antioquia Advantage … Antioquia At risk 

La Guajira At risk … La Guajira At risk 

Magdalena At risk … Magdalena Adaptable 

Costa Rica Adaptable Heredia Adaptable … Heredia Adaptable 

The Domini-
can Republic 

Adaptable Azua Adaptable … Azua At risk  

Valverde At risk … Valverde At risk 

Ecuador Advantage El Oro Advantage … El Oro Adaptable 
Source: Own figure. 

From the above it can be concluded that our analysis is robust and leads to differentiated outcomes 
if local and uncertainty aspects are added. In fact, the more local the focus of the analysis is, the more 
the aspect of uncertainty must be considered since global climate models, such as those used here 
and in many other studies (see, for instance, Armenta Porras et al., 2016) tend to become blurred 
while zooming into very particular loci. With respect to uncertainty, the following additional question 
arises: What about the predicted regional susceptibility to more frequent and/or severe weather 
events?  

To find an answer, the state of the art in research analyzing the future temporal and spatial variability 
of climate change-induced extremes in the LAC region must be discussed following the excursus on 
climate model uncertainties below53: 

 

 

 

 
53 Note: Marmai et al. (2016) argue that looking at such aspects is still a very “young” science object. 
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Excursus: Considering climate model uncertainties while analyzing banana yield impacts 

The case of El Oro shall be taken as an example to discuss the outcomes of different climate models and our subsequent 
analysis aiming at calculating the yield impacts of climate change. Numerous peer-reviewed and widely used climate 
models exist today, and each of these models has its advantages and disadvantages. Consequently, selecting an appro-
priate climate model for a specific scientific analysis is not an easy task. In this regard, one can select one of the following 
two categories: 

• a climate model which best reproduces past weather data or  

• a model which best integrates and covers atmospheric and climatological processes.  

The first approach neglects that a good reproduction of past weather data does not necessarily mean that future changes 
will be captured just as well, because certain relevant processes, which may play an important role in the future, might 
not be considered in this climate model. The second approach requires an extensive evaluation of various climate phe-
nomena relevant for the region(s) of interest. Our selection of the CORDEX CORE ensemble (see annex E) leans 
towards the second approach, as higher spatial resolution of climate models means that more small-scale processes are 
integrated and resolved in the models. More particularly, in our assessment we use the latest generation of RCM 
simulations from the CORDEX CORE initiative, which have been developed to contribute to the most recent IPCC 
6th Assessment Report for regional analyses, as high-resolution RCM simulations cover regional heterogeneity better 
than for instance GCM simulations (Solman, 2013; Solman and Blazquez, 2019). 

Particularly in regions with a diverse topography these RCMs cover extremes as well as climate patterns influenced by 
the topography better than GCMs. In fact, RCMs dynamically downscale GCMs, in our case to a spatial resolution 
of 22 km. In comparison with statistical downscaling methods, RCMs can, thus, resolve climatologically relevant factors 
and processes on a higher spatial resolution, which could only be considered by GCMs to a limited amount. This is also 
the case if the data points (weather stations), which are used for the statistical downscaling, are not equally distributed 
in a region as this is often the case in Latin and South America (Ambrizzi et al, 2018; Armenta Porras et al., 2016; 
Hidalgo et al., 2017; Imbach et al., 2018). 

However, it is important to mention that both, GCMs and RCMs, have a high degree of uncertainty as both types of 
models often do not agree in their results, neither in the trend nor in the projected changes. Thus, an ensemble of climate 
models (both from RCMs and GCMs) is useful to show the full picture of uncertainty related to the proper selection of 
climate models for further analyses. Accordingly, we will hereafter provide a dual comparison for the banana production 
area in El Oro and related yield impacts exemplified for RCP 8.5 and 2050.  

• First, we will compare our RCM approach with the GCM concept applied in Armenta Porras et al. (2016) and, 
in addition, with the most recent data officially used by the Ecuadorian Ministry of Agriculture, provided by Metzler 
(2020).  

• Second, we will analyze the uncertainty range implied in our climate model approach by also looking at minimum 
and maximum changes of modelled temperature and precipitation. 

A comparison of our approach with the approaches used by Armenta Porras (2016) and Metzler (2020), respectively 
reveals the following differences applicable to the banana production area within the region of El Oro:  

• We use average observations of 23.72°C and 780 mm to describe the reference scenario for 1990-2018. Armenta 
Porras et al. (2016) refer to 24.1-26.0°C (or 25.0°C as a mean) and 600-900 mm (or 750 mm as a mean) 
but use the years from 1981 to 2005 as the reference time horizon. Metzler (2020) refers to 25-26°C (or 25.5°C 
as a mean) and 1,024 mm for 1985-2009.  
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• For the chosen scenario and time horizon (RCP 8.5 and 2050) we arrive at the conclusion that temperature will 
increase by 1.5°C and precipitation by 2.9 percent, while Armenta Porras et al. (2016) referring to a median year 
of 2055 conclude that temperature will increase by 1.85°C and precipitation by 10.9 percent. In addition, Metzler 
(2020) argues that temperature will increase until 2040 by 0.5-1.0°C (or 0.75°C as a mean) and precipitation 
by 0-5 percent (or 2.5 percent as a mean). 

As can be seen, both observations and predictions are different for the three approaches. Hence, it makes sense to also 
calculate and compare the potential yield impacts for the different sources. The result is shown in figure E.1. 
Figure E.1: Future climate change impacts on yields for the specific banana production area in 

El Oro, Ecuador, comparing different climate model approaches 

 

Source: Own figure and calculations. 

In this figure, we additionally included the yield impact obtained when using data from The World Bank (2018) that 
combines all major climate models. Accordingly, figure E.1 shows that our calculated yield impact for 2050 in compar-
ison with 1990-2018 is 2.7 percent (see also figure 5.4). This is higher than the yield impact calculable with data from 
Armenta Porras et al. (2016), which is 0.3 percent and refers to 2055 in comparison with 1981-2005. Our yield 
impact is also higher than the yield impact calculated with the information provided by Metzler (2020), which results 
in a yield impact of –0.6 percent. However, our yield impact is lower than the calculated yield effect of 5.6 percent that 
can be obtained when using the model ensemble from The World Bank (2018) comparing 2050 with 1991-2016. 
Consequently, our calculation is well within the range of other models’ mean runs. 

In fact, at this point our calculation of the yield impact in 2050 compared to 1990-2018 is still only based on a single 
mean value for predicted temperature and on a mean value for projected precipitation changes. However, uncertainty is 
also included in our models. Taking this uncertainty into account, the temperature in the specific banana production 
area of El Oro may increase between 1.21 and 1.89°C in the chosen RCP 8.5 scenario by 2050, and precipitation 
might change between –2.54 and 7.04 percent. Applying these lower and upper range values therefore leads to a further 
differentiation of our results, as shown in figure E.2.  
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This allows us to state that this effect might range between 0.3 and 4.2 percent, while a mean climate change yield 
impact of 2.7 percent is calculated for 2050 and the RCP 8.5 scenario. In any case, our assessment of the specific 
banana production area within El Oro being “adaptable” remains unchanged. 

Figure E.2: Climate change impacts on yields for the specific banana production area in El Oro, 
Ecuador, for mean as well as lower and upper range model data 

 

Source: Own figure. 

• In this respect and more generally, Calberto et al. (2018) stress that for the entire region a 
continued increase of extreme events, such as droughts, rainfalls, cold snaps and/or heat waves54 
and stormy winds55 should be predicted for the future. 

• An increasing frequency and magnitude of adverse weather events in the entire region should, in 
fact, be a considerable cause for concern (FAO, 2020c). 

• This is also the outcome of an analysis provided by Shannon and Motha (2015). The authors stress 
that the frequency and intensity of extreme events, in particular droughts, floods, heat waves, and 
storms, will increase with climate change in the LAC region. 

• Using a statistical approach, Marmai et al. (2016) also demonstrate that it is very likely that 
production regions such as Colombia and Ecuador already have severe losses due to extreme 
weather events and that this likelihood may further increase.  

 
54 High temperatures are considered more problematic than low temperatures (Calberto et al. 2018). 
55 In accordance with Calberto et al. (2018), very strong winds for short periods should be considered as being more 

problematic than strong persistent winds. 
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• According to Campozano et al. (2020), El Oro as part of the Coast Region of Ecuador will face 
droughts as extraordinary events, which may be moderate, severe, or extreme. In comparison with 
other Ecuadorian regions, the Coast Region shows a higher probability for especially moderate 
droughts56. In the future, this situation might not change significantly. However, the probability 
of extreme droughts in the El Oro region is expected to increase by a few percentage points, 
especially when considering a future development along the RCP 8.5. 

• Following Birkel (2005), Heredia belongs to the Atlantic Vertient, where drought behavior tends 
towards having a lower impact. More particularly, however, Heredia is part of the Northern Zone 
of the Atlantic Vertient, and apparently, the drought severity for that region has already increased. 
Hence, a more clear and distinct statement on the changing level of frequency and severity of 
drought events in this Costa Rican region cannot be made. 

Although the particular information background is unfortunately still weak, it already becomes evi-
dent that also for the future short-term considerations (extreme events and subsequent potentially 
devastating yield impacts) must be distinguished from mid to long-term considerations (i.e. fluctuat-
ing yield impacts around the trend) when it comes to assessing the predictable impact of climate 
change on banana yields in the study region. However, the poor data availability unfortunately does 
not allow to meaningfully calculate the additional “likely” impact, and our quantifying analysis of 
banana yield impacts stops with what has been visualized in figures 5.2 and 5.4. It should be consid-
ered a best-case scenario since extreme events always tend to lower yields.  

 
56 In opposite to that, Oñate-Valdivieso et al. (2020) do not detect a remarkable increase. 
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6 Analyses of other climate change impacts 
Analyzing effects of climate change in terms of yield constitutes an important, but only one aspect 
of a comprehensive and holistic assessment. Other variables may also be affected and require further 
analysis. In sub-chapter 4.1, various other natural, managerial, and technological factors have been 
mentioned. Not all of them can properly be reflected hereafter due to the defined scope and workload 
of the study. Nevertheless, a few but important variables also subject to (climate) change shall be 
discussed in the following:  

• Banana production is the product of banana yield and the area planted with banana. Hence, the 
suitability of areas for banana production is another important issue which needs to be discussed. 
This rather direct impact of climate change will be analyzed in the following sub-chapter 6.1.  

• Climate variables influence yield not only directly but also indirectly. An important indirect yield 
impact in this respect is that climate change alters the frequency and severity of pests and diseases. 
For the cases of Black Sigatoka and TR4, this will be discussed in more detail in sub-chapter 6.2. 

• Both, the suitability of production areas as well as the frequency and severity of pests and diseases, 
together with the above discussed direct climate change related yield impacts will alter future 
banana production in the selected regions. The aggregated “net” effect will be assessed in sub-
chapter 6.3. 

• Productivity and/or production changes will alter economic variables such as the market price 
and farm income or profitability. Based on available case studies, these effects will be analyzed in 
sub-chapter 6.4. 

• Not only primary production and secondary economic impacts are important when it comes to 
analyze climate change impacts from a broader societal perspective. Moreover, environmental 
indicators are worth being discussed. Hence, sub-chapter 6.5 will deal with impacts on 
biodiversity. In addition, it will look at GHG mitigation options that can be related to banana 
production. 

6.1 Direct production impacts due to a change in area suitability 

Climate change can affect banana production in various different ways. Apart from direct impacts on 
yields, shifts in the suitability of production areas are also essential to be taken into consideration 
(Machovina and Feeley, 2013). In fact, one adaptation option to climate change is to move crop 
production systems away from areas that have become unsuitable for a particular production system 
towards areas in which climatic conditions are becoming more suitable (see, e.g., Iglesias et al., 2011). 
Only a few studies conducted so far have tried to assess these movements of banana production, and 
these studies will be described in the following: 

• Calberto et al. (2015) used a scenario technique to determine the suitability of areas for banana 
production in various countries around the globe. All regions in the focus of this study where 
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located in the tropics (which can be further divided into specific zones), and the authors find that 
this broader region will face an increase of suitable area for banana production in 2050 (2070) of 
15 percent (21 percent), as increasing temperatures are considered highly favorable for banana 
production. However, the authors also map additional regional changes, and this leads to 
interesting differences within the LAC region. Zones like Ecuador might face a rather favorable 
future in terms of area suitability for banana production. For 2050 (2070) an increase of almost 
50 percent (more than 60 percent) is predicted by Calberto et al. (2015). In opposite to that, zones 
like Colombia and the Dominican Republic will face a decrease in suitable area. The amount of 
suitable area for banana production in Colombia is assessed to shrink by about 63 percent (70 
percent) in 2050 (2070), and the corresponding decreases in the Dominican Republic are seen at 
70 and 80 percent, respectively. The evaluation for zones like Costa Rica, for which Calberto et 
al. (2015) predict a comparably small increase in the suitability of area for banana production of 
12 percent in 2050 and 18 percent in 2070, is in between these assessments. 

• Using various climate models and comparing the historic situation in 1950-2000 to the projected 
outcome in 2060, Machovina and Feeley (2013) come to a rather similar result. The authors 
conclude that an increased average temperature and a mean decrease in precipitation will lead to 
a potential decrease in the suitability of area for banana production by almost 19 percent on 
average in altogether eleven Central and South American countries. More particularly, the authors 
argue that Colombian banana production will suffer the most as the suitability of area might 
decrease by almost two thirds. In opposite to that, suitability of area in Ecuador may slightly 
increase by 17 percent. Banana production in Costa Rica will also suffer, although not as much as 
in Colombia: Here, the decrease of suitability is expected to be of around 50 percent57. 

• Finally, Prager et al. (2020) have most recently arrived at the conclusion that the suitability of area 
for banana production will shrink in all of the four countries, namely by approximately 55 percent 
in Colombia, 85 percent in Costa Rica, 57 percent in the Dominican Republic, and 37 percent in 
Ecuador. Here, the changes refer to 2050 in comparison to 2020. 

While the results of the various authors partly point into the same direction, they are also partly 
contradictory58. Nevertheless, figure 6.1 summarizes the studies’ findings described above, and the 
average of these three analytical findings shall be considered the best available “condensed expert 
wisdom”. Accordingly, the following simple conclusion can be made with respect to the suitability 
of area for banana production around the year 2050: 

  

 
57 The Dominican Republic was not covered in the study. 
58 Lane and Jarvis (2007) showed that the direction and magnitude of geographical crop suitability considerably depends 

on the specific climate and crop models used. 
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• It decreases by 61 percent in Colombia, 

• It decreases by 41 percent in Costa Rica, 

• It decreases by 64 percent in the Dominican Republic, and 

• It increases by 10 percent in Ecuador. 

Figure 6.1: Climate change impacts on the suitability of area for Colombia, Costa Rica, 
the Dominican Republic, and Ecuador around the year 2050 

Country 
Calberto et al. 

