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Ave Fenix coffee plantation, which is dominantly shaded by Inga spp. trees.
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RÉSUMÉ

Le bois d’ombrage comme source  
de diversification des revenus  
dans les plantations de café 
agroforestières au Pérou

Le café est traditionnellement cultivé 
dans les systèmes agroforestiers. Les 
arbres d’ombrage dans les plantations 
de café fournissent d’importants services 
écosystémiques, et leur bois peut 
également être une bonne source de 
revenus pour les caféiculteurs. Toutefois, 
on manque d’informations essentielles 
sur la valeur du bois d’ombrage et sa 
contribution potentielle au revenu 
des caféiculteurs, fondées sur des 
données empiriques. Le revenu que 
l’on pouvait tirer des arbres d’ombrage 
a été estimé pour trois plantations de 
café avec différentes essences d’arbres 
d’ombrage. Pour estimer le volume de 
bois commercialisable des arbres sur 
pied, des équations allométriques ont été 
élaborées. D’une part, nos résultats ont 
montré que la valeur du bois des arbres 
d’ombrage variait considérablement. 
Elle représentait seulement 2 à  3  % du 
revenu annuel de la ferme lorsque la 
plantation était dominée par l’espèce 
native Inga spp. D’autre part, la 
plantation principalement ombragée par 
des Eucalyptus présentait un potentiel 
élevé tant annuel (50-68  % du revenu 
de la plantation) que total pour la valeur 
du bois (92-96 % du revenu), suivie par 
la plantation ombragée principalement 
par des Pinus (32-49  % du revenu de 
la plantation pour le volume annuel 
de bois et 89-94  % du revenu de la 
plantation pour le volume total de bois). 
Il est évident que les arbres d’ombrage 
peuvent constituer une bonne réserve 
économique pour les caféiculteurs 
lorsque des espèces exotiques 
d’Eucalyptus ou de Pinus sont plantées. 
Cependant, à l’aide de données sur des 
arbres individuels, on a découvert que 
l’arbre d’ombrage indigène relativement 
rare Retrophyllum rospigliosii, que 
l’on trouvait dans presque toutes les 
plantations, a une grande valeur ligneuse 
et fournit une grande quantité de bois, 
ce qui en fait une espèce d’ombre à fort 
potentiel agroforestier.

Mots-clés : Eucalyptus, Inga, Pinus, 
Retrophyllum rospigliosii,équation 
allométrique, système agroforestier, 
plantation de café, revenu agricole, 
Pérou.

ABSTRACT

Shade tree timber as a source of income 
diversification in agroforestry coffee 
plantations, Peru

Coffee is traditionally grown in 
agroforestry systems. Shade trees in 
coffee plantations provide important 
ecosystem services, and their timber 
may also be a good source of income for 
coffee growers. However, key information 
on the value of shade tree timber and 
its potential contribution to the income 
of coffee growers based on empirical 
data is lacking. The income that could 
be obtained from shade trees was 
estimated for three coffee plantations 
with different shade tree species. To 
estimate the marketable timber volume 
of standing trees, allometric equations 
were developed. Our results showed 
that the value of the shade tree timber 
varied significantly. It represented only 
2-3% of the annual coffee farm income 
on the coffee plantation dominated by 
native Inga spp. On the other hand, 
the plantation predominantly shaded 
by Eucalyptus trees had high potential 
annual (50-68% of plantation income) 
and total (92-96% of plantation income) 
timber value, followed by the plantation 
shaded predominantly by Pinus (32-49% 
of plantation income for annual timber 
volume and 89-94% of plantation income 
for total timber volume). It is evident that 
shade trees may be a good economic 
reserve for coffee growers when exotic 
Eucalyptus or Pinus tree species are 
planted. However, using individual-tree 
data, it was found that the relatively 
rare native shade tree Retrophyllum 
rospigliosii, which was found in almost 
all plantations, has a high timber value 
and a large timber supply, making it a 
shade species with high potential for 
agroforestry.

Keywords: Eucalyptus, Inga, Pinus, 
Retrophyllum rospigliosii, allometric 
equation, agroforestry system, coffee 
plantation, farm income, Peru.

