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Abstract 
Eight years of monitoring ecophysiology and ecosystem services (ES) in a large coffee farm of Costa 

Rica yields a range of practical applications for the farmer and stakeholders, thanks to numerous 
scientific actors and disciplines contributing to our collaborative observatory (Coffee-Flux).  

 

 A lot of ecosystem services depend on the soil properties, such as runoff/infiltration, water 
and nutrient storage capacity. It is essential to relate hydrological and soil conservation 
services to the soil type, since this might have even more importance than the crop itself for 
ES. Regarding the use of fertilizer, we show that some soils may have a large storage capacity, 
allowing producing coffee at normal yields with just a reduced, or even a minimum amount of 
fertilizers, for instance when the economic conditions are unfavorable. Also, due to the soil 
variability within the farm, it is possible to adjust fertilization to micro-local conditions and 
reduce the total expenses and risks of leaching of N to the environment. VNIRS and MIR are 
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promising broadband tools for screening the variability in soils. Adjusting N fertilizer to the 
optimum will also considerably reduce the N2O emissions and improve the GHG balance of 
the farm. 

 Pesticides-fongicides: we show that an adequate amount of shade trees allows reducing the 
severity of the whole complex of leaf diseases. This also should reduce expenses and impacts 
on the ecosystem. 

 Roots: a simple survey of basal area at collar allows estimating the belowground biomass and 
the average age of a plantation, to judge of its market value and to decide when to replace it. 

 Also starch plays a key role in the trophic equilibrium between the perennial parts of the 
coffee plant (aerial stump, belowground stump, coarse roots) and its ephemeral parts 
(resprout, leaves, fruits, fine roots). Coffee plants accumulate starch in the stumps by the end 
of the life of their resprout, as a strategy for survival. Breeding plants with less starch build-up 
capacity would probably allow increasing the fraction of productive years during the lifespan 
of the resprouts. 

 Coffee farms are probably much closer to C neutrality than currently admitted using the C-
Neutrality protocol. We stress the prevailing role of coffee plants + litter + soil in the 
ecosystem C balance. If those are excluded from the calculations as done so far, coffee farms 
are GHG sources, by definition. We argue that either full assessments (as proposed here, at 
the ecosystem level, including trees, coffee, litter, soil and roots) or consensus on 
“sequestration factors” (the counterpart of emission factors) would allow performing a more 
realistic assessment of the GHG balance. 

 Finally, we bring new data confirming that shade trees offer numerous ecosystem services, 
when adequately managed for the local context. As compared to full sun conditions, they 
may (i) reduce laminar erosion by a factor of ca. 2, (ii) increase the atmospheric N2 fixation 
and the % of N recycled into the system, thus reducing the fertilizer requirements, (iii) reduce 
the severity of the leaf disease complex, (iv) increase C sequestration, (v) improve the 
microclimate, and (vi) be a large part of the solution to face climate changes. All this is 
possibly without negative effects on profitability or yield, if managed properly. In our 
particular case-study, we encountered no real trade-off with shade trees, except higher levels 
of mineral N in the soil solution.  

Key words Coffee agroforestry / Observatory / Experimentation and modelling / Long-term / 
Collaborative platform 

Introduction 
Coffee is a tropical perennial crop grown in around 80 countries. Global coffee consumption is above 

9 million tons, of which approximately 65% is from Coffea arabica L. It is estimated that the whole value 
chain of coffee (from cultivation to marketing) involves ca. 100 million people worldwide. Today, NAMA-
Café and C-Neutral coffee certifications promote mitigation and adaptation. A lot of fruitful research is 
published every year on coffee, but we argue that a collaborative observatory was still missing, on the 
same site and for the long-term, in order to connect several research disciplines and to have a 
comprehensive view of coffee ecophysiology under real farm conditions. 

