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Abstract Coffee production is impacting the climate by emit-
ting greenhouse gasses. Coffee production is also vulnerable to
climate change. As a consequence, the coffee sector is interested
in climate-friendly forms of coffee production, but there is no
consensus of what exactly this implies. Therefore, we studied
two aspects of the climate impact of coffee production: the
standing carbon stocks in the production systems and the product
carbon footprint, which measures the greenhouse gas emissions
per unit weight of coffee produced. We collected data from 116
coffee farms in five Latin American countries, Mexico,
Guatemala, Nicaragua, El Salvador, and Colombia, for four
coffee production systems: (1) traditional polycultures, (2) com-
mercial polycultures, (3) shaded monocultures, and (4) unshaded
monocultures. We found that polycultures have a lower mean
carbon footprint, of 6.2–7.3 kg CO2-equivalent kg

−1 of parch-
ment coffee, than monocultures, of 9.0–10.8 kg. We also found
that traditional polycultures have much higher carbon stocks in
the vegetation, of 42.5 Mg per ha, than unshaded monocultures,
of 10.5Mg.We designed a graphic system to classify production
systems according to their climate friendliness. We identified
several strategies to increase positive and reduce negative climate
impacts of coffee production. Strategies include diversification of
coffee farms with trees, the use of their wood to substitute for
fossil fuel and energy-intensive building materials, the targeted

use of fertilizer, and the use of dry or ecological processing
methods for coffee instead of the traditional fully washed
process.

Keywords Carbon sequestration . Climate change . Coffee
agroforestry .Coffeeecosystemconservation .CoolFarmTool
software . Product carbon footprint . System carbon stocks

1 Introduction

In many tropical and subtropical regions including Latin
America, climate change threatens to become an environmental
disaster for farmers, with decreased water availability, new or
altered insect and pest pressures, and increased risks of extreme
events threatening crop yields and farmer livelihoods (IPCC
2007). Especially in Mesoamerica and the northern Andes,
Arabica coffee which is particularly sensitive to climate change
(Läderach et al. 2010; Schroth et al. 2009) forms the backbone of
thousands of families’ livelihoods and contributes significantly to
many countries’ Gross Domestic Product. However, besides
suffering from the effects of climate change, Latin American
coffee production has also made its contribution to greenhouse
gas emissions from land use change in the recent past. Of the 2.8
million hectares planted to coffee in Mexico, Central America,
Colombia, and the Caribbean, 1.1 million hectares had been
converted from agroforests to lightly shaded or full sun coffee
by the mid-1990s (Perfecto et al. 1997; Rice and Ward 1996).
There is, therefore, an increasing need for approaches to coffee
farming that not only help farmers adapt to a changing climate
but also minimize the contribution of coffee farming itself to
global warming.

There are promising signs that the need for climate change
mitigation in agricultural supply chains is recognized in the
international coffee sector. Some private companies have
started estimating the emissions in their coffee supply chain
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by applying life cycle assessment and product carbon foot-
print methodologies. For example, a life cycle assessment of
soluble coffee commissioned by Nestlé indicated that 1 kg of
roasted coffee emitted 35 kg CO2-equivalent (CO2-e) over its
entire lifecycle (Humbert et al. 2009). Tchibo (2008) pub-
lished for one of their products a carbon footprint of 8.4 kg
CO2-e kg

−1 of roasted coffee, of which 55 % was generated
during cultivation and on-farm processing and 30 % during
consumption. The remaining 15 % resulted from transport,
processing, and waste disposal. This analysis excluded the
emissions caused by coffee fermentation and the related gen-
eration of waste water. In this regard, an important distinction
is between wet processing, in which after de-pulping the
coffee beans, the remaining mucilage layers are removed by
fermentation and washing with large amounts of water, and
dry processing, in which the entire coffee cherries are dried in
the sun before the outer layers are removed.

Both Nestlé’s and Tchibo’s analyses also did not consider
potential positive contributions to climate change mitigation
from carbon storage in the various types of coffee ecosystems.
Since coffee production systems can range from full sun
systems to complex agroforests (Moguel and Toledo 1999;
Somarriba et al. 2004), the amount of carbon stored in the
vegetation can varywidely (Fig. 1). For example, Hergoualc’h
et al. (2012) report above- and belowground carbon stocks of
14.1 Mg ha−1 in an unshaded coffee monoculture versus
32.4 Mg ha−1 in an Inga-shaded monoculture in the Central
Valley of Costa Rica. Soto-Pinto et al. (2010) estimate above-
and belowground carbon stocks of 46.3 Mg ha−1 in an Inga-
shaded system versus 39.4 Mg ha−1 in a system with diversi-
fied tree shade. The type of system in which coffee is pro-
duced is thus clearly relevant for its overall climate impact.

However, standing carbon stocks are not included in the
product carbon footprint which only considers carbon fluxes
between the system and its environment (BSI 2008).