(2015) 
Machovina and  
Feeley (2013) 

Prager et al. 
(2020) 

Colombia –63 % –65 % –55 % 

Costa Rica 12 % –50 % –85 % 

Dominican Republic –70 % n. a. –57 % 

Ecuador 50 % 17 % –37 % 
Source: Own figure and calculations based on Calberto et al. (2015), Machovina and Feeley (2013), as well as Prager et al. 

(2020). 

Although remarkable shifts may be the outcome, the available information does not allow to assess 
the potential developments more precisely as regards the specific suitability of area for Antioquia, 
Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde. In fact, such a specification turns out 
to be quite a challenging endeavor. Apart from the fact that – to our best knowledge – regionalized 
information is currently not available, two additional aspects must be mentioned in this regard: 

• First, the argument that the suitability of a specific area for banana production changes in a 
negative way does not allow to distinguish between changes that would make this area completely 
unsuitable (“not suitable”) or only “less suitable”. In fact, for other crops than bananas, Prager et 
al. (2020) do assess these differences by marking areas either as “becomes unsuitable” or as “less 
but still suitable”. 

• Second, the result that the banana production area potentially becomes less suitable or unsuitable 
does not necessarily mean that the area cultivated with the crop must or will shrink. Indeed, 
Machovina and Feeley (2013) point out that only 1.4 percent of the entire suitable area was planted 
with bananas in Colombia, while in Costa Rica and Ecuador it was 2.7 percent and 5.7 percent, 
respectively. Therefore, although this might be considered highly problematic from an 
environmental and climatic perspective, this would also mean that land in suitable areas that is 
not yet used for banana production could be newly cultivated, or that land could be “borrowed” 
from other crops that are currently planted in these areas. 

Nevertheless, the approach chosen by Machovina and Feeley (2013) can be combined with our own 
approach at least to a certain degree, as it allows to calculate a gradient of suitability. If we use the 
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change rates of annual temperature and precipitation provided by Machovina and Feeley (2013), a 
drop of the climate-yield coefficient of 17.3 percent can be calculated for the LAC region and set into 
relation with the average decrease of area suitability for banana production of 18.6 percent predicted 
by Machovina and Feeley (2013) in that region. In other words:  

• Each percentage point that the calculated climate-yield coefficient is lower (or higher) compared 
to the reference scenario  

• might at the same time cost (or add) 1.07 percent of suitability of area for banana production.  

Applying this concept to our yield calculations would mean that – in terms of tendency – the banana 
production impacts due to lower/higher yields are “enhanced” by the criterion of suitability of area59 
and must therefore be greater than the yield impact alone (see also chapter 6.3). 

6.2 Indirect production impacts due to changing pests and diseases 

Several insects and plant diseases are known to affect banana plants. Insects, for instance weevils, 
nematodes, flies, bugs, beetles, and ants may attack the banana rhizome, pseudostem, leaf, and fruit. 
Occasionally, this may cause cosmetic damage directly to the fruit and, hence, may reduce the mar-
ketability of the harvest. However, more often pests do not attack the bunch, but cause indirect 
damage: Attacks on the rhizome and pseudostem cause yield reductions through plant loss, delayed 
maturation, and bunch weight reduction. In addition, pests are also a vector of serious plant diseases 
(Tinzaara and Gold, 2008). 

Historical climate change has already altered the disease risk of banana production (Yeeles, 2019), 
and it is expected that future climate change will continue to do so. In fact, biological processes are 
strongly influenced especially by water availability and temperature changes, which alter the migration 
pattern and phenology of most organisms, including pests and parasites (Parmesan and Yohe, 2003). 
In this respect, it is obvious that largely in line with expectations of climate change crop pests and 
pathogens are also spreading rapidly around the world (see, e.g., Bebber et al., 2014; Burrows et al., 
2011; Thornton and Cramer, 2012). 

It is therefore of major concern – and of outmost importance for our study – that precisely pests and 
diseases of banana plants have been among the most rapidly spreading crop pests and diseases in 
recent decades (Bebber, 2015; 2019), and that climate change will certainly alter the pressure of certain 
pests and diseases in the regions/areas of this study. According to Ravi and Mustaffa (2013), disease 
pressure is strongly influenced by changing temperature, rainfall patterns, humidity, and – in some 
cases – also atmospheric CO2 concentration. Hence, the authors state that the incidence of diseases 
will be most severe towards the equatorial regions, as this is where higher climate change impacts are 
also expected. In addition, climate change is expected to lead to a spread of pests and diseases to 
regions and altitudes where they had not occurred before (Erima et al., 2017). 

 
59 Intuitively, this makes sense. If climate change in a specific area tends to be favorable in terms of yield it should also 

act to be favorable in terms of overall production suitability. 
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In this respect, banana production is particularly threatened by various fungal diseases (Tripathi, 
2019)60. One of these emerging diseases is Fusarium Wilt, commonly called the Panama disease, 
which is caused by a suite of Fusarium (Maryani, 2019; Ploetz, 2007). Its most recent strain named 
Fusarium oxysporum f. sp. cubense tropical race 4 (TR4) has already triggered tremendous losses61, and this 
does have severe impacts on banana production and subsequently also on the livelihoods of banana 
producing small holder famers and other stakeholders along the banana value chain. Therefore, 
avoiding contamination by infected planting materials, spores, water, or soil particles from infested 
areas is crucial. TR4 infects plants of all ages, and while first signs of the disease are yellowing leaves, 
it will later cause wilting, and will ultimately lead to the plants’ death. 

Gasparotto and Pereira (2008) suggest that the pressure of the Panama disease or TR4 will increase 
under climate change due to increased temperatures and drought periods, which cause plant stress. 
Also, FAO (2020a) projects that the disease may spread further around the globe and cause increasing 
damages62. 

However, Fusarium Wilt is currently not the most important disease in banana production (Bebber, 
2019). The disease that is most virulent against a wide range of banana genotypes (Churchill, 2011) 
and is currently re-emerging (Bebber, 2019) is Black Sigatoka, a destructive foliar disease that primar-
ily affects banana and plantain plants. Black Sigatoka is caused by the fungus Mycosphaerella fijiensis and 
represents a principal phyto-pathological problem for banana and plantain crops (Guzmán Quesada 
and García, 2020). In fact, Black Sigatoka is the most important banana disease worldwide as it is 
present in all banana producing countries and is considered to cause a significant economic impact 
by reducing yields and overall plantation productivity, while leading to higher production costs for 
disease control. The pathogen rapidly destroys leaf tissue, and as a result, photosynthesis is reduced, 
affecting plant growth and production (Guzmán Quesada and García, 2020). All stages of the disease 
can be found on plantations, from imperceptible marks to advanced stages with necrosis or burning 
of the leaf area. Depending on the effectiveness of measures to prevent and treat the disease, yield 
losses can range from small to large:  

• In the absence of control measures, the disease can reduce bunch weight by up to 50 percent and 
may even cause a 100 percent loss of production due to deterioration in the quality of the fruit as 
length and thickness may suffer (Guzmán Quesada and García, 2020).  

• Even if optimally controlled via proper fungicide management, yield losses of at least around 
5 percent per annum should be anticipated (Cook et al., 2013).  

 
60 As bananas are reproduced vegetatively, most export bananas not only represent just one variety, but they are also 

genetically identical, and this heavily reduces the variety’s resistance against diseases. Apart from the Cavendish variety, 
which is the most popular variety today, also other varieties cultivated by small holder farmers are susceptible to various 
fungi (see also García-Bastidas et al., 2020). 

61 In past years Southeast Asia was heavily affected, and large areas of banana production were abandoned because the 
soil-borne disease cannot be abated once it is established, and because the disease remains viable for decades. In South 
America, the first report on the continent occurred in 2019 in La Guajira, Colombia (García-Bastidas et al., 2019). 

62 So far, it is not possible to assess the specific impact of the disease in a precise way. But history can give an indication 
of what could potentially happen in the LAC region. In the past century, a different race of the fungus (race 1) spread 
across the region and nearly devastated global banana production, which at that time mainly relied on the banana variety 
Gros Michel (FAO, 2016a; Ploetz 2005, 2015). Banana production and export could only be continued by switching to 
the Cavendish variety, i.e. by a major change in production. 
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If plants are affected by Black Sigatoka, banana yield losses will often be in between these two ex-
tremes. Guzmán Quesada and García (2020) for instance report a loss of about 13 percent in Ecua-
dor, and Yonow et al. (2019) refer to losses of up to 38 percent in Central America in recent years63. 
Furthermore, large costs are incurred by combatting the disease (Jesus Júnior et al., 2008). FAO 
(2013) argues that application of fungicide treatments is prohibitively expensive and at least 25 per-
cent should be added to the production costs. 

Predictions by Jesus Júnior et al. (2008) suggest that the global area suitable for the disease will de-
crease in the future due to climate change. However, regional projections are very heterogenous as 
many variables such as temperature and humidity play a role in disease development. Drier conditions 
e.g. will reduce the inoculum production and, hence, reduce the disease pressure while longer periods 
of high humidity will promote the spread of the disease. In this respect, it is worth highlighting that 
in general certain temperature and humidity ranges are more/less favorable for Black Sigatoka devel-
opment than others (Jesus Júnior et al., 2008): 

• A temperature between 25 and 28°C in combination with a relative humidity of more than 90 
percent is considered highly favorable. 

• A temperature between 25 and 28°C in combination with a relative humidity of more than 80 and 
less than 90 percent is considered favorable. 

• A temperature between 20 and 25°C or between 28 and 35°C in combination with a relative 
humidity of more than 80 percent is considered relatively favorable. 

Using these criteria and looking at future temperature and precipitation levels in the specific banana 
production areas of Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde (see 
figure 5.3) the following may initially be concluded: 

• In Antioquia, temperature will remain within the 25-28°C interval, except for RCP 8.5 in 2070. 
Given the rather high amounts of precipitation, relative humidity should also be quite high. 
Accordingly, we assume the area will remain favorable or even highly favorable for Black Sigatoka 
development. 

• Azua will remain suitable for the disease since – except for the RCP 8.5 scenario in 2070 – 
temperature will increase within the optimal interval for Black Sigatoka development. Then, much 
will depend on the temporary relative humidity, especially if precipitation slightly decreases in a 
climate change scenario. 

• Suitability of Black Sigatoka development should also increase in the banana production area of 
El Oro since temperature will be above 25°C and below 28°C while precipitation is slightly 
increasing, thus offering more opportunities for periods with rather high relative humidity. 

 
63 On a global scale, approximately 3 percent of all banana production (including the unaffected areas) is apparently lost 

due to the Black Sigatoka disease (Strobl and Mohan, 2020). 
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• Heredia and its banana production area will most probably face highly favorable conditions for 
Black Sigatoka development since temperature in any scenario will be within the optimal interval 
in combination with high precipitation and subsequently also very often high relative humidity.  

• An almost similar conclusion can be drawn for the banana production area in La Guajira. 
However, here the RCP 8.5 scenario in 2070 as well as temporarily lower humidity due to lower 
precipitation might also include favorable instead of only highly favorable situations as regards 
Black Sigatoka. 

• On average, Magdalena should also become more suitable for the disease in the future. 
Temperature will increase and move towards the 25°C frontier and above. In combination with 
rather high precipitation and, hence, relative humidity this could encourage the spread of the 
fungus. 

• The prediction for the banana production area in Valverde is less clear as at least in the RCP 8.5 
scenario for 2070 the temperature is projected to exceed the 28°C mark and as precipitation is 
projected to decrease. This might slow down the development of Black Sigatoka. 

By and large, it can be stated that for most of the regions analyzed in this study the predictions by 
Jesus Júnior et al. (2008) for the global scale – namely that climate change will lead to a decrease in 
the area suitable for the Black Sigatoka disease – do not apply. This is also in line with Bebber (2019), 
who argues that the infectious risk will increase in the LAC region because of wetness and tempera-
ture conditions more suitable for the pathogen64. More particularly, on the basis of historic observa-
tions Bebber (2019) calculates an increase of the Black Sigatoka disease pressure for banana-growing 
areas of:  

• 0.8 percent per annum in Colombia,  

• 1.1 percent per annum in Costa Rica,  

• 0.5 percent per annum in the Dominican Republic, and  

• 1.2 percent per annum in Ecuador.  

These findings are congruent with our own assessment above and might, thus, be used as a best 
proxy to describe the potential future as regards Black Sigatoka development in the various regions. 

6.3 Potential aggregated production impacts of climate change 

The findings of chapter 5 as well as those of sub-chapters 6.1 and 6.2 will now be merged to provide 
a condensed overview of the aggregated climate change impacts on banana production. As analyzing 
the broader regions would hide too much complexity in this case, the focus will now be on the specific 

 
64 Also, Thornton and Cramer (2012) as well as Yonow et al. (2019) suggest that the disease will spread due to increased 

temperatures. In particular, Yonow et al. (2019) state that all the regions covered within this study are projected to 
remain climatically suitable for the persistence of the fungi causing Black Sigatoka. 
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banana production areas located within the seven selected banana producing regions of Antioquia, 
Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde. 

First of all, potential banana production is a function of yield and area. Accordingly, changes in ba-
nana production can be considered a function of changes in banana yield and in banana cultivation 
area due to climate change. A summary of our previous findings is given here before assessing the 
overall impact on banana production in the different areas:  

• Basically, climate change manifests itself through changes in temperature and precipitation levels 
which will then alter the yields of a crop. Focusing on banana production areas within Antioquia, 
Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde, these climatic changes often act to 
decrease banana yields (see again figure 5.4). Moreover, future banana yields in most of these areas 
are expected to decline in any climate change scenario, i.e. even if the Paris Agreement is met. 
Only in the cases of the analyzed banana production areas in El Oro and Magdalena, positive yield 
developments might be the potential outcome of climate change. However, the calculated 
increases are rather small and do not exceed 4.0 percent. 

• The potential yield changes detailed above should be considered a best-case scenario since climate 
change-driven developments other than those related to the average annual changes in 
temperature and precipitation are not accounted for. In fact, climate change is also a function of 
(short-term) weather variability, and the frequency and intensity of extreme events are both 
considered to increase with increasing global temperatures. Although their impacts might 
sometimes differ, extreme events such as droughts and floods, short-term heat- or cold-waves or 
strong winds, have got one thing in common: They negatively affect agricultural production. The 
potential yield changes discussed above will, thus, certainly be more pronounced when such 
events occur. In consequence, in banana production areas with slightly positive yield projections 
these may become negative after incorporating the impacts of extreme events, and in regions 
where negative yield changes had already been predicted these will get even more pronounced. 

• The same that applies to weather variability can also be said for pests and diseases. It can generally 
be stated that pests and diseases will more rigorously spread with ongoing climate change and that 
they are therefore considered to become more challenging for banana production in the future. 
This can particularly be shown for Black Sigatoka, currently the major disease for bananas also 
within the regions considered in this study, while other diseases such as TR4 may additionally 
intensify the associated negative yield impacts. The effects of pests and diseases will therefore 
substantiate the argument mentioned above, namely that projected positive yield changes may 
become negative, while predicted negative yield changes will become even more negative. 