In 2009, CIRAD1, CATIE2 and Aquiares3 farm decided to launch a long-term collaborative observatory 
on coffee agroforestry biophysical studies, named “Coffee-Flux4”. The coffee agroforestry farm of 

                                                             
1 CIRAD: Agricultural Research for development:  http://www.cirad.fr/en 
2 CATIE : Centro Agronómico Tropical de Investigación y Enseñanza:  http://www.catie.ac.cr/ 
3 Cafetalera Aquiares : http://auction.stoneworks.com/includes/crq2004/aquiares_brochure.html 

http://www.cirad.fr/en
http://www.catie.ac.cr/
http://auction.stoneworks.com/includes/crq2004/aquiares_brochure.html
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Aquiares is located in the Reventazón River basin, in the Central-Caribbean region of Costa Rica, at 
coordinates 9°56’17” (North) and 83°43’41” (West). It lies on the slope of the Turrialba volcano (the 
country’s central volcanic mountain range), and drains to the Caribbean Sea. Certified Carbon-Neutral 
and Rainforest AllianceTM, it is one of Costa Rica’s largest farms (6.6 km2). The main study plot where the 
flux tower is settled is at the elevation of 1000 m.a.s.l., inside a homogeneous 0.9 km2 coffee 
agroforestry watershed. 

The aim of Coffee-Flux is to monitor carbon, water, nutrients, N2O and sediment fluxes and quantify 
Ecosystem Services (ES) at the scale of a large coffee agroforestry watershed. Observation, 
experimentation, modelling and remote-sensing are combined, collecting data and calibrating models 
locally, then upscaling to larger regions. The project has been running continuously since 2009, in order 
to encompass seasonal and inter-annual fluctuations of coffee productivity and ecosystem services. 
Coffee-Flux was supported continuously by several institutions and projects. Recently, it extended also to 
the CATIE coffee agroforestry long-term trial5. 

Collaborative research is promoted: data are being shared between collaborators and positive 
interactions are enhanced with several other institutions, e.g. (Kim et al., 2017, Martin et al., 2017, Prieto 
et al., 2015, Sánchez-Murillo et al., 2016). The philosophy is to concentrate several investigations on one 
specific site and for several years, to share a useful common experimental database, to develop 
modelling and to publish results in high-ranked scientific journals. Applied research is also highly 
encouraged (e.g. C-Neutral certification, NAMA (De Melo Virginio Filho et al., 2015, Roupsard, 2015), 
agronomy, breeding). Coffee-Flux benefits from CATIE’s infrastructure, easy field access and good 
security. The project is wide open to complementary projects, scientists and of course to students. The 
core data base is available in R and is meant for speeding up sharing.  

Our aim here is to present the main achievements of Coffee-Flux after 8 years of monitoring, 
underlining the practical interest for coffee farmers and decision makers. We will focus on Andisols and 
carbon storage; hydrology; erosion, fertilization, shade and yield; fertilization and N2O fluxes, leaf 
diseases severity and shade; coffee leaf area index and yield; coffee roots; effects of shade trees on 
coffee primary productivity and light-use efficiency; ecosystem carbon balance; shade trees and 
adaptation to climate changes. 

Some practical lessons from Coffee-Flux 

Carbon storage can be huge in allophanic soils (Andisols), with large 
horizontal variability 

Many coffee soils in the region are Andisols, or more weathered versions of Andisols = Ultisols. 
Andisols originate from volcanic ashes, here from the Turrialba volcano. They were deposited, then re-
mobilized by massive erosion. 

Andisols are rich in allophanes (up to 20%) when they are young: the more allophanes, the more 
andic properties. Allophanes have a nanometric structure with very large surface area and can trap a lot 
of water, C, all other elements, such as P. The contaminants are probably also accumulated into those 
soils. The more allophanes%, the more C. C stocks can be extremely important as revealed by profiles 
down to 2 m (ca. 500 tC ha-1) (Chevallier et al., preliminary results), i.e. one order of magnitude higher 
than biomass. 