RESUMEN

La madera de árboles de sombra como 
fuente de diversificación de los ingresos 
en las plantaciones agroforestales 
de café de Perús

El café se cultiva tradicionalmente en 
sistemas agroforestales. Los árboles 
de sombra en las plantaciones de café 
proporcionan importantes servicios 
ecosistémicos, y su madera puede 
asimismo ser una buena fuente de 
ingresos para los caficultores. Sin 
embargo, nos falta información esencial, 
basada en datos empíricos, sobre el 
valor de la madera de sombra y su 
potencial contribución a los ingresos 
de los caficultores. Se han estimado los 
ingresos que se podían obtener de los 
árboles de sombra para tres plantaciones 
de café con diferentes especies de 
árboles de sombra. Se han elaborado 
ecuaciones alométricas para estimar 
el volumen de madera que se puede 
comercializar de los árboles en pie. Por 
un lado, los resultados mostraron que 
el valor de la madera de los árboles de 
sombra variaba considerablemente. Ello 
representaba solamente del 2 al 3 % de 
los ingresos anuales de la explotación, 
con la producción de café dominada 
por Inga spp. nativas. Por otro lado, la 
plantación con la sombra principalmente 
de Eucalyptus tenía un potencial anual 
(50-68 % de los ingresos de la plantación) 
y un valor total de la madera (92-96 % de 
los ingresos de la plantación) elevados, 
seguida por la plantación con sombra 
principalmente de Pinus (32-49 % de los 
ingresos de la plantación para el volumen 
anual de madera y 89-94  % de los 
ingresos de la plantación para el volumen 
total de madera). Es evidente que los 
árboles de sombra pueden constituir 
una buena reserva económica para los 
caficultores cuando se plantan especies 
exóticas de Eucalyptus o de Pinus. Sin 
embargo, con la ayuda de datos sobre 
árboles individuales, se descubrió que el 
árbol de sombra indígena relativamente 
raro Retrophyllum rospigliosii, que 
se encontraba en casi todas las 
plantaciones, tiene un gran valor leñoso 
y una gran cantidad de madera, lo que lo 
convierte en una especie de sombra con 
gran potencial agroforestal.

Palabras clave: Eucalyptus, Inga, Pinus, 
Retrophyllum rospigliosii, ecuación 
alométrica, sistema agroforestal, 
plantación de café, ingresos agrícolas, 
Perú.

L. Ehrenbergerová, Z. Šeptunová, 
H. Habrová, R. H. Puerta Tuesta, R. Matula
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Introduction

Agroforestry is widely considered as a potential way 
of improving socioeconomic and environmental sustain-
ability in developing countries (Jiménez-Avila and Martınez, 
1979; Barradas and Fanjul, 1984; Beer, 1987; Garrett et al., 
2000; Alavalapati and Nair, 2001; Nair, 2002). Shade trees 
in agroforestry systems could serve as a source of wood 
and firewood (Rice, 2008). This contributes to the growing 
demand for wood products in domestic markets of develop-
ing countries, it may offer significant economic opportunities 
for small-scale agroforestry producers (Scherr, 2004) and it 
also helps to reduce emissions from deforestation and forest 
degradation (REDD) (Horowitz, 2016). Besides the wood and 
firewood, shade trees provide a variety of products, such as 
fibre, food, and medicinal products, oils and gums, and play 
a critical role in meeting the basic needs of the local popu-
lation (Nair, 1993). Agroforestry systems also have non-pro-
ductive functions, including providing a refuge for forest 
biota (Perfecto et  al., 1996), reducing pressure for further 
forest conversion to agriculture (Noponen et al., 2013), sta-
bilizing microclimatic conditions (Lin, 2007; Siles, 2010) and 
protecting the soil (Wintgens, 2004).

Coffee is one of the key traded commodities for devel-
oping countries (ICO, 2003), and its cultivation in agrofor-
estry systems represents the potential to diversify produc-
tion and thereby, income of farmers (Rice, 2008). Coffee 
prices in the international market are highly unstable, which 
causes socio-economic problems for local coffee growers 
(Daviron and Ponte, 2005; ICO, 2003). Coffee is the primary 
agro-exportation product in Peru and positions this country 
among the world’s largest coffee producers (Méndez et al., 
2015). Coffee was grown on 55,174 hectares with production 
of 41,438  tonnes of parchment coffee in 2017 (Ministerio 
de Agricultura y Riego, 2017) exported mainly to the United 
States, Germany, Belgium, Canada, Sweden and South Korea 
(Díaz Vargas and Willems, 2017). Approximately 63% of 
Peruvian coffee plantations are owned by small-scale farm-
ers, and the average size of a farm is less than 10 ha (Cua-
dras, 2006). Low coffee prices at which 
production costs exceed income are 
an ongoing problem for Peruvian cof-
fee growers (Díaz Vargas and Willems, 
2017; JNC, 2018 and personal com-
munication with coffee growers in Villa 
Rica) (see figure 1). Coffee plantations 
certified by the Rainforest Alliance, in 
which the income from coffee beans is 
higher than production costs, are the 
exception (Barham and Weber, 2012).

