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Abstract 

Coffee plays a key role in sustaining millions of livelihoods around the world. Understanding GHG 

emissions from coffee supply chains is important in evaluating options for climate change mitigation 

within the sector. We use data from two long-term coffee agroforestry experiments in Costa Rica 

and Nicaragua to calculate carbon footprints (CF) for coffee and identify emission hotspots within 

different management systems, levels of inputs and shade types. Management system and input 

level were the main cause of variation in CFs. Carbon footprints for 1 kg of fresh coffee cherries were 

between 0.26 and 0.67 kgCO2e for conventional and 0.12 and 0.52 kgCO2e for organic management 

systems. The main contributor to GHG emissions for all management systems was the inputs of 

organic and inorganic nitrogen. Nitrous oxide emissions from pruning inputs contributed between 

7% and 42 % of CFs. However, these estimates were strongly influenced by the choice of emission 
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factor used in the calculations. Research is required to develop emission factors that account for 

different qualities and management of nitrogen inputs to enable effective calculation of the CF from 

different management strategies, and especially from the pruning and organic inputs managed in 

agroforestry systems. As such, effective climate change mitigation strategies can only be developed 

from site-specific studies which utilise accurate accounting and regional-specific emission factors. 

 

1. Introduction 

The need for sustainable intensification of food production has recently been emphasised in the 

development of global food policy (Foresight, 2011). Given the likely impacts of climate change and 

rising human populations (UN 2009), a key challenge for achieving such sustainable intensification is 

to develop farming systems which produce increased yields without associated increases in 

greenhouse gas (GHG) emissions. In order to achieve this aim there is a need to fully understand the 

types and amounts of GHGs that are emitted by different food production systems. 

 Product carbon footprinting (PCF) (often referred to as ͚ĐaƌďoŶ  footpƌiŶtiŶg͛  ;CF)) is 

commonly used to calculate the GHG emissions released from food supply chains. Developing a CF 

has some similarities to developing a life cycle assessment (LCA), and many of the CF methods 

currently in use are based upon the ISO method for Life Cycle Assessment, ISO 14040/44 (e.g., the 

GHG  PƌotoĐol͛s  dƌaft  PƌoduĐt  Life  CyĐle  AĐĐouŶtiŶg  aŶd  ‘epoƌtiŶg  “taŶdaƌd  (World Resources 

Institute & World Business Council for Sustainable Development, 2009) and the British Standard 

Institute͛s  PuďliĐally  Aǀailaďle  “peĐifiĐatioŶ 2050:2008 (hereafter referred to as PAS 2050) for 

assessment of the life-cycle greenhouse gas emissions of goods and services (BSI, 2008)). Both the 

draft GHG Protocol method and PAS 2050 have been developed in response to a call for 

standardised and transparent CF methods, as ISO 14040 and 14044 have been criticised for being 

flexible in their approach and therefore open to some interpretation in application (Plassmann et al., 

2010). By maintaining consistency in the calculation method it should be possible to compare the 



CFs of different supply chains, thus enabling identification of systems with lower GHG emissions per 

unit of production. 

A number of problems, however, exist with the methods currently used for making CF calculations, 

most notably the fact that despite the calls for consistency, different CF schemes do adopt different 

analytical methods (Bolwig and Gibbon, 2009; Plassmann et al., 2010). For example, Plassmann et al. 

(2010) found that the CF of a kilogram of sugar can vary by up to 1900% when calculated by different 

CF methods. By far the greatest contributor to CF variation was the treatment of land use change 

emissions (emissions released during the conversion of non-agricultural land to agriculture). This is 

of concern for agricultural production in developing countries, where contemporary conversion of 

land use from non-agricultural tree-dominated to agriculture is more likely than in developed 

countries, and where few data currently exist to enable the accurate calculation of these emissions 

(Brenton et al., 2009; Plassmann et al., 2010). 

A second problem associated with CFs relates to the availability of relevant emission factors (EFs). In 

essence, CFs aƌe ĐalĐulated ďy ŵultiplyiŶg the ƋuaŶtities of all iŶputs ǁhiĐh ĐoŶtƌiďute to a pƌoduĐt͛s 

life cycle (e.g. kg fertilisers, kWh electricity, litres diesel) by their relative EF, and summing these 

emissions together to form the total CF. Emission factors represent the contribution of a product or 

process to global warming, and are expressed in units of carbon dioxide equivalents (CO2e). Emission 

factors are published in commercial databases and the scientific literature, but as the majority of CF 

research and method-development to-date has taken place within industrialised countries there is a 

lack of location-specific EFs for many production systems that occur in less industrialised countries, 

e.g. coffee. This is a major challenge for understanding the levels of emissions from these regions. 

As one of the most traded commodities in the world and with over 10 million hectares of land 

devoted to its production (FAO, 2011), coffee continues to be one of the most widely grown cash 

crops, sustaining the livelihoods of up to 25 million people globally (IIED, 1997). As a result, the 

coffee supply chain is an important contributor to global GHG emissions. However, whilst a major 

emission hotspot within the coffee supply chain has been found to lie within the production of 



coffee at the farm level (PCF Pilotprojekt Deutschland, 2008), its GHG emissions remains relatively 

uŶdeƌstudied  ;HeƌgoualĐ͛h et al., 2008; Verchot et al., 2006). Against this background the present 

study uses PAS 2050:2008 and IPCC CF methods to (i) estimate the relative GHG emissions from 

different levels of management and material inputs (high versus moderate) and from different types 

of input (organic versus conventional production systems), (ii) identify the greatest source of GHG 

eŵissioŶs fƌoŵ eaĐh systeŵ ;theiƌ ͞eŵissioŶ hotspots͟Ϳ aŶd ;iiiͿ determine the effects of uncertainty 

in EF on the overall CF. Results from studies such as this should make an important contribution to 

quantifying global GHG emissions from agricultural production and designing sustainable and 

efficient systems that can meet human needs with a reduced environmental impact. 

