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Land areas that are suitable to coffee production will shift drastically over the next 35 years. In this
chapter, we develop a new approach to estimating suitability, drawing upon surveys, records, model data,
and biological knowledge.

Historically, the coffee plant has already managed vast climatic transitions, spreading from Ethiopia and
Yemen to over 70 countries. These may be an indication of further adaptive potential. However, when
coffee is cultivated in marginal areas, bean quality drops and the plant becomes more susceptible to
disease. Estimates of suitability are always uncertain, since we have never experienced a climate like
that 2050. In light of this, it is important to develop an approach to suitability that represents the
uncertainty of its estimates and is conservative in light of the lack of knowledge.

1 Observed suitability changes

Coffee yields have shifted over the past decade, as a result of many factors including climate change. Some
areas have seen increases in per-hectare yields from improved agricultural practices and varieties, while
others have been hit by expanded diseases. In some cases, these diseases are also driven by changes in
climate: for example, the coffee berry borer and coffee white stem borer have benefited from increases in
temperatures in Africa (Jaramillo et al., 2011; Kutywayo et al., 2013), and coffee rust responds to changes
in humidity (Alves et al., 2011). Trends in yields reflect a combination of all of these factors.

As shown in figure 1, yields have shifted for each country since 2000. Many equatorial regions have been
hit hardest, particularly central and west Africa. The greatest decrease in yields has been experienced by
Zimbabwe, with an average of an almost 8% decrease in yields per year, from 14,000 Hg/Ha in 2000-2003
to 4,500 Hg/Ha in 2009-2012. The greatest increase is nearby, in Angola, from 1,100 Hg/Ha in 2000-2003
to 13,000 Hg/Ha in 2009-2012.
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Figure 1: Trends in coffee yields since 2000 by country. Values represent the rate of
yield change per year, since 2000 and relative to yields in 2000: Countries colored
green have shown significant increases in per hectare yield, while those in red and
orange have shown decreases.

We can explore the climate connection more closely in Brazil, where coffee yields are reported at the
high-resolution municipality level. Trends across Brazil vary from positive to negative, as shown figure 2.
Many of these trends are not the result of climate or weather. New management practices, seed varieties,
and changes in the quality of land used to grow coffee can be important drivers.
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However, in addition to these socioeconomic and biological drivers, yield changes over the past decade
in Brazil are partly predicted be predicted by elevation, suggesting a climate-related driver. With the
exception of large and relatively unproductive regions in the north, the regions with the largest negative
trends tend to be on the edges of the broad coffee producing region, suggesting that shifts in suitability
are squeezing these border regions out. Many of the areas with positive trends are in higher hills than
those with negative trends.
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Figure 2: Trends in coffee yields since 2000 for Brazilian municipalities. Values
represent the yearly decrease in percent terms: Countries colored green have shown
significant increases in per hectare yield, while those in red and orange have shown
decreases.

If temperatures are forcing coffee to higher elevations, it will be reflected in a fall in yields in municipalities
at low elevations and increases at higher elevations. Figure 3 shows such a pattern from the municipality
data. On average, counties of every elevation have increasing yields, reflecting the broader trend in
Brazil. However, counties with high elevations (greater than 700 m) have on average higher increases
yields than those with lower elevations (below 500 m). These lower averages at low elevations also reflect
a greater number of municipalities with negative trends.
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Change in Yields vs. Elevation
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Figure 3: Changes in yields as a function of elevation. The red line shows
municipality-level yields against elevation, showing a sharp increase in yields above
500 m. Blue shows the same relationship, but weighted by municipality harvests,
and a more minor division around 700 m.
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2 Previous coffee suitability literature

Suitable lands for coffee are expected to shift poleward and to higher elevations as temperatures rise.
A number of regional estimates of these effects have been made, mostly using the Maximum Entropy
(MaxEnt) methodology (see table 1). MaxEnt is a powerful technique in its ability to extrapolate
suitability conditions from very sparse data, however robustness is difficult to assess with this techique.
In this chapter we introduce a different approach we believe is more appropriate to the coffee context.
We develop a Bayesian odds technique, which applies the data in our spatial coffee database.