The purpose of this study is to assess how different coffee
production systems contribute to or mitigate climate change,
based on a sample of 116 farms across five Latin American
countries. On-farm carbon stocks and carbon footprints of
four different coffee production systems as classified by
Moguel and Toledo (1999) were assessed. Based on the
findings, we propose a paired index approach to characteriz-
ing the climate impact of coffee and other tree-crop production
systems and present a framework for climate change mitiga-
tion in coffee farming.

2 Materials and methods

2.1 Sampling design and data collection

We collected primary data from 116 individual farms in five
countries: Mexico, Guatemala, Nicaragua, El Salvador, and
Colombia. The sample sites varied widely in their level of
farming intensity, use of inputs, and yields. FollowingMoguel
and Toledo (1999), we classified the systems based on their
vegetation, structural complexity, and management into the
following four classes: traditional polyculture, commercial
polyculture, shaded monoculture, and unshaded monoculture
(Table 1).

In all systems, annual input and output data were averaged
over the previous five crop cycles, from 2006–2007 until
2010–2011. The data collection took place during 2010–11
which had average climate for the respective regions. Field

Fig. 1 Shaded coffee
monoculture in Aguadas, Caldas,
located in the heart of Colombia’s
coffee growing region (the
“Coffee Triangle”)
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data were collected together with local extension workers.
Data collection at each individual farm started with a semi-
structured interview with the farmer to compile data on farm
management, fertilizer use, pesticide use, shading, coffee and
shade tree densities, yields, processing methodologies, and
energy use. Afterward, the coffee plots were visited to verify
information gathered in the interview and to measure geo-
graphical coordinates. All systems functioned in a polycyclic
manner whereby the coffee plots were replanted in small
sectors every 5 to 6 years to avoid sudden losses of income
when replanting large areas. Plots where the coffee was not yet
in production were not included in the survey as the objective
of the study was to assess the climate impact of productive
coffee systems. Shade tree species and density were obtained
from information from the farmer about the number of trees
per species on the farm and the farm area and were cross-
checked through an inventory of a randomly selected 10 m×
10 m area per farm where tree diameters at breast height
(130 cm) were also measured. Coffee plant spacing, status of
the litter layer, weeding practices, canopy height, and the
presence of different shade strata were also registered in the
field. Approximate values for soil organic matter and soil pH
are needed for the calculation of greenhouse gas emissions
from the soil for the carbon footprint analysis. If these data
were not available from previous analyses, soil samples were
collected and analyzed using the Rapid Soil and Terrain
Assessment methodology (Cock et al. 2010).

2.2 Product carbon footprint calculation

For calculating the product carbon footprint, we used the Cool
Farm Tool (CFT) greenhouse gas calculator (Hillier et al.
2011). This software calculates the annual greenhouse gas
emissions in CO2-equivalents (CO2-e) considering (1) fertil-
izer production and N2O emissions from fertilizer application
based on an empirical model built from over 800 global
datasets that refine the Intergovernmental Panel on Climate
Change (IPCC) Tier I estimates by factoring in climate, soil
texture, soil carbon, and soil pH; (2) pesticide production; (3)
fuel and electricity use; (4) methane emissions from waste
water that is generated during coffee de-pulping and fermen-
tation; and (5) background soil emissions and the

decomposition of prunings and litter on the soil. The IPCC
default values used by the software were complemented by
literature data and information collected from cooperatives
and in the field. The sum of annual litterfall and pruning
residues were assumed to be 12 Mg ha−1 for traditional
polycultures, 10.5 Mg ha−1 for commercial polycultures,
9 Mg ha−1 for shaded monocultures, and 5 Mg ha−1 for
unshaded monocultures based on Beer (1988) and Coltro
et al. (2006). Energy use for diesel and electric coffee de-
pulping of 0.11 l kg−1 and 0.22 kWh kg−1 parchment coffee,
respectively, followed Coltro et al. (2006); water use for fully
washed processing (80 l kg−1 parchment coffee) followed
BIOMAT (1992), and water use for manual de-pulping of
28.8 l kg−1 (standard process) and 4.4 l kg−1 parchment coffee
(ecological process), respectively, was obtained from cooper-
atives in Guatemala and Nicaragua.

The product carbon footprint was calculated separately for
each farm. As the system boundary, we considered the deliv-
ery of dried coffee parchment to the dry mill where the coffee
is processed into green coffee. Although some of the produc-
tion systems, especially the commercial polycultures, also
yielded products other than coffee, these were not always
commercialized or only on local markets, and their economic
value compared to the coffee was therefore variable and
presumably mostly quite low. Moreover, our objective was
to assess the influence of various production systems on the
climate impact of coffee farming. To maintain comparable
conditions among systems, we allocated all emissions to the
coffee as the primary product of all systems, rather than
allocating part of the emissions to other (minor) products.