 

2. Methods 

2.1. Site description 

The research was conducted at two 3-ha field sites, in Costa Rica and Nicaragua respectively, chosen 

to represent low altitude coffee growing regions, and both ŵaŶaged  ďy  the  ͚Centro Agronómico 

Tropical de Investigación y Enseñanza͛ ;CATIEͿ. Both sites were established at the end of 2000. The 

Costa Rica site is located in Turrialba (ϵ°ϱϯ͛ϰϰ͟N, ϴϯ°ϰϬ͛ϳ͟W) at 685 m above sea level. The climate is 

humid tropical with no marked dry season: annual precipitation is 2600 mm yr
-1

 and annual mean 

temperature is 22 °C (Haggar et al., 2011). Two soil types have been identified at the site and 

classified as Typic Endoaquepts and Typic Endoaquults under the USDA Soil Taxonomy classification 

system (Soil Survey Staff, 1999); both are poorly drained. The previous land-use was sugar cane 

cultivation. For establishment of the current experiment, the site was prepared with extensive 

drainage channels of up to 1.5 m in depth. The coffee cultivar Coffea arabica L.  ͚Catuƌƌa͛  was 

planted. The Nicaragua site is located  iŶ Masatepe  ;ϭϭ°ϱϯ͛ϱϰ͟N, ϴϲ°Ϭϴ͛ϱϲ͟W) at 455 m above sea 

level. The climate is semi-dry tropical with a distinct rainy season between May and November: 

mean annual rainfall is 1386 mm and mean annual temperature is 24 °C (Haggar et al., 2011). Two 

soil types have been identified at the site and classified as Andisols or Andosols (Humic Durustands 



and Humic Haplustands) under the USDA Soil Taxonomy classification system (Soil Survey Staff, 

1999). The previous land-use was long-established shaded coffee. In the experiment, the coffee 

cultivar planted was Coffea arabica var. ͚PaĐas͛. A more detailed description of the experiments and 

their productivity is reported elsewhere (Haggar et al., 2011). 

 

2.2. Experimental design 

The experiments were set up to study the ecological efficiencies of coffee production. A main aim is 

to compare organic and conventional coffee production systems under various types of shade. The 

five main-plot treatments at each site are full sun and four different individual species or 

combinations of shade tree (Table 1). The four sub-plot treatments are systems combining the two 

different types and levels of nutrient and pest management inputs (Table 3). The tree species used in 

the experiment (Table 2) are selected from those most commonly grown in association with coffee 

production in the two regions. The design is a randomized block with three blocks per site, each 

containing one replicate of each treatment combination. An incomplete factorial design comprising 

14 of the potential 20 main-plot/sub-plot treatment combinations at each site was chosen as some 

combinations are not representative of real farming systems (e.g. full sun with organic management, 

Table 1). The sub-plots range in size between 500 and 800 m
2
 including borders. Coffee bushes were 

planted at a density of 4000 and 5000 plants per ha in Nicaragua and Costa Rica respectively which 

did not differ amongst the main-plot or sub-plot treatments. Shade trees were planted in 2000 at a 

density of 416 and 667 trees per ha
-1

 in Costa Rica and Nicaragua respectively but have since been 

progressively thinned and pruned to achieve a uniform shade level (Table 1). 

The tree management regime varied according to species; Erythrina poeppigiana in Costa Rica and 

Inga laurina in Nicaragua (both Leguminosae) were pruned for the management of shade and to 

provide organic matter (including N) input to soil. All E. poeppigiana trees were heavily pruned twice 

per year and their prunings left on the ground. In the conventional intensive (CI) sub-plot treatments 

of E. poeppigiana, trees were pruned at a height of 1.8-2.0 m with the removal of all branches above 



this height (pollarding). This practice is frequently found in conventional high-intensity coffee 

agroforestry systems in Costa Rica. In the other three sub-plot treatments, however, E. poeppigiana 

trees were managed according to the recommendations of Muschler (2001) whereby trees were 

pruned at a height of around 4 m and a minimum of three branches were left for partial shade cover. 

In Nicaragua, I. laurina was managed to create a homogeneous canopy cover of approximately 40%, 

through annual pruning of branches at any height, accounting for overall smaller pruning residue 

inputs compared with E. poepiggiana in Costa Rica. In contrast, the timber tree species were 

managed to promote the development of a straight trunk and thus maximise timber value but were 

not subjected to a systematic pruning regime. Trunks and major branches of thinned and pruned 

timber trees were removed from the plots whereas leaf and small branch material was left as an 

organic amendment. All the material pruned from coffee bushes was also left in the plots (coffee 

bushes were pruned according to standard coffee agronomic practice, to the same level across all 

treatments). 

 

2.3. Calculation of carbon footprints 

PAS 2050 (BSI, 2008) is the only transparent and publically available product CF method published 

to-date and has therefore been chosen here for all CF calculations. Within this method, all GHGs 

(including CO2, N2O and CH4) are accounted for and converted into units of CO2-equivalents (CO2e) 

according to their global warming potential (GWP) over 100 years. All GHG emissions associated with 

the provision and use of raw materials and energy are included in the calculation. Capital goods, 

human energy inputs such as manual labour, transport of employees to and from the workplace and 

animals providing transport are excluded from PAS 2050. 