                                                                                                                                                                                                     
4 Coffee-Flux Observatory: http://www.umr-ecosols.fr/index.php/fr/recherche/projets/53-coffee-flux 
5 CATIE, Ensayo de Sistemas Agroforestales con Café: http://www.catie.ac.cr/es/en-que-trabajamos/2013-08-26-

22-56-13/agro-cafe/proyectos-agroforesteria/ensayos-saf-con-cafe 

http://www.umr-ecosols.fr/index.php/fr/recherche/projets/53-coffee-flux
http://www.catie.ac.cr/es/en-que-trabajamos/2013-08-26-22-56-13/agro-cafe/proyectos-agroforesteria/ensayos-saf-con-cafe
http://www.catie.ac.cr/es/en-que-trabajamos/2013-08-26-22-56-13/agro-cafe/proyectos-agroforesteria/ensayos-saf-con-cafe
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With time, allophanes are weathered and transformed into a sequence of clays: the resulting 
proportion of allophanes vs clay can be extremely variable within the farm (Kinoshita et al., 2016), as 
revealed with infrared spectrometry (VNIRS, MIR). Therefore, when assessing the C stock in soils of a 
given farm, or comparing several farms, it is necessary to take this huge intra-farm variability into 
account first. 

Practical applications: according to the proportion of allophanes vs clays, the fertilization 
requirements might be very distinct even within small and apparently homogeneous areas => detailed 
farm soil maps could allow saving fertilizers for farmers and reduce impact on soil and water. VNIRS and 
MIR are promising broadband tools for screening soils. 

Andisols express large infiltrability and the aquifer drives the hydrological 
balance 

Plots with Andisols infiltrate a lot, ca. 92% of Rainfall (Gomez-Delgado et al., 2011). Surface runoff is 
small in plots with Andisols, its contribution to streamflow being only 4%. Andisols are a sponge with 
high macroporosity, large deep drainage, high water content permitted by allophanes, and very high 
infiltrability (> 1000 mm per hour) (Benegas et al., 2014). 

The river depends mostly on the aquifers in Andisols, with very high contribution of aquifer to 
streamflow (56%) (Gomez-Delgado et al., 2011). 

Practical applications: coffee management (no-tillage) looks conservative for the aquifer in Andisols. 
However, due to large flow through the aquifer, the contaminants are probably flowing there too, unless 
they are retained earlier in the soil profile. It is recommended to monitor the level and quality of the 
aquifers in such soils, especially for drier regions. 

Erosion may depend more on the soil type than on the presence/absence of 
shade trees 

Erosion in Andisols is consistent with the previous hydrological findings: little surface runoff explains 
little laminar erosion. 

At the watershed scale, the sediment yield was very low (≈ 1t ha-1 yr-1). Of which a very small amount 
(≈5%) was originating from the coffee plots themselves: 65% of the sediment was coming from the river 
bed itself (erosion inside the river), and from the remaining 35%, most originated from the roads and 
footpaths located in between coffee-plots (high runoff on roads, high velocity of runoff, erosion at the 
contact between roads and plots). Hence, erosion should not be considered only at the plot scale, but at 
the farm or watershed scale (Gómez-Delgado, 2010), including the infrastructures. 

Shade trees do reduce surface runoff and erosion by a factor of ca. 2, as compared to full sun plots. 
Practical applications: given the prevailing role of non-plots, the recommended protection against 

erosion would be concrete road gutters, re-direction of road surface runoff into plots where it can be 
infiltrated, protection of river benches, etc.). Whatever the soil and farm context, we recommend to 
assess a rapid survey of the hydrological context before applying measures against erosion (Gómez-
Delgado, 2010). 