For example, in coffee agrofor-
estry systems in the department of 
San Martin, Peru, net income ranged 
from 1,480 to 4,303  €/ha/y (Jezeer 
et  al., 2018). However, the increase 
in net cash returns for coffee farmers 
is driven more by coffee bean yields 
than premium prices (Barham and 
Weber, 2012); coffee yields in Peru-

vian coffee plantations have been significantly affected by 
the outbreak of coffee leaf rust in recent years (Avelino et al., 
2015), declining by half on average (Nelson et al., 2016). This 
decline in coffee yield means that coffee growers increasingly 
rely on income from non-coffee products, of which the timber 
from shade trees plays an important role (Jezeer et al., 2018).

The most common tree species used for shading in 
coffee plantations in Peru are leguminous trees of Inga spp. 
(Rice, 2008) but there are a number of other native tree spe-
cies used for this purpose (Greenberg and Rice,  1999). In 
recent decades, farmers have started to plant exotic Pinus 
spp. and Eucalyptus spp.

Tropical agroforestry systems have been proposed as 
farming systems that can reconcile economic and environ-
mental goals (Schroth et al., 2004; Steffan-Dewenter et al., 
2007). However, changing prices on global coffee markets 
and increased incidence of pest and disease are putting 
pressure on smallholder coffee farmers. Moreover, climate 
change is expected to even exacerbate their vulnerability 
(Morton, 2007). Timber from shade trees may serve as an 
additional income for local coffee producers and may help 
to offset the fluctuation in farm income due to varying coffee 
production and prices. The value of shade tree timber is con-
siderable because it serves as a constant and free source of 
construction material as well as an economic reserve (Peeters 
et al., 2003). Based on questionnaire survey, Rice (2008) 
assumed that in Peruvian smallholder coffee plantations, 
28.5 ± 1.87% of the total income originated from shade-de-
rived sources, and in Guatemalan plantations, shade-de-
rived income represented 18.77 ± 2.08% of the total value. 
However, an evaluation of the extent to which timber produc-
tion contributes to the economy of coffee producers based on 
field measurement is still lacking. To estimate the potential 
timber value in the coffee plantations, allometric equations, 
which can be used to easily calculate the timber volume of 
standing shade trees, are crucial but are generally lacking. 
Generalized biomass prediction equations have been devel-

Figure 1.
Prices paid to coffee growers and costs of coffee production in PEN/kg in Peru from 2002 
to 2015 (Díaz Vargas and Willems, 2017).
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oped for tropical species (Chave et al., 2005), but the major-
ity of equations serve to calculate total tree biomass mainly 
for carbon storage estimation; therefore, they cannot be used 
to calculate the volume of marketable timber.

Economic considerations are among the most import-
ant factors that determine the ultimate value and feasibility 
of agroforestry for the land user. However, information on 
shade tree timber production and its economic value, the 
key aspects of agroforestry systems, is still lacking (Nair, 
1993). Therefore, the main goal of this paper was to esti-
mate the timber value of shade trees and the extent to which 
the income from the shade tree timber may contribute to 
the economy of coffee producers. Specifically, we aimed to 
estimate wood volumes and the annual wood production of 
the shade trees and to recalculate these timber volumes as 
the real economic value that farmers were able to realize in 
local markets. In addition, to assess the timber volume of 
standing trees, we developed allometric equations for the 
selected shade tree species (Pinus spp., Eucalyptus spp. and 
Retrophyllum rospigliosii Pilg. C.N. Page) based on easily 
measurable stem diameter, which can provide a quick but 
precise estimation of shade tree timber. We used data from 
four coffee plantations dominantly shaded by Inga spp. (Inga 
edulis C. Marius., I. densiflora Bentham, I. adenophylla Pit-
tier, I. feuillei DC., and I. velutina Willd.) (hereinafter Inga) and 
exotic Eucalyptus spp. (E. saligna Sm. and E. grandis W. Hill) 
(hereinafter Eucalyptus) and Pinus spp. (P. oocarpa Schiede 
and P. tecunumanii Eguiluz and J.P. Perry) (hereinafter Pinus). 
Inga trees are very commonly found throughout Latin Amer-
ica, used as the principal shade tree species in agroforestry 
systems. We also included Retrophyllum rospigliosii (here-
inafter Retrophyllum) in the studied species because it is a 
common native shade tree used mainly on the boundaries 
of coffee plantations whose timber sells for the same price 
as or even a higher price than that of exotic species on the 
local market. 

