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Agroforestry  systems  provide  diverse  ecosystem  services  that  contribute  to farmer  livelihoods  and  the
conservation  of  natural  resources.  Despite  these  known  benefits,  there  is still  limited  understanding  on
how shade  trees  affect  the  provision  of  multiple  ecosystem  services  at  the  same  time  and  the  potential
trade-offs  or  synergies  among  them.  To  fill  this  knowledge  gap,  we  quantified  four  major  ecosystem
services  (regulation  of  pests  and diseases;  provisioning  of  agroforestry  products;  maintenance  of soil
fertility;  and  carbon  sequestration)  in 69 coffee  agroecosystems  belonging  to smallholder  farmers  under
a range  of  altitudes  (as representative  of environmental  conditions)  and  management  conditions,  in  the
region  of  Turrialba,  Costa  Rica.  We  first  analyzed  the individual  effects  of  altitude,  types  of  shade  and
management  intensity  and  their  interactions  on the provision  of ecosystem  services.  In  order  to  identify
potential  trade-offs  and  synergies,  we then  analyzed  bivariate  relationships  between  different  ecosystem
services,  and  between  individual  ecosystem  services  and  plant  biodiversity.  We  also  explored  which  types
of shade  provided  better  levels  of  ecosystem  services.  The  effectiveness  of  different  types  of  shade  in
providing  ecosystem  services  depended  on  their  interactions  with  altitude  and  coffee  management,  with
different  ecosystem  services  responding  differently  to  these  factors.  No  trade-offs  were  found  among  the

different  ecosystem  services  studied  or  between  ecosystem  services  and  biodiversity,  suggesting  that
it is  possible  to increase  the  provision  of  multiple  ecosystem  services  at the same  time.  Overall,  both
low  and  highly  diversified  coffee  agroforestry  systems  had  better  ability  to provide  ecosystem  services
than  coffee  monocultures  in  full  sun.  Based  on our  findings,  we suggest  that coffee  agroforestry  systems
should  be  designed  with diversified,  productive  shade  canopies  and  managed  with  a  medium  intensity

h  the
of  cropping  practices,  wit
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

. Introduction

Agroforestry systems in tropical landscapes provide a series
f ecosystem services that help sustain crop production, improve

∗ Corresponding author at: CATIE, Program of Sustainable Agriculture and Agro-
orestry, 7170 Turrialba, Costa Rica.

E-mail address: rcerda@catie.ac.cr (R. Cerda).

ttp://dx.doi.org/10.1016/j.eja.2016.09.019
161-0301/© 2016 Elsevier B.V. All rights reserved.
 aim  of  ensuring  the continued  provision  of  multiple  ecosystem  services.
© 2016  Elsevier  B.V.  All  rights  reserved.

farmersı́ livelihoods and conserve biodiversity (Jose, 2009;
Tscharntke et al., 2011). Shade trees and other companion plants
in agroforestry systems can produce fruits (Rice, 2011; Cerda et al.,
2014), timber, firewood and other products for sale or household
itude and management on multiple ecosystem services in coffee
016.09.019

use (Somarriba et al., 2014), thereby diversifying the sources of
income for farmers and contributing to food security. The roots
and leaf litter of shade trees, especially leguminous trees, improve
nutrient recycling and soil quality (Beer et al., 1998) and can help
reduce soil erosion (Gómez-Delgado et al., 2011). Shade trees are
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lso useful for protecting crops from strong winds, high temper-
tures and extended dry periods (Schroth et al., 2009; Jha et al.,
014). Shade trees and other woody perennials contribute to the
onservation of animal and plant biodiversity, and sequester carbon
rom the atmosphere, thereby contributing to climate mitigation
Jha et al., 2011; Somarriba et al., 2013; Deheuvels et al., 2014).

Yet agroforestry systems can also result in disservices and antag-
nistic effects (Zhang et al., 2007; Power, 2010). A known drawback
f agroforestry systems is that the yields of the main crop are often

ower than those in full sun systems (López-Bravo et al., 2012), at
east in the short term. With increasing shade cover, the relative
ield of the main crop tends to decrease (Zuidema et al., 2005)
ue to greater competition for light, water and nutrients in soil
etween trees and the main crop. Another potential drawback of
groforestry systems is the higher labor requirements to manage
rees and other plants. Agroforestry systems can favor or disfavor
he attack of pathogens and insects depending on the composi-
ion, structure and management of the shade canopies (Staver et al.,
001; Avelino et al., 2006; Cheatham et al., 2009; Pumariño et al.,
015).

Despite the recognition that agroforestry systems can poten-
ially provide diverse ecosystem services, there is still limited
nderstanding on how shade trees affect the provision of mul-
iple ecosystem services and about the potential trade-offs or
ynergies among them. Most studies in agroforestry systems have
ocused on a single ecosystem service (Jose, 2009), and have not
xamined relationships among various ecosystem services. In addi-
ion, most studies have only considered the individual effect of
hade on ecosystem services, underestimating other factors, such
s management practices and environmental conditions, which
ay  interact with shade to provide ecosystem services (Staver et al.,

001; Avelino et al., 2006). However, a good understanding of dif-
erent factors, including their interactions, affecting the provision
f ecosystem services, and the analysis of relationships (trade-offs
r synergies) among ecosystem services, are needed to design high
erforming agroforestry systems (Rapidel et al., 2015).

Understanding the provision of ecosystem services by agro-
orestry systems is particularly important for the coffee sector in
entral America which is currently under severe stress. A chain
f events, including decreasing coffee prices, increasing produc-
ion costs, and an outbreak of coffee leaf rust (Hemileia vastarix
erkeley and Broome) since 2012, has significantly reduced cof-

ee production. Following the coffee rust outbreak, farmers were
orced to stump their impacted coffee plantations to rejuvenate
offee trees or to renew them with new coffee varieties, or even
o replace them with new crops (Baker, 2014; Avelino et al., 2015;

cCook and Vandermeer, 2015). For instance, 50% of coffee areas
ave disappeared in the Volcan Central Talamanca Biological Corri-
or in Costa Rica between 2000 and 2009 (Bosselmann, 2012), and
5% of the coffee areas in southern Guatemala between 2000 and
004 (Haggar et al., 2013). The conversion of coffee plantations to
ther land uses results in the loss of shade trees and other vege-
ation and negatively affects plant biodiversity (Zhang et al., 2007;
e Beenhouwer et al., 2013). Information on the potential benefits
rovided by shade trees associated with coffee plantations could
ncourage decision makers, technicians, and farmers to maintain
nd/or increase land uses under coffee agroforestry systems, and
tem the ongoing loss of these systems (Cheatham et al., 2009; Jose,
009).