Regions Approach Reference
Nicaragua, Mexico MaxEnt Laderach et al. (2009)
Kenya MaxEnt CIAT (2010)
Ethiopia MaxEnt Davis et al. (2012)
Haiti MaxEnt Eitzinger et al. (2013)
Uganda (data from Uganda, Tan- MaxEnt Jassogne et al. (2013)
zania, Kenya)

Rwanda Qualitative criteria Nzeyimana et al. (2014)
Indonesia MaxEnt Schroth et al. (2014)
Global MaxEnt, SVM, Random Forest Bunn et al. (2015)
Global MaxEnt Ovalle-Rivera et al. (2015)

Table 1: Recent analyses of current and future coffee suitability.

The most comprehensive previous estimates of changes in suitability are from the Global Agro-Ecological
Zones (GAEZ) version 3.0 (2012), and from Bunn et al. (2015). GAEZ uses a potential yield model with
soil physics and parameters derived from field experiments. Bunn et al. use a variety of data-mining
methods, relating current occurrence to climate characteristics. The two approaches provide a useful
comparison.

Figure 4 shows the GAEZ potential yield maps for the baseline period (1961 - 1990) and in 2050 under
a business-as-usual trajectory (IPCC A2).

These maps account for the additional benefit of CO2 fertilization and an intermediate level of fertilizer
inputs.

A few results are visible in these figures. First, the current range of suitable climate is predicted to be
large in many areas, particularly South America and central Africa. Actual coffee production areas are
much more limited. The extent and quality of coffee producing areas in 2050 is predicted to be much
smaller than the suitable areas in the baseline period, but also tends to more closely match existing areas
of cultivation. Some countries are predicted to no longer have any land suitable for growing coffee (e.g.,
Ghana and Nigeria) while other regions have new potential (e.g., Florida and South Africa).

These shifts in coffee production can be seen more clearly in the difference between current coffee pro-
duction potential to future coffee production, as shown in figure 5.

Most areas show large decreases in coffee production potential, except for Florida, southern Brazil,
South Africa, Ethiopia, northern India, Myanmar, and China. The dashed lines show the tropics of
Cancer and Capricorn, the traditional bounds of the coffee belt. Almost the entire region within these
bounds decreases in suitability, while increases are generated in the region beyond it. A table of the
country-by-country changes in amount of suitable area from GAEZ is included in Appendix .1.

Bunn et al. (2015) provide a more nuanced picture (see figure 6). While Bunn et al. still estimate
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Figure 4: Coffee suitability maps for 1961-1990 (above) and for 2050 (below) under
IPCC’s A2 scenario (Hadley GCM). Color represent total production capacity, from
0 (grey) to .98 t/ha (green). Source: GAEZ
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Figure 5: Changes in coffee suitability, in terms of production potential in t/ha,
between 1961-1990 and 2050 under IPCC’s A2 scenario, under a high-input farming
system. Adapted from GAEZ.
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decreases in climatic suitability between now and 2050 across much of the current coffee producing area,
they also find neighboring areas in many cases that show increases in suitability. For example, regions
in Colombia, Central America, and Indonesia can shift to higher elevations, and Brazil production can
shift south. The coffee production potential in much of Uganda and Tanzania shifts into Kenya and the
Democratic Republic of the Congo.

Changes in arabica and robusta climate suitability
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Figure 6: Suitability changes between present climate and 2050. Figures a - d show
Arabica production and figures e - g show Robusta. Reproduced from Bunn et al.
(2015).

2.1 The role of management

Fertilizer and irrigation use can open up new areas to coffee production. Figure 7 compares suitability
according to GAEZ for low-input and high-input management. High-input management can produce
yields 5 times that of low-input management.
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Low Inputs, Rain-fed Suitability
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Figure 7: Both maps are copyright of ITASA and FAO.

Figure 8: Average fertilizer use for coffee, from FertiStats (FAO), and in-
cluding Brazil regional breakdown from ftp://ftp.fao.org/agl/agll/docs/
fertusebrazil.pdf (FAO). The greatest amounts of fertilizer are used by Viet-
nam, Venezuela, and Costa Rica, and the least by Ethiopia and Tanzania.
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Figure 8 shows the amount of fertilizer used by countries and distinguished for regions with Brazil, using
FAO data (FertiStats). A wide range of fertilizer amounts are used, with the greatest amounts of fertilizer
used by Vietnam, Venezuela, and Costa Rica, and the least by Ethiopia and Tanzania. This material is
to be added to the production model.