Materials and methods

Study area description

This study was conducted in the Villa Rica district, Oxa-
pampa province, Pasco region, Peru. The average altitude 
in this district is 1,467 m a.s.l. The average annual rainfall 
and temperature are 1,590  mm and 17.8  °C in this tropi-
cal humid mountain forest zone (Ponce Gonzáles, 2008). 
The soils, which are classified as dystric Cambisols (Brack 
and Mendiola Vargas, 2012; Michéli et al., 2006), have low 
structural stability. The Villa Rica district is one of the most 
important coffee production areas in Peru. The main eco-
nomic activity in this district is agriculture, mostly shaded 
coffee plantations and some cattle farming.

Three coffee agroforestry plantations with different 
dominant shade tree species were selected near Villa Rica 
town: Avé Fénix (Inga site), Santa Rosa (Pinus site) and La 
Torre (Eucalyptus site). All these plantations had shade trees 
of felling age. The summary of the characteristics and loca-
tions of the studied plantations are shown in table  I and 
figure 2. Detailed descriptions of the studied coffee planta-
tions are provided in annex 1.

The upper 30 cm of soil at all study sites was classified 
as loam, with low pH and high soil carbon. All plantations 
were growing the first generation of shaded coffee after con-
version from pastureland, and the shade trees were planted 
at the same time as the coffee shrubs. The coffee plantation 
management was relatively simple and applied identically 
across all coffee plantations: coffee was pruned regularly in 
a systematic way at a height of 0.3-0.5 m, and the organic 
material from the pruning was left between the coffee rows. 
All plantations were certified as organic with similar man-
agement and inputs.

The microclimate of the Inga site was measured during 
the years 2011-2013 at the shaded 
site. The average annual air tempera-
ture was 18.3 ± 0.3 °C, and the average 
annual air humidity was 93.7 ± 1.4 % 
over the three measured years (Ehren-
bergerová et al., 2017). 

Tree measurements 
and allometric equations

Diameter at breast height (DBH) 
and total height of all trees with 
DBH  ≥  10  cm were measured in all 
studied plantations. The DBH measure-
ments were made in 2012 and then 
repeated in 2014.

The three most common shade 
tree species that provide marketable 
timber were selected for development 
of models for stem volume prediction: 
Pinus, Eucalyptus and Retrophyllum. 
The stem diameter at six different 
heights of 258 standing trees (89 trees 

Figure 2.
Location of the studied plantations.
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of Pinus, 110  trees of Eucalyptus and 59  trees of Retro-
phyllum) was measured in order to calculate stem volume. 
Applying a non-destructive method, stem diameter at the 
first three heights (0.3 m, 1.3 m and 1.8 m) was measured 
mechanically using callipers, and stem diameter at the other 
three heights was measured by remote diameter measure-
ment using FieldMap (Jílové u Prahy, Czech Republic) tech-
nology (these heights were as follows: half of the distance 
between the ground and the tree crown, at the base of the 
tree crown and 10 cm below the top of the tree). The stem 
diameters from the six different heights were used to cal-
culate the stem biomass, using FieldMap software which is 
based on calculation developed by Černý and Pařez (2005). 

The stem volume was estimated from the model profile 
based on the equation of Riemer (Riemer et al., 1995), which 
is:

where d
h
 is stem diameter at height h, H is the total height of 

the tree, d
1.3 

is DBH, and i, p, q are model parameters. Spe-
cifically, i is the common asymptote for the bottom and top 
part of the stem, and p characterizes the bottom part and q 
characterizes the top part of the stem.

To calculate the usable timber volume for trees that 
were not measured at the six heights, we developed spe-
cies-specific as well as general allometric equations, where 
the commercial stem volume was predicted using either DBH 
or total height. A visual evaluation of the plotted data sug-
gested that they followed either the power law or Gompertz 
or logistic functional forms, which were fitted to the data and 
compared. The formulas used for the models were:

	 • Power law: y = a.xb

	 • Gompertz: y = a.exp(-b.cx)
	 • Logistic: y = a/(1+exp(b-x)/c)

where y is the usable stem volume, x is the value of the given 
parameter (DBH or height), and a, b and c are the model 
coefficients. 

The models were created and tested for both the indi-
vidual species (species-specific models) and for the pooled 
data (general models). Because there was apparent hetero-
scedasticity in the majority of the data, we used generalized 
non-linear models (GNLMs). The best models (species-spe-
cific and general) were selected based on the lowest AIC and 
highest R2 values. All analyses were performed in R (R Core 

Team, 2016) using the “nlme” package. Model selection, fit-
ting and evaluation followed the recommended procedures 
and R script reported by Paine et al. (2012).

Using the equations of the best models, we calculated 
the commercial timber volume of individual trees and then 
summed these values for each plantation to obtain the total 
timber stock per plantation. Species-specific allometric 
equations were used when possible, but for those for which 
species-specific models were not available, we calculated 
timber volume using the general model equation. 