The CFT also permits to compute annual soil carbon se-
questration based on an empirical model, but we decided not
to include this because the soil carbon dynamics of tree-crop
production systems as a function of management practices,
soils, and climate are not sufficiently understood. The CFT
also allows including annual carbon sequestration in above-
and belowground biomass of coffee and shade trees. Again,
we decided not to include this in our product carbon footprint
estimates, for the reason that much of this sequestration may
not be permanent. In any given tree-crop production system,
the biomass in the vegetation may fluctuate cyclically as trees
and other plants grow, are harvested, pruned back to avoid

Table 1 Criteria used to classify 116 coffee farms inMexico, Guatemala, Nicaragua, El Salvador, and Colombia into four system types based onMoguel
and Toledo (1999)

System Number of farms Shade tree density Canopy height (m) Density of co-products Input level (plant density, fertilizer,
and pesticide use) and yields

Traditional polyculture 29 Very high 20–30 Medium Very low

Commercial polyculture 29 High <15 High Low

Shaded monoculture 28 Medium <15 Low Medium

Unshaded monoculture 30 None - None High

Climate-friendly coffee production 889



over-shading of the coffee, or die. Most of the annual biomass
increment in the vegetation eventually decomposes, or is burnt
on a trash heap, and releases its carbon back into the atmo-
sphere, although some of the wood may be stored for a few
years in farm implements of fence posts. That part of the
annual wood increment that is burnt replacing fossil fuel,
e.g., for domestic heating or cooking, would be a legitimate
input into the carbon footprint calculation.1 However, the
percentage of the annual wood increment on our farms to
which this would apply was not measured and was presum-
ably highly variable, including because some common shade
trees such as Erythrina spp. and Gliricidia sepium do not
produce good fuel wood. Timber harvested from agroforests
that is used for long-living products, e.g., furniture or build-
ings, could also be included in the carbon footprint if the
harvesting does not imply a long-term reduction of the stand-
ing carbon stocks in the system, that is, if harvested trees are
regularly replaced by new growth. Again, only certain hard-
wood species are suitable for such purposes, and the final use
of timber from the farms was not monitored in our study. We
therefore conservatively excluded the annual carbon seques-
tration in the vegetation from the carbon footprint calculation.

2.3 Calculation of carbon stocks in the vegetation

Carbon stocks in the vegetation of the coffee production
systems were calculated using allometric equations developed
by Segura et al. (2006) for coffee bushes and some common
shade tree species:Cordia alliodora, Juglans olanchana, Inga
tonduzzi, Inga punctata as well as a generic equation for other
less frequent shade tree species. For palms andCitrus spp., the
allometric equations provided by Pearson et al. (2005) and
Schroth et al. (2002), respectively, were used. For all species, a
conversion of biomass to carbon of 0.5 was used.
Belowground biomass was estimated from aboveground bio-
mass assuming a root/shoot ratio of 0.24 following Somogyi
et al. (2008). For coffee bushes, an average diameter of 2.9 cm
(circumference of 9 cm) at 15 cm from ground level was
assumed for all systems.

2.4 Statistical analysis

Farm data were analyzed by Analysis of Variance followed by
Least Significant Difference tests where treatment effects
(system types) were significant at P=0.05.

3 Results and discussion

3.1 Characteristics of production systems

In line with their definition, the traditional polycultures
contained many forest trees including timber species as well
as usually some fruit trees (Table 2). Their management was
the most extensive among the four system types. The majority
of the visited farms used little fertilizer and no pesticides. On
average, coffee plant densities were around 4,000 plants per
hectare, average coffee yields were with 962 kg ha−1 signifi-
cantly lower than in all other system types, and processingwas
manual. The farmers who used this traditional system were
usually smallholders, and El Salvador and Nicaragua were the
countries where this systemwas most commonly found. In the
commercial polycultures, which were mostly found in
Nicaragua and Guatemala, large forest trees were fewer; in-
stead, the shade cover was made up mostly of nitrogen-fixing
legume trees but with a substantial component of fruit trees
such as bananas, which distinguished them from shaded
monocultures (Table 2). The use of synthetic fertilizers was
more common than in traditional polycultures, and pesticides
were occasionally used. Average coffee yields of
1,763 kg ha−1 were almost twice those of traditional
polycultures. This was partly due to higher coffee plant den-
sities but mostly to higher inputs and more intensive manage-
ment. Coffee processing was done manually. Shaded and
unshaded monocultures were most common in Colombia
where coffee management tends to be more intensive than in
the other countries visited. In the shaded monocultures, the
shade cover was almost exclusively made up of leguminous
trees like Inga spp.; therefore, these farms had no secondary
products other than possibly fuel wood. Coffee plant densities
were not significantly higher than in commercial polyculture
systems, while synthetic fertilizers and pesticides were fre-
quently used. However, average yield levels were with
1,235 kg ha−1 lower than those in commercial polycultures,
suggesting that management intensity, e.g., for pruning and
weeding, may often have been lower (Table 2). On the other
hand, these farms generally had a better processing infrastruc-
ture, including fermentation tanks for the processing of “fully
washed” coffee, which in the region is considered the standard
method for high quality Arabica coffee. Finally, in the un-
shaded monocultures, coffee was produced with regular ap-
plications of synthetic fertilizers and pesticides. Average cof-
fee plant densities and yields were significantly higher than in
the other three system types, and the processing often in-
volved machinery for de-pulping (Table 2).