3 A Bayesian suitability approach

Our approach to estimating suitability is diagrammed in figure 9. Using existing environmental char-
acteristics, we compute a statistical model, which we apply to future environmental characteristics and
compare the result to previous estimates. This section describes the basic principles used to construct
that model.
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Figure 9: Diagram of the process for determining future climate suitability for
coffee. On the left is global weather data, fed into both the model creation process
and the model itself in the center. These then are used to produce current and
future suitability maps.

Derivation of the Bayesian odds measure

Given any environmental condition, we can use Bayes rule to provide a empirical estimate of suit-
ability. We write Bayes rule as an odds ratio:

p(coffee = 1|Z)  p(F|coffee = 1)

p(coffee = 1) ()

The left-hand-side describes the ratio of the probability of coffee in a region given the observed
conditions, to the probability of coffee generally. If this is greater than 1, the area is more suitable
than the average location.
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To calculate the coffee probability, the right-hand-side describes a ratio between the distribution of
a property across harvested areas, and the distribution of that property across the entire region. As
conditioning data, we use soil properties, climatic properties, elevation, and latitude.

Climatic and soil properties are not mutually independent, complicating our ability to calculate
this ratio given the large number of properties we have available. We use the statistical “copulas”
technique to disentangle the marginal distributions of each property from their dependence structure
(Nelsen, 2013). We use a Gaussian copula, which captures the correlation between the various
properties.

To incorporate a new property, we determine its unweighted distribution across the entire region
from 30°N to 30°S. Then we create a weighted distribution, with properties from the region weighted
by harvested area. Finally, we calculate Spearman’s rho, between the new property and all existing
properties, to represent the dependence structure.!

Then, to determine p(Z) and p(Z|coffee = 1) for a given location, we reverse the normal copula
process. In this case, we determine the span in @-space (rank space) that a small region of Z-space
represents (# + Ax), using each marginal distribution and the probability integral transform. If
there is very little mass in the marginal distribution in the region of z;, the corresponding Awu; will
be small. Then we evaluate
/ Gauss
CR
A

Above, c%auss is the Gaussian copula, which can be written as,

1 1 l &~ (w1) ! & (uy)
c%auss(u) = exp | —= . (R_1 — I) . :
Vaetlt 2 g i) & (ua)

where @~ is the inverse cumulative distribution function of a standard normal (Arbenz, 2013), and
R is the matrix of correlations, equal to 2sin p;; ¢ for each Spearman’s rho, p;;, between property i
and property j.2

3.1 Comparing MaxEnt and Bayesian odds techniques

Both the MaxEnt and Bayesian techniques are sophisticated and represent the uncertainty of their result
with high integrity. Table 2 provides a comparison of the main strengths and weaknesses of the two
techniques.

MaxEnt has been used to study species suitability for a long time, and is designed for situations where
a species is observed only at particular locations. The spatial coffee database gives us a much clearer
picture of where coffee currently is grown and is not.

MaxEnt is most appropriate when there are underlying motivations for the constraints that are used as
a central part of the method: for example, a common constraint is to require that that the mean and
variance of temperatures for observed coffee match the mean and variance for future coffee. Unfortunately,
MaxEnt constraints are often chosen arbitrarily and without a physical foundation. The Bayesian odds
approach incorporates the entire distribution of environmental indicator values where coffee is grown,
rather than a small collection of moments.
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Bayesian Odds

Form of observation data

Use of environmental data

Use of constraints

Result uncertainty
Key simplification

A set of point locations, for where
the species was observed

Mean and other moments of
the environmental data are used,
based on the constraints chosen
Constraints are central to the
technique

Fully maintained

Only chosen constraints describe
the distribution of environmental
indicators

A weighted grid of presence
across all space

The full distribution of values for
any environmental indicators are
included

Constraints are not used

Fully maintained

Dependence between indicators is
assumed to be captured by a rank
correlation.

3.2

Table 2: Comparison between the features of MaxFEnt and Bayesian odds methods.

Suitability data

We calculate suitability using the following environmental variables, all available at 5 arc-minute resolu-

tion.

These are shown in figure 10.