• Finally, the suitability of area for banana production will also be affected by climate change. In 
this respect, a similar tendency to the one already postulated for yields can be expected. This is 
because banana production areas in which projected climate conditions will tend to have a 
negative influence on yields can at the same time be considered as areas that become less suitable 
for banana cultivation – or vice versa. 
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How can these findings be summarized now? Figure 6.2 presents a summary of the hypotheses ex-
plained above referring to the RCP 8.5 scenario in 2050 and to the specific banana production areas65. 
Two symbols are used in the figure:  

• A “+” is used to describe a potential positive yield impact (in accordance with figure 5.4) as well 
as a positive change in the suitability of area.  

• In opposite to that, a “–“ is used to describe a potential negative yield impact (in accordance with 
figure 5.4) as well as a negative change in the suitability of area.  

In addition, the symbols are used to refer to an increase in yield depressing impacts that are induced 
by a higher variability of weather events (extreme events) and also by emerging pests and diseases.  

It becomes clear from figure 6.2, then, that most of these climate change induced drivers will have 
potential negative impacts on the selected areas as 24 of the 28 symbols displayed are negative, while 
only four are positive. This means that – in general – compared to yield enhancing impacts, more 
yield decreasing impacts from climate change should be expected66. 

Figure 6.2: Assessment of the direction of the yield impact of various climate change-in-
duced drivers (RCP 8.5 scenario in 2050) 

Banana production  
area in … 

Impact of … 

… temperature 
& precipitation 

… weather  
variability 

… pests and dis-
eases 

… suitability  
of area 

… Antioquia – – – – 

… Azua – – – – 

… El Oro + – – + 

… Heredia – – – – 

… La Guajira – – – – 

… Magdalena + – – + 

… Valverde – – – – 
Source: Own figure. “+” indicates a potential positive impact and “–“ refers to a potential negative impact. 

This qualitative assessment will now be nuanced by presenting some quantitative results. For this 
purpose, we use a scenario technique that allows us to quantify the production impacts of climate 
change. As a first step in this analysis, hence, we need to define specific assumptions that in turn need 
to be based on sound meta-analyses – as those provided in this report. It is important to mention, 
however, that the potential scenarios that can principally be drawn from these assumptions are 

 
65 Similar figures for the other three climate change scenarios can be obtained from annex K. 
66 The broader picture would not change if the other three scenarios were used here (see annex K). 
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numerous, and that calculating the production impact for all possible scenarios is (far) beyond the 
scope of this study. Nevertheless, we aim at providing at least a tendency of the magnitude of the 
accumulated production impact of the various climate change-induced drivers. The following sce-
nario to be analyzed is defined in this respect: 

• Accumulated production impacts in the specific banana production areas of Antioquia, Azua, El 
Oro, Heredia, La Guajira, Magdalena, and Valverde are calculated for the RCP 8.5 scenario in 
2050. 

• Yield impacts due to changing annual temperature and yearly precipitation are taken from figure 
5.4. 

• Yield impacts of pests and diseases are exemplarily discussed for Black Sigatoka. Following 
Bebber (2019), an increase of the specific disease pressure of 0.8 percent per annum (over a period 
of 45 years67) is assumed for the three banana-growing areas in Colombia. Referring to the status 
quo of production (i.e. where the current effects of Black Sigatoka are already included), this 
would lead to an increase of production (i.e. land and/or yield) being affected by Black Sigatoka 
by 0.8 percent per year. Similarly, an increase of 1.1 percent per annum is used for the 
corresponding area in Costa Rica, 0.5 percent for the two areas in the Dominican Republic and 
1.2 percent for the area in Ecuador. 

• Following Guzmán Quesada and García (2020), as well as Yonow et al. (2019), regional yield 
losses of at least 13 percent should be envisaged for production that is newly affected by the 
disease68. 

• The suitability of area is assumed to change along a uniform gradient which in accordance with 
Machovina and Feeley (2013) means that each percentage point of a yield impact is accompanied 
by a change of 1.07 percent in the suitability and subsequently in the use of the area for banana 
production. 

This is certainly a subjective selection of assumptions and numerous other scenarios would also be 
conceivable, especially if other factors such as technological developments and management options 
were additionally considered. However, as stated before, we only intend to approximate the partial 
effect of climate change-induced drivers on regional banana production. In a context of agricultural 
economics, we also refer to a ceteris paribus approach69. In this respect, figure 6.3 summarizes the 
assumptions made, and figure 6.4 shows the overall impact on banana production in the specific areas 
of the seven selected regions resulting from the outlined scenario analysis70: 

 
67 The scenario year is 2050 and the reference period is 1990-2019, i.e. the year 2005 as the mean. 
68 Note: This should be considered a best-case scenario as additional production costs for at least proper plant protection 

must actually be taken into consideration too. 
69 A softening of the ceteris paribus clause of course allows other perspectives, which must be neglected here due to the 

scope of the study. 
70 The overall impact is simply the product of the three individual impacts. 
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• It becomes clear that all the specific banana production areas in this study will suffer production 
losses given the specific scenario analysis conducted.  

• This is also the case for the areas located in El Oro and Magdalena, where changes in annual 
temperature and yearly precipitation may still act in favor of banana yield and the suitability of 
area for banana production.  

Thereby, it must be taken into account that the impact of more frequent and more intense extreme 
events due to climate change is not considered in this scenario analysis. This means that under the 
set assumptions and definitions the picture drawn in figure 6.4 only displays a best-case scenario. 
Most probably, then, weather variability will act to further reduce local banana yields and, hence, 
overall banana production in the specific areas. As such, the outcome presented in figure 6.4 shall 
only be considered a rough “best guess” assessment of the potential minimum production impact of 
climate change not merely in terms of qualitative arguments but also in quantitative terms. 

Figure 6.3: Assumptions for a scenario analysis to calculate the production impact of vari-
ous drivers of climate change for the RCP 8.5 scenario in 2050 

Banana production  
area in … 

Impact of … 

… temperature  
& precipitation 

… pests and diseases 
(i.e. Black Sigatoka) 

… suitability  
of area 

… Antioquia –6.8 % –5.6 % –7.3 % 

… Azua –9.0 % –3.3 % –9.6 % 

… El Oro 2.7 % –9.2 % 2.9 % 

… Heredia –4.2 % –8.3 % –4.5 % 

… La Guajira –5.8 % –5.6 % –6.2 % 

… Magdalena 1.7 % –5.6 % 1.8 % 

… Valverde -8.0 % –3.3 % -8.6 % 
Source: Own figure and calculations. 
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Figure 6.4: Accumulated production impact of various drivers of climate change for spe-
cific banana production areas and the RCP 8.5 scenario in 2050 

 

Source: Own figure and calculations.  
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6.4 Further economic impacts 

As the result of relative changes in yield and suitable areas for banana production, percentage changes 
in the harvested tonnages will have an impact on marketable volumes. And these changing volumes 
will affect other economic parameters such as trade volumes, market prices, and farm income or 
profitability. Hence, the following discussion on the implications of these effects for domestic and 
international markets will again be mainly of qualitative nature but will also include some quantitative 
examples. 

It has been stated above that climate change, ceteris paribus, acts to limit and even to decrease banana 
production throughout the various regions and specific areas analyzed in this study. In economic 
terms, this is equal to a shortening of supply. Less produce is available to meet the existing demand, 
be it domestic demand or foreign trade demand. In fact, various stakeholders have already expressed 
concern over the fact that supply chains, including those for bananas, will become more vulnerable 
to climate change in the future (see, e.g., Blake et al., 2018; Smith et al., 2016).  

However, answering the question of how much market and trade volume may be affected by climate 
change is a challenge, since our regional analysis – and even more our analysis of the specific areas – 
cannot be extrapolated to the national (domestic) and also to the international (foreign trade) market 
level. This would require taking into consideration all banana producing regions and not only those 
of Antioquia, La Guajira and Magdalena in Colombia, of El Oro in Ecuador, etc. For a comprehen-
sive analysis, respective changes in, for instance, Valle del Cauca and Santander in Colombia and Los 
Ríos and Guayas in Ecuador would also need to be observed and analyzed71. This is clearly outside 
the scope of this study. However, a best guess about the affected production as well as about the 
affected market and trade volumes can be provided by using the potential production impacts in 
relative terms (as outlined in figure 6.4) and relating these impacts to the country-wide production 
and export volumes. For this purpose, FAO (2020b) data and FAO (2020e) information are addi-
tionally used. Accordingly, figure 6.5 shows the average banana production and export volumes of 
Colombia, Costa Rica, the Dominican Republic, and Ecuador of the past three years72. 

From figure 6.5 it becomes evident that Costa Rica and Ecuador mainly produce bananas for export 
markets, while in Colombia and especially in the Dominican Republic parts of the banana production 
are also particularly targeted towards domestic demand. Taking the ratios of domestically consumed 
vs. internationally traded produce embedded in figure 6.5 and integrating the production losses due 
to climate change depicted in figure 6.4 (i.e. losses ranging from approximately 5 to 20 percent), could 
therefore result in the domestic market and trade volume effects as displayed in figure 6.6. The results 
will, thus, depend on the “severity” of the assumed climate change impact and on the country under 
consideration.  

 
71 The same applies to all other banana production regions in the countries of this study and beyond. 
72 While conducting economic analyses, it is standard to use several-year averages to avoid distortions. 
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Figure 6.5: Banana production and export volume of Colombia, Costa Rica, the Domini-
can Republic, and Ecuador, average for 2016-2018 

 

Source: Own figure based on FAO (2020b; e). 

Figure 6.6: Potential market volume impacts of a 5 and 20 percent production reduction 
due to climate change 

Country 

5 percent reduction 20 percent reduction 

Domestic  
market 

Export  
market 

Domestic  
market 

Export  
market 

Colombia 94 kt 91 kt 377 kt 365 kt 

Costa Rica 16 kt 111 kt 63 kt 443 kt 

Dominican Republic 28 kt 10 kt 113 kt 42 kt 

Ecuador 16 kt 306 kt 66 kt 1,222 kt 
Source: Own figure and calculations. 

According to figure 6.6, in the “20 percent-scenario” more than 2 million tons of the four countries’ 
total export volume would be missing for international banana trade. This is equal to over a third of 
all EU banana imports in recent years (see FAO, 2020e) and should therefore not be considered a 
trivial effect, but rather a remarkable market distortion. 

To assess the resulting price impacts, it is necessary to distinguish between domestic and international 
markets. The following market effects are considered if banana is consumed domestically: In the face 
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of a constant food demand, a shortage in supply will potentially lead to considerable price increases, 
especially when the cuts in supply happen at rather short notice, as is the case with supply shortages 
caused by the occurrence of most extreme events73. Accordingly, figure 6.7 visualizes the potential 
domestic market price impacts (ex-farm level, prior wholesale level)74 of a short-term banana supply 
shortage in cases where the following conditions are met: The short-term supply shrinks by 1 to 50 
percent, the price elasticity of demand is within the range of -0.50 and -0.7075 and bananas cannot 
easily be substituted from other “sources” instantly after the event76. 

Figure 6.7: Potential domestic market price impacts of a short-term banana supply short-
age due to climate change, for different elasticities, ex-farm gate and without 
substitution 

 

Source: Own figure and calculations. 

Considerable temporary (short-term) price increases may therefore occur if climate change induced 
production losses are fully transferred to a rather non-reactive domestic market. Demand in such a 
case is rather inelastic meaning that people (here banana consumers) will buy about the same amount 
of the product no matter whether the prices fall or rise. This market behavior is common for staple 
foods such as bananas and plantains in remote or very poor areas. However, the price changes 

 
73 In this respect, it must be noted that banana market dynamics are still extremely underreported in the academic literature 

(Blake et al., 2019). Hence, gathering more data on price elasticities and basing a sound analysis upon it are major 
challenges.  

74 Therefore, a standard single market model is applied. For more information on the theory and applicability of single 
market models see, for instance, Jechlitschka et al. (2007) and Cook et al. (2013). 

75 Newest research of Femina (2019) suggests that price elasticities of demand for banana in LAC could be in the range 
of -0.50 and -0.71. This does not differ too much from earlier estimations concluding that short-term price elasticities 
of demand for banana are between -0.52 and -0.66 (Chadwick and Nieuwoudt, 1985). 

76 It is assumed that other options to immediately compensate regional supply shortages such as the transport and mar-
keting of bananas from other regions with sufficient/excess banana supply cannot temporarily be accomplished, or can 
only be accomplished with a considerable time delay. 
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displayed in figure 6.7 will most certainly be softer, since most final banana consumers will normally 
buy their bananas at the retail market level. As retail markets usually also have other food options 
available, consumers would be able to substitute bananas for a different staple food in the case of 
stronger price increases.  

To account for this fact, figure 6.8 shows the price impact of a more elastic demand77, where the 
price increases are now much lower but still remarkable. Accordingly, production losses of 20 (50) 
percent should temporarily be associated with price increases of approximately 15 (60) percent on 
markets satisfying domestic food demand. In the long run, this price impact might further decrease 
since the adaptability of consumers (i.e. looking for other food substitutes) needs to be factored into 
the analysis. In such a case, price increases would be around 13 (50) percent if a supply shortage of 
20 (50) percent was assumed78.  

Figure 6.8: Potential domestic market price impacts of a short-term banana supply short-
age due to climate change, for different elasticities, retail market level and 
with substitution 

 

Source: Own figure and calculations. 

However, even these smaller price increases might have severe consequences, especially if banana is 
consumed as a major staple food by rather poor households. In such a case, temporary price increases 
may significantly threaten household food security at least in the short run (see also FAO, 2019). 

 
77 Corresponding price elasticities of demand are taken from Chadwick and Nieuwoudt (1985). 
78 Again, corresponding price elasticities of demand are taken from Chadwick and Nieuwoudt (1985). 
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The long-term concept depicted in figure 6.8 can also be used to roughly assess the price impacts 
caused by the various climate change-drivers in the different specific banana production areas79. The 
results of this assessment are shown in figure 6.9.  

Figure 6.9: Domestic market price increases of calculated production losses due to cli-
mate change for specific banana production areas and the RCP 8.5 scenario in 
2050 

 

Source: Own figure and calculations. 

Accordingly, it can be stated that if the calculated production losses were applied to the entire regions 
of Antioquia, Azua, El Oro, Heredia, La Guajira, Magdalena, and Valverde, domestic market price 
increases of 2 to 14 percent could be expected. Using data on the average price of banana by country 
provided by Statista (2020), this would be equal to a price increase between 1 and 15 Cent of a U.S. 
Dollar (USD).  

These values should, however, not be overinterpreted since regional banana markets are interlinked 
and since in the long run – i.e. by the year 2050 – price incentives will lead to changing market flows 
as well. In our specific setting, this would mean that certain banana production volumes will be re-
allocated from regions with relatively high price decreases towards regions with comparatively lower 
price decreases, which will act to “average” the price movements somewhere in between the displayed 
range. In accordance to figure 6.9 this might lead to an inter-regional price increase by around a 
middle single-digit percent value. 