Of specific relevance to agricultural CFs are non-CO2 emissions from livestock, their manure and 

soils, which must be included, calculated according to IPCC Guidelines for National GHG Inventories 

(De Klein et al., 2006). Nitrous oxide emissions from soils are accounted for by including direct and 

indirect emissions resulting from N additions, deposition and leaching. As all land under study here 



was in agricultural production prior to 1990, no direct emissions from land use change (LUC) have 

been included. Changes in soil carbon, either as emissions, sequestration or in eroded material, are 

excluded from PAS 2050 unless they are a direct result of LUC activities. Carbon stored in living 

organisms such as trees or perennial crops is excluded from the PAS 2050 method; therefore if LUC 

results in net carbon storage, no recognition is given by way of a reduced CF. Although this is of 

particular relevance to agroforestry systems with perennial crops such as coffee, which have been 

shown to provide long-term carbon stores in shade-tree and crop biomass (Segura et al., 2006; 

Dossa et al., 2008), currently these gain no recognition for their net carbon storage benefit when 

compared, for example, with coffee grown in full sun or with annual crops. 

 

2.4. Data Collection 

As the aim of this study is to compare emissions from different farming methods, the system 

boundaries were drawn at the farm gate, including only those emissions directly associated with the 

production and management of a particular system. Carbon footprint calculations for each system 

were based on annualised averages of all inputs and yields since the second year of coffee 

production, to best represent the different production systems. The functional unit (unit of 

production) was set at 1 kg of non-processed fresh coffee cherries. 

Data on coffee yields, management and material inputs were recorded for all sub-plot treatments. 

For both conventional managements (Table 3), emissions from the production of inorganic fertilisers 

and pesticides were extracted from the Ecoinvent database (Nemecek et al., 2007). For all four sub-

plot management treatments, only commercial fertiliser and pesticide products were assigned 

pƌoduĐtioŶ eŵissioŶs; PA“ ϮϬϱϬ states  that eŵissioŶs should ďe assigŶed aĐĐoƌdiŶg to a pƌoduĐt͛s 

economic value rather than its mass, thus the production emission from one industry (e.g. chicken 

farming) should be partitioned between its products (e.g. chicken meat and manure) according to 

their respective commercial values. In the case of these coffee production systems, however, 

organic fertilisers such as chicken manure and coffee pulp were assumed to be waste products of 



another industry with no economic value, and thus were assigned no production emissions. 

Furthermore, although data on GHG emissions from poultry manure can be found within the 

Ecoinvent database, we considered these values excessive for this study as the database values 

include processing emissions from drying, granulation and packaging (Nemecek et al., 2007) which 

are not part of the manure production process in Costa Rica or Nicaragua.  

Emissions were calculated for the transportation of materials and fertilisers from their place of 

purchase to the on-farm experimental sites; to allow for comparability a default transport distance 

of 10 km was chosen for both sites. Emissions arising from the production and use of fuels such as 

gasoline and lubricants, used mostly for weed control, and materials and sundries used in the farm 

management of the experimental sites were also included in the calculations. Emission factors for 

the production and manufacturing processes of individual inputs were obtained from the publically 

available database of the Renewable Fuels Agency (RFA) and Ecoinvent (Althaus et al., 2007; Classen 

et al., 2009). Costa Rica-specific EFs for diesel and gasoline were sourced from a report used in the 

Costa Rican national GHG inventory (Ministerio de Ambiente y Energía de Costa Rica, 2007) and used 

foƌ ďoth ĐouŶtƌies͛ footpƌiŶts. No eleĐtƌiĐity ǁas ĐoŶsuŵed iŶ the oŶ-farm operations. 

For calculating N2O emissions from soil we followed IPCC Good Practice Guidelines for calculating 

GHG emissions (De Klein et al., 2006) and chose a regional-specific EF (Table 1) from Costa Rica for N 

fertiliser application of 1% for timber-tree and full-sun coffee production systems established by 

HeƌgoualĐ͛h et al. (2008), 1.2% for leguminous-shade systems and a value from the same study of 

0.3% for N applications from pruning inputs ;HeƌgoualĐ͛h pers. comm.). To assess the effects of using 

diffeƌeŶt EF͛s on the overall CF we compared the results of (i) using the IPCC tier 1 default value of 

1% for all N inputs (scenario 1) (De Klein et al., 2006), (ii) using a region-specific EF (scenario 2) and 

(iii) excluding emissions from pruning inputs (scenario 3) ;HeƌgoualĐ͛h et al., 2008). N contents of 

pruning residues, needed to calculate soil N2O emissions, were obtained from analyses carried out at 

the Laboratorio de Análisis de Suelos, Tejido Vegetal y Aguas at CATIE, in Costa Rica. 



Table 1 Main-plot (shade tree combinations) and sub-plot (management inputs) treatments at the experimental sites in a) Costa Rica and b) Nicaragua. Sub-plot treatment 

abbreviations are given in table 3. 

 a) Costa Rica    b) 

Nicaragua 

    

 

Main-plot treatments 
 

Full sun 
 

Erythrina 

poeppigiana 

 

Terminalia 

amazonia 

 

Chloroleucon 

eurycyclum 

 

Erythrina 

poeppigiana/ 

Terminalia 

amazonia 

 

 
 

Full 

sun 

 

Simarouba 

glauca/ 

Tabebuia 

rosea 

 

Samanea 

saman/ 

Tabebuia 

rosea 

 

Inga  

laurina/ 

Simarouba 

glauca 

 

Inga  

laurina/ 

Samanea 

saman 

Abbreviation FS E T C ET  FS SGTR SSTR ILSG ILSS 

Sub-plot treatments CM1, CI OM, OI,  

CM, CI 

OM, OI,  

CM, CI 

OI, CM OI, CM  CM, CI OM, OI,  

CM, CI 

OI, CM OI, CM OM, OI,  

CM, CI 

Shade tree density (ha-1) 

 

Emission factor for N 

inputs (excluding 

pruning) 

-2 

 

1% 

2693/5834 

 

1.2% 

216 

 

1% 

257 

 

1.2% 

231 

 

1.2% 

 -2 

1% 

286 

 

1% 

331 

 

1.2% 

336 

 

1.2% 

376 

 

1.2% 

1
 Subplot treatments are shown in full in Table 3; 

2
 no shade trees are present in full sun treatments; 

3
 densities for OM, OI and CM sub-plot treatments; 

4
 densities for CI 

sub-plot treatment 

 

Table 2 Shade tree species used in the main-plot experimental treatments in the sites in Costa Rica and Nicaragua  

 a) Costa Rica   b) Nicaragua     

Species 

Terminalia 

amazonia          

(J.F. Gmel.) Exell 

Chloroleucon 

eurycyclum 

Barneby & J.W. 