Soil texture data from the Harmonized World Soil Database (FAO/ITASA/ISRIC/ISSCAS/JRC,
2012). This consists of three macro-soil components (sand, silt, and clay), and three trace com-
ponents (organic carbon, calcium carbonate, and gypsum). These six properties are available at
high resolution (a 0.5’ or about 1km grid) for the topsoil (0 cm to 30 cm) and again for the subsoil
(30 cm to 100 cm).

Land elevation from the SRTM elevation database (Jarvis et al., 2008).

Gridded bioclimatic data from the WorldClim dataset (Hijmans et al., 2005). This database in-
cludes 19 variables, including annual mean temperature, diurnal range, maximum and minimum
temperatures, annual precipitation, maximum and minimum precipitations, temperatures in wet
and dry months, and precipitation in hot and cold months.

Urban areas from Natural Earth and derived from 2002-2003 MODIS satellite data (Schneider
et al., 2003).

Protected regions from the World database on protected areas (WDPA Consortium, 2004). Pro-
tected areas and urban areas are important both as constraints on current coffee producing regions
and on future ones.
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Figure 10: Inputs to the suitability analysis. See the text for details.
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4 Baseline Bayesian odds map

The result of the Bayesian odds procedure for current coffee suitability is shown in figure 11. Dark green
regions (high suitability) are rare, unlike the analyses by GAEZ and Bunn et al.. While they typically
match areas of actual coffee growth (in Brazil, Colombia, and Central America), there are several places
where there are large mismatches (in North Africa and Western India). While this provides a high
resolution and data-driven map, it cannot stand alone.

Arabica Bayesian Odds Suitability

Robusta Bayesian Odds Suitabil

ity

S

@ Urban Protected [l M Suitable (low to high)

Figure 11: Suitability for Arabica coffee (top) and Robusta coffee (bottom). Colors
range from red (slight suitability odds) to yellow to green (very strong suitabil-
ity odds). The map also shows protected areas (cyan), urban areas (purple), and
managed areas (faded).

5 Incorporating biological process

The Global Agro-ecological Zones (GAEZ) project uses biologically-motivated calculations to estimate
suitability. GAEZ suitability indexes are normalized to be between 0 and 100, so a comparison between
the Bayesian results and GAEZ requires constructing a common scale. We do this by comparing the
results in ranks, rather than levels. In other words, we look for differences in the percentile quality of
land (see figure 12).

Some areas match closely (southern Brazil, Colombia, and parts of Indonesia), while GAEZ attributes
suitability to large regions not supported by the Bayesian methods, such as Amazonian and Congo
rainforest. This indicates a complementarity between GAEZ and the Bayesian odds approach, where
GAEZ provides physical constraints while the Bayesian approach forces the results to match observed
data.

Computing a combined metric

Chapter 3: Climate suitability 13
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Figure 12: Comparison between GAEZ and the Bayesian odds technique for Arabica.
Blue regions have greater quantile suitability in GAEZ than for the Bayesian odds
approach; red regions show lower suitability in GAEZ, and white regions agree.

We combine the two approaches by mapping the following:

b(z,y)
s(z,y) =pla,y) —————

(z,y) = p( y)Hb(%y)
This attributes zero suitability where either approach specifies it, and otherwise allows them to
reinforce each other. The results are shown in figure 13. It also normalizes the result to match
GAEZ 0 - 100 scale.

The combined result shows high suitability in many fewer places, scattered based on where both tech-
niques support their suitability. This provides a stronger basis for identifying the shifts in suitability,
conservatively matched to only the highly suitable regions.
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Figure 13: Combined Bayesian and GAEZ results for Arabica and Robusta.
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6 Suitability comparison with Bunn et al.

A recent paper by Bunn et al. (2015) uses data mining methods, such as MaxEnt, on coffee-growing
presence at 42000 individual farms to estimate suitability. Above, we build upon this work by incor-
porating the coffee presence map from their paper into our database. We also use the same collection
of 19 bioclimactic variables, on top of which we add soil variables, and we extend the study of future
uncertainty by using 12 additional global climate model results. While we believe that our approach,
based on Bayesian updating of presence and absence information, is better grounded theoretically and
less arbitrary than their MaxEnt and other data-mining techniques, Bunn et al. provides an important
comparison for our results.