3.2 Carbon stocks of coffee production systems

Average combined carbon stocks in shade trees and coffee
plants increased from 10.5Mg ha−1 in unshadedmonocultures

1 Only fuel wood replacing fossil fuel outside the coffee system (that is,
not including coffee drying for example) would qualify for inclusion in
the product carbon footprint to avoid double counting.
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to 42.5 Mg ha−1 in traditional polycultures, with intermediate
values in commercial polycultures (30.2 Mg ha−1) and shaded
monocultures (14.3 Mg ha−1). The differences among systems
were highly significant, with exception of the two monocul-
ture systems (Table 3). Traditional polycultures had the
highest carbon stocks because their tree stratum contained
the highest density of forest trees (Table 2) which were also
often of large size. In the commercial polycultures, the shade
tree density was lower as many shade trees were smaller
legume trees or were replaced by bananas, plantains (Musa
spp.), and other fruit trees. In the shaded monocultures, the
shade tree density was again lower (Table 2), and the trees
(usually Inga spp. orGliricidia sepium) were regularly pruned
to control the shading of the coffee. Finally, in the unshaded
monocultures, the carbon stocks were from the coffee plants
only whose higher density and carbon stocks could not com-
pensate for the absence of shade trees (Table 3).

3.3 Product carbon footprints of coffee production systems

On the average of all production systems, the product carbon
footprint was 8.3 kg CO2-e kg−1 of coffee parchment
(Table 4). This value is very similar to the one published by
Tchibo (2008), despite methodological differences. Our value
included greenhouse gas emissions generated by waste water
generation during fermentation and de-pulping on the farm or
in the cooperative which was not considered by Tchibo
(2008), whereas this latter study included international trans-
port, consumption, and disposal of the final coffee product
which was beyond the system boundaries as defined in our
study. The carbon footprints differed significantly among
production systems, with on average lower values for the
polyculture systems and higher values for the monocultures
(Table 4). The lowest average values were found for the
commercial polycultures and the highest values for the shaded

Table 2 Characteristics, inputs, and outputs of four coffee production
systems from five Latin American countries. In addition to trees, banana
plants were present in the shade stratum at variable densities in almost all
commercial polycultures as well as some traditional polycultures and

shaded monocultures. Differences in coffee plant density, shade tree
density, and yield among production systems were significant at
P<0.001. Values in a column followed by the same letter were not
significantly different at P<0.05 by the Least Significant Difference test

System Density of
coffee plants
(ha−1)

Density of
shade trees
(ha−1)

Typical coffee
processing
method

Typical use
of fertilizers

Mean
number of
pesticide
applications
(yr−1)

Mean yield
(kg
parchment
coffee
ha−1 yr−1)

Typical
co-products

Tradtional
polyculture

3,958 a
SD=671
(2,288–
5,270)

305 a
SD=83
(140–433)

Manual de-pulping.
Ecological
de-pulping
process. Dry
processing
method.

Compost, organic soil,
and foliar amendments,
in some cases
nitrogen, phosphorus,
and potassium.

0 962 a
SD=321
(274–1,477)

Fuel wood,
avocado,
mango,
vanilla,
mandarin

Commercial
polyculture

4,636 b
SD=414
(4,004–
5,005)

221 b
SD=79
(58–347)

Manual de-pulping.
Dry processing
method.

Compost, organic soil,
and foliar amendments,
nitrogen,
phosphorus, and
potassium.

0.1 1,763 b
SD=931
(909–4,600)

Fuel wood,
banana,
plantain,
orange,
lemon

Shaded
monoculture

5,003 b
SD=1,144
(3,000–
8,000)

183 b
SD=108
(36–423)

Manual de-pulping.
Fully washed
processing
method with use
of fermentation
tanks.

Compost, nitrogen,
phosphorus,
potassium, urea,
calcium ammonium
nitrate, limestone,
mono-ammonium,
and di-ammonium
phosphate. Applied in
granulate and foliar
sprays.

0.4 1,235 a
SD=550
(313–2,302)

Fuel wood

Unshaded
monoculture

6,557 c
SD=1,279
(4,000–
8,000)

0
SD=0

Machine-driven de-
pulping and
mucilage
removing. Fully
washed
processing
method with use
of fermentation
tanks.

Compost, nitrogen,
phosphorus,
potassium, urea,
calcium ammonium
nitrate, and potassium
sulphate. Applied in
granulate
and foliar sprays.