Grimes 

Erythrina 

poeppigiana 

(Walp.) O.F. Cook 

Inga laurina     

(Sw.) Willd. 

Samanea saman 

(Jacq.) Merr. 

Simarouba glauca 

DC. 

Tabebuia rosea 

(Bertol.) DC. 

Phenology evergreen evergreen evergreen evergreen evergreen evergreen deciduous 

N-fixer no yes yes yes yes no no 

Dominant use  timber
1
 timber

1
 service

2
 service

2
 timber

1
 timber

1
 timber

1
 

1
 ͛tiŵďeƌ͛ = shade tƌees that aƌe ŵaŶaged foƌ theiƌ tiŵďeƌ; 2͚seƌǀiĐe͛ = shade tƌees that aƌe ŵaŶaged foƌ theiƌ ͚seƌǀiĐes͛ to Đoffee pƌoduĐtioŶ, e.g. N-fixation, organic matter 

inputs 



Table 3 Experimental sub-plot coffee management treatments in the sites in Costa Rica and Nicaragua.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
1
 Quantities of soil amendments and yields are shown as mean values of known amounts applied annually over seven years.

Name of sub-treatment Organic Moderate Organic Intensive Conventional Moderate Conventional Intensive 

Abbreviation OM OI CM CI 

Soil amendments
1
 Organic-coffee pulp 

(kg
-1

 ha
-1

 yr
-1

) Costa 

Rica: N 66, P 2, K 44; 

Nicaragua: N 140, P 8, 

K 88 

Organic-coffee pulp, chicken 

manure, lime, rock 

phosphate, potassium 

sulphate, (mean kg
-1

 ha
-1

 yr
-

1
) Costa Rica: N 248, P 205, K 

326; Nicaragua: N 372, P 

179, K 145) 

Inorganic fertiliser          

(kg
-1

 ha
-1

 yr
-1

) Costa Rica: N 

150, P 10, K 75; Nicaragua: 

N 78, P 46, K 21) 

Inorganic fertiliser          

(kg
-1

 ha
-1

 yr
-1

)Costa Rica: N 

287, P 20, K 150; 

Nicaragua: N 153, P 98, K 

57) 

Disease management None Use of organic and plant 

derived substances 

dependent on disease 

incidence  

Use of up to 4 inorganic 

fungicide applications 

dependent on disease 

incidence 

Regular use of 3 - 4  

inorganic fungicides 

applications 

Insect pest management Reducing of ͞gleaŶiŶg͟ 
(fallen cherries) after 

harvest 

Manual removal and use of 

organic and plant derived  

substances dependent on 

disease incidence 

Manual removal and use 

of up to 4 inorganic 

insecticides dependent on 

disease incidence 

Manual practices and 

regular use of 3 - 4 

inorganic insecticide 

applications 

Weed management 2-4 routine machete 

weedings per year 

Manual selective weed 

management between rows 

and cleaning within the row 

area 

Selective weed 

management between 

row and cleaning within 

the row area manually and 

with herbicide 

Soil maintained clear of 

weeds with herbicides 

 

Average yield (±SE) of coffee 

cherries across treatments 

(tha
-1yr

-1
) in Costa Rica / 

Nicaragua 

4.8 (±1.1) / 4.7 (±0.7) 6.6 (±0.36) / 6.4 (±0.4) 7.0 (±0.4) / 5.5 (±0.3) 9.9 (±0.7) / 7.1 (±0.8) 



2.5. Statistical analysis 

To investigate the relationship between main-plot and sub-plot treatment effects on individual CFs in 

the experiment we fitted linear mixed effects models in R (R Development Core Team, 2010) using the 

lme4 package (Bates et al., 2011). Main-plot/sub-plot treatment combinations were fitted as a factor 

with 15 levels for each country (model 1: fixed effects = main-plot + sub-subplot; model 2: fixed effect = 

main-plot; model 3: fixed effect = sub-plot). Results were assessed using the Akaike Information 

Criterion (AIC, Burnham and Anderson, 1998), and the model presenting the smallest AIC selected. 

 

3. Results 

3.1. Carbon footprinting of different management systems 

The best fitting model for predicting carbon footprints from the main-plot and sub-plot treatments of 

the experiments is model 3 based on only sub-plot treatments as a fixed effect with random slope 

effects of replicate blocks and main-plot treatments nested within replicate blocks (the AIC values for 

this model for Costa Rica and Nicaragua were respectively -32.4 and -66.0; in comparison those for 

model 1 were -13.6 and -49.5, and for model 2 were -4.0 and -35.6 respectively). This shows that 

management system and input level (the sub-plot treatment) accounts for most variation in CFs 

amongst the treatments in the experiment with little remaining variation explained by shade type (the 

main-plot treatment). This is reflected in their relative coefficients of variation between treatment 

mean values (CV is 0.17 and 0.18 amongst the sub-plot treatments and only 0.03 and 0.08 amongst the 

main-plot treatments for Costa Rica and Nicaragua respectively). Interactions between main-plot and 

sub-plot treatments cannot be tested separately for each of the experiments as a whole because of the 

incomplete factorial design. Therefore, results presented here are largely aggregated at the sub-plot 

level (Figure 1 and Table 4). Nonetheless, for both countries, based on non-overlap of 84% confidence 

intervals of sub-plot intercepts for the best-fit model (Payton et al., 2003), there were no significant 

differences at the p < 0.05 level amongst the sub-plot treatments (Figure 1). However, in Costa Rica 

there was a notable trend in the association of CF with management type (conventional versus organic) 



followed by input level, with the conventional intensive (CI) treatment showing the highest mean CF, 

followed by conventional moderate (CM), then organic intensity (OI) and finally organic moderate 

(OM). In Nicaragua, the positive association with level of inputs was dominant over management type: 

the highest mean CF was again shown by the CI sub-plot treatment, but it was followed by OI, and then 

CM and, again last, OM.  