- 100
= 50

= -50 p
= -100

Figure 14: Comparison between Bunn et al. (2015) and the combined Bayesian-
GAEZ approach. Blue areas have higher suitability in the baseline map produce by
Bunn et al., while red is higher using our approach.

Figure 14 displays a comparison of current suitability between the two methods. Most of the world in
this figure is colored yellow, where both techniques specify very little suitability. Some areas, such as
Brazil and Kenya, show differing patterns between the two approaches. In these cases, our approach
produces a result that more closely matches the patterns in the coffee database.

7 Future suitability

Estimating future suitability requires taking careful account of the uncertainties involved in future pre-
dictions. We estimate suitability for each of 17 GCMs for Bioclim and 4 GCMs for GAEZ. We display
three maps for each of Arabica and Robusta suitability. The first is just the measure of median changes
in suitability, without protected and urban areas. The second shows the level of confidence that the
direction of the suitability change is as shown. The third shows the full map, where areas are also faded
in proportion to their level of uncertainty.

The maps show that many traditional coffee growing areas are going to experience large losses in suit-
ability by 2050. This includes parts of Brazil, southern Mexico, Kenya, and Madagascar. Few places
show increases, but these include other parts of Brazil and Angola.

Appendix .3 shows the total area by country expected to increase and decrease, both by suitability and
within harvested regions. These are summarized at the global level in table 3.

In absolute suitability changes, Brazil has the most lost of suitability in regions that are currently
suitable, and the most gain in new regions becoming suitable. As a fraction of the current suitable area,
a number of countries are tied in losing all of their suitable land: Belize, the Central African Republic,
Cote d’Ivoire, Republic of Congo, Fiji, Gabon, Guinea, Equatorial Guinea, Cambodia, Paraguay, Sierra
Leone, and Thailand. Although Taiwan also losses its entire allotment of suitable areas (of which it is
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Suitability changes for Arabica
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Suitability changes for Robusta
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Figure 15: Increases and decreases in suitability and current cultivation by 2050.
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Future Arabica Suitability Changes
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Figure 16: Maps of future Arabica suitability changes, showing the median suit-
ability change (top) and the confidence level behind the direction of that change
(bottom).
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Future Robusta Suitability Changes
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Figure 17: Maps of future Robusta suitability changes, showing the median suit-
ability change (top) and the confidence level behind the direction of that change
(bottom).

Chapter 3: Climate suitability 19



THE EARTH INSTITUTE
COLUMBIA UNIVERSITY

Future Arabica Suitability
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Figure 18: Maps of future Arabica and Robusta suitability as combined land use
maps with suitability changes faded according to confidence.
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Arabica  Robusta
Baseline suitable area (Ha) 187626000 14663700
New suitable area (Ha) 27247000 21598800
Existing suitability loss (Ha) -132070000 -88827000
Loss from baseline (%) -70.4 -60.6
Change from baseline (%) -55.9 86.7
Current harvest (Ha) 10034618 10069911
Loss from harvested areas (%) -24.3 -12.1

Table 3: Global changes in suitability for Arabica and Robusta varieties. Robusta
is expected to see large increases in general, while Arabica will experience decreased
suitability.

currently using none), it also shows the largest percentage increase in suitable regions, gaining 50% more
than it loses.

This result is more extreme than most suitability results in the literature, which typically do not predict
losses in suitability beyond 95% in any country (Jaramillo, 2013). It is a consequence of our estimation
approach, which relies on both biological and statistical factors. There are currently regions within these
countries that satisfy both criteria, suggesting that they are likely to be highly productive. It may be
that these areas will continue to be capable of producing quality coffee, but we predict that they will
experience significant losses in their capacity.

Across the globe and under the median change, 130 million hectares of currently suitable land will be lost,
and only 30 million hectares will be gained. Coffee is currently harvested on 10 million hectares.

These changes apply to suitable land, whether or not it coincides with our data on changes within areas
of current cultivation. However, the story for current cultivation is similar: the countries that lose all
of their harvested land are exactly the same as those that lose all of their suitable land. In total, 19
countries lose more than half of their currently harvested land to losses in suitability by 2050.