It is important for growers to know how many trees 
they can cut down per year to have a sustainable agrofor-
estry system. To answer this question, we calculated the 
average annual wood volume increment for each plantation. 
The annual wood production was calculated as the increase 
in total timber volume between the dates of the two DBH 
measurements divided by the number of years between the 

Table I.
Basic characteristics of the studied plantations.

Plantation	 Site name	 Location		  Area 	 Altitude 	 Shade tree 	 Tree	 Average
		  X	 Y			   density	 distribution	 age

Ave Fénix	 Inga	 475,784	 8,808,864	 7.37	 1,550	 176	 random	 15

Santa Rosa	 Pinus	 471,531	 8,809,929	 3.98	 1,540	 124	 in rows	 15

La Torre	 Eucalyptus	 469,052	 8,811,679	 0.85	 1,530	 209	 in rows	 11

Location (UTM coordinates); Area (ha); Mean Altitude (m a.s.l.); Shade tree density  
(number/ha); Age (years). (UTM: Universal Transverse Mercator; m a.s.l.: metres above sea level).

d =2
i

1–eq(1.3–H)
+

d1.3
2
– i 1–
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+
(

d1.3
2
–i)e1.3p
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e–p –
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Photo 1.
Santa Rosa plantation where coffee is dominantly shaded 
by Pinus spp. trees.
Photo L. Ehrenbergerová.
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measurements. To compare the annual increment 
and wood volume between species, we used lin-
ear mixed-effect models with plantation identity 
used as a random variable. To calculate the total 
timber value per hectare, the total timber stock per 
plantation was divided by the plantation area (in 
hectares) and multiplied by the local timber prices 
paid to farmers.

Wood and coffee prices

The shade trees in the studied plantations 
are used only as a source of timber and firewood, 
and the non-woody products such as fruits are 
not sold. To assess the real income that a farmer 
would receive from selling shade tree timber, we 
determined the timber prices paid to local farm-
ers by the sawmills nearest to Villa Rica town 
(table  II). The common practice is that farmers 
sell standing trees to the sawmill, and the sawmill per-
forms the extraction and other wood treatments; there-
fore, the prices in table II show the real gain realized by the 
coffee growers. The potential value of the other tree spe-
cies (including Inga) was calculated using firewood prices. 
After tree harvesting, new shade trees must be planted on 
the site. The cost of afforestation in Villa Rica district was 
346 USD/ha for mixed plantations of Inga (90%) and Ret-
rophyllum (10%) and 338 USD/ha for mixed plantations of 

Eucalyptus (90%) and Retrophyllum (10%) or Pinus (90%) 
and Retrophyllum (10%). All prices were calculated for a 
spacing of 6 m x 6 m (278 trees/ha). The costs of reforesta-
tion after annual thinning were recalculated based on the 
number of felled trees.

To compare incomes from shade trees with incomes 
from coffee yield, we surveyed coffee bean production, 
relevant selling prices and costs of coffee production. 
We used the value of coffee yields and prices that were 
valid for plantations certified by Fair Trade and certified 

as organic in Villa Rica. The coffee yield 
was 650 kg/ha in 2016 and 550 kg/ha 
in 2018. The price of Fair Trade-certi-
fied parchment coffee was 2.32  USD/
kg in 2016 and 2.38 USD/kg in 2018. 
We used the value of production costs 
of organic coffee certified by Fair Trade 
in Villa Rica, which was 2,761 USD/ha. 
This value is comparable to the costs 
published by JNC (2018). The costs of 
coffee production were relatively stable 
and exceeded incomes (see figure  2). 
For all calculations, we used the 
exchange rate: 1  USD (United States 
dollar) = 3.15 PEN (Peruvian sol).

Results

Timber volume allometric equation

The best models for timber volume estimation are 
shown in annex  2. The models for stem volume esti-
mation using DBH as a predictor were superior to the 
models with height as a predictor (∆AIC > 22.1). Among 
the models that used DBH, the power law was the best 
functional form for Retrophyllum and Pinus, whereas a 
3-parameter logistic model was the best for Eucalyp-
tus and other species (annex 2). The selected models 
proved to precisely predict the volume of stem timber 
(R2 > 0.9).

Table II.
Timber Prices in Villa Rica Town.