Fertilization, shade and yield 
According to preliminary results by Van den Meersche et al., the fraction of N recycled by the 

ecosystem is higher in agroforestry systems than in full sun where the recycling is small. Among 
agroforestry systems, the recycling rate is higher when the shade tree is pruned (if pruned Erythrina 
poeppigiana, ca. 150-300 kgNrecycled ha-1 yr-1) than when it is left in free growth if (tall Erythrina, <70 
kgNrecycled ha-1 yr-1). Five months after pruning Erythrina, 26% of the N originally present in the pruned 
materials is still present in the litter, 15% is in the soil, 23% is in the coffee plant and fruits and 36% is lost 
somewhere. 
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On andisols, the soil can be left un-fertilized for four years without affecting coffee yield. This was 
observed while manipulating fertilizer inputs (0, 110 or 230 kgN ha-1 yr-1). Moreover, there was still no 
yield difference between 110 or 230 kgN ha-1 yr-1 after the 5th year. Total soil N remained unaffected in 
the low-fertilized treatment (50 kgN ha-1 yr-1), while its inorganic N was clearly diminished by a factor of 
3, as compared to the fully fertilized treatment (230 kgN ha-1 yr-1). 

At current fertilization, nitrate concentrations in the soil solution are somewhat higher in the shaded 
treatment (around 8 mgN L-1) than in the full sun treatment (around 6 mgN L-1), measured at depths 
from 60 to 220 cm. In the river, the concentration can remain as high as 3 mgN L-1. 

Finally, yield bienniality was shown to be higher under full sun, alike Schnabel et al. (2017). 
Practical applications: some soils at least may have a large storage capacity, for N in particular, thus 

allowing to continue producing coffee for several years with normal yields, despite a reduced amount 
(here half the actual level), or else a nil amount of fertilizers: a  useful information when the economic 
conditions are unfavorable in the context of coffee price fluctuations. For the longer term, it looks 
promising to extend studies aiming at optimizing the amount of fertilizers, for the sake of nutrient-use 
efficiency, profitability and environment quality (here half fertilizer seems to have no impact at all on 
yield for instance). However, we stress that fertilizer requirements can be much dependent on the type of 
soil. Given that the soils can be much variable inside a farm, it is possible to adjust fertilization to the local 
conditions and reduce the total expenses and contamination. 

Fertilization and N2O fluxes from the soil 
Van den Meersche et al. (preliminary results) measured soil N2O fluxes in full sun plots during one 

year using dynamic chambers (continuous measurements), comparing a fertilized coffee treatment (230 
kgN ha-1 yr-1) with a non-fertilized treatment (0 kgN ha-1 yr-1). The plots had been preconditioned to such 
levels during 4 years.  

In the non-fertilized plots, N2O fluxes remained around 1 gN-N2O ha-1 day-1 year-round. In fertilized 
plots, fluxes increased markedly from 1 gN-N2O ha-1 day-1 during the dry season to 2-3 gN-N2O ha-1 day -1 

during the wet season and peaked just after the fertilizer application, up to 15 gN-N2O ha-1 day -1, with 
the peak closely linked to rain events and lasting up to two months. However, the fraction of N added 
released as N-N2O was low (less than 1% of the N from fertilizer). After rain, high infiltration rates rather 
remove nitrate than results in reduced redox soil condition and denitrification. Thus, N is more likely to 
be removed from the soil system rather than being released as nitrous oxide to the atmosphere. 

Practical applications: we measured substantially lower N2O emissions than calculated from standard 
IPCC values (standard C-Neutral protocol). However, optimizing the fertilizer application in terms of less 
amount of N and higher frequencies would contribute to decrease emissions of N2O, and considerably 
reduce the potential leaching of nitrate from the soil system. 