The objectives of this study were i) to assess the effectiveness
f different types of shade of coffee agroecosystems in providing
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

ultiple ecosystem services under different environmental and
anagement gradients, and ii) to understand the relationships

trade-offs or synergies) across different ecosystem services and
lant biodiversity. We quantified indicators of four major ecosys-
em services: 1) regulation of pests and diseases; 2) provisioning
 PRESS
omy xxx (2016) xxx–xxx

of agroforestry products (coffee, bananas, other fruits, timber); 3)
maintenance of soil fertility; and 4) carbon sequestration, in coffee
agroecosystems belonging to smallholder farmers under a range
of altitudes (as representative of environmental conditions), man-
agement practices and types of shade. We  hypothesized that the
effectiveness of different types of shade in providing ecosystem
services depends on their interaction with coffee management and
altitude where coffee is grown, and that trade-offs or synergies
could occur among certain ecosystem services. Based on our find-
ings, we highlighted key aspects that should be considered for the
design and management of coffee agroecosystems to ensure the
continued provision of multiple ecosystem services.

2. Materials and methods

2.1. Coffee plot network and experimental design

A coffee plot network (69 plots) was established in the canton of
Turrialba, Costa Rica. Turrialba is located in a premontane wet for-
est life zone, with an mean annual rainfall of 2781 mm and a mean
annual temperature of 22.2 ◦C (averages of the last 10 years), with
small variations among months. In this area, coffee is grown from
600 to 1400 m.a.s.l. (meters above sea level). Farms in higher eleva-
tions experience slightly wetter and cooler temperatures compared
to farms at lower elevations.

The plot sampling strategy had the objective to select coffee
plots of different types of shade across altitudinal and management
intensity gradients. Plots were selected with contrasting character-
istics in the botanical composition and structure of shade canopies
(in terms of species richness, abundances and trunk basal areas),
with contrasting coffee cropping practices (in terms of different
types of practices and frequency of applications), and at different
altitudes. However, in order to limit variations and avoid confound-
ing effects of different factors (Clermont-Dauphin et al., 2004), we
chose coffee plots that shared three main characteristics: i) they
were owned by smallholder farmers, ii) had coffee plants (Coffea
arabica L.) of the dwarf variety Caturra as the unique or dominant
variety, which is the most common variety in Costa Rica and in other
countries of Central and South America (McCook and Vandermeer,
2015), and iii) were located on soils belonging to the order Incep-
tisols, suborder Udepts. These soils in Turrialba are considered to
have moderate fertility but with problems of acidity (CIA, 2016).

In each coffee plot of the network, an experimental subplot com-
posed of eight coffee rows with 15 plants each was  demarcated in
a representative place of the plot. Eight coffee plants (and three
branches per plant) were marked, one plant per row, inside the
experimental subplot. These eight plants were used for measure-
ments of pests and diseases and coffee yields, and for sampling soil
subsamples near them. For the measurement of characteristics of
the shade canopy, a circular area of 1000 m2 was  established in the
center of the experimental subplot (17.8 m radius).

2.2. Measurements and calculations of the factors studied

2.2.1. Altitude
The altitude of each coffee plot was  measured with a GPS.

The mean altitude ± standard deviation of all coffee plots was
877 ± 126 m.a.s.l., ranging from 646 to 1107 m.a.s.l.

2.2.2. Management intensity index
Data on the management were obtained through semi struc-
itude and management on multiple ecosystem services in coffee
016.09.019

tured interviews with farmers. A management intensity index was
calculated for each coffee plot. The calculations were based on exist-
ing indices of management intensity used in coffee studies (Mas
and Dietch, 2003; Philpott et al., 2006). In the present study, the
calculations included 11 cropping practices commonly applied in
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Table  1
Management descriptors of coffee agroecosystems in the coffee plot network (n = 69 plots) in Turrialba, Costa Rica.

Cropping practices Mean SD Minimum Maximum Median

Distance between coffee rows (cm) 173.0 23.5 100.2 233.5 174.3
Distance between coffee plants (cm) 119.7 17.7 76.6 168.8 118.9
Pruning of coffee plants (number yr−1) 0.8 0.4 0 1 1
Machete weedings (number yr−1) 1.3 1.3 0 5 1
Shovel weedingsa (number yr−1) 0.4 0.7 0 3 0
Applications of fertilizers (number yr−1) 1.4 0.9 0 3 1
Applications of fungicides (number yr−1) 2.1 1.8 0 6 2
Applications of herbicides (number yr−1) 1.8 1.3 0 5 2
Harvest rounds of coffee (number yr−1) 10.3 2.4 5 14 11
Diversity of practices 5.2 1.1 3 7 5
Overall (number of practices yr−1) 18.1 4.3 8 26 18
Management intensity indexb 5.0 1.3 2.1 7.7 5.1
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D: standard deviation;Diversity of practices: number of different practices applied
a Shovel weedings are done with a shovel, scraping at the ground level trying to 

b See text in Section 2.2.2 for calculation of management intensity index.

urrialba (Table 1). First, for each cropping practice, the number of
imes per year that this practice was applied was  transformed to a
alue IH or IL between 0 and 1 reflecting the practice intensity, the
igher the value, the higher the intensity:

IH = value − minimum

maximum − minimum
IL = 1 − value − minimum

maximun − minimum

here IH is the transformed value for cropping practices for which
 higher number of applications denotes a higher management
ntensity (e.g. number of weedings, application of fertilizers, fungi-
ides, etc.) and IL is the transformed value for cropping practices
or which a lower value denotes a higher management intensity
distances between coffee rows and between coffee plants); value
as the annual number of applications of a given cropping practice

or a given plot; and minimum and maximum were the minimum
nd maximum values registered for that cropping practice in the
ata set, respectively. Then, the transformed values obtained for
ll cropping practices were summed to obtain the management
ntensity index of each coffee plot (maximum possible = 11, since

e had 11 cropping practices); the higher the index, the higher the
anagement intensity.

.2.3. Types of shade
In the circular area of 1000 m2, the shade canopy was charac-

erized by identifying and measuring all plants >2.5 m in height.
lants were classified as: Musaceae (bananas and plantains), ser-
ice trees (i.e., nitrogen fixing trees), fruit trees or timber trees. The
runk diameters and Musaceae stems were measured at 1.3 m from
round (breast height); fruit tree diameters were measured at 0.30
. For service trees, such as Erythrina poeppigiana, which are pol-

arded once or twice a year, the height of the main trunk was  also
easured. In addition, the trunk diameters of the eight marked cof-

ee plants were measured at 0.15 m from the ground. Shade cover
%) was measured with a spherical densiometer in the four corners
nd in the center of the experimental subplot, and then averaged.
inally, basal areas of tree trunks and the Shannon diversity index
ere calculated.