 

a) Costa Rica        b) Nicaragua 

 

 

Figure 1 Mean coffee product carbon footprints based on model predictions for four sub-plot 

treatments across five main-plot shade treatments and three replicate blocks in a) Costa Rica and b) 

Nicaragua. Conventional intensive (CI); Conventional moderate (CM); Organic intensive (OI); Organic 

moderate (OM). The bars represent the mean CF per kg of fresh coffee cherries (kgCO2e); whiskers 

indicate the upper and lower boundaries of the 84% confidence interval values (appropriate for judging 

significance of differences at p < 0.05). 

 

Direct and indirect soil N2O emissions account for a high proportion of the total product CF (average of 

67% across treatments) and are therefore highly correlated with total CF for both conventional and 

organic management systems (Figure 2). These emissions result from inorganic and organic fertilisers 

and from pruned material from coffee bushes and shade trees (Appendix Tables 1 and 2). Nitrogen 

inputs vary considerably across the main-plot/sub-plot treatment combinations due to variation in 
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pruning inputs from shade trees and in coffee bush management (Tables 2 and 3). The significantly 

steeper (CF/soil N2O emissions) slope of the conventional than organic treatments is due to the fact 

that soil N2O emissions form a greater proportion of the CF for the organic treatments. 

 

 

Figure 2 Relationship between soil N2O emissions (direct and indirect) resulting from applications of 

organic and inorganic N in fertiliser and prunings and the overall carbon footprint of conventional ( ) 

and organic ( ) coffee management treatments in Costa Rica and Nicaragua. Fitted lines: yconventional(CF) 

= 0.031 + 2.03x (kgCO2e); yorganic(CF) = 0.007 + 1.11x (kgCO2e). There was no significant difference 

between the intercepts but there were significant differences in the slopes between conventional and 

organic management systems (as judged by the non-overlap of 84% confidence intervals of sub-plot 

intercepts for best-fit model predictions), highlighting a significant difference between the two groups. 

 

3.2. Carbon footpriŶt eŵissioŶ ͚hotspots͛ 

The main CF emission hotspots for the conventional management treatments in both countries were 

from fertiliser production and direct and indirect soil N2O emissions from fertiliser N inputs (Table 4). 

Emissions from fertiliser production accounted for 50% and 45% of the CI and CM footprints 

respectively, averaged across both countries. The main CF emission hotspots for the organic 
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management treatments were direct and indirect soil N2O emissions, resulting from applications of 

organic fertiliser (such as chicken manure or coffee pulp) and prunings. Soil N2O emissions accounted 

for 92% and 82% of the CF for OI and OM treatments respectively, averaged across both countries, in 

contrast to only 45% and 47% for CI and CM treatments respectively. The contribution of N2O emissions 

specifically from pruning inputs varied greatly amongst the four treatments ranging from 7% in CI to 42 

% in OM. The lower yields of coffee cherries with moderate (OM) compared to high input (OI) organic 

management (Table 3) resulted in soil N2O emissions from pruning residues accounting for 1.6 and 1.4 

times higher CF per kg of coffee cherry yield in the OM than the OI treatments in Costa Rica and 

Nicaragua respectively. Similarly, between the different shade types, in Costa Rica emissions from 

pruning residues were highest with E. poeppigiana (Appendix Table 1) at 0.14 kg CO2e per kg of coffee 

cherries (averaged across all sub-plot treatments), followed by mixed legume and timber trees (ET) with 

0.08 kg CO2e, timber trees (C, T) with 0.01-0.02 kg CO2e and lowest was full sun (FS) at 0.01 kg CO2e 

(Appendix Table 2). In Nicaragua a similar trend was detected with the highest emissions from pruning 

residues arising in the mixed legume and timber tree types (ILSG, ILSS) with 0.04-0.05 kg CO2e per kg of 

coffee cherries followed by timber trees (SGTR, SSTR) with 0.02-0.03 kg CO2e and full sun was again the 

lowest with 0.02 kg CO2e per functional unit (Appendix Table 2). The main difference in emissions from 

pruning residues between the countries however is due to the fact that these are smaller in quantity in 

Nicaragua compared with Costa Rica. A more detailed description of pruning residue inputs within the 

experiments can be found in Haggar et al. (2011). 

3.3. Impact of different emission factors and the importance of pruning residues 

Nitrous oxide emissions released from soils following the addition of fertilisers are commonly estimated 

using global, rather than location-specific, EFs. However, soil N2O emissions from pruning inputs are 

often overlooked completely in CF analyses. To explore their impact on system CFs we calculated the 

mean CF of the four sub-plot coffee management treatments in each country using three different EFs 

for the soil N2O emissions resulting from fertiliser and pruning inputs. Using each of the three different 



Table 4 Mean greenhouse gas emission contributions (kgCO2et-1
 fresh cherries, ±SE) of each emission category to the total product carbon footprint, for 

the four sub-plot treatments (Conventional intensive (CI); Conventional moderate (CM); Organic intensive (OI); Organic moderate (OM)) for a) Costa Rica 

and b) Nicaragua. The emissions are shown on a per land area per time basis in Appendix Table 1. 