Leaf diseases complex is reduced under adequate shade 
Alline et al. (preliminary results) manipulated Exposure (Shade vs Full Sun) and pesticides-fongicides 

(Conventional vs Maximum protection) and measured the Severity (% of affected leaf area) of 5 leaf 
diseases (Mycena citricolor (Ojo de gallo or american leaf spot); Hemileia vastatrix (Roya or coffee leaf 
rust); Cercospora caffeicola (Cercospora); Leucoptera coffealia (Minadora) and Phoma costaricensis 
(Phoma)) during 3 years (2012 to 2014), thus including 2012 (historical regional coffee leaf rust 
epidemy). 

For coffee leaf rust, year 2012 did show a marked severity. Actually, yield losses were even higher in 
2013 than in 2012, due to secondary losses. Maximum protection did reduce much the impact. But there 
was no more impact under Shade than in Full Sun whatever the year considered.  

Shade did not affect the severity of coffee leaf rust or of minadora at all, but reduced the severity of 
cercosporiose, phoma ad increased severity of Ojo de gallo. When all the impacts are summed, Shade 
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reduced severity significantly by 10-20% without reducing yields. Actually, Shading reduced both the 
fruit load and the yield losses due to diseases, resulting in a neutral effect on yield, but reduced needs in 
terms of pesticides-fongicides. 

Practical applications: when all the leaf diseases impacts are summed as a complex, Shade reduces 
severity significantly by 10-20% without reducing yield. An adequate shade can reduce the need for 
pesticides-fongicides and improve profitability  

Coffee Leaf Area Index, as an indicator of ecosystem services 
We calibrated the relationship between the Normalized Difference Vegetation Index (NDVI), 

calculated on a High Resolution (HR) satellite image and ground-truth LAI, providing a 2-layer (shade 
trees and coffee) LAI calibration with LAI 2000 and a new technique based on the cumulative distribution 
of LAI along transects. We also calibrated the relationship between the derived HR-LAI farm map and 
NDVI from the Moderate Resolution Imaging Spectroradiometer (MODIS) in order to re-construct LAI 
time-series (2001–2011) (Le Maire et al., 2014, Taugourdeau et al., 2014).  

Coffee LAI varied seasonally between 2.4 and 4.4 m2
leaf m−2

soil, with a maximum by the end of wet 
season (peak of harvest), steep decline during the drier-cooler season, minimum after annual coffee 
pruning, recovery during the next rainy season and pause during the grain filling period. MODIS also 
detected significant inter-annual variations in LAI originating from annual pruning, or plot renovation 
followed by a progressive LAI recovery during up to 4 years. Shade tree LAI, considered with large 
Erythrina poepiggiana trees added on average 0.67 m2

leaf m−2
soil to the coffee layer. 

We related the coffee-LAI time-series with farm registries to examine the impacts of management on 
LAI and on selected ecosystem services, namely yield. Nitrogen fertilization was adjusted annually by the 
farmer and appeared as the best yield predictor. Combining N-fertilization with LAI from 6 significant 
months of the year, the prediction was improved, confirming LAI as an important co-predictor of yield. 
We ended up with a yield prediction model including also the percentage of pruned resprouts, with 
potential uses for regional yield mapping or reconstruction of historical yield time-series.   

The relationship between LAI and hydrological services was modelled. When LAI was doubled from 
3.8 to 7.6, river streamflow was reduced by 17%, evapotranspiration was increased by 60%, superficial 
runoff was decreased by 1% and the amount of water flowing through the Aquifer was reduced by 20% 
(Taugourdeau et al., 2014).  

Practical applications: LAI is an indicator of yield at the farm level, but also at the regional level (for 
instance to estimate yield for large regions or for long time series). Remote-sensed LAI works also for 
yield losses associated to foliage losses, such as leaf rust or American leaf spot. We recommend using it in 
alert programs that developed a lot recently, after 2012’s historical rust attack. 