These variables were analyzed by using cluster analysis (Ward
ethod and Euclidean distance) which classified coffee plots in

hree types of shade: i) Coffee monocultures in full sun (CFS);
i) Coffee agroforestry systems with low diversification (CLD),

here the shade canopy was dominated by Erythrina poeppigiana,
 leguminous tree; and iii) Coffee agroforestry systems with high
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

iversification (CHD), where the shade canopy included a mix  of
ervice trees, bananas, fruit trees, timber trees and other plants
Table 2). These systems were equally distributed in the range of
ltitude, and were not related to the age of the plantation, the
lanted area, nor the management intensity index; that is why the
ear.
 eliminate the weeds.

means and standard deviations of these data were similar across
the types of shade (Table 2).

2.3. Measurements and calculations of ecosystem service
indicators (response variables)

The choice of ecosystem service indicators must meet several
conditions in order to ensure that they are relevant. It should take
into account the following criteria: i) be easily measured; ii) be
sensitive to changes in the system; iii) respond to change in a
predictable manner; iv) be anticipatory (be an early warning indica-
tor); v) predict changes that can be averted by management actions;
vi) be integrative (able to reflect the features of the system along
with other indicators; vii) have known variability in response (Dale
and Polasky, 2007). Each one of the indicators used in this study (see
Table 3 for description and measurements) is considered to meet
at least the majority of these criteria. In the following paragraphs,
a brief overview and justification for the selection of indicators is
provided.

The regulation of pests and diseases was represented by the area
under the disease progress curve (AUDPC) of each pest or disease
and the number of dead branches. The AUDPC was deduced from
the incidences which were measured five times, and then stan-
dardized (sAUDPC) by the total number of days of observation. The
attack of pests and diseases can cause the defoliation of branches
leading to their death; dead branches therefore can be an overall
reflection of such attack (Avelino et al., 2015).

For the provisioning services, the indicators were coffee yield
and economic indicators such as the gross income, net income, cash
flow and family benefit. This information was obtained through
semi structured interviews with farmers. Economic indicators
included coffee income and also incomes and/or the value of the
domestic consumption of other agroforestry products (bananas and
other fruits, timber). Including several agroforestry products and
not only the product of the main crop is an appropriate way to
reflect the real overall contribution of the coffee system to the pro-
visioning of agroforestry products to farmer families (Rice, 2011;
Cerda et al., 2014).

Coffee yields were estimated for the 69 coffee plots through an
empirical model. This model was  calibrated from the data obtained
by harvesting a subsample of three coffee plants in 20 out of the 69
coffee subplots. Out of the 20 harvested subplots, 8 were of the type
CHD, 8 of CLD and 4 of CFS. Based on these data, a general linear
itude and management on multiple ecosystem services in coffee
016.09.019

model was  developed to estimate coffee yields in all plots, including
the 49 non-harvested plots. The model was  initialized with coffee
yield per plant as a function of coffee yield components (number
of productive stems per plant; number of productive branches;
number of fruiting nodes per plant; number of fruits per node),
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Table 2
Structure and plant diversity, age, planted area, management intensity and altitude of the three types of shade (CFS: Coffee monocultures in full sun; CLD: Coffee agroforestry
systems with low diversification; CHD: Coffee agroforestry systems with high diversification) in the coffee plot network, Turrialba, Costa Rica.

Variable CFS (n = 13)
Mean ± SD

CLD (n = 27)
Mean ± SD

CHD (n = 29)
Mean ± SD

Structure and plant diversity Density of coffee plants (Ind ha−1) 4864 ± 612 4868 ± 978 5286 ± 1367
Density of fruit trees (Ind ha−1) N/A 12 ± 27 59 ± 80
Density of timber trees (Ind ha−1) N/A 18 ± 29 63 ± 69
Density of Musaceae plants (Ind ha−1) N/A 98 ± 123 401 ± 340
Density of service trees (Ind ha−1) N/A 265 ± 136 173 ± 136
Total  density of shade canopy (Ind ha−1) N/A 392 ± 180 695 ± 367
Basal area of coffee plants (m2 ha−1) 47.9 ± 32.1 52.0 ± 25.5 43.9 ± 25.7
Basal  area of fruit trees (m2 ha−1) N/A 0.1 ± 0.3 0.9 ± 1.1
Basal area of timber trees (m2 ha−1) N/A 0.5 ± 0.9 3.4 ± 3.2
Basal area of Musaceae plants (m2 ha−1) N/A 1.6 ± 2.2 6.5 ± 5.9
Basal area of service trees (m2 ha−1) N/A 8.2 ± 5.3 5.0 ± 4.0
Total basal area of shade canopy (m2 ha−1) N/A 10.4 ± 5.8 15.7 ± 6.7
Total  species richness (number) N/A 4 ± 2 7 ± 3
Shannon diversity index N/A 0.7 ± 0.4 1.2 ± 0.4
Shade cover (%) N/A 14 ± 9 29 ± 10

Other  data Age of the cropping system (years) 15 ± 9 20 ± 10 15 ± 9
Planted area (ha) 1.5 ± 1.0 1.0 ± 1.0 1 ± 0.9
Management intensity index 5.4 ± 1.0 4.9 ± 1.3 5.0 ± 1.3
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D: standard deviation; Musaceae: includes mainly bananas but also plantains; Citr
ther  fruits: includes mainly avocados (Persea americana), cas (Psidium friedrichsth
ainly  poro trees (Erythrina poeppigiana); Timber trees: includes mainly Cordia al

AUDPC of pests and diseases, and number of dead branches after
arvest as fixed effects. Plots were considered as random effects.
he model, including only significant variables (p < 0.05) to esti-
ate the coffee yield, is shown in Table 3, and a figure showing the

egression between predicted and observed (harvested) yield, and
ther indicators (R2, mean of residues, mean absolute error, root-
ean-squared error, relative root-mean-squared error, modeling

fficiency, index of agreement) to support the model reliability, are
hown in a Supplementary material.

For the maintenance of soil fertility service, the indicators used
ere soil acidity, C, N, P and K contents. These are also considered as

ey indicators of soil quality and soil fertility and are key elements
or crop growth (Beer et al., 1998; Swinton et al., 2007).

For the carbon sequestration service, the main indicator was
he total carbon stored in the aboveground biomass. However, the
mounts of carbon stored per type of plant or tree were also con-
idered, in order to show the particular contribution of different
ypes of shade to carbon sequestration. This indicator is useful to
ompare the carbon storage (sequestered) among different types
f agroecosystems. It is also helpful to guide better management
ractices to increase the carbon sequestration (Somarriba et al.,
013).