 

Country 

Sub-plot 

management 

treatments 

Fertiliser 

production 

Pesticide 

production 

Fuels (used 

for non-

transport 

purposes) 

Materials and 

sundries 
Transport 

Direct/indirec

t soil N2O 

emissions 

from fertiliser 

application 

Direct/indirec

t soil N2O 

emissions 

from pruning 

inputs 

Total 

 

a) Costa Rica CI 305 (±25) 30 (±3) -
1 

-
2 

-
2 

196 (±14) 35 (±12) 567 (±41)  

 
CM 227 (±13) 13 (±1) 19 (±1) -

2 
-

2 
152 (±9) 50 (±14) 463 (±29)  

 OI 7 (±0) 
2 

20 (±1) -
2 

-
2 

244 (±15) 69 (±18) 345 (±27)  

 OM 10 (±4) 15 (±7) 51 (±23) 4 (±2) 3 (±1) 65 (±28) 108 (±30) 256 (±68)  

b) Nicaragua  CI 162 (±16) 12 (±1) -
2
 -

2
 -

2
 147 (±15) 25 (±4) 347 (±36)  

 
CM 103 (±6) 13 (±1) -

2
 -

2
 8 (±8) 93 (±6) 36 (±4) 255 (±18)  

 OI 18 (±1) -
2
 -

2
 -

2
 5 (±0) 303 (±21) 32 (±4) 359 (±26)  

 OM -
2
 -

2
 -

2
 3 (±1) 4 (±1) 94 (±22) 45 (±10) 145 (±34)  

1
 In Costa Rica CI weed control was managed with chemical herbicides applied manually. 

2
 Emissions are considered here to be negligible if < 1% of total CF. Sub-plot treatments in a) Costa 

Rica (CI, n = 9; CM, n = 15; OI, n = 12; OM, n = 6) and b) Nicaragua (CI, n = 9; CM, n = 15; OI, n = 12; OM, n = 6). 
 

 

 

 

 



EFs produced a similar trend in CF amongst all four sub-plot treatments in both countries. The greater 

variation between the EFs for organic (24-244%) than for conventional (14-40%) management (Figure 3) 

was mainly due to the effect of inputs of pruned material.  

 

            a) Costa Rica        b) Nicaragua  

 

Figure 3 Mean carbon footprint (kgCO2e) for all main-plot treatment x sub-plot treatment combinations 

over the three replicate blocks for a) Costa Rica and b) Nicaragua using three different emission factor 

scenarios (as described in the Methods section); scenario 1 ( ), scenario 2 ( ), scenario 3 ( ). Bars 

represent the mean CF per kg of fresh coffee cherries (kgCO2e); whiskers indicate the upper and lower 

boundaries of the 84% confidence interval values. 

 

Scenario 1, which is based on IPCC tier 1 global default values for calculating direct and indirect soil N2O 

emissions, does not distinguish between organic, inorganic or pruning/crop residue inputs; it assumes 

that 1% of applied N in all the residues is lost as emissions. Scenario 1 produces a greater mean CF than 

that from scenario 2, which uses the region-specific lower value of 0.3% for the proportion of N applied 

to the soil in pruned material that is emitted as N2O. Scenario 3, which uses the same N fertiliser EFs as 

scenario 2 but omits soil N2O emissions from pruning inputs, produced the lowest CF across all 

treatments with the greatest reduction in OM sub-plots. Overall, the choice of EF did not change the 

rank order of CFs across the four management treatments in either country. However, the effects of EF 



choice are more marked in the organic management treatments because N2O inputs from pruning 

inputs form a comparatively large proportion of their CF. Further, high variability in CF between main-

plot shade treatments is observed for both of the organic sub-plot treatments in Costa Rica in the 

scenario 1 calculations due to the comparatively large contribution to the CF of pruning inputs from the 

fast-growing leguminous shade tree E. poeppigiana with a 1% EF.  

 

4. Discussion 

4.1. Effect of coffee system management on carbon footprint 

In Costa Rica and Nicaragua together, coffee cultivation covered over 212,000 ha of land in 2010 (FAO 

2011), making it a significant contributor to ďoth ĐouŶtƌies͛ agƌiĐultuƌal GHG ďalaŶĐe. Results from this 

study found that the carbon footprint per kg of coffee production increased with higher levels of 

management input in both conventional and organic systems in both the Costa Rican and Nicaraguan 

experiments. The type of farm management was found by the mixed effects models to account for most 

variation in CFs. By intensifying coffee farming systems within the experiments, GHG emissions per unit 

output are increased for conventional and organic treatments. 

However, no general conclusion can be made about the comparative CF of organic and conventional 

systems because the results differed between the two countries. While the organic moderate intensity 

(OM) treatment had the lowest CF in both countries, the organic intensive (OI) treatment in Nicaragua 

had a slightly higher mean CF than the conventional moderate (CM) treatment, whereas in Costa Rica it 

was lower. This difference between the countries is associated with the variation in local 

implementation of ͚ĐoŶǀeŶtioŶal͛ aŶd ͚oƌgaŶiĐ͛ systeŵs. IŶ NiĐaƌagua, the OI management had higher N 

inputs than the three other management systems, whereas in Costa Rica, total inputs of organic and 

inorganic N reduced from the CI to CM to OI to OM management (Table 3). To determine the effects of 

organic compared to conventional systems on the carbon footprint it would be necessary to evaluate 

the N-use efficiency of the two management strategies at the same level of inputs.  