.1 Changes in suitability by country for GAEZ

Country Baseline (1000 Ha) A2 2050 (1000 Ha) Change (1000 Ha) %
Angola 63738 40508 -23230 (-36%)
Argentina 9047 12173 +3126  (+35%)
Australia 13870 7593 -6277 (-45%)
Bahamas 3487 1821 -1666  (-48%)
Bangladesh 11677 298 -11379 (-97%)
Belize 2652 1642 1010 (-38%)
Benin 4129 0 4129 (-100%)
Bhutan 0 1216 +1216 (new)
Bolivia 76211 7791 -68420 (-90%)
Brazil 785103 235221 -549882 (-70%)
Cambodia 15559 1084 14475 (-93%)
Cameroon 39370 34157 -5213 (-13%)
Central African Republic 56584 33494 -23090 (-41%)
Chad 861 17 844 (-98%)
China 21597 30291 +8694  (+40%)
Colombia 100541 27018 -73523 (-73%)
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Country Baseline (1000 Ha) A2 2050 (1000 Ha) Change (1000 Ha) %
Congo, Dem. Rep. 230509 199389 31120 (-14%)
Congo, Rep. 34477 33530 -947 (-3%)
Costa Rica 5659 2653 -3006 (-53%)
Cote d’Ivoire 30012 5965 -24047  (-80%)
Cuba 14109 5786 8323 (-59%)
Dominican Republic 5481 3381 2100 (-38%)
Ecuador 20067 16909 -3158 (-16%)
El Salvador 2331 1369 -962 (-41%)
Equatorial Guinea 2933 2675 -258 (-9%)
Ethiopia 39590 41674 +2084  (+5%)
French Guiana 8592 4058 -4534 (-53%)
Gabon 27151 26178 973 (-4%)
Ghana 13116 770 -12346 (-94%)
Guatemala 10667 6718 -3949 (-37%)
Guinea 18599 8595 -10004 (-54%)
Guinea-Bissau 1348 0 -1348  (-100%)
Guyana 21534 2672 18862 (-88%)
Haiti 3382 754 2628 (-78%)
Honduras 11616 7657 -3959  (-34%)
India 34293 18979 -15314 (-45%)
Indonesia 213246 104505 -108741 (-51%)
Jamaica 1176 0 -1176  (-100%)
Japan 164 39 125 (-76%)
Kenya 20565 17816 2749 (-13%)
Lao PDR 22976 12597 -10379 (-45%)
Lesotho 0 268 +268 (new)
Liberia 9908 9293 -615 (-6%)
Madagascar 53116 48359 -4757 (-9%)
Malawi 8475 4583 -3892 (-46%)
Malaysia 35720 14051 -21669 (-61%)
Mexico 54345 34878 19467 (-36%)
MoZamBiGae 62931 35267 27664 (-44%)
Myanmar 47616 31854 15762 (-33%)
Nepal 0 3312 +3312 (new)
Nicaragua 12968 7975 -4993 (-39%)
Nigeria 28792 1717 27075 (-94%)
Panama 8959 4500 -4459 (-50%)
Papua New Giilnea 51723 25520 226203 (-51%)
Paraguay 29591 10163 -19428 (-66%)
Peru 74724 24262 50462 (-68%)
Philippines 38768 15724 -23044 (-59%)
Rwanda 2296 2486 +190 (+8%)
Senegal 411 0 -411  (-100%)
Sierra Leone 7631 2006 -5625 (-74%)
Solomon Islands 5322 2921 -2401 (-45%)
South Africa 6796 14140 +7344  (+108%)
South Sudan 24980 3986 -20994 (-84%)
Sri Lanka 6507 1144 5363 (-82%)
Sudan 272 0 272 (-100%)
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Country Baseline (1000 Ha) A2 2050 (1000 Ha) Change (1000 Ha) %
Suriname 14810 447 -14363 (-97%)
Swaziland 1516 708 -808 (-53%)
Tanzania UR 82305 61876 -20429 (-25%)
Thailand 34606 5546 -29060 (-84%)
Timor-Leste 1803 1242 -561 (-31%)
Togo 4082 409 3673 (-90%)
Uganda 21578 21028 550 (-3%)
United States of America 3960 7218 +3258  (+82%)
Venezuela 83978 12959 -71019 (-85%)
Viet Nam 27213 11551 15662 (-58%)
Zambia 56972 39304 -17668 (-31%)
Zimbabwe 3194 992 2202 (-69%)

.2 Suitability condition distributions
.2.1 Soils and nutrients

Coffee is very sensitive to soil conditions. The Harmonized World Soil Database (FAO/IIASA/IS-
RIC/ISSCAS/JRC, 2012) contains six soil components for both the topsoil and subsoil, to study this.
The comparison between the distribution across the entire tropics, and across coffee regions for Arabica
farms is shown in figures 19 and 20.