.4. Statistical data analyses

.4.1. Analysis of the effects of shade, altitude and management
n indicators of ecosystem services

A linear model was used to estimate the effects of altitude,
anagement intensity (quantitative data for both variables), type

f shade (qualitative data), and their interactions on each specific
cosystem service indicator. Ecosystem service indicators were first
hecked for normality. Then, model selection procedure for each
ndicator was run several times. Each time, non-significant factors
r interactions were removed from the model. Factors retained in
he final model were those that were considered to have effects on
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

he specific ecosystem service indicator. Analysis of variance and
isher’s LSD test (p < 0.05) were also used to compare the effects of
ypes of shade on ecosystem service indicators. Significant effects
f double and triple interactions among the factors on ecosystem
ervice indicators were represented graphically.
873 ± 109 885 ± 129 872 ± 133

cludes mainly oranges (Citrus sinensis) and mandarin lemons (Citrus aurantifolia);
), arazá (Eugenia stipitata) and peach palm (Bactris gasipaes); Service trees: includes
a and Cedrela odorata.

2.4.2. Analysis of relationships between ecosystem services and
biodiversity

Bivariate linear regressions were performed between indicators
of the four ecosystem services studied, and between indicators of
ecosystem services and plant biodiversity. Significant negative rela-
tionships denote trade-offs, while significant positive relationships
denote synergies (Rapidel et al., 2015).

For simplification and in order to highlight only the most impor-
tant relationships between ecosystem service indicators, only one
indicator which better represents each ecosystem service was  used
in the bivariate linear regressions. The number of dead branches
was chosen as representative of the regulation of pest and disease
service, given that it is considered as a general indicator of the plant
illness. Coffee yield was used as the indicator of provisioning ser-
vices since this indicator is of interest both to smallholder farmers
(looking for diversification of incomes, but always with coffee as
the main source of revenue) and to medium or big farmers (with
coffee as their unique product of interest). Soil acidity was chosen
as representative of the maintenance of soil fertility service, con-
sidering that soil acidity is a general problem in tropical areas, and
reducing acidity involves high extra costs (labor and inputs) for
farmers. Total aboveground biomass carbon was used to represent
carbon sequestration. Finally, the Shannon index of plant diversity
was used as an indicator of biodiversity.

Regressions were performed with all the observations as a
whole, and also per type of shade, with the aim of verifying if
ecosystem services are related to a particular type of shade. The
regressions were represented with figures, where a “desirable area”
was demarcated. The “desirable area” was  defined as the area where
the best values of the ecosystem service indicators could be found
(Rapidel et al., 2015); this area was demarcated to identify which
type of shade achieved those values. This type of approach and anal-
ysis has been demonstrated to be useful to evaluate and design
agroecosystems (Groot et al., 2012; Rapidel et al., 2015).

The procedure to demarcate the “desirable area” was: 1) outlier
points were removed from the figures for not taking into account
itude and management on multiple ecosystem services in coffee
016.09.019

very uncommon observations that could difficult the demarcation
of “desirable areas”; 2) the cloud of points was divided into four
quadrants based on the values of the mid-point in each axis (same
distance to zero and to the maximum value, outliers excluded);
and 3) the best quadrant, representing the “desirable area”, was
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Table  3
List of indicators of ecosystem services (ES) and the methods used for measuring them in the coffee plot network, Turrialba, Costa Rica.

ES Indicators of ES Methods/Formulas Data sources/times of
measurement

Regulation of
pests and diseases

sAUDPC of pests
and diseases (%)

AUDPC =
n−1∑

i=1

Ii + Ii+1

2
× (ti+1 − ti) sAUDPC = AUDPC

Nd

where AUDPC: area under the disease progress curve;Ii: incidence of a
given pest or disease at the ith measurement; ti: time (in days) of the
ith  measurement; n: total number of measurements
sAUDPC:  standardized AUDPC; Nd:  total number of days in which the
plants were measured (from the first to the last measurement)
Source: (Simko and Piepho, 2012)

Incidences where measured five
times: 1st Fruit formation (slightly
dry period); 2nd Beginning of fruit
ripening (beginning of rainy
period); 3rd Just before the harvest
(rainy period); 4th During the peak
of  harvest (slightly dry period); 5th
End of coffee harvest period
(highest rainy period)

Dead  branches
(Number MS−1)

The number of dead branches in the main stem (MS) of the marked
coffee plants was  counted

End of the coffee harvest period

Provisioning of
agroforestry products

Coffee yield
(kg fresh coffee
cherries ha−1 yr−1)

Coffee yield = (8.58 + 3.88×NPS + 1.95×NFNode + 0.03×NFNPlant − 0.18
DeadB)2

where NPS: number of productive stems per plant; NFNode: number of
fruits per node; NFNPlant: number of fruiting nodes per plant; DeadB:
number of dead branches in the main stem per plant. R2 = 0.78
The model estimates the yield expressed in grams of fresh coffee
cherries per plant; estimated yield in kg per hectare was deduced by
using the coffee plant density of each coffee plot

Coffee yield components were
counted in three coffee plants in 20
subplots, during the period of fruit
formation

Gross  income
(USD ha−1 yr−1)
Cash flow
(USD ha−1 yr−1)
Family benefit
(USD ha−1 yr−1)

GI = AS x MP
CF = GI − CC
VDC = ADC × MP
FB = CF + VDC

where: GI:  gross income from sale
of  agroforestry products; AS:
amount of agroforestry products
for sales; MP: market price; CF:
cash  flow; CC:  cash costs; VDC:
value of domestic consumption;
ADC:  amount of agroforestry
products for domestic
consumption; FB: family benefit
Sources: (Ambrose-Oji, 2003;
Cerda et al., 2014)

Data on management practices of
coffee plots, costs of labor and
inputs, and agroforestry
production (fruits, bananas,
plantains, etc.) were obtained
through semi-structured
interviews with the owners of the
coffee plots, at the end of the coffee
harvest period

Maintenance of soil fertility Soil acidity
(mg  kg−1)
Phosphorus
(mg  kg−1)
Potassium
(mg  kg−1)
Carbon (%)
Nitrogen (%)

Acidity was obtained with chemical titration with standardized
solution of NaOH 0.01 Normal.
The extraction of P and K was done with the method of Olsen modified;
the quantification of P was done with the colorimetric method and K
was determined by spectroscopy with atomic absorption
C  and N were determined with the method of combustion in
auto-analyzer equipment
Sources: (Briceño and Pacheco, 1984)

Eight subsamples of soil at a depth
of 0–20 cm were taken near the
trunk of eight coffee plants (at
50 cm approximately) in each
experimental subplot, during the
peak of harvest (slightly dry
period).
The subsamples were mixed to
obtain a composite sample for the
chemical analyses

Carbon  sequestration Aboveground
biomass carbon
(Mg  ha−1)