Coffee roots represent 50% of biomass and grow as deep as 4 m. The below 
ground coffee biomass can be estimated by allometric relationships 

We estimated biomass and net primary productivity (NPP) at the stand level (coffee and shade tree 
Erythrina), taking into account deep roots and the position of coffee plants with regard to trees. Stem 
growth and root biomass, turnover and decomposition were evaluated. Growth ring were estimated 
along with stem basal area on a range of coffee plant sizes. Root biomass and fine root density were 
measured in trenches to a depth of 4 m. To take into account the below-ground heterogeneity of the 
agroforestry system, fine root turnover was measured by sequential soil coring (to a depth of 30 cm) 
over 1 year and at different locations (in full sun or under trees and in rows/inter-rows) (Defrenet et al., 
2016).  

Allometric relationships were used to calculate NPP of perennial components, which was then scaled 
up to the stand level. We found linear correlations between coffee basal area at collar and the biomass 
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of perennial compartments (aerial stump, coarse roots etc.) allowing to easily estimate the belowground 
C in biomass for coffee plantations. 

Annual ring width at the stem base increased up to 2.5mm yr-1 (stabilized between 12 and 44-years 
old). Nearly all (92 %) coffee root biomass was located in the top 1.5 m, and only 8 % from 1.5 m to a 
depth of 4 m. Perennial woody root biomass was 16 t ha-1 and their NPP was 1.3 t ha-1 yr-1. Fine root 
biomass (0–30 cm) was two-fold higher in the row compared with interrow. Fine root biomass was 2.29 t 
ha-1 (12 % of total root biomass) and NPP of fine roots was 2.96 t ha-1 yr-1 (69 % of total root NPP). Fine 
root turnover was 1.3 yr-1 and lifespan was 0.8 years.  

Coffee root systems comprised 49 % of the total plant biomass; such a high ratio is possibly a 
consequence of shoot pruning. There was no significant effect of trees on coffee fine root biomass, 
suggesting that coffee root systems are very competitive in the topsoil (Defrenet et al., 2016).  

Growth rings, combined with the inventory of the distribution of basal area, also allowed us to 
calculate the average age of a whole plot (Defrenet et al., 2016).  

Practical applications: characterizing plot average age and cohorts as proposed here could be very 
useful to estimate plot vigor and productivity, or to standardize comparisons that are usually made 
between plantations, or even to evaluate the actual market value of a given plantation. It could also be 
used to determine the optimum time to apply the rotation.   

Shade trees increase the light use efficiency of the coffee, which 
compensates for losses in net primary productivity 

In agroforestry systems, shade trees may affect the physiology of the undergrown crop and the 
distribution of light below shade trees is very variable, according to field evidence and 3D modelling 
(Charbonnier et al., 2013). However, a major paradigm is that the reduction in absorbed 
photosynthetically active radiation (APAR) is, to a certain extent, compensated by an increase in light-
use efficiency (LUE), thereby reducing the difference in net primary productivity (NPP) between shaded 
and non-shaded plants. Due to the large spatial heterogeneity in agroforestry systems and the lack of 
appropriate tools, the combined effects of such variables have seldom been analyzed, even though they 
may help understand physiological processes underlying yield dynamics (Charbonnier et al., 2017). 

In this study, we monitored net primary productivity, during two years, on scales ranging from 
individual coffee plants to the entire plot. Absorbed radiation was mapped with a 3D-model (MAESPA). 
Light-use efficiency and net assimilation rate were derived for each coffee plant individually. 

We found that although irradiance was reduced by 60% below crowns of shade trees, coffee light-use 
efficiency increased by 50%, leaving net primary productivity and yield fairly stable across all shade 
levels. A full below and aboveground data set for biomass and net primary productivity is provided. 

Variability of aboveground net primary productivity of coffee plants was caused primarily by the age 
of the plants and by intraspecific competition among them (drivers usually overlooked in the 
agroforestry literature) rather than by the presence of shade trees (Charbonnier et al., 2017). 

