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ARTICLE INFO ABSTRACT

Keywords: Arabica coffee (Coffea arabica L.) grows naturally as an understory shrub in the moist evergreen montane forests
Afromontane forest of Southwest Ethiopia. In response to an increasing local human population pressure and a growing coffee
Agroforestry demand on the world market, coffee producing forests are increasingly managed to boost coffee yield. Here we

Coffea arabica
Crop wild relative
Cup quality

compared organoleptic coffee quality between natural coffee producing forests, large coffee agroforests, and
small coffee agroforests. Accounting for variability in Arabica coffee genotype and environment, we found that
blind consensus scores, given by a panel of certified Q-Grade cuppers, were negatively affected by increasing
forest management intensity. Importantly, only coffee from natural coffee producing forests qualified as speci-
alty coffee following the Specialty Coffee Association of America's standards. We suggest that the most important
drivers of deteriorating coffee quality include decreased shade levels and changing micro-climate and biotic
interactions. Due to the low yields of coffee in natural coffee producing forests and the lack of quality price
premiums, Ethiopian smallholder farmers are inclined to optimize for coffee quantity, rather than for quality,

causing a significant challenge for the conservation of Ethiopian natural coffee producing forests.

1. Introduction

Coffee is economically one of the most important agricultural
commodities worldwide, with an estimated 24 billion USD annual trade
value (FAO, 2015). Currently, Coffea arabica (Arabica coffee) dominates
the global coffee production with a share of 64.5% (ICO, 2017a) and it
is grown in more than 60 countries (ICO, 2017b). The remaining 35.5%
is provided by Coffea canephora (Robusta coffee) (ICO, 2017a), which
has a stronger bitterness and higher caffeine content compared to C.
arabica. The average global coffee consumption continues to grow on
average by 1.3% per year (ICO, 2016). Since the last two decades, a
rising global interest developed in specialty coffee, in particular high
quality Arabica coffee (Giovannucci et al., 2008). Specialty coffee offers
superior organoleptic qualities against a price premium. For example,
the percentage of adults in the USA drinking specialty coffee on daily
basis increased from 14% in 2001 to 41% in 2017 (SCAA, 2017a). In
2016 compared to 2015, the global production of Arabica coffee in-
creased by 14.7% while the production of Robusta coffee decreased by
12.2% (ICO, 2017a).

* Corresponding author.

Coffea arabica has its center of diversity in the moist evergreen
montane forests of Southwest Ethiopia (Anthony et al., 2002). It grows
naturally as an understory shrub, under a dense overstory canopy cover
in so called natural coffee producing forests, or natural coffee forests
(Schmitt et al., 2010). Due to the low light conditions, wild coffee
shrubs grow slowly, are thin and tall, and carry few fruits. In response
to the increasing global coffee demand, production is boosted through
management on two different levels, i.e. on forest level (coffee forest
management) and on shrub level (coffee shrub management).

In SW Ethiopia, coffee forest management includes the removal of a
significant proportion of the overstory canopy trees and the clearing of
all competing understory vegetation (Aerts et al., 2011; Schmitt et al.,
2010). A growing amount of Ethiopian natural forests that produce
coffee shrubs are being converted to coffee agroforestry systems, while
the management of already existing coffee agroforests is being in-
creasingly intensified (Hylander et al., 2013). The changes in forest
structure affect the local microclimate, moisture conditions and soil
characteristics (Rudel et al., 2005), and these factors are known to af-
fect the bean quality of Arabica coffee. Through the removal of canopy
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trees, the coffee shrubs are exposed to decreased shade levels. De-
creased shade levels have been found to deteriorate the coffee bean
quality through changes in the biochemical composition of the green
beans, caused by increased light conditions (Geromel et al., 2008), in-
creased mean air temperatures (Bertrand et al., 2012; Joét et al., 2010),
and an accelerated ripening process of the coffee berries (Geromel
et al., 2008; Vaast et al., 2006). Furthermore, a reduced canopy cover
and understory vegetation within coffee agroforests result in decreasing
accumulation of organic matter (Beer et al., 1998), decreasing relative
soil humidity (De Beenhouwer et al., 2015b), increasing soil tempera-
ture, and a higher degree of soil erosion and nutrient leaching (Babbar
and Zak, 1994). These changes affect soil mineralization processes and
soil nutrient availability (Babbar and Zak, 1994; Beer et al., 1998),
which are important factors controlling coffee bean biochemical com-
position and thus, ultimately, coffee beverage quality (Yadessa et al.,
2008).