Although the mixed effects model selection procedure showed that shade type had little overall 

influence on total CF, there were notable differences in the calculated N2O emissions associated with 

their prunings, which were highest from the heavily pruned legume shade trees (Appendix Table 2), 

even when accounting for the differences in EF used between leguminous and non-leguminous shade 

(the change in the overall CF for the highest pruning residue input system ECI due to a change in EF from 

1.2% to 1% of N, is less than 5%). HeƌgoualĐ͛h et al. ;ϮϬϬϴͿ ĐoŶĐluded that aŶŶual N2O emissions from a 

legume-shaded tree system of coffee were 1.3 times higher compared with an un-shaded coffee 

monoculture. With leguminous shade trees contributing 60-340 kg N ha
-1 

yr
-1 

through pruning residues 

in coffee agroforestry systems (Beer, 1988), the resulting soil N2O emissions can account for a significant 

part of the CF. This is reflected in the present study; relative N2O emissions per unit of coffee production 

from pruning residues were 84% and 33% lower for timber shade tree only treatments compared with 

those using the heavily pruned leguminous shade trees (E and IL) in Costa Rica and Nicaragua 

respectively (Appendix Table 2). For FS treatments the emissions were 92% and 63% lower than those 

with the heavily pruned leguminous trees respectively (Appendix Table 2). This underlines the 

importance of quantifying the different factors that contribute to overall coffee production system 

greenhouse gas emissions to provide a broader knowledge base to differentiate the emission factors 

associated with different N2O sources. 

 

4.2. Emission ͚hotspots͛ 

In the intensive and moderate input organic coffee management treatments in Costa Rica, and all four 

management treatments in Nicaragua, N2O emissions from soil were the greatest emission hotspot. 

These emissions stem from the application of mineral and organic fertilisers to the soil, and from 

decomposition of pruning residues where applicable. This is in-line with findings from studies of other 

crops such as by Plassmann et al. (2010) and Röös et al. (2010) who found that N2O emissions form the 

largest portion of the CF of a sugar cane farm in Mauritius and a potato farm in Sweden, respectively. 

Despite coffee͛s  gloďal  sigŶifiĐaŶĐe  eĐoŶoŵiĐally  aŶd  agƌo-ecologically, there appears to be only one 



study published to-date which has analysed the GHG emissions from its cultivation; this pilot study of two 

coffee estates in Tanzania found that the production and transport of agrochemicals formed over 79% of 

the CF of coffee production and primary processing (PCF Pilotprojekt Deutschland, 2008). This is 

comparable with findings from the intensive and moderate input conventional management systems in 

Costa Rica in the present study, where fertiliser and pesticide production combined accounted foƌ ≥ ϱϬ% 

of the CF (Table 4). However, the N2O emissions resulting from N fertiliser application were calculated to 

be much higher in the present study than those in Tanzania. This may be because the present study 

includes direct and indirect N2O emissions from soils, whereas the Tanzanian pilot study only included 

direct emissions (PCF Pilotprojekt Deutschland, 2008). Furthermore, for the two organic management 

systems of the present study, emission hotspots were dominated by release of N2O from soils, with 

virtually no emissions included from fertiliser production because the fertilisers used are by-products or 

wastes of other industries. Although the organic fertilisers used in these experiments contained relatively 

small percentages of N, they were applied in large quantities – up to 10 tonnes of chicken manure and 7.5 

tonnes of coffee pulp per ha per year in the intensive organic management. As a result, while in the 

intensive organic treatment soil N2O emissions were largely caused by application of these organic 

fertilisers, in the moderate input organic management, over half the N2O emissions resulted from pruning 

inputs from the shade trees and coffee bushes (Table 4). 

There is significant scope for managing farm-level GHG emissions through improved planning of N 

application, and this should be seen as a priority by farm extension workers when making 

recommendations for climate-friendly farming systems. Examples of such GHG-mitigating actions include 

switching from urea to use of fertilisers with lower rates of nitrification such as ammonium nitrate; 

improved timing of N application, taking into account crop requirements, weather patterns and 

availability of mineral N in the rooting zone, so that N is applied at times of greatest demand by the plant; 

and subsurface application of fertilisers to reduce losses of NO (Matson et al., 1996; Skiba et al., 1997; 

Smith et al., 1997). However, currently the methods used to calculate the CF would not differentiate 

between these management practices, and research is needed to quantify their impacts on N2O emissions 



and develop appropriate emission factors associated with these practices. Any recommendations 

requiring capital investment or a change in farming practice will need wider support in order to 

encourage farmer uptake, and indeed further research on improving the efficiency of both organic and 

mineral fertiliser use should be seen as a priority in order to determine optimal fertiliser management 

mechanisms (Tilman et al., 2002). 

 

4.3. Choice of emission factors 

It is clear from this study that, for coffee production CFs, the accuracy of EFs used to calculate direct 

and indirect N2O emissions from soil is important; within the production systems analysed here, N2O 

emissions formed between 45% and 92% of the total CF, making them the single largest source of 

emissions in the organic management treatments and the second largest emissions source in the 

conventional treatments. As a result, using different EFs for calculating N2O emissions had a large effect 

on CFs, with CF varying by between 14 - 244% depending on the EF used for individual coffee 

management treatments (Figure 3). Three categories of soil N2O emissions are commonly accounted 

for: direct emissions from N-fertilisation of soils, ͚seĐoŶdaƌy͛  eŵissioŶs  ƌesultiŶg  fƌoŵ  ǀaƌious 

transformations of N compounds, and indirect emissions resulting from leaching and volatilisation of 

deposited N (Smith et al., 2010). ͚“econdary͛ emissions include those produced by application of crop 

residues or pruning material, dung and urine from livestock to the soil, and N mineralisation from soil 

organic matter and root residues (Smith et al., 2010). In the IPCC tier 1 methodology (scenario 1 in the 

present study), however, no differentiation is made between direct emissions from N-fertilised soils 

and secondary emissions from crop residues or pruned material, as both are given the same EF. 