Allometric equations for the estimation of biomasses:
Coffea arabica:
B = 10(̂-1.113 + 1.578 * Log10(d15) + 0.581 * Log10(h)) (Segura et al., 2006)
Cordia alliodora: B = 10(̂-0.755 + 2.072 * Log10(dbh)) (Segura et al., 2006)
Inga  spp.: B = 10(̂-0.559 + 2.067* Log10(dbh)) (Segura et al., 2006)
Bactris gasipaes: B = 0.74 * h2 (Szott et al., 1993)
Fruit trees: B = 10(̂-1.11 + 2.64 * Log10(dbh)) (Andrade et al., 2008)
Other trees: B = (21.3 − 6.95 *(dbh) + 0.74*(dbh2)) (Brown and Iverson,
1992)
Musaceae:  B = 0.030 * dbh 2.13 (van Noordwijk et al., 2002)
where B: biomass (kg); Log10: Logarithm base 10; d15: trunk diameter

h: tru
e pla

d by a

The trunk diameters were
measured as described in section
2.2.3, during the coffee fruit
formation (slightly dry period)
Note: for E. poeppigiana trees,
given that they are pollarded once
or  twice a year, only the volume of
the trunk was used for C
sequestration assessment to avoid
overestimations; the trunk was
considered as a cylinder; the

d
o
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3

3

3
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(cm) at 15 cm from soil; db
m  from soil); h: height of th
The biomass was multiplie
content

emarcated. In order to compare the abundance of different types
f coffee plots in the “desirable areas”, the percentage of coffee plots
er type of shade in the “desirable areas” was calculated.

Statistical analysis were performed with the software R version
.1.1 (R Core Team, 2014).

. Results
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

.1. Effects of altitude, shade and management intensity on
ndicators of ecosystem services

The factors affecting the provision of ecosystem services varied
cross services. In some cases, individual factors (i.e., type of shade,
nk diameter (cm) at breast height (1.3
nt

 0.47 fraction to obtain the carbon

volume was then multiplied by
0.00045 kg cm−3 (density of the
wood) to obtain the biomass

management intensity or altitude) had significant single effects,
while in others the double or triple interactions between these
factors were important (Table 4). We first explored the impacts
of individual factors, then explained the significant double inter-
actions and triple interactions. We  have broken down the triple
interactions into two  double interactions altitude × type of shade
and type of shade × management intensity to make it easier for the
reader to understand the results.
itude and management on multiple ecosystem services in coffee
016.09.019

3.1.1. Effects of altitude, shade and management on regulation of
pest and diseases

The most common pests and diseases found in Turrialba
included coffee leaf rust (Hemileia vastatrix Berkeley and Broome),
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Table 4
General statistical measures and effects of altitude (A), type of shade (S) and management intensity (M) on indicators of four ecosystem services provided by coffee
agroecosystems in Turrialba, Costa Rica (n = 69 plots).

Ecosystem service Indicators General statistical measures Effects of altitude, type of shade and management intensity

Mean ± SD Min  Max  Single effects Interactive effects

A S M A x S A x M S x M A x S x M
p  p p p p p p

Regulation of pests and
diseases

sAUDPC Rust (%) 60.8 ± 14.3 12.8 88.2 *Fig. 1A
sAUDPC Cerc (%) 4.9 ± 3.3 0.7 13.8 **(+) *(+)
sAUDPC Antra (%) 1.6 ± 1.2 0.0 5.3
sAUDPC Miner (%) 1.1 ± 0.9 0.0 4.7 **(+) *(+)
Dead Branches (number MS−1) 8.4 ± 6.9 0.1 35.4 *Fig. 1B1,B2

Provision of
agroforestry products

Coffee Yield (kg ha−1 yr−1)† 6407 ± 4132 259 22864 **(+)
Gross Income (USD ha−1 yr−1) 3206 ± 1969 123 10828 *Fig. 2B1,B2
Cash  Costs (USD ha−1 yr−1) 858 ± 772 12 3572 *Fig. 2A
Cash  Flow (USD ha−1 yr−1) 2348 ± 1808 −680 9229 *(+)
Family Benefit (USD ha−1 yr−1) 2469 ± 1798 −680 9229 *(+)

Maintenance of soil
fertility

Soil Acidity (mg  kg−1) 169.3 ± 125.6 9.0 577.8 *Fig. 3A
Soil Carbon (%) 4.8 ± 2.8 2.1 14.1 **Fig. 4A1,A2
Soil  Nitrogen (%) 0.4 ± 0.2 0.2 1.2 *Fig. 4A1,A2
Soil  Phosphorus (mg  kg−1) 7.0 ± 6.4 1.5 26.8
Soil Potassium (mg  kg−1) 77.6 ± 64.8 23.4 347.1 *Fig. 3B

Carbon sequestration TAGB Carbon (Mg  ha−1) 20.2 ± 10.5 2.8 51.1 *Fig. 5
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AUDPC: standardized area under the disease progress curve; Rust: coffee leaf rus
ain  stem of coffee plants; †Fresh coffee cherries; TAGB Carbon: total abovegrou

p  < 0.05; **p  < 0.01; ***p < 0.001; (+) indicates that the effect was positive: with incr
ffect  was  significant and the reader is directed to the indicated figure to appreciat

he brown eye spot (Cercospora coffeicola Berk. and Curtis), anthrac-
osis (Colletotrichum spp.) and leaf miner (Leucoptera coffeella
uérin-Mèneville). Coffee leaf rust was the most important disease

n terms of the mean sAUDPC; the sAUDPC of other pests and dis-
ases did not exceed 5% on average (Table 4). Dead branches were
seful to reflect the attack of pests and diseases, especially for its
ositive significant relationship with the sAUDPC of coffee leaf rust
p = 0.0005; R2 = 0.17).

The effects of shade, altitude and management on pest and
isease regulation were variable across different pests and dis-
ases. Both altitude and management intensity had significant
ingle positive effects on leaf miner insect and brown eye spot,
ith attack levels increasing with increasing altitudes and man-

gement intensities, irrespective of the shade type (Table 4). In
ontrast, neither altitude nor management nor shade had any
ffect on the prevalence of Anthracnosis. The most important dis-
ase, coffee leaf rust, was affected significantly by the double
nteraction altitude × type of shade,  and was not affected in any
orm by management intensity. With increasing altitudes (mean-
ng increasing rainfall and decreasing temperatures), the sAUDPC
f coffee leaf rust decreased in CFS and CHD, but was  not affected

n CLD. These results suggest that coffee leaf rust responded more
o environmental conditions than to management intensities under
ifferent types of shade (Fig. 1A). Interestingly, the disease behaved
he same in the two most contrasting systems (full sun versus
ighly diversified agroforestry system). The triple interaction alti-

ude × type of shade × management intensity was significant for dead
ranches: the number of dead branches was lower in higher
ltitudes (Fig. 1B1), and increased with increasing management
ntensity in CFS only, while remaining practically stable in CLD and
lightly decreasing in CHD (Fig. 1B2).