2 2,387 c
SD=1,240
(417–5,175)

none
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monocultures. The carbon footprint of the coffee pro-
duced in the polycultures would have further decreased
if the commercialization of co-products, such as bananas
or other fruits, had been factored in and total emissions
had been spread over several products according to their
relative economic value. As mentioned before, we did
not use product allocation in this study because our
objective was to analyze the effect of different produc-
tion systems on the climate impact of coffee production
but also because the commercialization of co-products was
variable and in many cases their economic value was presum-
ably quite low compared to that of the coffee. However, where

local conditions of market access permit the effective com-
mercialization of co-products, this could further reduce the
carbon footprint of coffee produced in polyculture systems.

On the average of all systems, 35 % of the carbon footprint
of the coffee was due to fertilizer production and application
including background soil emissions, 7 % was due to emis-
sions from prunings and crop residues decomposing on the
ground, and 57%was due to emissions from fermentation and
waste water. These three components explained by far the
largest part of the total carbon footprint. The contribution of
energy and fuel use for transport and on-farm processing was
on average less than 2 % of the carbon footprint (Table 4), and

Table 3 Above- and below-
ground carbon stocks in shade
trees and coffee plants in four
different coffee production sys-
tems in Mexico, Guatemala, Nic-
aragua, El Salvador, and Colom-
bia. The differences among sys-
tems were significant at P<0.001
for all three variables. Values
followed by the same letter within
a column are not significantly
different at P=0.05 by the Least
Significant Difference test

Production system Carbon stocks in
shade trees

Carbon stocks in
coffee plants

Total system
carbon stocks

(Mg ha−1) (Mg ha−1) (Mg ha−1)

Traditional polyculture 36.3 a

SD=13.9

(16.2–73.0)

6.3 a

SD=1.1

(3.7–9.2)

42.5 a

SD=13.7

(22.9–78.8)

Commercial polyculture 22.7 b

SD=11.9

(6.2–66.0)

7.4 b

SD=0.7

(6.4–8.0)

30.2 b

SD=12.0

(13.2–74.1)

Shaded monoculture 6.3 c

SD=5.2

(0.8–27.3)

8.0 c

SD=1.8

(4.8–12.9)

14.3 c

SD=5.5

(5.6–34.6)

Unshaded monoculture 0 10.5 d

SD=2.1

(6.4–12.9)

10.5 c

SD=2.1

(6.4–12.9)

Table 4 Average, standard deviation (SD), and range (in brackets) of the
carbon footprint of coffee produced in four production systems in five
Latin American countries. All values are in kg CO2-equivalent kg

−1

parchment coffee. Values in a column followed by the same letter are
not significantly different at P=0.05

System type Emissions from soils and
fertilizer production and
application

Emissions from crop
residue management

Emissions from electricity,
fuel and gas use,
and transport

Emissions from
fermentation and
waste water production

All sources

Traditional polyculture
(n=29)

3.5
SD=2.3
(1.5–10.6)

1.3 a
SD=0.8
(0.7–3.8)

0.16 ab
SD=0.05
(0.10–0.20)

2.4 a
SD=1.7
(0.6–4.1)

7.3 ab
SD=4.2
(3.3–18.6)

Commercial polyculture
(n=29)

2.4
SD=1.2
(0.7–6.5)

0.6 b
SD=0.3
(0.1–1.0)

0.21 a
SD=0.12
(0.00–0.40)

3.0 a
SD=2.1
(0.6–7.7)

6.2 a
SD=2.2
(4.1–11.7)

Shaded monoculture
(n=28)

3.2
SD=2.2
(0.7–10.9)

0.5 b
SD=0.3
(0.2–1.2)

0.11 b
SD=0.25
(0.00–1.10)

7.1 b
SD=2.4
(0.6–11.3)

10.8 c
SD=3.7
(4.0–18.8)

Unshaded monoculture
(n=30)

2.7
SD=1.8
(0.7–7.3)

0.2 c
SD=0.1
(0.0–0.5)

0.10 b
SD=0.11
(0.00–0.30)

6.1 b
SD=1.8
(4.0–7.7)

9.0 bc
SD=2.9
(5.2–15.5)

All farms (n=116) 2.9
SD=2.0
(0.7–10.9)

0.6
SD=0.6
(0.0–3.8)

0.14
SD=0.16
(0.00–1.10)

4.7
SD=2.8
(0.6–11.3)

8.3
SD=3.7
(3.3–18.8)

Level of significance (P) 0.101 <0.001 0.030 <0.001 <0.001
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the contribution of pesticide applications was negligible (data not
shown). Since both of these components are somewhat cumber-
some to determine, it may be possible to omit them from certain
routine determinations once their relatively small contribution to
the total carbon footprint has been established in preliminary
evaluations. A notable characteristic of all components of the
carbon footprint of all systems was their high variability among
farms even within the same system type (Table 4). This reflected
widely differing practices within each system type, such as water
use in the fermentation and de-pulping process, but also the
efficiency with which some inputs were applied.