Species	 Use	 Prices of wood	 Prices of
		  (USD/m3)	 reforestation
		  2016	 2018	 (USD/ha)

Pinus spp.	 Timber	 34.9	 62.9	 338

Eucalyptus spp.	 Timber	 34.9	 62.9	 338

Retrophyllum spp.	 Timber	 69.8	 69.8	 338

Inga spp.	 Fuelwood	 3.2	 3.2	 346

Prices are indicated for the cubic meters (m3) of 
standing trees. Sources: personal communication 
with Ivan La Torre(La Torre plantation, Villa Rica), 
Selena Contreras (Santa Rosa plantation, Villa Rica), 
Rianne van der Bom (NGO Amazonas, Villa Rica), 
Marleni Romero (municipality of Villa Rica).

Table III.
Mean characteristics and economic evaluation of individual trees.

Species	 Average	 Average	 Mean timber	 Mean annual	 Mean tree 
	 diameter	 high	 volume	 timber increment	 price (USD)
			   (m3/tree)	 (dm3/tree)	 2016	 2018

Eucalyptus spp.	 30.4	 32.7	 3.02	 89.25	 105.4	 189.9

Pinus spp.	 35.9	 21.7	 0.97	 57.96	 33.9	 61.0

Retrophyllum spp.	 35.4	 25.5	 1.02	 82.24	 71.2	 71.2

Inga spp.	 23.1	 -	 0.80	 40.50	 2.5	 2.5

USD: United States dollar.

Table IV.
Characteristics and economic evaluation of plantations.

Site	 Wood	 Year	 Value of	 Wood volume	 Value of timber
	 volume		  timber	 increment	 increment
	 (m3/ha)		  (USD/ha)	 (m3/ha/year)	 (USD/ha)

Inga 	 50.8	 2016	 690	 1.7	 30

		  2018	 898		  39

Pinus 	 113.1	 2016	 12,018	 10.9	 693

		  2018	 21,404		  1,234

Eucalyptus	 635.9	 2016	 16,621	 48.1	 1,526

		  2018	 29,474		  2,735



Economic evaluation

Eucalyptus trees have the highest mean volume per 
tree, whereas Pinus and Retrophyllum shade tree species 
have similar mean volumes per individual tree, i.e., approx-
imately 1  m3. The mean tree volume of Inga was slightly 
lower (table III). The absolute annual timber increment was 
highest for Eucalyptus followed by Retrophyllum (table III). 
Inga had the lowest timber increment (absolute and rela-
tive) of all studied species. 

The potential income from the sale of shade trees 
varied greatly between the studied years due to a large dif-
ference in wood prices between 2016 and 2018 (table  II). 
The exception was the Inga plantation because Inga wood 
prices were the same in both studied years but significantly 
lower than the timber prices for the other tested species. 
The potential incomes from selling wood from all shade 
trees represented 31% at the Inga site, 89% at the Pinus 
site and 92% at the Eucalyptus site of total farm incomes 
in 2016 (table IV, figure 3) and 41% at the Inga site, 94% 
at the Pinus site 96% at the Eucalyptus site of total farm 
incomes in 2018 (table IV, figure 4). The biggest difference 
between costs (of coffee production and afforestation) and 
income (from coffee and wood sales) was at the Eucalyptus 
site, with higher income than costs, followed closely by the 
Pinus site. On the Inga plantation even after felling all trees, 
the costs would prevail over income (figure 3 and figure 4).

The potential income from the sale of the wood growth 
increment was 2% at the Inga site, 32% at the Pinus site 
and 50% at the Eucalyptus site of total farm income in 
2016 (table IV, figure 5) and 3% at the Inga site, 49% at 
the Pinus site and 68% at the Eucalyptus site of total farm 
income in 2018 (table  IV, figure  6). If we recalculated the 
annual wood volume increment for the number of individual 
trees and tree prices paid to growers, we have the following 
values: Inga site, 2  trees (6 USD/ha); Pinus site, 24  trees 
(1,481  USD/ha); Eucalyptus site, 16  trees (3,024  USD/
ha) (for simplification, we expected that growers would cut 
down only the dominant tree species).

Figure 6.
Annual wood and coffee income and costs per ha in 2018.
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Figure 4.
Total wood and annual coffee income and costs per ha in 2018.
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Figure 5.
Annual wood and coffee income and costs per ha in 2016.
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Figure 3.
Total wood and annual coffee income and costs per ha in 2016.
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Discussion

Tree planting density determines timber volume 
and therefore the commercial value of the shade trees. 
The relationships between tree density and timber vol-
ume found in our study are in line with Hernández et al. 
(1997), who found that 100 and 300 shade trees of Cor-
dia alliodora in agroforestry coffee plantations contained 
132 and 267  m3/ha

 
of timber. However, Peeters et  al. 