Practical applications: the compensation of light loss under shade trees by an increased light use 
efficiency of coffee gives even more confidence in the use of shade trees in coffee plots. The models we 
used also allow to compute the competition for light between coffee plants (the oldest resprouts shading 
the youngest ones) in order to optimize or compute the impacts of pruning and coffee plant density on 
productivity. The light absorbed by the coffee layer is now made a continuous variable in space and time. 
It allows putting an end to the long-lasting Sun/shade dichotomy used to describe agroforestry systems in 
the past: now there is no more discontinuity, light can be computed for every single plant, whatever its 
distance to shade trees or neighbourhood and radiation conditions. It becomes a mapped covariable to 
be used for any other kind of agronomic study in heterogeneous agroforestry plots. 
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Why is coffee exhausted after just a few years of yield? The starch 
connection 

Pruning coffee is a crucial decision affecting yields and the need of labour. Indeed, when only 3 years 
are productive out of 6 for the entire life of the resprout, the fraction of productive years is only 0.5 and 
the associated costs (labour in particular) are huge. In a coffee agroforestry system, we investigated the 
effects of Exposure (shaded vs. full sun) and Maturity (immature–2 years old vs. mature–5 years old) on 
target non-structural carbohydrate (NSC) concentrations and pools in leaves, stems, and stumps. We 
used both reference and visible + near infrared reflectance spectroscopy (VNIRS) methods (Cambou et 
al., submitted).  

Trophic variables linked to photosynthesis activity (nitrogen-N, glucose-Glu, fructose-Fru, sucrose-
Suc) decreased from leaves to stems, and then to stumps. In contrast, concentrations of some variables 
linked more closely to plant structure and reserves (carbon-C, C:N and starch-Sta) displayed the opposite 
trend, being higher in long-lifespan organs like stumps. Regarding Maturity, concentrations of N, Glu, and 
Fru were higher in 2-year-old organs, confirming a larger source-to-sink ratio in absence of the fruit sink. 
The effect of Exposure remained weak. We show that VNIRS as a promisingly rapid and cost-effective 
option for NSC monitoring, especially for starch.  

The findings show that the ephemeral resprout becomes exhausted even though its perennial stump 
accumulates starch. We argue that resprout exhaustion originates from the strong competition 
between three major sinks: fruit, shoot growth and starch storage. Indeed, coffee is one of the few 
shrubs that lodges in the wild before resprouting. Coffee exemplifies the “survival” interpretation of NSC 
functions in tropical shade-tolerant plants (Cambou et al., submitted). 

Practical applications: coffee varieties selected for less investment into starch reserves would probably 
express extended resprout lifespan and a larger fraction of productive years during the resprout lifespan. 
VNIRS, as a broadband technique will allow screening for such varieties. 

Ecosystem carbon balance: coffee farms already close to C neutrality? All 
depends on the computation method… 

In September 2014, the Aquiares farm (Costa Rica) completed the assessment of its GHG emissions 
for the mill, waste and fertilizer applications. The report shows an annual emission of 1100 tCO2eq, 
which were compensated for, financially, and the farm obtained is C-Neutral certification in 2016. This 
farm is interesting to study because it acts as a pilot, both at the national level and potentially in the 
region for the future. From the emissions of the farm, one third was due to N2O emissions (using IPCC 
emission factors) and a bit less to CH4 emissions due to pulp fermentation, according to current emission 
factors. 
It should be stressed that, according to C-Neutral certification rules (scenario 1 here), only growing 
shade trees, growing forests and coffee wood biomass burned during the coffee process can be 
considered as sinks during the farm carbon balance. Recycled wood for driers somewhat compensates 
for emissions, accounted from mill, fertilizers (in particular N2O emissions) and wastes (in particular CH4 
emissions from pulp). Yet, the living coffee plants and the soil are excluded from the standard calculation 
of scenario 1. The reason is IPCC considers crops in general to be neutral for GHG balance. What happens 
now if the crop is rather a sink? 
What we propose here (scenario 2) is to consider the coffee not as a crop, but as a small tree, and to 
include the sequestration of C by coffee, as well as by litter and by the soil. We have several years of 
records of the C balance measured by eddy covariance in the agroforestry plots (shade 
trees+coffee+litter+soil) in the farm of Aquiares. We conclude to an average sequestration of 3.6 tC ha-1 
yr-1. From that amount, we substracted the exports of fruits and wood for dryers (2.75 tC ha-1 yr-1) since 
the combustion of wood for drying is already counted as renewable energy in scenario 1. In the end, 