.1.2. Effects of altitude, shade and management on indicators of
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

rovisioning of agroforestry products
Interestingly, neither the type of shade nor the altitude affected

offee yields. Coffee yields were only positively affected by
anagement intensity. Management intensity also had positive

ignificant effects on cash flow and family benefits (Table 4).
: brown eye spot; Antra: anthracnosis; Miner: leaf miner insect; #: number; MS:
mass carbon. SD: standard deviation; Min: minimum; Max: maximum. p-values:

 value of the factor, the value of the response also increased; Fig: indicates that the
ffect on the indicator.

However, there was  a significant double interaction effect of type of
shade × management on cash costs, and a significant triple interac-
tion effect on gross income. The increasing management intensity
strongly increased the cash costs for CFS and slightly for CHD, but
did not have any effect on the costs of CLD (Fig. 2A), Gross income
was always higher in coffee plots with greater management inten-
sity (Fig. 2B2); but with increasing altitudes, it increased in CFS and
decreased in CLD (Fig. 2B1). These results suggest that the costs of
increasing management intensity (and therefore increasing coffee
yield, cash flow and family benefits) were clearly higher in mono-
cultures than in agroforestry systems, independent of the altitude
of the plot.

3.1.3. Effects of altitude, shade and management on indicators of
maintenance of soil fertility

The types of shade had significant single effects on soil acid-
ity and K; whereas there was a significant triple interaction effect
of altitude × type of shade × management intensity on soil C and N.
With increasing complexity of the shade canopy (from CSF, pass-
ing through CLD, until CHD) the acidity was lower (Fig. 3A) and
the soil K content was  higher (Fig. 3A). Soil C was always higher at
higher altitudes (Fig. 4A1), but with increasing management inten-
sity, soil C was  higher in CHD than in CFS and CLD (Fig. 4A2). The
effects on soil N were practically the same as on soil C. So, agro-
forestry systems maintained less acidity than monocultures in full
sun conditions independent on the management intensity and alti-
tude; highly diversified agroforestry systems had more soil K, and
soil C and N contents were not affected by management intensity,
in comparison to the other types of shade.

3.1.4. Effects of altitude, shade and management on indicators of
carbon sequestration

There was a significant double interaction altitude × type of
itude and management on multiple ecosystem services in coffee
016.09.019

shade effect on carbon sequestration. At higher altitudes the total
aboveground biomass carbon increased in CFS and CLD compared
to lower altitudes while the opposite occurred in CHD. However, in
this case, it is more relevant to show that agroforestry systems on
average had more than the twice the carbon stock than CFS, due to
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Fig. 1. Effects of the double interaction altitude × type of shade on the sAUDPC of coffee leaf rust (A), and of the triple interaction altitude × type of shade x management
intensity on the number of dead branches (B1 and B2). The two double interactions altitude × type of shade (B1) and shade × management intensity (B2) are represented for
simplification.

Fig. 2. Effects of the double interaction type of shade × management intensity on cash costs (A), and of the triple interaction altitude × type of shade × management intensity on
gross  income (B1 and B2). The two double interactions altitude × type of shade (B1) and shade × management intensity (B2) are represented for simplification.

Fig. 3. Single effects of type of shade on soil acidity (A) and soil K (B).
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Fig. 4. Effects of the triple interaction altitude × type of shade × management intensity on soi
intensity  (A2) are represented for simplification.
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range of shade cover (<30%). In addition, under shade, yields are
ig. 5. Effects of the types of shade on the total aboveground biomass carbon.

he carbon of the fruit trees, timber trees and service trees present
n their shade canopies (Fig. 5).

.2. Relationships between ecosystem services, and with
iodiversity

The pairwise comparisons of different ecosystem services pro-
ided by different types of shade systems showed no clear
rade-offs across the provision of different ecosystem services; i.e.
here were no clear patterns where the provision of one service
ame at the expense of another. Similarly, pairwise comparisons of
he provision of different ecosystem services relative to the bio-
iversity present in the coffee plots showed no clear trade-offs
Fig. 6). Only in the case of CHD, one synergy (p = 0.012; R2 = 0.22)
as found between biodiversity and carbon sequestration; i.e. as

iodiversity of the system increased, so did the amount of carbon
tored in aboveground biomass (Fig. 6).

The graphs showing ‘desirable’ levels of ecosystem services indi-
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

ate that plots of agroforestry systems (CLD and CHD) were more
ikely to be located in the ‘desirable’ quadrants than CFS (Fig. 6).
offee plots of the type CHD were present in all the desirable areas,
nd with more plots of this type than CLD and CFS. CLD plots were
l C. The two  double interactions altitude × type of shade (A1) and shade × management

present in almost all the desirable areas (except one); while CFS
plots were present only in three desirable areas (Fig. 6).

4. Discussion

In our study, the indicators of each type of ecosystem service
(e.g., regulation of pests and diseases, provisioning of agroforestry
products, soil fertility, and carbon sequestration) responded differ-
ently to the effects of altitude, shade and management. In addition,
there were no clear trade-offs among different ecosystem services
or across ecosystem services and biodiversity. The fact that at least
one indicator of three major ecosystem services was  affected by
the triple interaction altitude × type of shade × management inten-
sity indicates that the combination of these three factors should be
always considered in studies aiming to understand the provision of
ecosystem services by the cropping systems under study.

4.1. Effects of types of shade on the provision of ecosystem
services

The combined knowledge of single and/or interactive effects
of shade with altitude and management intensity on ecosystem
services is useful for understanding how to manage coffee agroe-
cosystems to obtain the ecosystem services of interest. For instance,
coffee leaf rust, the most important disease in our study, was
affected by the interaction types of shade × altitude, but not by man-
agement intensity. This suggests that efforts to manage coffee leaf
rust need to consider both the type of shade and the altitude which
determines environmental and microclimatic conditions (Avelino
et al., 2006). Highly diversified coffee systems will be better at
reducing coffee leaf rust incidences in higher altitudes; whereas in
lower altitudes less diversified agroforestry systems will be more
suitable. We  hypothesize that the less diversified canopies main-
tain low moisture in lower altitudes, while in higher altitudes the
highly diversified canopies maintain low temperature; both effects
could reduce the development of the pathogen.

We did not find any effect of types of shade on coffee yields.
That means that agroforestry systems, besides providing several
ecosystem services, did not reduce coffee yields within the studied
itude and management on multiple ecosystem services in coffee
016.09.019

more stable over time, ensuring also more stable incomes to coffee
farmers (DaMatta, 2004). In contrast, coffee plantations in full sun
had more dead branches, especially with high management inten-
sities. Consequently, reduction and higher variability in yields in
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Fig. 6. Relationships between ecosystem services and biodiversity; and percentage of different types of coffee plots achieving the most desirable values of ecosystem services.
TAGB  Carbon: total aboveground biomass carbon; P&D: pests and diseases.
†The Desirable area is the quadrant in the figure where the most desirable values of both indicators can be found. Examples: in the combination of carbon sequestration and
plant  biodiversity, the desirable area is the quadrant in the upper right corner of the figure, because this was the quadrant with higher TAGB Carbon and higher Shannon
index;  in the combination of provision and regulation of P&D, the desirable area is the quadrant in the upper left corner of the figure, because plots in this quadrant had
higher  coffee yields but fewer dead branches.
P  type 
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ercentages (%) above each figure: represent the number of coffee plots of a given
hade.  For instance, in the figure of carbon sequestration vs biodiversity, 10 coffee p
f  29 CHD coffee plots.
he only one significant relationship (a synergy) was found between biodiversity a

ubsequent years can be expected (Avelino et al., 2015). The reduc-
ion of yields, i.e. yield losses, is also considered as a key indicator of
he regulation of pests and diseases; therefore, it should be explic-
tly quantified to reinforce the assessment of this ecosystem service
n further studies (Avelino et al., 2011; Allinne et al., 2016).