(2003) reported that coffee plantations dominated by 
Inga spp. with 176 trees/ha only contained 2.7 ± 1.69 m3/
ha of timber, which is much less than the Inga site in our 
study. Peeters et al. (2003) also reported that traditional 
plantations formed by clearing the understory and some 
of the tropical forest trees with 277  trees/ha contained 
29  ±  7.90  m3/ha of timber, which is still less than the 
amount we found in our study. Unfortunately, we did not 
find a relationship between tree density and wood volume 
for Eucalyptus or Pinus trees in agroforestry systems.

We developed models for stem volume prediction 
for selected shade tree species (Pinus, Eucalyptus, Retro-
phyllum) and one general model for other shade tree spe-
cies. These models will allow agroforestry growers to eas-
ily determine the quantity of timber or fuelwood on their 

plantations from the height and the DBH of the trees. It 
would be a good idea to put these equations into a phone 
application so that growers can determine the timber vol-
ume directly in the field without complicated calculations.

There are various motivations for growers to change 
monoculture coffee plantations to agroforestry systems, 
and the vision of economic benefits is one of them. A steep 
increase in production costs was observed in major Latin 
American coffee-producing countries in recent years (ICO, 
2016), linked to increasing labour costs and rising prices 
of agrochemical inputs (Jezeer et  al., 2018). We situated 
our research in the years 2016 and 2018, when the income 
from coffee was lower than the costs of coffee production 
in the Villa Rica district, to discover whether the income 
from wood could help to improve the financial situation 
of coffee growers. Our study demonstrated that the contri-
bution of wood production from the sale of shade trees to 
the total income of coffee farms may vary greatly. First, we 
calculated the potential income that coffee growers could 
gain if they cut all shade trees and sold them. In this case, 
the farmers of the Eucalyptus and Pinus sites could have 
a high income even after the deduction of afforestation 
costs. However, the costs of coffee production outweigh 
the income in the long term, and if the farmers remove all 
the shade trees, they will have no additional income from 
agroforestry for a decade. Moreover, the benefits of agro-
forestry systems, such as the stabilization of microclimatic 
conditions (Lin, 2007; Siles et al., 2010), soil protection 
(Wintgens, 2004), carbon fixation (Soto-Pinto et al., 2010; 
Ehrenbergerová et al., 2016) or providing refuge for forest 
biota (Perfecto et  al., 1996; Moguel and Toledo, 1999), 
will be lost for many years.

In a study by Jezeer et al. (2018), conducted in agro-
forestry coffee plantations in the department of San Mar-
tin, Peru, net income was highly variable, with an average 
income of 1,047  ±  949 €/ha/y, ranging from 1,480 to 
4,303 €/ha/y. Rice (2008) found that, between 1999 and 
2003 in southern Peru, 28.5 ± 1.87% of the total income 
of coffee plantations came from shade-derived sources. 
However, the plantations studied by Rice (2008) and 
shaded by native species had income not only from timber 
(5% of shade-derived income (SDI) - self consumption; 1% 
SDI - sale) and fuelwood (35% SDI - self consumption) but 
also from the sale of fruits (42% SDI - self consumption; 
3% SDI - sale) and animals (12% SDI - self consumption; 
2% - sale). The potential annual income from the sale 
of wood at the Inga site, where the predominant use of 
shade trees is as a fuelwood, was very low (2% in 2015 
and 3% in 2018), and total coffee farm costs were higher 
than income. However, the potential annual income from 
the sale of wood and coffee at the Pinus site was already 
close to the total plantation costs, and at the Eucalyptus 
site, the potential annual income was even higher. The 
calculation of potential annual increments allowed us to 
estimate how many trees can be felled annually. In the 
annual felling of selected shade trees in accordance with 
the annual wood increment, we see the potential for agro-
forestry to improve the economic situation of coffee grow-
ers in a sustainable way.

Photo 3.
La Torre coffee plantation (Eucalyptus site) shaded 
by 11 years old Eucalyptus spp. trees.
Photo L. Ehrenbergerová.
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Shade trees provide environmental and socioeco-
nomic benefits to growers (Rice, 2008), as stated above. 
However, our study demonstrated that exotic shade tree 
species such as Eucalyptus and Pinus have higher eco-
nomic value than Inga trees, which are native and likely 
to be more beneficial for local ecosystems. An interesting 
finding was that Retrophyllum (a species native to Peru) 
had a high timber value and a large timber supply, making 
it a shade tree species with high potential for agroforestry. 
Currently, Retrophyllum is grown as a boundary tree, and it 
is necessary to study how it would affect coffee production 
if it were planted at a higher density.