From the first figure, coffee is more common in soils that have a larger share of sand and smaller share
of silt than the norm. Clay also shows effects where coffee is less frequently grown in regions with
intermediate quantities of clay. From the second figure, it appears that coffee is suitable in regions with
intermediate quantities of calcium carbonate and low levels of gypsum.

.2.2 Elevation

The distributional analysis shows a very wide range of elevations, possibly reflecting inaccuracies in the
maps of Arabica and Robusta cultivation. See figure 21.

Arabica shows clear diminished presence at low elevations (below 550 m) and increased presence at all
higher elevations. However, there is still probability mass below 550 m. Similarly, Robusta has extra
presence of elevations below 50 m, but still has some elevated presence between 550 m and 1200 m.

The most important result of elevation for coffee cultivation is the temperatures it produces. Hawaii,
for example, has excellent coffee-growing temperatures from sea level to 610m, and Arabica coffee is
grown across this entire range (Thurston et al., 2013). However, the distributions shown in figure 21 are
probably much more broad than is accurate. This data problem does not undermine the method, except
that it increases the amount of uncertainty in the results.

.2.3 Bioclimatic variables

Figure 22 shows the distributions for all bioclimatic variables. These distributions are more erratic,
because of the uneven spread of the observations within them: several bins in these histograms have no
locations within their range, because of the discrete valuation of the Bioclim variables.
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Macro soil components
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Figure 19: Comparison of distributions of texture soil components. The faded area
shows the distribution of soils generally between 30°N and 30°S. The line shows the

distribution of soils, weighted by coffee planting densities.
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Micro soil components
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Figure 20: Comparison of distributions of trace soil components. The faded area

shows the distribution of soils generally between 30°N and 30°S. The line shows the
distribution of soils, weighted by coffee planting densities.

sjeuogJe) wnipiey wogJe) auebio

wnsdAg

Chapter 3: Climate suitability

25



THE EARTH INSTITUTE
COLUMBIA UNIVERSITY

Distribution of cultivation by elevation
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Figure 21: Distributions of elevation for Arabica and Robusta (lines) and for the
tropics in general (green).
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Mean Diurnal Range (Mean of monthly (max temp — min temp)) Isothermality (BIO2/BIO7) (* 100)

Annual Mean Temperature

Temperature Seasonality (standard deviation *100) Max Temperature of Warmest Month Min Temperature of Coldest Month

Mean Temperature of Driest Quarter Mean Temperature of Warmest Quarter

Figure 22: First set of nine of the 19 variables in the Bioclim dataset, with coffee
region distributions shown in black (Arabica) and red (Robusta). We dropped one,
the Annual Temperature Range, since the technique implicitly infers it from the

minimum and maximum temperatures.
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Mean Temperature of Coldest Quarter Annual Precipitation Precipitation of Wettest Month

Precipitation of Driest Month Precipitation Seasonality (Coefficient of Variation) Precipitation of Wettest Quarter

Precipitation of Driest Quarter Precipitation of Warmest Quarter Precipitation of Coldest Quarter

Figure 23: Second set of nine of the 19 variables in the Bioclim dataset, with coffee
region distributions shown in black (Arabica) and red (Robusta). We dropped one,
the Annual Temperature Range, since the technique implicitly infers it from the
minimum and maximum temperatures.
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.2.4 Latitude

We also incorporate latitude itself (see figure 24). Even if there are increases in temperature, different
latitudes will provide different levels of suitability, because of the tilt of the Earth and other processes.
We cannot be certain whether coffee will grow effectively outside of these latitudes, even if they appear
climatically similar in the future to lower latitudes now. Including the distribution of latitude imposes a
slight conservativism on our estimate which is supported by the data.

Distribution of cultivation by latitude

Latitude Distribution: Arabica — Robusta

-20 -10 0 10 20
Latitude

Figure 24: The distribution of coffee production for Arabica (red) and Robusta
(blue) across latitude.

.3 Changes in suitability by country for our model
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