We found that agroforestry systems can have lower cash costs
han full sun systems. This indicates that the management inten-
ity of these agroforestry systems can still be increased without
ncurring necessarily high cash costs. The shade canopy manage-
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

ent would not mean more costs either. For instance, the cutting
f banana leaves, pruning of trees and the harvesting of fruits are
sually done by family members and together with operations
pplied to coffee plants (pruning of coffee plants, weedings, coffee
of shade in the desirable area with respect to the total coffee plots of that type of
f the type CHD were identified in the desirable area, representing ∼34% of the total

bon sequestration for CHD plots.

harvests, etc.); that way, those activities do not imply to hire exter-
nal workers nor many extra labor.

Contrary to what was  expected, no interaction was  found
between types of shade and management on cash flow and fam-
ily benefit. This reflects that coffee farmers in Turrialba rarely
harvest agroforestry products (such bananas, other fruits and tim-
ber) either for sale or home consumption. In other regions where
socioeconomic conditions are worse, the contribution of agro-
forestry products is more important to farmers. For instance,
itude and management on multiple ecosystem services in coffee
016.09.019

Guatemalan coffee farmers harvest fruits for sale, and Peruvian
farmers use fruits for home consumption (Rice, 2011). In remote
areas of different countries of Central America, the agroforestry
products contribute significantly more than the main crop (cocoa)
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o family benefit (Cerda et al., 2014). Other studies demonstrate
hat sustainable high timber harvest ratio (>4 m3 ha−1 year−1 ∼ 265
SD ha−1 year−1) in agroforestry systems is possible (Somarriba
t al., 2014). The important point is that plants and trees that are
resent in the coffee agroforestry systems can be harvested when

armers need products for consumption or for sale, which is not
ossible in coffee in full sun. This is especially important during
rises of low coffee prices or low coffee production (Rice, 2008).

In our study, coffee agroforestry systems (∼25 Mg  C ha−1) had
ore than twice the amount of aboveground carbon than coffee in

ull sun. In other parts of the world, coffee agroforestry systems can
tore even more carbon due to their more diverse and denser shade
anopies. For instance, the stock of aboveground biomass can reach
40 Mg  ha−1 in Guatemalan, Nicaraguan and Mexican coffee agro-

orestry systems (Soto-Pinto et al., 2010; Haggar et al., 2013; Rahn
t al., 2013), ∼43 Mg  ha−1 in Indonesia (van Noordwijk et al., 2002),
nd ∼67 Mg  ha−1 in Togo (Dossa et al., 2008). Carbon sequestration
ithin the coffee agroforestry systems could be enhanced by the

stablishment and management of trees with tall and coarse trunks,
hich can store high amounts of carbon vertically, also increasing

he shade canopy production without reducing the yields of the
ain crop (Somarriba et al., 2013).

Agroforestry systems had better soil fertility than coffee in full
un, considering single effects of types of shade or in interaction
ith management intensity. Other studies have also documented

he importance of shade for soil fertility in coffee agroecosystems.
ore trees means less loss of nitrogen (Tully et al., 2012). The use

f bananas can help improve the cation exchange capacity (Tully
t al., 2013). In our study, shade was important for reducing acid-
ty and increasing K independently of the other factors, and was
apable of maintaining higher soil C and N levels with increasing
anagement intensity (especially in CHD plots). The use of shade

rees and bananas can reduce the need for nitrogen fertilizers and
mendments for correcting the soil acidity, and thus, reduce both
oil contamination and production costs. In addition, although soil
hysical indicators that are also important for soil fertility were not
easured, it is known that soil C is closely related to organic matter

nd better soil physical conditions (Swinton et al., 2007).
In summary, overall, agroforestry systems have proven to be

ore effective than full sun coffee for the provision of ecosys-
em services, and consequently for improving farmersı́ livelihoods.
urthermore, the delivery of multiple ecosystem services can con-
iderably increase the economic value of the land (Dale and Polasky,
007; Pert et al., 2013), which is important for both current and
uture generations.

.2. Relationships between ecosystem services and biodiversity

We  did not observe trade-offs between ecosystem services or
etween individual ecosystem services and biodiversity. Trade-offs
eported in the scientific literature on agroforestry systems such
s the ones between yields and carbon sequestration, yields and
iodiversity (Wade et al., 2010), and yields and regulation of dis-
ases (López-Bravo et al., 2012) were expected, but did not happen.
he lack of trade-offs among the studied ecosystem services is a
ovel result. This can be explained by the fact that the provision
f ecosystem services is the consequence of both the composition
nd the management of the system (Rapidel et al., 2015), i.e. of
he interaction between these factors. Thus, highly diversified sys-
ems should be able to produce high levels of ecosystem services
ithout trade-offs with the appropriate management. Several stud-
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

es have documented that management of the system can strongly
ffect coffee pollination and production (Boreux et al., 2013), pro-
ision of other tree products (Ango et al., 2014), regulation of
iseases (Avelino et al., 2006), soil fertility (Méndez et al., 2009) and
arbon sequestration (Häger, 2012). In Turrialba, many different
 PRESS
omy xxx (2016) xxx–xxx

combinations of types of shade and cropping practices can be found,
with varying responses in terms of ecosystem services provision.
Some coffee plots had low values of an ecosystem service and other
coffee plots of the same type of shade had high values of the same
ecosystem service; that is why no trade-offs between ecosystem
services were found.

On the other hand, not all the synergistic relationships between
ecosystem services and plant biodiversity reported in the liter-
ature were observed. The well-known synergy between carbon
sequestration and plant biodiversity (Häger, 2012; Richards and
Mendez, 2014) was  also confirmed in our study, but only for CHD
plots. There are recent studies in other crops that report syner-
gies between plant biodiversity and economic indicators, which
were not found in our study, apparently because coffee farmers in
Turrialba did not take advantage of agroforestry products as men-
tioned earlier. Such studies demonstrate that synergies are found
in multistrata agroforestry systems with a notable presence of pro-
ductive species in the shade canopy and adequate management,
including frequent harvests of agroforestry products (Cerda et al.,
2014; Cardozo et al., 2015). Although we did not find significant
synergies between ecosystem services, the fact that most of coffee
systems that achieved high levels of ecosystem services were highly
diversified agroforestry systems (desirable areas in Fig. 6), indicates
that the use of shade trees and other plants in combination with
the coffee crop is essential for providing multiple ecosystem ser-
vices simultaneously. These specific agroforestry systems should
be studied in more detail to identify the specific set of practices
which makes these systems more successful (Rapidel et al., 2015).