But what about international (trade) market prices? Answering this question is a challenge since so 
far researchers have not attempted to model such impacts in a more sophisticated way. The standard 

 
79 The calculated production impacts of these drivers have previously been displayed in figure 6.4. 
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approach would be to use a market model, or more precisely a partial or general equilibrium model80. 
However, the own- and cross price elasticities as well as other parameters that are needed for soundly 
modelling the banana market and its interlinkages with other markets are currently not available. Too 
many assumptions would be necessary to conduct such a complex analysis and therefore another 
approach must be chosen. 

Blake et al. (2019) already looked at the price impact of climate change on world banana markets. 
Using the information provided by the authors, we can plot the following figure 6.10, where short-
term (weekly) production losses induced by climate change-related extreme events are related with 
import price changes observed loco port in France. Altogether the impact of 33 of such events in 
Colombia, Costa Rica and Ecuador identified by Blake et al. (2019) between 2006 and 2015 are in-
cluded, and the mean of all observations is indicated by the embedded coordinates of the large green 
dot. Consequently, figure 6.10 shows that on average a short-term (weekly) export cut of 11.500 tons 
induced by an extreme weather event caused a mean price increase loco port in France of 0.045 Euro 
or of approximately 7 percent.  

Figure 6.10: Observed export decreases due to climate change-induced extreme events and 
international trade market price increases loco port in France, 2006-2015 

 

Source: Own figure based on Blake et al. (2019).  

 
80 For more information on partial equilibrium modelling, see, e.g., Lüttringhaus and Cartsburg (2018). 

[11.500 t; 
4.5 Cent] 
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Causes of the included export decreases are temporary national and/or regional production losses of 
10 to 50 percent or on average 25 percent. This means that the induced world market price changes 
are lower than the domestic market price changes analyzed above81, and points to the fact that inter-
national markets are able to partially absorb regional production limitations. In fact, Blake et al. (2019) 
make clear that various actor strategies and especially competition along with logistics can – among 
other factors – compensate for regional production losses caused by climate change-induced extreme 
events. Together with consumer reactions, these factors will therefore act to lower price volatility, at 
least in the short run. 

From the perspective of agricultural economics this should not only apply in the short run, but also 
in the long run. Through integration and innovation market actors will implement and adapt strategies 
to cope with climate change-induced long-term trends in regional production volumes. Hence, inter-
national market price changes due to regional shortages can probably be expected to be (well) below 
the domestic price impacts visualized in figure 6.9. As mentioned before, a quantification of the effect 
is, however, not possible within the scope of this study due to the weak data and information back-
ground for proper modelling and scenario analysis. 

Another economic parameter to look at is farm profitability, which can be measured in various ways. 
Usually, a cost-revenue approach is applied which uses farm revenues as a base and subtracts interest, 
taxes, and amortization, as well as other production costs82 to calculate, for instance, the net farm 
income, an operating profit margin ratio, and/or a rate of return (Langemeier, 2017). Scientifically 
sound cost-revenue approaches (see, e.g., McBride, 2016) require the input of a high amount of farm-
specific data, and the applicability of a desirable full-cost-full-revenue approach to arrive at meaning-
ful conclusions for farm-based and political decision-making is limited when information back-
grounds are weak. Unfortunately, such a weak information background is the case regarding the ob-
jectives of our study. Reliable production cost statistics for banana production in LAC countries are 
not available. Nevertheless, some exemplary calculations can be provided in the following by sepa-
rately looking at farm revenues and farm-based costs.  

Farm revenues of a banana producer can be related to the harvest of a farm measured in a certain 
unit and the price per unit of harvest. Changes in market revenue – here due to climate change – are 
then the result of changes in production and changes in prices. For an average banana producing 
farm located in the banana production areas in one of the focus regions of this study, this concept 
can now be applied to the data already discussed with figure 6.4 (accumulated production impact of 
various drivers of climate change) and figure 6.9 (information on domestic market price changes). 
Accordingly, the following can be stated for an average farmer if the regional impact of climate change 
on local markets is considered (ceteris paribus): 

• In Antioquia, a production reduction of 18.4 percent is accompanied by a price increase of 12.0 
percent. 

 
81 See, for instance, figure 6.8 which shows a price increase of around 20 percent if a production cut of 25 percent is 

assumed. 
82 In the case of crop production, these are, for instance, costs related to plant material or seeds. fertilizers, plant protection 

products, fuel and lubricants, and labor. 
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• In Azua, a price increase of 13.6 percent can be associated with a decrease in production of 20.5 
percent. 

• An average farm in El Oro faces a production impact of minus 4.1 percent and a price effect of 
plus 2.4 percent. 

• In Heredia, the average farm faces a price increase of 10.2 percent which can be linked to a 
production decrease of 16.1 percent. 

• In La Guajira, the production impact is minus 16.6 percent, and the price effect is plus 
10.6 percent. 

• In Magdalena, average farm production shrinks by 2.3 percent while the price increases by 1.3 
percent. 

• Finally, an average farmer in Valverde must cope with a production reduction of 18.6 percent but 
would get a 12.1 percent higher price. 

The numbers above show that a negative production impact is always larger than the positive domes-
tic market price impact. This central message is important as – on aggregate83 – it tends to lower farm 
revenues. This is visualized in figure 6.11. Accordingly, by 2050 farm revenues could shrink by up to 
10 percent84 when considering only regional production and domestic market access as well as the 
respective price changes. However, climate change does not only occur in the regions assessed in this 
study. Instead, it is a global phenomenon, and hence in the long run the market price will also be a 
function of interregional and international market volume reallocation. In this case, individual farmers 
may benefit in terms of market revenue in regions where the relative long-term production losses due 
to climate change are lower than the relative long-term interregional price increase which must be 
within the range displayed in figure 6.9. Given our exemplary calculation, this might apply to some 
banana farmers in El Oro and Magdalena. In opposite to that, many farmers in regions where the 
production loss is higher than the average price increase may suffer even more than is displayed in 
figure 6.11 above. 

The results displayed in figure 6.11 relate to the long-term impact of climate change on farm revenue. 
However, what about the short-term effect on farm revenue if market integration cannot instantly 
absorb production losses in a region through interregional, domestic, or international trade? 

 
83 To calculate the aggregate, the two change rates per region must be added to 1.0, and the two sums have to be multiplied, 

then. 
84 Note that the RCP 8.5 scenario is used to describe the climate change impact. Other scenarios such as RCP 2.6 might 

lead to “reduced” impacts. 
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Figure 6.11: Partial regional farm revenue impacts due to production and price changes in-
duced by climate change for specific banana production areas in selected re-
gions and the RCP 8.5 scenario in 2050 

 

Source: Own figure and calculations. 

To assess this temporary impact on farm revenue, let us look once again at figure 6.8 which plots 
supply shortages (or production losses) and the associated price increases. Following the plotted lines, 
we may conclude that short-term losses of up to a third of production can be related to relative price 
increases that are lower than the relative production shock. More precisely, this means: If short-term 
regional production losses are lower than approximately 33 percent, farm revenues will temporarily 
decrease. Whereas if short-term regional production losses are higher than 33 percent, this may tem-
porarily act to slightly increase farm revenues due to higher prices. 

Of course, this finding is based on the applied economic model and particularly on the embedded 
constant price elasticities85. Nevertheless, as a rule of thumb it can be stated that climate change, i.e. 
the associated temperature and precipitation trends in the long-term and the weather variability in 
the short-term, will often act to lower farm revenues. Only in the cases of very high production losses 
in the short-term due to extreme events combined with long-term price increases that are larger than 
these production decreases in relative terms, some (local) farmers may also experience a small revenue 
increase86. 

 
85 A log-linear function is applied. The price elasticity serves as an exponent. 
86 The potential benefit from very high short-term production losses should be considered not long lasting. In fact, it will 

surely be more than “compensated” over time assuming functioning markets, thus, leaving also these temporarily ben-
efiting farmers worse off in the medium and long-run. 
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In addition to farm revenues, production costs may also be affected by climate change. When as-
sessing production cost developments, the following arguments should be taken into consideration: 

• Climate change is already a challenge for banana farmers today and will continue to be so in the 
future. Therefore, farmers will have to cope with proper climate change adaptation (see chapter 
7.1).  

• This adaptation, however, is partly accompanied by huge investments and management 
adjustments. Some investment examples for climate change adaptation are the use of climate-
smart planting material, the construction of irrigation facilities, the installation of wind breakers, 
etc. These investments are also cost-relevant in the long run via depreciations and re-installments. 
In addition, e.g. more innovative (i.e. also typically more costly) plant protection products, a better 
information access, the design and implementation of humus-building measures, etc. must be 
financed on an annual basis along with a better trained and skilled labor force. 

• All these long-term investments, annual operating assets and better skilled labor force have one 
in common: They tend to increase production costs. 

In general, this also means that in combination with decreasing farm revenues, higher production 
costs may contribute to problematic situations for farmers. Even in the rare cases where climate 
change does lead to slightly increasing farm revenues, this small added value could be overcompen-
sated by financial burdens necessary to maintain production.  

The magnitude of this aggregated effect of changing farm revenue and production costs can only be 
analyzed by looking at specific banana farms in the form of case studies. As stated previously, how-
ever, the data base accessible for this purpose is very weak. Nevertheless, in the following we will 
provide at least an idea of what climate change could mean for banana farmers in quantitative terms 
by using information on selected and well-defined banana farms that has been obtained from scien-
tific literature and expert knowledge. Three examples are provided hereafter, and the results are 
shown in figure 6.1287. 

The first example – displayed in the upper left corner of figure 6.12 – refers to a banana farm de-
scribed in CLAC (2019). This case study is assembled using data from four (unfortunately undefined) 
origins bridging Colombia, Ecuador, and the Dominican Republic88. This average “model farm” gen-
erates a market revenue of 10,172 USD per hectare and year while having fixed production costs of 
8,600 USD. Consequently, the annual farm income is 1,572 USD per hectare.  

 
87 Indeed, the following should be considered a potpourri of potential outcomes. It does not necessarily mean that these 

outcomes are representative. They are rather typical for the specific underlying scenario and, thus, only valid under the 
defined assumptions, which of course might be set differently. 

88 Costa Rica was not part of the CLAC (2019) analysis, instead Peruvian data is apparently included as well. 
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Figure 6.12: Exemplary annual farm income effects of climate change for specific banana 
farm case studies and the RCP 8.5 scenario in 2050 

  

 
Source: Own figure and calculations. 

To account for the climate change-induced yield impacts (see figure 6.3) and for the changes in do-
mestic market prices (see figure 6.9), we calculate an average that includes all regions of Colombia, 
the Dominican Republic and Ecuador that are part of this case study compilation89. Consequently, 
the following yield and price impacts due to climate change are assumed and will be used in our case 
study to project a farm income change by 2050 (holding all other parameters constant90):  

 
89 Note again that Costa Rica is not included in the CLAC data. Therefore, Heredia data are excluded here. 
90 This also applies to the suitability of area since this farm is assumed to still produce bananas on the hectares used for 

the analysis. 
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• Banana yields will shrink by 9.5 percent. 

• Banana prices will increase by 8.6 percent. 

Incorporating these two impacts into the cost-revenue approach leads to a decrease of farm income 
by 11 percent as displayed in figure 6.12. This is equal to a decrease by 143 USD per hectare and year 
and is remarkable since in our concrete example production costs only cover fixed costs and would 
therefore be higher if variable costs were also included. In addition, potential increases in fixed costs 
due to climate change are also not included. 

As a second example, we use information on a medium-sized farm located in Ecuador that is dis-
cussed in Elbehri et al. (2016). Information on this farm is depicted in the upper right corner of figure 
6.12. Accordingly, this banana farm harvests 1,585 boxes of bananas per hectare and year and gener-
ates a selling price of 6.01 USD per box. Hence, market revenue per hectare is 9,526 USD. Total 
costs of production, i.e. variable and fixed costs, accumulate to 7,743 USD per hectare. Consequently, 
an annual farm income of 1,783 USD per hectare and year is generated.  

Let us now assume that this Ecuadorian farm is hit by future climate change until 2050 in the follow-
ing way:  

• The yield impact is plus 2.7 percent as described in figure 6.3 for banana production in El Oro. 

• However, the farm must cope with the Black Sigatoka disease. In accordance with FAO (2013), 
fully combating the disease increases production costs by (at least) 25 percent (see again chapter 
6.3). 

The consequences of this scenario are devastating, as the exemplary farm would lose most of its 
profits. In fact, the annual farm income would be reduced by 94 percent meaning that instead of 
close to 1,800 USD per hectare and year, only around 100 USD could be generated. This would also 
mean that the exemplary farmer most probably would not be able to fully cover his production costs 
including his own remuneration. 

The data provided by Elbehri et al. (2016) also allows for an exemplary comparison in terms of farm 
size. The authors provide information not only for a medium-sized farm, but for a small and large 
farm as well. The small (large) farm has a lower (higher) land productivity and also lower (higher) 
production costs. In comparison to the medium-sized farm, and given a fixed price per box of bana-
nas, this means on aggregate that: 

• In the reference situation, the small farm generates a profit of only 51 USD per hectare and year. 

• The large farm, however, can make an annual profit of 3,861 USD per hectare. 

After applying the same impacts defined for the medium-sized farm above, we arrive at the following 
conclusions:  
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• The exemplary small farm would probably have to give up its business quickly as its production 
costs are well above the market revenue, and as the farm would not be able to compensate this in 
the long run.  

• The exemplary large farm, however, would probably survive as its profits would “only” be halved. 
And this is the case because for the larger farm the relative reduction in farm income is much 
smaller than for the medium and small farms.  

By and large, these results point at a comparative advantage of larger farms, while smaller farms seem 
to be at a comparative disadvantage under long-term climate change impacts. 

A final very particular question is whether conventional or organic farms are better able to cope with 
climate change in terms of market revenue and production costs. A general answer cannot be given 
here, as this will most certainly depend on the specific conditions of the farm. However, some data 
comparing organic and conventional farms in Ecuador can also be obtained from Elbehri et al. 
(2016), and accordingly, the yield in organic farms is 17 percent lower than in conventional farms91. 
If this yield gap is not – or only partially – compensated by higher prices, the market revenue per 
hectare of the organic farm will be lower. However, the data also shows that if prices for organic 
bananas were at least 21 percent higher than those for conventionally produced bananas, the farm 
revenue might be higher in the exemplified organic system92. 

In organic banana cultivation, production costs count as well. According to Elbehri et al. (2016), 
organic farms neither use synthetic fertilizers nor synthetic plant protection products. Instead they 
use natural plant extracts, apply higher amounts of manure, or use other products that are approved 
for organic production. This also means that they do not necessarily use less inputs, but that certain 
inputs are substituted for others. As the way in which this substitution of inputs influences produc-
tion costs cannot be assessed in this study, the question whether the profitability of conventional or 
organic banana farmers is generally more affected by climate change will have to remain unanswered 
at this point. 