Coffee-Flux: World Coffee Summit, El Salvador, 31rst May-3rd June 2017 

9 
 

sequestration of C by agroforestry plots largely offsets mill+fertilizer+ wastes emissions, indicating that 
the farm was already C-Neutral, or even a sink of C. 
As revealed by our fine root studies (Defrenet et al., 2016), a conservative estimate of 0.15 t C ha-1 yr-1 
could be used during C-balance and C-neutrality estimations, proposed here as a fine root non-
exportable below-ground C “sequestration factor” for coffee, a counterpart for the currently accepted 
emission factors. 
Practical applications: indeed, the main difference between scenario 1 (the standard C-Neutral protocol) 
and scenario 2 (the proposed modification here) is that coffee plants and litter and soils are truly 
integrated in the computation in scenario 2. The advantage for the farmer would be to pay less 
compensation credits for its emissions, being closer to C-Neutrality if accounting for coffee and soil. It also 
remains compatible with the objective of improving the C efficiency of the farm for every successive year 
of certification. At the country level, this would also have the advantage of speeding-up the certification 
process and possibly create C-credits to sell internally or abroad (Roupsard et al., preliminary results). 

Shade trees, as a leverage for adaptation facing climate change 
We investigated the potential of agroforestry to buffer the coffee canopy temperature. We used field 

experimentation and modelling. Shade tree canopy openness was assessed by hemispherical 

photography above each coffee plant. We measured differences () in microclimate variables and in 
coffee canopy temperature (Tc), between shaded and full-sun plots (Soma et al., preliminary results).  

Overall, full sun coffee can express large (up to 5°C) differences of daily maximum canopy 
temperature (Tc,max) between the leaves and the surrounding air. High shading can pretend to reduce 
Tair,max by -1.7°C. Reduction of daily mean coffee canopy temperature would be by -0.5 to -1.1 °C, at low 
and high coffee crown level, respectively.  

The goal of our modelling exercise was to be able to adjust shade in a present and future climate, 
whatever elevation, slope, exposure and microclimate. A simple statistical model of quite generic 
interest was proposed to predict coffee canopy temperature, using air temperature in full sun, canopy 
openness and the fraction of diffuse light (Soma et al., preliminary results). A more sophisticated 
agroforestry model (MAESPA-GO+) allows to compute light, energy, CO2 and H2O balance of complex 
heterogeneous coffee plots for full rotations and under climate change scenarios up to 2100 (RCPs) (Vezy 
et al., 2016).  

Practical applications: we confirm agroforestry as an important leverage for significantly mitigating 
the effects of temperature rise, being fully compatible with other strategies, such as breeding. And we 
propose the modelling tools to adjust shade to the local conditions (elevation, slope, exposure, radiation).  

Conclusions 
Considering interdisciplinary results obtained on the long term in a real coffee farm, we argue that 

coffee management could become more energy, water and nutrient-use efficient in the future. A better 
coupling between research, extension, development projects and farmer experience is recommended to 
orientate investment, for the sake of profitability and environment. Moreover, it is recommended that 
development projects don’t base only on general rules-of-thumb, but dedicate a small fraction of their 
budget to verify or adapt rules locally, and taking the heterogeneity into account. A minimum investment 
in scientific expertise at the start of projects should improve their impact a posteriori.  

It is recommended to define adequate shading levels for each farm or even for each field conditions 
and modelling can support this effort. 
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