Further, its value of 1% for direct N2O emissions has a large uncertainty of 30-300% depending on 

localised variables such as climate, soil properties and the quality of the incorporated material (De Klein 

et al., 2006). Therefore, calculating a faƌŵ͛s CF with this global IPCC Tier 1 N2O emissions factor can 

introduce significant error, and indeed its use will not enable the estimation of emission reductions 

resulting from actions such as improved N use efficiency, as outlined in section 4.2. 



In tree-based agricultural systems, and in particular in coffee agroforestry systems in which shade-tree 

pƌuŶiŶgs  ĐoŶtƌiďute  a  sigŶifiĐaŶt  pƌopoƌtioŶ  of  ͞crop residues͟, the choice of EF can have a large 

influence on the overall CF result as shown in Figure 3. Here, we found that the heavily pruned 

leguminous tree species (E. poeppigiana and I. laurina) had much higher relative emissions from 

pruning residues per kg of fresh coffee cherries than other shade types (Appendix Table 2). However, 

the complexity and interaction of variables influencing soil N2O emissions is vast and, because of their 

major importance for the specification of accurate EFs, they should be a priority for further research to 

underpin improved carbon footprinting. Factors found to affect N2O release from pruning residues 

include: the presence of N-fixing tree species (Hergoualc'h et al., 2008; Verchot et al., 2008), the quality 

or chemical composition of plant residues (Seneviratne, 2000; Baggs et al., 2001; Millar and Baggs, 

2005) including specifically its C:N ratio (Millar and Baggs, 2004), the interaction between residues and 

inorganic fertilisers (Frimpong and Baggs, 2010), and the timing of pruning relative to plant nutrient 

demand and supply (Mosier et al., 2004). However, there is a lack of published literature to enable the 

accurate calculation of N2O emissions from tropical agricultural systems (Matson et al., 1996; Erickson 

et al., 2001; Mosier et al., 2004) and indeed the IPCC default EF is based heavily on data from 

temperate and subtropical zones rather than from tropical regions (Stehfest and Bouwman, 2006). 

 

4.4 Implications for carbon footprinting methodology 

So far, carbon footprinting in agricultural systems has neglected the role of shade trees (often used in 

coffee cultivation) in sequestering significant amounts of C, even beyond the lifetime of the crop. Indeed, 

carbon storage in living biomass is omitted from the UK carbon footprinting specification, PAS 2050:2008, 

and its recent revision (October 2011, subsequent to the completion of this study) only gives credit for 

carbon stored in biomass when that carbon is sequestered as a direct result of land use change occurring 

in the past 20 years. IŵpoƌtaŶtly,  ͚laŶd use ĐhaŶge͛  is defiŶed here as a change from one land use type 

(e.g. forestry) to another (e.g. agriculture), therefore the addition (or removal) of trees within a coffee 

farm during its lifetime would not be recognised as a form of land use change, thus the resulting change 



to farm GHG balance would not be included in the carbon footprint. In the case of shade-grown coffee, 

however, trees tend to be planted as a result of coffee farming taking place, thus stored carbon in these 

systems arises as a direct result of the agricultural production system and should be recognised within the 

farm GHG balance calculation. To allow for more representative analyses of agricultural systems, a full 

balance based on emitted and sequestered carbon should be calculated, using the carbon footprinting 

method followed in this study but including C sequestration and emissions from biomass and soil. 

Sequestration of C in some shade systems could outweigh their emission costs resulting in a net C-balance 

benefit and potentially making the whole production system carbon neutral over its life span.  

 

4. Conclusions 

Carbon footprinting enables improved understanding of the most important GHG emission hotspots 

within a food supply chain. This will help in developing systems which achieve higher agricultural 

productivity without a proportionate increase in emissions (or lower emissions without a proportionate 

reduction in productivity).  The results of this study highlight the importance of determining which 

impacts and variables are relevant in calculating the net environmental efficiency of agricultural 

production systems. While the moderate intensity organic coffee management system had the lowest CF 

per kilogramme of coffee produced it also had substantially the lowest yield of coffee per hectare. 

Maintenance of the overall level of production from such systems with low GHG emissions but also low 

yield per unit area would require conversion of more land to coffee production, locally or elsewhere, but 

if this land was converted from forest or grassland this would result in additional emissions. This 

emphasises the potential conflict between increasing food production and creating incentives for climate 

change mitigation (Angelsen, 2010), which CF methodology needs to encompass. 

Identifying emission hotspots through carbon footprinting enables the targeting of farm 

management recommendations to reduce the impact of agricultural production on GHG emissions. For six 

of the eight coffee management systems studied here, N2O emissions from soil were the greatest 

contributor to coffee production CFs, for the other two systems fertiliser production made a larger 



contribution. This indicates the value of improvements in fertiliser use efficiency for mitigation of 

agricultural GHG emissions on coffee farms. 

While methodologies such as those of the IPCC are important in standardising estimation of the 

contribution of overall N2O emissions to the CF for gross system comparisons, in order to compare CFs of 

different supply chains, accurate emission factors have to be used for each, as demonstrated by the large 

variability in CF found when using different EFs for calculating N2O emissions. However, for products such 

as coffee, originating in developing countries, despite their huge global impact, there is a shortage of 

evidence to enable calculation of EF for different sources and management of nitrogen inputs which are 

locally specific. Although much has been published on soil N2O emissions from agricultural systems, a 

more detailed understanding of the underlying processes is needed, particularly in tropical regions. Our 

research supports the conclusions of Smith et al. (2010) that the link between input parameters and 

release processes is a research priority in order to recommend changes in agricultural management that 

will reduce emissions. In particular, we recommend new research into the effects of practices aimed to 

improve N use efficiency, not only on soil N2O emissions, but also nitrogen use efficiency of coffee 

production. 
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