6.5 Selected environmental effects 

Our analysis has concentrated so far on primary production and secondary economic impacts of 
climate change. In this section, some environmental effects shall be analyzed. More particularly, the 
issues of mitigating GHG emissions and protecting biodiversity while producing bananas under con-
ditions of climate change shall be discussed. 

Banana production is and will continue to be affected by climate change. However, banana produc-
tion – as any agricultural activity emitting GHGs – is also a contributor to climate change. Therefore, 
it is essential to look at mitigation potentials in banana production to combat climate change, thus, 
contributing to a future situation which will be closer to the RCP 2.6 scenario than the high emission 

 
91 Bellu et al. (2015) also show that a yield gap of 17 percent might apply to organic banana production. 
92 In this respect, Evans and Gordon (2011) report more than 30 percent higher banana prices for organic bananas. In 

addition, Bellu et al. (2015) argue that organic banana producers usually profit from higher prices. 
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RCP 8.5 or BAU scenario. This is especially important because banana demand is predicted to in-
crease globally. Compared with 2010, a recent study predicts that food demand in Africa, Asia and 
LAC will increase substantially – growth rates of 60 to more than 200 percent are projected for these 
regions – while the demand in Europe and North America will remain more or less constant (Petsa-
kos et al., 2019). The basic determinants behind this development are population and income growth. 
To meet this increasing demand, banana producers have two options: They can devote more land 
towards banana production and/or they may react by accomplishing more yield per unit of land due 
to intensification. 

To better understand what can be done to limit GHG emissions under such circumstances, it is 
necessary to look at GHG releases from banana production and the entire banana value chain. Svanes 
and Aronsson (2013) and more recently FAO (2017a) provide respective background information. 
Accordingly, primary banana production accounts for “only” a sixth to a fifth of all GHG emissions 
that can be related to the entire banana value chain. Transport and storage of the fruits emit more as 
both activities account for two thirds of all banana GHG emissions. Therefore it is crucial to also 
look at the mitigation potential ex-farm. However, this analysis focusses on banana production at 
farm level and hence, identifying the major on-farm sources of GHG emissions from banana culti-
vation is necessary. In this respect FAO (2017a) lists the following major sources: 

• Use of chemical fertilizers and plant protection products, 

• Use of plastics, 

• Machinery including fuels and lubricants, and 

• Packaging. 

According to FAO (2017a), inorganic fertilizers have the highest carbon footprint in banana produc-
tion. However, Svanes and Aronsson (2013) add further important sources: organic manure and plant 
waste landfills. They use a slightly different list of major sources than FAO (2017a) and consider 
landfills to be most important as regards GHG emissions in primary banana production (see figure 
6.13). 
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Figure 6.13: Shares of farm inputs and farm-based activities regarding greenhouse gas 
emissions of primary banana production 

 

Source: Own figure based on Svanes and Aronsson (2013). 

Consequently, options for reducing GHG emissions from banana production should target various 
sources (Svanes and Aronsson, 2013; FAO, 2017a): 

• Plant waste landfill can substantially be decreased by biological treatment. More specifically, the 
generation of ethanol derived from banana agricultural waste has the potential to reduce GHG 
emissions (Guerreroa and Muñoz, 2018). 

• Also better nutrient management in combination with precision agriculture, can substantially 
reduce GHG emissions through improved nitrogen application. Innovative nitrogen-inhibitors 
may further contribute to a controlled, i.e. more efficient, release of especially mineral fertilizer. 

• Other options are intercropping (i.e. the planting of seasonal crops between banana rows to 
increase the soil fertility), cover cropping (i.e. the introduction of specific plants with different 
root systems, shade demands, etc.), crop rotation to improve soil fertility, proper weed 
management (e.g. mulching, mechanical weed management, biological control), water 
conservation to preserve moisture in the plantation (e.g. by building terraces), soil conservation 
through the application of, for instance, compost and organic manures, as well as planting of 
nitrogen-fixing plants. 
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Although FAO (2017a) as well as Svanes and Aronsson (2013) consider the GHG reduction potential 
of the listed measures as large93, their lists do not include two other major determinants: postharvest 
losses and land use changes. In fact, postharvest banana losses are considered remarkable (Mattsson 
et al., 2018) despite obvious challenges in the quantification of the actual loss (see, for instance, Porter 
et al., 2018). Each wasted banana would not have been needed to be produced and, hence, each unit 
of waste represents an opportunity to cut on-farm GHGs. This holds especially true if the demand 
is partially met by bananas that were produced on areas that had formerly been dedicated to other 
ecosystems. 

Indeed, land-use changes induced by agricultural activities substantially contribute to global GHG 
emissions. Simply speaking: Converting a hectare of land from natural or nature-like habitats emits 
considerably more GHG emissions than the production of a crop on an already converted hectare. 
For banana production this can be set into perspective: 

• Depending on the methodology and the crop growing system, FAO (2017a) estimates that 
primary banana production emits approximately 50 to 200 kg equivalents of carbon dioxide per 
kg of bananas. Assuming 40 tons per hectare (see, e.g., figure 4.1), this means to calculate with a 
net emission of 2 to 8 tons per hectare and year. 

• However, in accordance with Searchinger et al. (2008), Marelli et al. (2011) and Tyner et al. (2010), 
carbon dioxide emission factors of converting land towards agricultural production in LAC are 
between 151 and 337 tons per hectare. 

In other words: Using newly cultivated land for banana production has also the potential to release 
much more carbon dioxide equivalents than the production of the crop on an already used hectare. 
Averaging the numbers above would lead to a factor of almost 50. That means the land use conver-
sion of one hectare has the potential to emit as much GHGs as 50 years of constant banana produc-
tion per hectare in the LAC region. 

Why is this so important to know? Petsakos et al. (2019) provide an answer. Accordingly, most of 
the future banana demand increase is projected to be met by bringing more area under cultivation. 
This subsequently increases the pressure on still natural or nature-like habitats. Converting such hab-
itats, however, must be linked to extraordinarily large GHG emissions. To avoid this, all options must 
be used to sustainably intensify banana production where possible. Otherwise, the contribution of 
banana production in the LAC region to future GHG emissions will be even higher and the RCP 2.6 
(RCP 8.5) scenario would become less (more) likely. This threat must be met. 

Same applies to threats related to natural (and agricultural) biodiversity in LAC that can be linked to 
banana production and climate change. These risks are numerous. Among others, sedimentations of 
streams, extraction of firewood, hydrological changes, agrochemical runoff, logging, fire/burning, 
soil erosion, squatting and invasion of lands, as well as hunting are noteworthy (see, for instance, 
Harvey et al., 2004). The impact, however, is always site-specific and depends on particular ecological 
and biophysical conditions supported or hindered by social and economic behavior. A comprehen-
sive assessment of the climate change-driven impact of altering banana production on biodiversity 

 
93 The authors provide a qualitative assessment and do not provide precise numbers. 
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would, thus, also require regional and even local knowledge about yet given biodiversity and its de-
terminants. Gathering this information is beyond the scope of this analysis. Nevertheless, some 
meaningful aspects can be added to our analysis. 

Already now, some production systems have disproportionately affected biodiversity in the broader 
LAC region, and among these is banana production. In fact, banana production impacts biodiversity 
through improper intensification94, medium erosion rates, no fallow presence once a year, high con-
tamination of water, low presence of tree cover or natural habitat within these, and a rather homog-
enous land use (Harvey et al. 2004). Consequently, negative biodiversity impacts can be reduced, for 
instance by establishing polycultures and retaining a higher degree of natural tree cover and natural 
habitats as well as applying integrated pest management and organic management practices (Harvey 
et al., 2004). 

Moreover, banana production needs large areas of land and triggers the expansion of these (see, again, 
Harvey et al., 2004). As has been discussed with respect to GHG emissions: Even more land will 
most likely be used in the future for banana production to satisfy global demand. For LAC countries 
this could mean to increase banana area by 50 percent (Petsakos et al., 2019). This “external” pressure 
in combination with yield depressions and a decreasing suitability of the analyzed areas caused by 
climate change constitutes a major challenge. The following partial impacts must be highlighted and 
distinguished in this respect: 

• If yield growth is limited due to climate change, the land requirement will further increase to cope 
with increasing banana demand. 

• If suitability of area potentially shrinks in some regions, this will trigger movements or expansions 
to other areas, the suitability of which for banana production increases. 

• If regional suitability of area remains unchanged, the ratio of land used for banana production vs. 
other land use in that region will also tend to increase due to improving comparative advantages. 

The effect of the three determinants is the same: Land that is currently not used for banana produc-
tion will probably be used to grow the crop in future. The subsequent environmental effects depend 
on the type of land use prior to the change (e.g. conversion to banana production). If the land was 
used for other agricultural activities, biodiversity might not be threatened or only to a limited extent. 
However, if the future banana land is for instance generated via deforestation or grassland conver-
sion, regional/local biodiversity will most probably be negatively affected95. 

Looking now at the results displayed in figure 6.3, we may conclude that the shift in land use will be 
more likely in regions where suitability of area does not shrink or even is increasing. Hence, El Oro, 
Magdalena and may be also Heredia might face an even greater challenge to preserve biodiversity 

 
94 In particular, the intensive production of export banana is considered to have a rather high impact due to the frequently 

inappropriate application of plant protection and fertilizer. 
95 In this respect, Myers et al. (2000) argue that banana plantations that entail deforestation and intensive resource use 

threaten biodiversity hotspots which are important for wildlife conservation. It might also be interesting to note that 
banana monoculture of the Cavendish varieties that covers large areas that is sometimes termed “green desert” (Vargas, 
2006). 
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than for instance Antioquia, Azua, La Guajira, and Valverde. But this conclusion shall not be over-
interpreted since – from an economic point of view – banana producers in any region would try to 
benefit from future incentives that are created by an increased global banana demand96, and banana 
production may intra-regionally shift as well97. 

To summarize: The consequences of climate change driven banana production developments tend 
to negatively affect biodiversity in all the selected regions and their banana producing areas. However, 
the impact shall be considered “only” an accentuation of the more substantial impact arising from 
global banana markets. The question, now, is: What can be done on-farm and along the banana value 
chain when the pressure on land increases? 

In principle, the answer is comparable to what has been stated with respect to GHG emissions. To 
avoid a substantial biodiversity loss, all options must be used to sustainably intensify banana produc-
tion where possible. This essentially helps to avoid land use changes and, hence, preserve as many 
natural and nature-like habitats as possible. And any banana that does not get lost on its way from 
the primary producer to the final consumer supports this process. In addition, the following options 
contributing to a partial avoidance of biodiversity losses shall at least be mentioned (see, e.g., FAO, 
2003; Vargas, 2006): 

• Biodiversity within banana cultivations can positively be influenced by proper crop management 
(e.g., an appropriate usage of plant protection products). In fact, an often humid tropical climate 
plus monoculture make banana plants susceptible to various pests and diseases, and applying the 
right plant protection product at the right amount and right time will lower run-offs that negatively 
affect the environment. 

• Not only therefore, good agricultural practices which involve integrated pest management as well 
as conservation and reforestation practices must be implemented. 

• One alternative land use option that is conducive to farmers’ livelihoods, wildlife conservation 
and natural forest preservation is for instance agroforestry where banana and cocoa are 
intercropped with other fruits, tubers etc. Harvey et al. (2006) found that mammal and beetle 
species were richer in such a combined system than in banana monocultures. 

Finally, the influence of biodiversity that surrounds banana plantations on banana production shall 
briefly be discussed. In this respect three aspects are worth mentioning: 

• Castelan et al. (2018) argue that bananas growing close to natural forests perform better. In 
particular, plant health and fruit ripening as well as postharvest behavior are positively influenced 

 
96 At this stage of the analysis, it would be worth to also look at other banana producing regions in the LAC region which 

may benefit from especially future temperature increases. Most probably, these will be areas located in regions which 
currently face temperatures just a few °C below the temperature optimum for banana production (25 °C) with plenty 
of water supply. To identify such regions, a closer look into figures 3.1 and 3.2 is recommended. 

97 Looking at figures 3.1 and 3.2, it might be that under future climate change conditions the conditions for banana 
production comparatively improve for instance eastbound of Urabà, in the northern part of Azua or the southern part 
of Heredia. 
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among bananas growing near natural ecosystems. Neighboring natural biodiversity contributes to 
a higher green life and a more homogeneous profile during ripening. 

• Sensorial and nutritional quality of bananas harvested near natural forests is also considered to be 
higher than those of bananas distantly harvested (Nascimento et al., 2019).  

• More generally speaking, it can be stated that such natural ecosystems nearby agricultural 
landscapes such as banana plantations and fields are able to provide richer environments for 
growing crops by – among others – enhancing natural control of pests (Gardner et al., 2009) and 
diseases (Kageyama et al., 2002; Tomas et al., 2009; Claflin et al., 2017), nutrient cycling, erosion 
control, and carbon sequestration (Jarvis et al., 2007). 

This can be an indicative evidence base for the necessity to conserve biodiversity near crop planta-
tions to improve plant health and fruit quality. This would also help to limit the climate change-
induced yield decreases discussed above.  

It becomes obvious that many interactions must still be elaborated and scientifically penetrated to 
fully assess partly recursive biodiversity changes – and other environmental aspects which cannot be 
discussed in this study – that might or will occur because banana production is affected by climate 
change. In any case, future research should include one or more of these aspects as will be pointed 
out in the following and final chapter of this study. 
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7 Recommendations for private and public decision-
making as well as policy advice 

As has become evident throughout our analysis, climate change will strongly affect banana produc-
tion in all LAC regions we have looked at. All regions will face further temperature increases and will 
especially encounter challenges due to an increasing climate variability in the future. Banana produc-
ers, however, will have no choice but to adapt to this new normal. Therefore, decision making by 
farmers or private entrepreneurs as well as by policy makers must prioritize adaptation to climate 
change, while also working towards the mitigation of GHG emissions from the sector. Based on our 
analysis above, we will now proceed to derive specific conclusions and recommendations for private 
decision-making (see sub-chapter 7.2) as well as policy decision-making (see sub-chapter 7.3). First, 
however, some of the limitations of our approach must be mentioned in order to put these conclu-
sions and recommendations into perspective. This is important as certain issues and factors have 
been left out in our analysis and as pending future knowledge generation might alter the suggestions 
based on these research findings at least to some degree. These limitations (see sub-chapter 7.1) will, 
thus, also directly point at further research requirements and shall, hence, be considered an essential 
part of the overall recommendations. 