In conclusion, it should be said that agroforestry 
shaded by Inga and other native trees, which brings 
already mentioned environmental benefits compared to 
the cultivation of exotic shade trees, does not provide 
growers with high income from wood. For this reason, 
financial motivation and support for agroforestry plan-
tations to use native shade tree species and thus pro-
mote environmental benefits is needed. It is necessary to 
develop a suitable method of support that will be simple 
for farmers. It is also important to search for other native 
trees that have fast growth and high wood value and that 
are suitable to provide shade for coffee. These shade trees 
can both provide a high income and have positive effects 
on the ecosystem.

Conclusion

Our study demonstrated that the plantation shaded 
predominantly by exotic Eucalyptus trees had the highest 
potential annual and total timber value, followed by the 
plantation predominantly shaded by Pinus. The poten-
tial annual income from the sale of wood at the Inga 
site, where the predominant use of shade trees is as a 
fuelwood, was very low, and total coffee farm costs were 
higher than income even if we calculated that the farmers 
would cut all the trees. However, the native and relatively 
rare Retrophyllum shade trees had comparable timber val-
ues with Pinus and Eucalyptus trees, which makes Retro-
phyllum a tree species with high potential for coffee agro-
forestry systems. Further research should focus on finding 
native species that are suitable for coffee shading, with 
fast growth and high timber value, that can both provide a 
high income and have positive effects on the ecosystem.
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Annex 1.

Description of studied coffee plantations.

The Inga site was located in Alto Palomar, near Villa Rica 
town. This site represented the typical management of agro-
forestry plantations in Villa Rica District. It was dominantly 
shaded by Inga spp. (Inga adenophylla, I. densiflora, I. edulis, 
I. feuillei, I. velutina). The Inga trees were used as firewood. 
The Inga site had the greatest diversity of shade trees, and 
among other species, we found Retrophyllum rospigliosii, 
Acrocarpus fraxinifolius Arn., Albizia sp., Aniba muca Mez, 
Boehmeria sp., Cabralea canjerana (Vell.) Cecropia sp., Ced-
rela odorata L., Ceiba pentandra (L.) Gaertn., Cordia alliodora 
(Ruiz & Pav.) Oken, Croton draconoides Müll. Arg., Cupressus 
sp., Erythrina edulis Triana ex Micheli, Eucalyptus saligna Sm., 
Juglans neotropica Diels, Miconia dipsacea Naudin, Persea 
americana Miller, Pinus radiata D. Don, P. tecunumanii Egui-
luz & J.P. Perry. The shade trees were randomly distributed on 
the plantation, and their main role was to shade the coffee 
plants. For this reason, the trees were planted at a low den-
sity. At the Inga site, we identified the following coffee variet-
ies: Typica, Catimor, Caturra and Catuay. The field had rough, 
broken topography with an average slope angle of 18.2°.

The Pinus site was located in Oconal, 4 km south of Villa 
Rica town. The average slope angle was 16.4°. The dominant 
shade species were P. oocarpa and P. tecunumanii. Among 
other shade tree species, we found Retrophyllum rospiglio-
sii, Acrocarpus fraxinifolius, Eucalyptus spp., and Inga  spp. 
The shade trees were planted in the rows. Shade trees were 
planted not only to shade the coffee but also for the sale of 
timber. The following coffee varieties were present on the site: 
Typica, Catimor and Caturra.

The Eucalyptus site was located next to Lake Oconal, 
and the average slope angle was 15.8°. This site was shaded 
mainly by Eucalyptus (E. saligna and E. grandis). Other 
shade tree species found there were Schizolobium amazon-
icum Huber, Calycophyllum spruceanum (Ben.) Hook F. and  
Swietenia macrophylla G. King. These tree species were very 
young and therefore were not measured (diameter at breast 
height < 10 cm). The shaded trees were planted in the rows, 
and timber production was the priority for the owner. The fol-
lowing coffee varieties were present on the sites: Typica, Cat-
imor and Caturra.

Annex 2.

The best models for stem volume prediction for selected 
shade tree species and a general model for all other species. 

Species	 Model		  Model coefficients		  R2

		  a	 b	 c	

Eucalyptus 	 Logistic	 6.13	 517.76	 102.85	 0.92

Pinus 	 Power law	 1.53E-07	 0.08	 -	 0.95

Retrophyllum	 Power law	 3.97E-07	 0.05	 -	 0.97

Others	 Logistic	 6.40	 550.09	 107.49	 0.91

https://en.wikipedia.org/wiki/Lorenz_Oken
https://es.wikipedia.org/wiki/Jos%C3%A9_Jer%C3%B3nimo_Triana
https://es.wikipedia.org/wiki/Micheli
https://sv.wikipedia.org/wiki/Charles_Victor_Naudin
https://en.wikipedia.org/w/index.php?title=Eguiluz&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Eguiluz&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=J.P.Perry&action=edit&redlink=1
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