The carbon footprint from soils and fertilizer use did not
differ significantly among systems, reflecting the high vari-
ability of these emissions in all systems and the fact that in the
more intensively managed farms the higher use of mineral
fertilizer was often compensated by higher yields (Table 2).
Considering individual farms, there was an overall negative
relationship between the soil and fertilizer related carbon
footprint and yield (Fig. 1). Some traditional polycultures
had among the highest soil and fertilizer-related carbon foot-
print of all farms. This was because at their very low yield
levels, background soil emissions accrued to a small amount
of product and even modest applications of mineral or organic
fertilizer could drive the carbon footprint further up if they did
not result in proportional yield increases. At higher yield
levels, many shaded and unshaded monoculture systems, but
also some commercial polycultures, had carbon footprint
values above the average. This indicated inefficient use of
fertilizer, presumably because other growth factors such as
water or overall management of the plantation including
weeding, pruning, and replanting of the coffee bushes were
yield limiting. The highest-yielding farms had generally a low
soil and fertilizer-related carbon footprint, reflecting the ac-
crual of background soil emissions to a large amount of
product and the efficient use of fertilizer (Fig. 1). For these
farms, the soil and fertilizer-related carbon footprint tended
toward a value of about 1 kg CO2-e kg

−1 parchment coffee,
while values above about 4 kg CO2-e kg

−1 parchment coffee
would generally indicate high background emissions and/or
inefficient fertilizer use. The large variability of the soil and
fertilizer-related carbon footprint at low to medium yield
levels suggests that more efficient use of external inputs could
make a significant contribution to reducing the final carbon
footprint of many farms.

The emissions from decomposing litter and prunings were
higher in the shaded systems, and especially in the traditional
polycultures with their heavy tree canopies, than in the un-
shaded monocultures which generated much lower amounts
of organic residues (Table 4). Inclusion of soil carbon seques-
tration would have likely changed this result since more litter
production would be expected to lead over time to higher soil
organic matter contents. However, we felt that there are not yet
enough quantitative studies in tree-crop systems to include

soil carbon sequestration in our carbon footprint calculations.
This is an important field for research.

A major difference between the polycultures on the one
hand and the more technified monoculture systems on the
other was in the generation of waste water from fermentation
and de-pulping, and the resultant emission of greenhouse
gases, especially methane (Table 4). By mostly using the fully
washed coffee processing with large fermentation tanks and
washing channels, the shaded and unshaded monoculture
farms used much larger volumes of water per kilogram of
coffee than the polyculture farms and cooperatives that usu-
ally did not have the infrastructure for fully washed processing
and mostly used dry processing of the coffee (Table 2). On the
average, the carbon footprint due to fermentation and waste
water was a little over twice as high on the monoculture farms
than on the polyculture farms, with a highly significant differ-
ence between those two classes of systems (Table 4). Since
emissions from waste water contributed more than half of the
total carbon footprint, the higher waste water generation on
the more technified monoculture farms resulted in an overall
carbon footprint that was about 46 % higher in the monocul-
ture than in the polyculture systems (Table 4).

3.4 How to produce climate-friendly coffee?

We have presented two ways on how coffee production sys-
tems could differ in their (positive or negative) contribution to
climate change. One is the amount of carbon that is stored in
their vegetation (and the soil, if it is included in the analysis),
and the other is the amount of greenhouse gases that are
released for every unit of coffee produced, that is, the product
carbon footprint. These are two separate and, as we have seen,
largely independent measures of climate impact. The climate
benefits of high standing carbon stocks in a land use system
are not captured in the carbon footprint which measures
carbon flows between the production system and its environ-
ment. Everything else being equal, the carbon footprint of a
kilogram of coffee will not be different if it has been grown in
a system with high or low standing carbon stocks. Similarly,
the carbon stock of a system is not affected by the carbon
footprint, and traditional polyculture farms with high carbon
stocks in their tree biomass can have very high carbon foot-
print values if background soil emissions are high or if fertil-
izer is applied inefficiently and fails to increase yields that are
kept at a low level by other limiting factors. These may
include over-shading, an old population of coffee plants,
insufficient weeding or coffee pruning, or insufficient rainfall.
Ideally, these two climate-related characteristics of tree-crop
production systems would be integrated into a single index of
climate impact, but this is not easily resolved due to the
difference in concept and units of measurement between a
flux rate (the carbon footprint) and a stock.
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We therefore use here a different approach that treats
carbon footprint and carbon stock as two interrelated
dimensions of climate impact that both need to be opti-
mized in order to produce more climate-friendly coffee.
The approach is illustrated in Fig. 3, which divides the
116 farms of this study into four groups: those with a
carbon footprint below the median and a carbon stock
above the median of all farms (Quadrant A)—the most
desirable combination from a climate mitigation point of
view; those with a carbon footprint above the median and
carbon stock below the median of all farms (Quadrant
D)—the least desirable combination from a climate miti-
gation point of view; and the two groups with intermedi-
ate combinations of carbon footprint and carbon stock
(Quadrants B and C). The system averages of the tradi-
tional and commercial polyculture systems were located in
Quadrant A, but this was far from true for all farms in
these two groups, some of which had very high carbon
footprint values, as discussed previously. A climate-
friendly management objective for these farms would thus
be to reduce the carbon footprint below the median value
to move into Quadrant A. The system averages of the
shaded and unshaded monocultures, on the other hand,
were both located in Quadrant D, but again this was not
the case with all individual farms. Some shaded monocul-
tures were located in Quadrants B or C, although there
were none in Quadrant A. Through a reduction of the
carbon footprint, e.g., by changing the post-harvest prac-
tices and more targeted fertilizer use, the farms in
Quadrant B might be able to move into Quadrant A,
while those farms currently in Quadrant C might be able
to increase their system carbon stocks without negatively
affecting coffee yields, although this would have to be
looked at on a case-by-case basis. For the unshaded
monocultures, Quadrants A and B were unattainable be-
cause their carbon stocks were essentially by definition
below the median, while a number of farms were in
Quadrant C based on their relatively favorable carbon
footprint (Fig. 3).