7.1 Further research needs based on the scope and limitations of this 
study 

To better understand and frame the study and its results, we would like to reiterate some important 
aspects regarding the study’s scope and limitations and provide additional points for consideration. 
All of them lead to concrete research needs to improve the holistic assessment of climate change 
impacts on banana production. The following topics are most important from our perspective: 

• There are different approaches to select climate models: The main concepts are either to select 
the climate model which best reproduces past weather data or to select the model which best 
integrates and covers atmospheric and climatological processes. We chose the latter approach and 
hence our selection of the CORDEX CORE ensemble is based on the processes resolved in the 
models. More particularly, we use RCM simulations as the embedded high-resolution covers 
regional heterogeneity better than GCMs. However, it is important to mention that both GCMs 
and RCMs do have their advantages and disadvantages and, first of all, include a high degree of 
uncertainty as they often do not agree neither in the trend nor in the projected change. Thus, 
using multiple models or even the entire ensemble of climate models (both from RCMs and 
GCMs) is useful to show the full picture of potential climate futures. The bigger picture may, thus, 
act to reduce climate change uncertainty. Therefore, future studies should ideally use different 
model ensembles for their analyses to enable a comparison and discussion of the different 
resulting climate futures and their results for banana production. 

• The approach to calculate a climate-yield coefficient is just one amongst various methods to 
analyze the climate impacts on banana yields. Yet given the regional data availability and 
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knowledge as regards climate change impacts on banana production, this method provides a 
robust and efficient approach to analyze climate change-induced yield effects in the context of 
this study. Once more data and better information become available other methods such as the 
various crop models described e.g. in Müller et al. (2019) should additionally be used. 

• We calculated the climate-yield coefficient with average annual temperature and yearly 
precipitation as endogenous variables for our model. To compare these observed or projected 
variables with the optimal climate for banana production, we used a specific optimum, minimum 
and maximum value to define a range of annual temperature and yearly precipitation conducive 
for banana growth. Hence, the results of our analysis can be considered bi-factorial and are within 
a well-defined range. As the optimal growing conditions for bananas may differ between specific 
banana producing regions and management regimes, further regional analyses looking into 
specific ecological niches for banana production might provide additional insights. The same 
applies to the integration of other climate variables, the impacts of which on banana production 
must be quantified. This also includes putting more emphasis on the seasonality of climate, sea 
level rise and ENSO phenomena than was possible in this study. For instance, Li et al. (2013) 
show that ENSO activities presently tend to show more anomalies than in the past. If this trend 
continues, it may substantiate our findings especially with respect to the frequency and severity of 
climate change induced-extreme events. 

• Yield is multi-factorial and, hence, also depends on many factors other than climate variables. 
This mainly concerns other natural conditions (e.g. soil) as well as “human-made” factors such as 
crop management, technology development and politics. Given the scope of this study we cannot 
fully disentangle these other yield-influencing factors and their interrelations. An integration of 
such factors and their interlinkages, however, would add value to the analysis and should therefore 
be envisaged by further research, especially since other factors are also affected and driven by 
climate change (e.g. management options and politics)98. 

• Probability considerations with respect to tipping points were not included in our analysis. If such 
tipping points were reached due to climate change, they would cause an irreversible change in 
terrestrial systems which would then lead to a new state of equilibrium. Such an event would 
certainly have tremendous consequences. Enlarging uncertainty analyses to take account of 
potential tipping points is a specific but important requirement for further research on the topic. 

• The results of our study should be interpreted within the particular context of the LAC region. 
Rather similar temperature increases are projected for the entire region, but precipitation 
projections are highly heterogenous. In other words: Water availability considerations must be 
elaborated. In our study, water availability was discussed in the context of precipitation and PET. 
Given the great impact of water availability on banana yields and the delay factor of noticeable 
impacts, it is crucial for further investigations to look at irrigation and water availability in a 
broader interregional context. For instance, expanding irrigation schemes might stabilize yields 

 
98 New or emerging plant diseases and pests, for instance, can develop more resistances to plant protection products or 

start to affect (formerly) resistant crop varieties. Once such resistances are established, the forms of plant protection 
currently used will not be effective anymore. This could further decrease yields but may also lead to new innovative 
approaches of disease management. 
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despite lower precipitation, but might deplete the water supply in the long run. In this respect, it 
is also worth considering regional hydrological conditions. A banana producing region might 
benefit (suffer) from a positively (negatively) affected groundwater situation, which is also 
influenced by precipitation in other regions than the one investigated. Rivers, or more generally 
speaking watersheds, can transport water over long distances. It is therefore of outmost 
importance to also look beyond political or administrative boundaries of a banana producing 
region as the topographic maps provided in annex L suggest. In fact, water supply in a particular 
banana production region is also influenced by greater aquifers and the overall (multi-regional or 
even multi-national) water shed management. Hence, it is not only controlled by local banana 
producers, and other means of sustainable integrated water management must be considered. 

• Our study focuses on the climate change impacts in banana production and on the rather narrow 
banana sector. We did not include impacts on other sectors, such as the labor and human health 
sector. Also, several environmental aspects are not included in our analysis as this is (far) beyond 
the study’s scope. However, considering the repercussion of other sectors and of various natural 
conditions on banana production is expected to have a large impact and an analysis of these 
impacts on the banana sector should therefore also be envisaged by further research. 

• Finally, adaptation efforts within the banana sector are not included in our study. Including these 
is likely to alleviate the adverse climate change effects on banana production. As adaptation could 
be a real game-changer, this should also be considered in further science-based assessments. 

However, climate change impacts on banana production are robustly covered in this study and (hav-
ing in mind the described scope and limitations) the results allow to draw conclusions for appropriate 
decision-making for private businesses and policy makers. 

7.2 Conclusions for private businesses 

Banana farmers’ livelihoods are impacted by climate change. On-farm adaptation measures must cope 
with changes in temperatures, water availability, winds, and a higher frequency and severity of extreme 
weather events. Before providing reasons and detailed measures for climate-smart banana production 
in this respect, it is important to state that gaining site-specific knowledge on the changes and options 
for action it is a prerequisite for changing or adopting management processes. Therefore, farmers 
and other stakeholders along the banana value chain should be able to improve their knowledge 
regarding climate change and other challenges ahead. This process must be sustained by policy mak-
ers (see next section). In the following we provide some more detailed conclusions for private busi-
nesses. 

A first important issue is integrated water resource management. According to Magrin et al. (2014), 
it is the key for a sustainable and climate-smart banana production, as bananas need constant water 
supply to produce high yields and good qualities. In this context, several aspects must be considered 
a necessity for adaptation: 
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• Climate-smart professional practices: Practices to address the delay of a start in the rainy season 
include many of the common management routines in rainfed banana production99. One such 
practice is irrigation, which can be used to directly address the water deficit until the rainy season 
starts. Practices to reduce water deficits should also include application of organic matter and 
diversification of banana varieties. Specific foliar sprays that act as anti-transpirants might also 
help to reduce evapotranspiration and, thus, water loss from the plant. At the same time, other 
management practices should be (temporarily) suspended during prolonged dry seasons, for 
instance de-leafing, de-suckering and weeding. 

• Climate-smart irrigation: To avoid an overuse of water resources, what would ultimately 
deteriorate banana production for all producers, the use of well-timed and water-efficient 
irrigation methods is crucial. Rainwater harvesting or drip irrigation are such methods, which can 
be implemented to prevent plant injury due to water shortages or droughts100. Besides, different 
more advanced irrigation systems such as micro-sprinkling and micro-aspersion could be 
implemented (see Adaptation Partnership, 2012) when finance options are available.  

• Recovery after water stress events: In the aftermath of water stress or droughts, some practices 
might help to accelerate recovery when the rains return. These include the stimulation of growth 
through fertilization, de-suckering and weeding, which are often suspended during prolonged dry 
seasons. In addition, replanting in case the effects have been severe can sometimes be 
unavoidable. 

• Soil moisture management: Mulching should also be considered a valuable management option 
to be practiced to reduce evaporation of water from the soil as well as to control weeds, reduce 
the displacement of topsoil by running water, reduce the compaction of soil particles, and nourish 
the soil with green manure. Common mulch options include the use of dried weeds, grass, and 
other crop or banana plant residues such as banana peelings, pseudo-stems and pruned dry or 
fresh leaves101. As banana plants have shallow roots, mulching their soils with clippings or planting 
low-growing cover crops can also provide a shaded understory that helps to maintain soil moisture 
even when temperatures soar102, 103. The maintenance of an optimum number of leaves at 
flowering can also help to cope with limited water supply, as water loss through transpiration can 
be reduced and cut leaves can be used for mulching to cover the soil surface (see also Ravi and 
Vaganan, 2016).  

 
99 Among others, Magrin et al. (2014) and Rodriguez Valencia et al. (2019) argue that traditional indigenous knowledge 

systems and practices about specific banana cultivars, their agro-ecological niches and pathogens should be used and 
strengthened as well. 

100 When used in combination with weather forecast information and advice on crop water demand, the water supply can 
be much better matched to the actual needs of the plant (Reay, 2019). 

101 These specific options are also named by Nansamba et al. (2020) as a suitable cultural practice to be employed by 
banana growers for the management of drought stress. 

102 Such mulching and use of cover crops have the added benefits of suppressing weeds, reducing soil erosion, and cutting 
run-off of pesticides and herbicides during times of very heavy rainfall (Reay, 2019). 

103 Cover crops, such as chickpeas, can be used as “living mulch”. Such crops have the capacity to bind atmospheric 
nitrogen in the soil and protect the soil as ground cover (Nansamba et al., 2020). 
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• Improved water and nutrient efficiency: In addition, practices to build root health can be 
beneficial to improve the efficient use of available nutrients and water (FAO, 2016). 

In this “water” context it is also important to reiterate that extreme events related to an excess or 
deficit of rains will probably happen more frequently than other events such as winds and critical 
temperatures (see, e.g., sub-chapter 4.2). Along with irrigation, other options to cope with these 
events are building dikes to block flood waters, improving the soil organic matter104, and improving 
the drainage of the soils105. However, practices to directly cope with the excess or lack of rains require 
proper planning and investment in drainage canals, within-field levelling or an irrigation infrastruc-
ture, while indirect practices to mitigate the effects are shorter term and are often already integrated 
into current management routines. One example are ropes that stabilize the plant and reduce the risk 
of plant damage. Noteworthy is also, that the plants’ recovery after extreme events can and should 
be helped by cleaning up fallen plants, selecting replacement suckers and replanting. Also moving 
from monocropping to a more diverse cropping system or agroforestry system can reduce the im-
pacts of extreme events as different crops and varieties are differently affected. For example, tradi-
tional cropping systems often combine bananas and coffee plants.  

Canals built around the banana plants (so called drainage channels) also might help to combat flood-
ing and avoid standing water106. This infrastructure could also help in times of water stress. To cope 
with droughts during the main rainy season, banana growers generally should resort to supplementary 
irrigation107 if possible. Supplementary irrigation is particularly vital during floral primordial initiation 
and development, flowering, and a month post flowering to ensure successful bunch emergence and 
fruit filling (see also Ravi and Vaganan, 2016). Apart from that, in many environments supplementary 
irrigation can also be made more effective if the water is systematically applied before planting108.  

For banana production, high temperature events are more problematic than low temperature events. 
Consequently, a preventive measure is the use of banana varieties that can cope with higher temper-
atures (see also FAO, 2016)109. However, such regionally adaptable varieties must be identified or 
developed first. Another option that might be more quickly to implement and more effective given 
the heterogenous growing conditions, is to adapt certain key production processes and technologies 
to the changing weather conditions. This includes the points mentioned above as well as different 
pre-harvest and post-harvest processes such as using different types of bags for protecting the banana 
bunch. These processes can also be adapted to changing temperatures, changing ultraviolet radiations, 
etc.110. 

 
104 Healthier root systems and a soil mulch layer reduce the impact of rainfall variability without increasing the entry of 

water into the field (Calberto et al., 2018). 
105 This technique particularly evacuates water more quickly rather than blocking the entry of water into the field (Calberto 

et al., 2018). 
106 They are promoted as an adaptation technique also by the Adaptation Partnership (2012), for instance. 
107 In case of such an event, they should also reduce the application of plant protection products (FAO, 2016). 
108 Pre-planting irrigation allows the crop to have a sufficient water supply early in the season, thereby ensuring its proper 

establishment and growth despite unexpected rainfall variations (Nansamba et al., 2020).  
109 Vanhove et al. (2012) explicitly suggest adopting drought-tolerant banana varieties. 
110 In Ecuador, for instance, some banana growers already use different types of bags with fewer perforations during 

periods with cooler weather and depending on the season (FAO, 2016). 
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Wind-related extreme events are also a big issue for banana production (see sub-chapter 4.2). Prac-
tices to prevent the effects of high winds require good planning and sound investments in, for in-
stance, windbreaks. In addition, more indirect practices to reduce the effects of strong winds can be 
implemented, if they are not already integrated into the “normal” management routine111. To cope 
with high gusts of wind, banana trees can be tied through string reinforcements to prevent the plants 
from toppling over112. In this respect it is also noteworthy that banana plants grow from a large 
rhizome, so even if a storm damages their leaves and stems, they can often regenerate if given the 
chance. Where wind damage destroys large numbers of plants, as can happen with hurricanes, having 
robust systems for recovery in place — like rapid infrastructure repair, disease-free rhizomes, and 
equipment re-supply — can help limit the overall economic impacts113.  

In the region, climatic variability caused by ENSO must be considered. Mainly – but not only – in 
Ecuador, losses to the banana sector from an extreme ENSO event are most likely to be the result 
of severe rainfalls. This argues for putting increased attention on providing flood, drainage and emer-
gency systems for a wider range of adverse rainfall outcomes (FAO, 2016). An effective adaptation 
measure to increased flood risks would also be to shift banana production to higher altitudes in case 
of necessity and whenever possible. Adaptation measures to cope with heavy rains during the rainy 
season also include an increased application of plant protection products for the control of pests and 
diseases like Black Sigatoka, and particularly the appropriate use of systemic fungicides and herbi-
cides114, as well as a reduced fertilization115. 

7.3 Request for targeted policy making 

It is the task of agricultural, economic, climate, and research policy to set the proper framework 
conditions so that farmers’ livelihoods are sustained under climate change and in the face of other 
changes in the future. Sound policy making can enable and foster a transition towards, or a continu-
ation of climate-smart banana production. Before focusing on important specific policy aspects with 
respect to banana production it is therefore crucial for policy makers to continue their active partici-
pation in international negotiations and fora to combat climate change and also to implement the 
corresponding policies in their home countries. The importance of these actions cannot be high-
lighted enough. Halting or significantly slowing down climate change would ultimately reduce the 
need for adaptation. In this respect, the following specific policy aspects are most important from 
our point of view and should therefore be considered: 

• On a national and regional level, farmers and other stakeholders along the value chain should have 
easy and low-cost access to education, training, and information regarding sustainable and climate-

 
111 In accordance with Calberto et al. (2018), recovery after wind events can particularly be addressed by cleaning up fallen 

plants, selecting replacement suckers and proper replanting. 
112 This is already being done in various banana plantations (Adaptation Partnership, 2012). 
113 Reay (2019) argues that this should be envisaged as a very important option to get production up and running quickly. 
114 Fungicides and herbicides applications on bananas plants and the surrounding soil will eliminate pests while not harming 

the beneficial underbrush that can prevent erosion, can, in fact, be a good adaptation strategy to climate change if done 
appropriately (Adaptation Partnership, 2012). 