4.3. Important caveats on the results of ecosystem service
indicators

There are several important caveats related to our results. First,
we have used a specific set of indicators (Table 3) to measure
ecosystem services. While these indicators were carefully selected
and have been used in other studies on ecosystem services, it is
possible that the use of other ecosystem service indicators might
lead to different results. As more research on the provision of mul-
tiple ecosystem services by coffee systems becomes available, the
extent to which our results can be generalized across ecosystem
services will become clear. Second, we used a specific method to
identify the desirable levels of ecosystem services and to explore
which systems were more likely to provide these desirable levels
(Rapidel et al., 2015). While this method has been proven to be use-
ful in identifying systems with different levels of ecosystem service
provision, the boundaries of the desirable area are subjective and
the use of different boundaries or thresholds for desirability could
lead to slightly different results. Finally, our results are applicable
only to the range of altitudes, shade cover and management inten-
sity that we studied (Tables 1 and 2). In other regions where coffee
is grown at much higher elevations or with higher shade, the rela-
tionships between altitude, management practices, shade type, and
ecosystem services could vary.

4.4. Key aspects for the design and management of coffee
agroforestry systems

We  have shown that agroforestry systems with low or high
diversification allow the delivery of multiple ecosystem services
without compromising coffee yields in smallholder farms. There-
fore, smallholder farmers should be able to design and manage
itude and management on multiple ecosystem services in coffee
016.09.019

shade trees without undermining their productive and economic
objectives, and at the same time ensure the delivery of other ecosys-
tem services.

Key aspects that should be considered in the design and man-
agement of coffee agroecosystems are described below.
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Efforts to ensure that coffee systems deliver ecosystem services
eed to consider not only the type of shade, but also the alti-
ude where the plantation occurs and the management practices
mplemented, as demonstrated in the present and in other studies
Boreux et al., 2013). The altitude must be especially considered
egarding pests and diseases (Allinne et al., 2016); the decision on
he type of shade and management practices to implement at a
iven altitude, must be in accordance with the expected pest or
athogen and their responses to environment conditions. In case
hat various altitudes also involve types of soil with different char-
cteristics, the types of shade and management practices should
im at controlling soil fertility.

Farmers manage trees mainly according to their objectives and
ocioeconomic conditions, in order to obtain the most beneficial
ervices and avoid the most problematic disservices (Haggar et al.,
013; Ango et al., 2014). When designing new coffee systems, farm-
rs should integrate tree and plant species that have good prices in
he local market and require little management. The inclusion of
ananas, plantains and productive (fruit and timber) tree species
an help ensure products for farmer households as well as pro-
iding other services (e.g. shade, protection, N fixation, etc.). The
ecision on how many trees and which tree species to use, must also
onsider the soil fertility, because higher tree densities than those
hown in this study (CHD in Table 2) could cause disservices such as
ost increments and competition for soil water and nutrients (Dale
nd Polasky, 2007; Zhang et al., 2007). High tree densities are asso-
iated with less N, K and soil C; in contrast, tree species richness
as positively related to soil pH, CEC, Ca, and Mg  (Méndez et al.,

009; Tully et al., 2013). In areas with low rainfall and well-marked
ry periods, the densities of trees and plants in the shade canopy
hould be lower than those in Turrialba where water availability is
ot limiting.

The significant effects of management intensity on indicators
f provisioning service, reported in this and in other recent stud-

es (Cerda et al., 2014; Cardozo et al., 2015), suggest that both low
nd highly diversified shade canopies require specific management
trategies to deliver multiple ecosystem services (Power, 2010). In
reas where severe attacks of diseases occur, such as coffee leaf
ust, and where soils are considered of medium fertility (like in
urrialba), we suggest that the best option for smallholder farmers

s to use medium management intensity under shade. We  define
his management as two  fungicide sprays per year against diseases,
t least one soil fertilization, at least one coffee plant pruning, the
ecessary controls of weeds (hopefully manual weedings), the nec-
ssary labors of harvest according to the ripening of coffee fruits,
nd maintaining the shade cover around 30% during the year. Such
anagement should also include resistant coffee varieties to pests

nd diseases (Avelino et al., 2015), avoid unnecessary excessive
uantities of inputs (McCook and Vandermeer, 2015) and use fam-

ly labor to reduce cash costs. In order to avoid or reduce disservices
ike poisoning of the family members, death of non-target organ-
sms, contamination of soil and emissions of greenhouse gases
Dale and Polasky, 2007; Zhang et al., 2007; Power, 2010), farm-
rs should try to use low toxic preventive fungicides and traps for
nsects instead of chemical insecticides. When possible, organic fer-
ilizers (composts, manures) should be applied with the aim to also
mprove soil physical characteristics.

Agricultural extension and training of farmers, as well as
dequate certifications, market based incentives and payment
f ecosystem services, can help promote the adoption of well-
esigned, sustainable coffee agroforestry systems that provide both
Please cite this article in press as: Cerda, R., et al., Effects of shade, alt
agroecosystems. Eur. J. Agron. (2016), http://dx.doi.org/10.1016/j.eja.2

conomic and ecological benefits. There is a lack of agroforestry
ducation and extension to farmers (Lasco et al., 2015), which can
e attended through trainings with participatory methodologies
Tscharntke et al., 2011). Certifications and market based incen-
ives to increase prices (Williams-Guillén and Otterstrom, 2014),
 PRESS
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the economic valuation of ecosystem services (Zhang et al., 2007;
Avelino et al., 2011), and payment of ecosystem services (Le Coq
et al., 2011) are needed to encourage better management of agro-
forestry systems in general.

5. Conclusions

The effectiveness of different types of shade to provide major
ecosystem services in coffee plantations depends both on the alti-
tude where the coffee is grown and how the system is managed.
In our study, no trade-offs were found between different ecosys-
tem services, and between ecosystem services and biodiversity.
This indicates that it is possible to increase the provision of ecosys-
tem services without decreasing the provision of other ecosystem
services (at least under the types of coffee shade, management
and altitudes studied here). More ecosystem services are provided
by coffee agroforestry systems than by coffee systems in full sun.
Coffee agroforestry systems should be designed with diversified,
productive shade canopies and managed with a medium intensity
of cropping practices, in order to ensure the continued provision of
multiple ecosystem services.
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