Coffee shrub management in SW Ethiopia mainly includes in-
creasing the density of naturally occurring coffee shrubs and the in-
troduction of locally improved cultivars which are resistant to Coffee
Berry Disease (CBD), a fungal disease caused by Colletotrichum kahawae
J.M. Waller & Bridge (Aerts et al., 2013). The CBD-resistant cultivars
have been selected for improved disease resistance, while the organo-
leptic bean quality was not prioritized. Therefore, introduction of CBD
resistant varieties, and subsequent hybridization with wild coffee may
possibly affect coffee quality (Aerts et al., 2013). In addition, coffee
shrub pruning and fruit thinning may influence coffee bean quality
through altering the fruit load. Higher fruit loads were found to reduce
coffee bean quality due to resource competition among berries during
maturation (Bote and Jan 2017; Vaast et al., 2006).

Overall, coffee forest management dramatically boosts short-term
coffee yields, from a mere 15kgha ™! in natural coffee forests annually
(Schmitt et al., 2010) to 1.7-2.6 metric tonnes ha~! year_1 in the most
intensively managed agroforests (Aerts et al., 2011). However, prior-
itizing yield quantity may jeopardize yield quality. Yet, bean quality is
economically also very relevant as high quality beans could achieve
Specialty Coffee status, a label for superior coffee created by the Spe-
cialty Coffee Association of America (SCAA, 2017b). The Specialty
Coffee label is based on an evaluation of the organoleptic quality of
coffee. Production methods, environmental conditions of the produc-
tion areas, or trade properties are subjects of sustainable coffee certi-
fication schemes such as USDA Organic, Rainforest Alliance, Smithso-
nian Bird Friendly, Utz Certified or Fair Trade Certified (Mitiku et al.,
2018). To evaluate if coffee samples can achieve the Specialty Coffee
status, following attributes are evaluated: fragrance and aroma, flavor,
aftertaste, acidity, body, balance, sweetness, clean cup, uniformity,
overall appreciation, and defects (SCAA, 2015). Quality, not intensity,
of each individual attribute is evaluated during a cupping process.
Specialty coffees generally command higher prices on the international
market (Bacon, 2005), with potential for positive effects on the liveli-
hood of coffee smallholders (Mitiku et al., 2018). Hence, increasing
coffee quality may reduce the need for further yield intensification,
enabling the conservation of more extensively managed coffee agro-
forestry systems and natural coffee forests. A recent study showed,
however, that certifications and price premiums often support either
socio-economic or environmental aspects (Vanderhaegen et al., 2018).

In this study, our objective was to quantify the overall effect of
coffee forest management intensity on Arabica coffee bean organoleptic
quality. Especially in Ethiopia, where C. arabica has its center of di-
versity, quantitative information is needed to guide forest management
to obtain a balance between yield quality and quantity. To that end, we
sampled coffee berries from 20 sites of different forest management
intensity in the Jimma region in SW-Ethiopia. Controlling for elevation,
soil characteristics and coffee genetic variability, we specifically aimed
at identifying the potential to produce specialty coffee under different
coffee forest management regimes.
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2. Materials and methods
2.1. Study area

We conducted our research in the highlands of southwestern
Ethiopia, in Gera (7°47’40” N, 36°19’36” E) and Manna (7°43’56.9” N,
36°44’50.2” E), two districts within the Jimma zone (Oromia region).
This zone is one of the major Arabica coffee growing zones in Ethiopia,
and part of the Eastern Afromontane Biodiversity Hotspot (Mittermeier
et al.,, 2011). It is also the center of genetic diversity of C. arabica
(Anthony et al., 2002). The landscape is a mosaic of natural coffee
forests, coffee agroforests, cropland, grazing land, riverine wetland, and
human settlement. Natural coffee forests are converted to coffee agro-
forests through forest management measures that vary in intensity.
Average annual temperatures are 26 °C during daytime and 13°C at
night. Average annual rainfall is 2007.5 mm.

2.2. Study design

We used a stratified design, selecting three different coffee pro-
duction systems, each representing a different intensity of coffee forest
management: (i) natural coffee forest (NCF); (ii) large coffee agroforest
(LCA) of more than 200 ha; and (iii) small coffee agroforest (SCA) of
less than 26 ha. We randomly established a total of 20 study plots of
20 x 20m (Fig. 1, Table A.1). Seven plots were located in two NCF
systems (ca. 25000 ha and ca. 60 000 ha) in the Gera district. Six plots
were located in one LCA fragment (ca. 250 ha) in the Manna district,
east of the Gera district. In the Manna district, we located seven addi-
tional plots in six SCA fragments (areas: 1-26 ha).