115 To cope with heavy rains during the late dry season, improving the maintenance of drainage canals is considered a must 
as well (FAO, 2016). 
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smart banana production. Therefore, educational programs and extension services should be 
supported and made available at low costs. These programs should also provide and discuss 
specific options for action, e.g. measures to be implemented in case of the occurrence of extreme 
weather events (Shannon and Motha, 2015).  

• Targeted education and training programs should also promote the diversification of incomes 
(e.g. through off-farm work) and reduce the existing regional dependencies on banana production. 
For example, the programs could promote the use of intercropping and agroforestry systems or 
support the cultivation of other crops than bananas in areas where the suitability for banana 
production is decreasing due to climate change. Of course, this will again need to be supported 
by corresponding awareness-raising efforts and by the provision of information and training. 
Political decision-making should therefore more frequently consider and promote agricultural 
diversification in areas where banana production is especially threatened by climate change, as this 
will be vital for the farmers’ livelihoods and development in the future. 

• Infrastructure should also be enhanced and developed in such a manner that it improves access 
to markets, inputs and technologies while reducing post-harvest losses. In this respect, access to 
finance (e.g. via micro credits, cooperative financing, subsidies) is vital to ensure that farmers still 
have the opportunity to adapt, even when financial investments are needed. The provision of 
insurances to cover harvest losses caused by extreme weather events could also become more 
important in this regard. 

• Regional and global collaboration are very important to exchange best-practices and learnings 
between the different banana growing regions. The existing fora and platforms should therefore 
be strengthened and if needed their scope should periodically be adjusted to include new topics 
and adequately address the various challenges lying ahead. In the context of our study the sharing 
of information and knowledge across the LAC region is especially important and should be 
significantly facilitated116, 117. Some topical ideas for closer collaboration could be the comparison 
of yield and quality differences in banana production and the investigation of reasons for these 
differences, or the improvement and/or establishment of short-term and seasonal weather 
forecasts as well as early warning systems for extreme events118. The dissemination of climate 
information to banana growers could be an additional important outcome of such a collaboration 
and would also be relevant to other crops and sectors. 

• The installment or improvement of reliable weather stations and early warning systems for 
extreme weather events, shifts in dry and rainy seasons as well as disease detection (Magrin et al., 
2014) should be a politically supported investment as well. Warning systems for the control of 
important banana diseases (e.g. Black Sigatoka and the Panama disease) should aim at optimizing 

 
116 Promoting the sharing and exchange of experiences and lessons learned on cross-sector topics like water management 

and the use of climate and weather information is also considered to be essential by Adaptation Partnership (2012). 
117 Reay (2019) argues that improved knowledge and in addition to that more access to training, sharing of good practices, 

and increased research are central to climate change adaptation in the banana industry. 
118 For the powerful storms and hurricanes, for instance, that threaten the Caribbean, i.e. the Dominican Republic, each 

year early warning systems and recovery plans may help save bananas as well as many lives (Reay, 2019). 
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the control of these diseases, which in many regions are expected to occur more often because of 
climate change119. 

Research is a policy topic of its own when it comes to managing climate change. With respect to 
banana production, the following research policy topics are suggested (see also sub-chapter 7.1): 

• Research is vital to develop and test the necessary management practices for farmers to cope with 
climate change impacts. Such research should therefore be of high priority in banana-related 
scientific and development activities taking place in banana producing regions120. More 
particularly, research should for instance include approaches to build the social capital necessary 
to identify and safeguard viable adaptation practices at the regional scale. It should also focus on 
the development and improvement of integrated water and resource management, on building 
and improving the buffering capacities in watershed management, and on the development and 
improvement of resilient cropping systems. The development of scenarios for an efficient and 
low-cost recovery of banana production after extreme events is also an important point here. 

• A specific focus of research (policy) should be on plant breeding, so that banana varieties that are 
(more) resistant and tolerant to biotic and abiotic stress factors can be detected and/or (further) 
developed (Lane and Jarvis, 2007). As mentioned before, bananas are very sensitive to water stress, 
which may cause severe yield reductions. Therefore, banana varieties able to produce reasonable 
yields in a more water-efficient way offer a very promising adaptation method to reduced water 
availability in the future121, 122. Thereby, it must be highlighted that drought tolerance in plants is 
a complex trait, the expression of which is controlled by many genes, and which environmentally 
varies over location and time. This complicates the development of a standard gene pool for 
drought resistance. The banana gene pool is very diverse and, hence, presents a great opportunity 
for the enhancement of complex quantitative traits123. Besides, tolerance to higher temperatures 
and to temperature extremes is a crucial trait for new banana varieties. Despite the large gene 
pool, most banana plantations destined for export only plant clones of the Cavendish type and, 
hence, have no genetic diversity. This is different in home-gardens and other farming sites 
managed by smallholder farmers, which could be a good starting point to explore local landrace 
diversity and wild relatives for breeding programs. Recent technological developments such as 
high-throughput precision phenotyping and marker-assisted selection should also be exploited to 
speed up the improvement of banana varieties as they permit a thorough and precise selection of 

 
119 The aim of these systems should also be to minimize fungicide applications resulting in a lower cost of control, lower 

risk of fungicide resistance and lower negative environmental impact. An exemplary disease control system requires the 
early detection of a disease, fast aerial spraying, strong curative effects through the use of systemic fungicides, fungicide 
resistance management, and, in addition, the centralization of control over the whole banana producing areas, as well 
as a shortening of decision-making and implementing of fungicide applications to be a successful strategy (Guillermet 
et al., 2014). 

120 Putting the respective programs of adaptation to climate change high on the agenda is also requested by Calberto et al. 
(2018). 

121 Breeders and growers of banana are therefore asked to more often apply clonal selection to identify plant types suited 
to the particular conditions of the area in which they are producing (FAO, 2016). 

122 In fact, with disease resistance being an urgent focus of most banana-breeding programs around the world, research on 
more drought-tolerant plants has so far been limited. Some varieties do show more drought-tolerant traits though and 
for those farmers facing the biggest drought risks or having the least ability to adapt through irrigation, development 
and supply of such new varieties could be vital (Reay, 2019). 

123 This includes drought tolerance (Nansamba et al., 2020). 
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suitable candidates124, 125, 126. Apart from breeding for higher tolerance towards abiotic stresses, 
the development of varieties that are resistant to pests and diseases is essential. The high 
susceptibility of the Gros Michel variety to the Panama disease in the 1950s is a striking example 
of what can happen to global banana production if a variety’s resistance is suddenly bypassed by 
pathogens.  

• Generally, the data availability for banana research needs to be considerably improved. For 
example, it is currently challenging to specify the real and potential frequencies and intensities of 
different weather events affecting banana production in the LAC region. A first step to improve 
the data basis is the installation of weather stations and a better monitoring of daily and hourly 
data in the evaluation of plant responses to these weather events127. Among others, this requires 
the combination of and collaboration between plant and climate science and would most probably 
lead to results with site-specific practical applicability (Calberto et al., 2018). 

• Further research efforts must also be made to explore the effect of abiotic stresses128 and of 
possible adaptation options on banana production. For example, water-efficient irrigation can be 
further explored to develop irrigation methods that are effective and cost-efficient. In this regard, 
disciplines such as agricultural economics can carry out cost-benefit analyses of adoption measures 
and of practices that have proved to be climate-smart according to applied research. In doing so, 
it is important to not only include the aspect of water quantity into the analysis, but to also 
consider water quality and to explore the option of using wastewater for irrigation. Also, the effect 
of irrigation or fertigation on banana production should be further explored. 

• Research can also help to improve and adapt land use policies so that these can better facilitate 
climate change adaptation (Adaptation Partnership, 2012). 

• International and regional water shed management is crucial to not overuse certain water sheds 
and to quickly react when there is a risk of overuse. Globally and in the LAC region, there are 
unfortunately negative examples of resource degradation due to overuse of water. 

• The policy makers of banana importing countries should also be mentioned here as they could 
e.g. establish policies to promote consumer acceptance of other banana varieties (apart from the 
Cavendish banana), reduce food loss, etc. These policies would also impact banana production in 
the LAC region (and globally) so that producers could for example switch towards planting other, 
more water-use-efficient and disease resistant varieties.  

 
124 Moreover, genome editing using the CRISPR/Cas9 technology, a type of genetic engineering, can be used to insert 

drought tolerance genes in the banana genome and silence or knock out genes associated with drought susceptibility 
(Nansamba et al., 2020). 

125 However, these need to be coupled with tolerance to abiotic stresses (Tripathi et al., 2019). 
126 For the banana sector to benefit from climate change and/or overcome negative impacts due to climate change, culti-

vars should also be bred with resistance to diseases and tolerance to temperature fluctuations and extremes and drought 
and have greater productivity under conditions of more variable water supply (Ramirez et al., 2011). 

127 In this respect, the proliferation of lower cost devices to measure weather and the abiotic status of crops and their 
environment is considered a useful step to better identify the key variables in banana crop performance facing climate 
change (Calberto et al., 2018). 

128 Among the abiotic stresses, drought, salinity, and heat are the most important issues to be analyzed (Ravi and Vaganan, 
2016). 
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• Finally, a regional or global framework in research should be fostered with the aim to facilitate 
mutual exchange as well as a common data collection and analysis thereof. This would again help 
to develop and improve banana management practices, e.g. in response to specific extreme events, 
and could in fact provide a useful and practical return to research investments. 

The present study can be seen a first and limited attempt towards the establishment of such a regional 
and global research framework on climate change and banana production. As should have become 
clear from our conclusions, climate change and banana production are both very complex topics and 
areas of research, where many factors are involved and interlinked. Improving the knowledge base 
to better understand these factors and interlinkages should increase the ability of banana farmers to 
better cope with the future climatic conditions be it on the farm and market level, on the regional 
and national level, on the administrative and political level, or on the level of research and develop-
ment assistance. The challenges ahead are numerous and will require cooperation and collaboration 
between all stakeholders involved and at all levels to ensure banana production can continue to thrive 
also in the future.  
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Annex A: Uncertainty of climate change: Colombia 
Figure A.1:  Change of average temperature of Colombia for the year 2050 and the climate 

change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure A.2: Change of average precipitation of Colombia for the year 2050 and the climate 
change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure A.3: Change of average temperature of Colombia for the year 2070 and the climate 
change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure A.4: Change of average precipitation of Colombia for the year 2070 and the climate 
change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure A.5: Change of average temperature of Colombia for the year 2050 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure A.6: Change of average precipitation of Colombia for the year 2050 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure A.7: Change of average temperature of Colombia for the year 2070 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure A.8: Change of average precipitation of Colombia for the year 2070 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Annex B: Uncertainty of climate change: Costa Rica 
Figure B.1:  Change of average temperature of Costa Rica for the year 2050 and the climate 

change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure B.2: Change of average precipitation of Costa Rica for the year 2050 and the cli-
mate change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure B.3: Change of average temperature of Costa Rica for the year 2070 and the climate 
change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure B.4: Change of average precipitation of Costa Rica for the year 2070 and the cli-
mate change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure B.5: Change of average temperature of Costa Rica for the year 2050 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure B.6: Change of average precipitation of Costa Rica for the year 2050 and the cli-
mate change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

0

1

2

3

4

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

C
ha

ng
e 

of
 te

m
pe

ra
tu

re
 (i

n 
°C

)

Month

10th Percentile 50th Percentile 90th Percentile

-140
-120

-100
-80

-60
-40

-20
0

20

40
60

80

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

C
ha

ng
e 

of
 p

re
ci

pi
ta

tio
n 

(in
 m

m
)

Month

10th Percentile 50th Percentile 90th Percentile

Uncertainty range of the change of annual temperature: +1.1°C à +1.5°C à +2.4°C 

Uncertainty range of the change of annual precipitation: -527 mm à +41 mm à +312 mm 



144  Climate change and its effects on banana production in COL, CRI, DOM, and ECU | 05/2021 

 

Figure B.7: Change of average temperature of Costa Rica for the year 2070 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure B.8: Change of average precipitation of Costa Rica for the year 2070 and the cli-
mate change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Annex C: Uncertainty of climate change: Dominican 
Republic 

Figure C.1:  Change of average temperature of the Dominican Republic for the year 2050 
and the climate change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure C.2: Change of average precipitation of the Dominican Republic for the year 2050 
and the climate change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure C.3: Change of average temperature of the Dominican Republic for the year 2070 
and the climate change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure C.4: Change of average precipitation of the Dominican Republic for the year 2070 
and the climate change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure C.5: Change of average temperature of the Dominican Republic for the year 2050 
and the climate change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure C.6: Change of average precipitation of the Dominican Republic for the year 2050 
and the climate change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure C.7: Change of average temperature of the Dominican Republic for the year 2070 
and the climate change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure C.8: Change of average precipitation of the Dominican Republic for the year 2070 
and the climate change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Annex D: Uncertainty of climate change: Ecuador 
Figure D.1:  Change of average temperature of Ecuador for the year 2050 and the climate 

change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure D.2: Change of average precipitation of Ecuador for the year 2050 and the climate 
change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure D.3: Change of average temperature of Ecuador for the year 2070 and the climate 
change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure D.4: Change of average precipitation of Ecuador for the year 2070 and the climate 
change scenario RCP 2.6 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure D.5: Change of average temperature of Ecuador for the year 2050 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure D.6: Change of average precipitation of Ecuador for the year 2050 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 
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Figure D.7: Change of average temperature of Ecuador for the year 2070 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b). 

Figure D.8: Change of average precipitation of Ecuador for the year 2070 and the climate 
change scenario RCP 8.5 compared to 1986-2005 

 

Source: Own figure based on The World Bank Group (2020b).  
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Annex E:  Data and methods for the analysis of observed 
and projected climate developments 

The climate analysis is based on three datasets, which are briefly discussed in the following:  

• Current precipitation levels are based on the high-resolution dataset Climate Hazards Group 
InfraRed Precipitation with Stations (CHIRPS) version 2 (see, for instance, Funk et al., 2014). 
CHIRPS combines a variety of satellite products and in-situ observations and provides daily 
precipitation data with a spatial resolution of 0.05° for the period from 1981 until today. The 
annual number of dry months is also calculated from this dataset. 

• Current temperature conditions and consequently the temperature-based calculation of PET are 
based on ERA5, the most recent reanalysis product of the European Centre for Medium-Range 
Weather Forecasts (ECMWF) (see, for instance, Hersbach et al., 2019). Reanalysis data is 
produced by combining a numerical weather prediction model with observational data from 
satellites and ground observations, therefore providing optimized global estimates of climate data 
without spatial or temporal gaps. ERA5 is available with 0.25° spatial and daily temporal 
resolution, which is higher than the resolution of purely observational temperature datasets and 
makes ERA5 a suitable choice for regions with diverse topography. 