We now discuss strategies to make coffee production cli-
mate friendlier by reducing negative and increasing positive
climate impacts of coffee production and processing, essen-
tially to move farms into Quadrant A of Fig. 3.

3.4.1 Include trees in coffee production systems

The diversification of coffee production systems with trees
can contribute to climate change mitigation in several ways.
The most obvious is to increase system carbon storage where
the farms in our sample ranged from little over 6 to almost
80 Mg ha−1 (Table 3). However, besides increasing system
carbon storage, trees can also contribute to reducing the car-
bon footprint of agroforestry products such as coffee. Shade

trees with reasonably dense wood such as Inga spp. could
contribute to reducing the carbon footprint of coffee produc-
tion if their wood is used as a substitute for fossil fuel, e.g.,
kerosene, in domestic heating or cooking. The same is true for
timber trees if their wood is used for long-living products such
as buildings, especially if they replace more energy-intensive
materials and are also burnt substituting for fossil fuel at the
end of their life cycle. If the final use for energy generation
substituting for fossil fuel is ensured, the inclusion of wood
harvested from coffee production systems in the carbon foot-
print of their commercial products is legitimate and would
reduce their carbon footprint compared to that of monoculture
systems. However, monitoring the final use of wood from
agroforestry systems is not easy, and the question whether
wood production should be included in routine carbon foot-
print calculations is thus in part a logistic one.

Softwood species such as Erythrina spp. or Gliricidia
sepium, on the other hand, whose biomass has little or no
use value and is generally left to decompose in the field,
do not have this direct effect on the carbon footprint,
although they could reduce nitrogen fertilizer needs
through their nitrogen fixation and production of
nitrogen-rich litter and prunings (Nygren et al. 2012).
Nitrogen-rich residues from shade trees can also increase
N2O emissions as they decompose on the ground, thereby
increasing the carbon footprint (Hergoualc’h et al. 2012).
However, since greenhouse gas emissions from organic
residues are generally much smaller than those from soils
and fertilizer (Table 4), as long as nitrogen-fixing trees
help to significantly reduce the need for nitrogen fertil-
izers, their overall effect on the carbon footprint should
usually be positive, although this requires further research.
Added to this would be the beneficial effects of shade
trees on soil organic matter buildup, although this effect
has not been included in our carbon footprint calculations
for lack of sufficient quantitative studies in coffee produc-
tion systems.

Although less efficient in terms of carbon storage than
forest trees and usually not nitrogen fixing, fruit trees can
also indirectly contribute to lowering the carbon footprint if
their products are commercialized and product allocation is
used in assigning the total greenhouse gas emissions from a
production system to its various products relative to their
economic value. For example, bananas and plantains that
are often used for shading coffee store little carbon but do
increase the range of outputs from a land use system
besides contributing to household food security. The same
is true for tree crops such as citrus and avocados that are
common components of Central American coffee agrofor-
estry systems, and of course for timber trees if their timber
is sold and the trees are being continuously replaced in a
polycyclic management system. Diversified production sys-
tems also tend to reduce the vulnerability of farming
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systems to climate change as well as other environmental
and market shocks and have therefore recently received
increasing attention among farmers and policy makers
(Ruf and Schroth 2013; Schroth and Ruf 2014).

3.4.2 Reduce emissions from fertilizer production
and application

Together with background soil emissions, fertilizer production
and application contributed 35 % on average to the carbon
footprint but with large variations among systems and indi-
vidual farms (Fig. 1). The efficient use of fertilizers is there-
fore an important component of climate-friendly coffee pro-
duction systems. Our data suggest that fertilizers were often
wasted on the farms of our sample because they were applied
to systems whose productivity was limited by other factors,
such as light, water, or the age and state of the coffee plants. A
large impact on the carbon footprint comes especially from
nitrogen fertilizers, which are energy intensive to produce,
cause N2O emissions from soils upon their application, and
are easily leached even in tree-dominated systems if they are
not quickly taken up by the plants (Babbar and Zak 1995;
Schroth et al. 1999, 2000). Fertilizers should therefore be
applied in accordance with recommendations from the local
extension services, based on regular soil and foliar analyses.
The soil and fertilizer-related carbon footprint should be mon-
itored, keeping in mind that the most efficient farms in this
regard operate at or below a soil and fertilizer-related carbon
footprint of 1 kg CO2-e kg

−1 parchment coffee (Fig. 2).

3.4.3 Reduce emissions from fermentation and waste water
production

Post-harvesting practices contributed on average with over
50 % to the carbon footprint of coffee production. They can
also cause significant water pollution if waste water is directly
released into natural water courses, although this practice is
now prohibited throughout the region. In a traditional fully
wet processing method, where coffee parchment ferments in
tanks for 12 to 36 h, significant methane emissions are caused
by the anaerobic decomposition of the mucilage. This is
followed by artificial drying of the coffee that causes some
additional greenhouse gas emissions if fossil fuels or energy
from the grid are used, although energy use was a much
smaller emission source than waste water in our study
(Table 4). In comparison, dry processing reduces especially
emissions from the fermentation process but also from energy
and fossil fuel use. Unfortunately, wet processing is still
considered the standard for the production of high-quality
coffee in Latin America. A possible solution for high-end
markets could be to use one of several available fermentation
methods that reduce drastically the amounts of waste water
produced (Cadena and Baker 2001). Awareness building
among coffee buyers for this important source of greenhouse
gas emissions is also needed, based on the argument that the
production of coffee with a low-carbon footprint is virtu-
ally impossible if traditional wet processing methods are
used. Another option for larger production units would be
to capture the methane for use as cooking gas, or to run
biogas generators that can be used for de-pulping
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machinery and pumps in the wet mill (Rodríguez and
Zambrano 2010; UTZ Certified 2013).

4 Conclusions

This study showed that coffee production systems differ wide-
ly in their contribution to climate change both through vari-
able carbon storage in the vegetation and large differences in
their product carbon footprint. Especially traditional
polycultures can play an important role in maintaining high
carbon stocks in their vegetation. Since shading limits the
attainable coffee yields, it is important to limit the amounts
of inputs such as mineral and organic fertilizers to avoid over-
fertilization, which drives up the carbon footprint. These
systems are particularly advantageous where low manage-
ment costs rather than high coffee yields are important man-
agement objectives, as well as for inhabited protected areas
(Cortina-Villar et al. 2012; Schroth et al. 2011). Carbon stocks
in the vegetation of commercial polycultures are usually lower
than in traditional polycultures but can be substantial. These
systems may often be among the most promising ways of
producing coffee with a low-carbon footprint while also re-
ducing the vulnerability of coffee farmers to climate and
market risks through diversification (Ruf and Schroth 2013;
Schroth and Ruf 2014). Shaded and unshaded monoculture
systems had higher values for the carbon footprint in this
study, but it should be kept in mind that these were often
due to higher greenhouse gas emissions during the post-
harvest processing of the coffee rather than the production

process itself (Table 4). Our data suggest that it may not be
impossible to produce low-carbon footprint coffee in intensive
production systems but that the most efficient production
system cannot compensate for high emissions during wet
processing. However, the unshaded monoculture systems
had by definition low-carbon stocks in the vegetation, and
even of the shaded monoculture farms none made it into the
“holy grail” of climate-friendly coffee (see Quadrant A,
Fig. 3).

Mitigation strategies in Latin American coffee production
should focus on: (1) conserving on-farm carbon stocks in the
biomass which also implies avoiding on- and off-farm defores-
tation, using harvested wood for replacement of fossil fuels or for
long-living products such as building materials, and diversifying
production systems with a range of tree species; (2) reducing
emissions from fertilizer production, transport, and application,
and especially to use fertilizers efficiently and in accordance with
expert recommendations; and (3) reducing the emissions from
the generation and discharge of waste water through preferential
use of dry-processing or improved wet-processing methods.

We suggest that the two dimensions of climate impact of
coffee production systems—long-term carbon storage and annu-
al carbon fluxes (the product carbon footprint)—are best
captured in a paired index of climate friendliness, as illus-
trated graphically in Fig. 3. Such a graphic index where
individual or groups of coffee farms can be benchmarked
relative to a reference group, such as their cooperative, a
country or region, or the suppliers of a trader or product,
could serve as a flexible guide toward more climate-friendly
coffee production and sourcing practices.
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