• The projected climate conditions are based on the recently published Coordinated Regional 
Climate Downscaling Experiment (CORDEX) – COmmon Regional Experiment (CORE) 
dataset (CORDEX, 2020), and within that, in particular on the data from the Central America 
domain. We use data from the Regional Climate Model (RCM) Remo with forcing from three 
different global General Circulation Models (GCMs). The three GCMs are NCC-NORESM, 
MPI-ESM-LR and HadGEM-ES. These models were particularly chosen to cover the whole 
range of equilibrium climate sensitivity within the Coupled Model Intercomparison Project 5 
(CMIP5) ensemble. Accordingly, simulations for RCP 2.6 and RCP 8.5 are available to cover the 
whole range of RCP scenarios. More precisely, the CORDEX-CORE project provides daily 
climate data until 2100 with a spatial resolution of 0.22°. This high resolution is crucial in regions 
of complex terrain and when comparing changes in comparatively small regions. 

To analyze the particularly small regions in our study our analysis is conducted on the finest grid of 
the three datasets, the 0.05° grid of CHIRPS. All data was re-gridded to this resolution using first 
order conservative remapping. To avoid the influence of inter-annual variability when analyzing pro-
jected changes, we based this analysis on time-periods of 29 years – namely 1990-2018 for current 
climate conditions, 2036-2064 for climate conditions around the year 2050 and 2056-2084 for climate 
conditions around the year 2070. The variables analyzed from these datasets are annual sums of pre-
cipitation, annual average temperatures, the annual numbers of dry months, and the annual sum of 
PET. As PET is not a direct output of climate models, we calculated it following the method of 
Thornthwaite (1948). The main limitation of this method is that it considers PET as a function of 
temperature only, while more realistically it also depends on other factors, in particular wind. How-
ever, since wind data is highly uncertain, including it into the PET calculation would introduce an-
other (different) type of uncertainty.   
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Annex F:  Regional observations of temperature and 
precipitation 

Figure F.1:  Observed annual temperature and precipitation in Antioquia, 1990-2019 

 

Source: Own figure. 

Figure F.2: Observed annual temperature and precipitation in Azua, 1990-2019 

 

Source: Own figure. 
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Figure F.3: Observed annual temperature and precipitation in El Oro, 1990-2019 

 

Source: Own figure. 

Figure F.4: Observed annual temperature and precipitation in Heredia, 1990-2019 

 

Source: Own figure. 
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Figure F.5: Observed annual temperature and precipitation in La Guajira, 1990-2019 

 

Source: Own figure. 

Figure F.6: Observed annual temperature and precipitation in Magdalena, 1990-2019 

 

Source: Own figure. 
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Figure F.7: Observed annual temperature and precipitation in Valverde, 1990-2019 

 

Source: Own figure. 
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Annex G: Area observations of temperature and 
precipitation 

Figure G.1:  Observed annual temperature and precipitation in a banana production area of 
Antioquia, 1990-2019  

 

Source: Own figure. 

Figure G.2: Observed annual temperature and precipitation in a banana production area of 
Azua, 1990-2019 

 

Source: Own figure. 
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Figure G.3: Observed annual temperature and precipitation in a banana production area of 
El Oro, 1990-2019 

 

Source: Own figure. 

Figure G.4: Observed annual temperature and precipitation in a banana production area of 
Heredia, 1990-2019 

 

Source: Own figure. 
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Figure G.5: Observed annual temperature and precipitation in a banana production area of 
La Guajira, 1990-2019 

 

Source: Own figure. 

Figure G.6: Observed annual temperature and precipitation in a banana production area of 
Magdalena, 1990-2019 

 

Source: Own figure. 
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Figure G.7: Observed annual temperature and precipitation in a banana production area of 
Valverde, 1990-2019 

 

Source: Own figure. 
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Annex H: Observations of and projected changes in 
maximum temperatures 

Figure H.1: Observed annual maximum temperature averaged over the period from 1990 to 
2018 in the broader LAC region as well as in the selected banana producing re-
gions of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Figure H.2: Calculated difference of the maximum temperature, compared to 1990-2018, 
for the selected banana producing regions of Colombia, Costa Rica, the Do-
minican Republic, and Ecuador 

Region 2050 – RCP 2.6 2050 – RCP 8.5 2070 – RCP 2.6 2070 – RCP 8.5 

Antioquia 1.29°C 2.40°C 1.55°C 3.86°C 

Azua 1.02°C 2.19°C 1.05°C 3.62°C 

El Oro 1.04°C 1.91°C 1.21°C 3.08°C 

Heredia 0.78°C 1.32°C 0.78°C 2.15°C 

La Guajira 0.85°C 1.70°C 1.10°C 2.80°C 

Magdalena 1.25°C 2.45°C 1.54°C 4.17°C 

Valverde 1.26°C 2.22°C 1.10°C 3.69°C 
Source: Own figure. 
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Figure H.3: Projected change in maximum temperature by 2050 for the RCP 2.6 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Figure H.4: Projected change in maximum temperature by 2050 for the RCP 8.5 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 
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Figure H.5: Projected change in maximum temperature by 2070 for the RCP 2.6 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure. 

Figure H.6: Projected change in maximum temperature by 2070 for the RCP 8.5 scenario 
in the broader LAC region as well as in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador 

 
Source: Own figure.  
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Annex I:  Calculated difference of selected climate 
variables  

Figure I.1: Calculated difference of the near-surface temperature, compared to 1990-2018, 
for specific banana production areas in selected regions of Colombia, Costa 
Rica, the Dominican Republic, and Ecuador 

Banana production 
area in 

2050 /  
RCP 2.6 

2050 /  
RCP 8.5 

2070 /  
RCP 2.6 

2070 /  
RCP 8.5 

Antioquia 0.82°C 1.59°C 0.92°C 2.57°C 

Azua 0.77°C 1.49°C 0.79°C 2.83°C 

El Oro 0.84°C 1.50°C 0.90°C 2.39°C 

Heredia 0.76°C 1.37°C 0.78°C 2.16°C 

La Guajira 0.84°C 1.59°C 0.95°C 2.59°C 

Magdalena 0.91°C 1.81°C 1.03°C 2.98°C 

Valverde 0.97°C 1.84°C 0.97°C 2.93°C 
Source: Own figure. 

Figure I.2: Calculated difference of the annual precipitation, compared to 1990-2018, for 
specific banana production areas in selected regions of Colombia, Costa Rica, 
the Dominican Republic, and Ecuador 

Banana production 
area in 

2050 /  
RCP 2.6 

2050 /  
RCP 8.5 

2070 /  
RCP 2.6 

2070 /  
RCP 8.5 

Antioquia 4.05 % 0.17 % 2.11 % -6.69 % 

Azua 5.09 % -10.17 % -0.14 % -21.86 % 

El Oro -2.21 % 2.90 % 3.01 % 10.46 % 

Heredia 5.06 % 4.72 % 3.75 % 8.92 % 

La Guajira 5.02 % -0.43 % -3.63 % -10.84 % 

Magdalena 11.60 % -7.28 % 1.03 % -16.83 % 

Valverde -4.69 % -12.02 % -5.48 % -22.71 % 
Source: Own figure.  
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Annex J:  Regional yield data and the climate-yield 
coefficient 

Figure J.1: Observed yield data for the selected banana producing regions of Colombia, 
Costa Rica, the Dominican Republic, and Ecuador (in tons per hectare) 

Year Antioquia Azua El Oro Heredia La Guajira Magdalena Valverde 
1990 33.9   48.5 30.0 33.6  
1991 38.8   38.3 33.3 37.3  
1992 32.9   39.1 35.7 40.0  
1993 35.3   36.6 34.8 39.0  
1994 36.3   37.1 37.5 42.0  
1995 30.6   42.4 30.8 34.5  
1996 36.3   40.0 26.6 29.8  
1997 39.0   40.2 28.9 32.4  
1998 37.2   44.2 27.2 30.5  
1999 41.5   41.2 28.2 31.6  
2000 38.3   36.9 30.3 34.0  
2001 33.5   40.2 30.7 34.3  
2002 34.8 14.0  39.6 27.5 30.8  
2003 32.2  34.4 50.4 30.5 34.2  
2004 31.1  30.0 46.6 30.9 34.7  
2005 35.7  32.3 42.2 27.7 31.1  
2006 35.2  30.1 45.7 30.0 33.6  
2007 36.0  36.9 46.6 33.3 37.4  
2008 42.1  36.3 39.5 33.1 37.1  
2009 38.8  33.8 33.6 32.2 36.1  
2010 39.0  34.9 42.6 32.2 36.1  
2011 36.8  44.4 44.6 28.8 32.3  
2012 36.7 27.0 36.0 43.4 28.7 32.1 30.7 
2013 38.5 30.1 41.1 38.8 36.7 39.7 34.2 
2014 34.1 31.1 30.7 43.5 34.9 34.9 35.4 
2015 39.8 31.5 36.1 39.6 35.4 35.8 35.8 
2016 38.9 31.8 25.4 46.1 20.0 37.2 36.2 
2017 37.7 31.9 34.9 50.6 41.1 41.1 36.3 
2018 38.0 32.8 40.2 52.1  40.3 37.3 
2019  33.7  48.8  39.0 38.3 

Source: Own figure and calculations based on Ardila Parrado (2020), CLAC (2019), Damiani (2002), Giraldo (2020), Inec 
(2020), Rodriguez (2020), and Sanchez (2020).  
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Looking at figure J.1, it becomes obvious that gathering regional yield data from 1990 until most 
recently for the seven selected regions considered in this study has been a challenge. Finally, we have 
been able to identify – with the support of local experts and therefore not in a methodologically 
uniform way, i.e. slightly biased – 150 data points on regionalized annual banana yields. Using this 
information and additionally data of annex F, it can be checked if there is a relationship between 
annual banana yield information/observations for the seven regions of this study and the calculable 
climate-yield coefficient as the product of equations (1) and (2). Working hypothesis is that such a 
relationship exists although it cannot explain yearly yield manifestation in total since annual average 
temperature and precipitation are only one yield determinant and many other factors would need to 
be considered to fully explain yield developments. Figure J.2 shows the relation per region129. 

Figure J.2: Yields and climate-yield coefficients in the selected banana producing regions 
of Colombia, Costa Rica, the Dominican Republic, and Ecuador, 1990-2019 

   

   

   
Source: Own figure and calculations.

 
129 Due to the limited yield data base, information for Azua and Valverde were merged. 
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A positive relationship can be observed in all regions. This means that climate – in terms of annual 
average temperature and precipitation – obviously has an impact on yield, in the sense that the closer 
the annual average temperature and precipitation are to the optimal temperature and precipitation, 
the higher the climate-yield coefficient, and subsequently the higher the observed yield in relation to 
the achievable yield. Assuming a linear relationship, one percent of the climate-yield coefficient acts 
to improve regional yields by 76 kg in Antioquia, 56 kg in Azua and Valverde, 30 kg in El Oro, 89 kg 
in Heredia, 55 kg in La Guajira, and 84 kg in Magdalena. This is not trivial since other yield deter-
mining factors apart from annual average temperature and precipitation are still not accounted for 
and surely explain the rather huge spread visible in figure J.2. In fact, the partially wide distance of 
single yield observations from the “trend” demonstrates that over time many more factors determine 
the observed yield. These factors are other climate indicators, especially the occurrence of extreme 
events, but also managerial and technological factors which are also subject to change over time. 
Analyzing all these factors is beyond the scope of this study and its underlying workload, but points 
to further research. 
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Annex K:  Yield impact assessment for various drivers of 
climate change 

Figure K.1: Qualified assessment of the yield impact of various drivers of climate change 
for the RCP 2.6 scenario in 2050 

Banana production  
area in … 

Impact of … 

… temperature 
& precipitation 

… weather  
variability 

… pests and dis-
eases 

… suitability  
of area 

… Antioquia – – – – 

… Azua – – – – 

… El Oro + – – + 

… Heredia – – – – 

… La Guajira – – – – 

… Magdalena + – – + 

… Valverde – – – – 
Source: Own figure. “+” indicates a potential positive impact and “–“ refers to a potential negative impact. 

Figure K.2: Qualified assessment of the yield impact of various drivers of climate change 
for the RCP 2.6 scenario in 2070 

Banana production  
area in … 

Impact of … 

… temperature 
& precipitation 

… weather  
variability 

… pests and dis-
eases 

… suitability  
of area 

… Antioquia – – – – 

… Azua – – – – 

… El Oro + – – + 

… Heredia – – – – 

… La Guajira – – – – 

… Magdalena + – – + 

… Valverde – – – – 
Source: Own figure. “+” indicates a potential positive impact and “–“ refers to a potential negative impact. 



170  Climate change and its effects on banana production in COL, CRI, DOM, and ECU | 05/2021 

 

Figure K.3: Qualified assessment of the yield impact of various drivers of climate change 
for the RCP 8.5 scenario in 2070 

Banana production  
area in … 

Impact of … 

… temperature 
& precipitation 

… weather  
variability 

… pests and dis-
eases 

… suitability  
of area 

… Antioquia – – – – 

… Azua – – – – 

… El Oro + – – + 

… Heredia – – – – 

… La Guajira – – – – 

… Magdalena – – – – 

… Valverde – – – – 
Source: Own figure. “+” indicates a potential positive impact and “–“ refers to a potential negative impact. 
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Annex L:  Topographic maps of banana producing regions 
Figure L.1: Map of Antioquia and its neighboring areas 

 
Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User 

Community, ESRI; courtesy of the U.S. Geological Survey (in: https://earthexplorer.usgs.gov/; last access: 
20/11/2020). 
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Figure L.2: Map of Azua and its neighboring areas 

 
Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User 

Community, ESRI; courtesy of the U.S. Geological Survey (in: https://earthexplorer.usgs.gov/; last access: 
20/11/2020). 

Figure L.3: Map of El Oro and its neighboring areas 

 
Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User 

Community, ESRI; courtesy of the U.S. Geological Survey (in: https://earthexplorer.usgs.gov/; last access: 
20/11/2020). 
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Figure L.4: Map of Heredia and its neighboring areas 

 
Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User 

Community, ESRI; courtesy of the U.S. Geological Survey (in: https://earthexplorer.usgs.gov/; last access: 
20/11/2020). 

Figure L.5: Map of La Guajira and its neighboring areas 

 
Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User 

Community, ESRI; courtesy of the U.S. Geological Survey (in: https://earthexplorer.usgs.gov/; last access: 
20/11/2020).  
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Figure L.6: Map of Magdalena and its neighboring areas 

 
Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User 

Community, ESRI; courtesy of the U.S. Geological Survey (in: https://earthexplorer.usgs.gov/; last access: 
20/11/2020). 

Figure L.7: Map of Valverde and its neighboring areas 

 
Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User 

Community, ESRI, courtesy of the U.S. Geological Survey (in: https://earthexplorer.usgs.gov/; last access: 
20/11/2020). 
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