The NCF system is unmanaged and produces wild Arabica coffee.
The canopy within the studied NCF plots consisted of a mixture of
broadleaved tree species that were 10-30 m tall, with emergent trees
that can reach a height of 30-40 m. Tree species diversity was high,
with an average of eleven different species per 400 m? (20 X 20 m
plots) (Hundera et al., 2013b). Dominant tree species included Syzygium
guineense, Prunus africana, Olea welwitschii, Schefflera abyssinica and Ilex
mitis (Berecha et al., 2014; Hundera et al., 2013b). The average crown
closure (as measured using a spherical densitometer) was 91% and the
crown cover (based on vertical crown projections) was 88% (Hundera
et al., 2013b).

The LCA and SCA systems have been intensively managed in terms
of forest management for several decennia. Hence, the difference be-
tween coffee agroforests and natural coffee forests is visually clear from
the overall forest structure (Fig. 1). All LCA and SCA plots showed clear
evidence of tree removal, coffee planting, management of the coffee
shrubs, and removal of competing understory vegetation. Herbicides,
pesticides, and chemical fertilizers were not used in the studied plots.
Forest management typically aims to reduce the natural crown closure
while maintaining high crown cover to provide shade and indirect light
to the cultivated Arabica coffee shrubs. In the LCA and SCA plots, all
emergent trees were removed and the lower canopy layer (10-20 m) is
strongly decreased in density and species richness. The average species
richness was four species per 400 m? (Hundera et al., 2013b). The
dominant tree species here included Albizia gummifera, Albizia schim-
periana, Croton macrostachyus and Millettia ferruginea (Berecha et al.,
2014; Hundera et al., 2013b). The understory shrub layer is usually
completely cleared. In both agroforestry systems, the dense coffee shrub
layer consists of wild coffee shrubs, transplanted wild coffee shrubs,
and planted CBD-resistant cultivars (Aerts et al., 2013). Maintenance of
the cultivated coffee shrubs includes pruning, stumping, and removal of
epiphytes that grow on the stem and branches. Forest management
intensity increased with decreasing size of the agroforestry fragment.
Smaller fragments (SCA) were more intensively managed than large
fragments (LCA). Crown closure was 73% in the LCA plots, and 60% in
the SCA plots (Hundera et al., 2013b), with very low variation within
each category. Average crown cover was 73% in the LCA plots and 61%
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ADDIS ABABA

Fig. 1. Map of Ethiopia, indicating location of the studied coffee production systems (/\: natural coffee forest (NCF), []: large coffee agroforest (LCA), <>: small
coffee agroforest (SCA). Pictures give an overview of the forest structure inside the NCF and SCA systems. Pictures taken by author. Left map: Stamen Terrain-USA/
OSM © OpenStreetMap contributors; right map: OpenAFRICA 2016 by Code for Africa.

in the SCA plots (Hundera et al., 2013b). Coffee cultivation in SW-
Ethiopia is rainfed, no irrigation is applied. The regional differences in
amount of rainfall within our study area are negligible.

2.3. Coffee quality

Within each plot, 6 kg of fresh red ripe coffee berries were collected
from 25 randomly selected C. arabica shrubs. All berries were harvested
during the peak harvest period of September-October 2012. To main-
tain uniformity, all harvested coffee berries were subjected to sorting by
size and quality by the same person; under and over ripe berries, and
berries that were abnormally small or large were discarded (3-5% loss
per sample). The wet method of coffee processing was employed
(Clarke, 1985). The berries were manually pulped using a small scale
drum pulper with a capacity of 45-50 kg berries per hour. The pulped
samples were allowed to ferment in separate 151 buckets for 24 h be-
fore they were washed manually. After washing thoroughly, the beans
were soaked for six hours in clean water. The samples were then sun-
dried separately on a raised mesh wire. During midday, night time and
early in the morning, the samples were covered with plastic sheets to
avoid parchment cracking and moisture regain, respectively. After this
process, we obtained approximately 1 kg dry, clean, green coffee beans
per sampling plot.

The coffee beans were then used for evaluation of organoleptic at-
tributes following the procedures of the Specialty Coffee Association of
America (SCAA) by a panel of Q-grade SCAA-certified professionals of
Efico, a coffee trading company in Belgium (SCAA, 2015). Each coffee
sample was evaluated by three certified cuppers. To avoid bias, samples
were presented randomly and identities of the samples were not known
to the panel of cuppers.

After roasting and grounding, fragrance of the dry coffee ground
and aroma of the wet coffee ground (after infusion with water) were
evaluated. As an evaluation of the beverage itself, the quality of fol-
lowing taste attributes was scored: flavor, aftertaste, acidity, body,
balance, sweetness, clean cup and uniformity. Furthermore, a score was
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given for the overall taste experience (‘overall appreciation') of the
sample as perceived by each individual cupper, and specific negative
aspects in taste or aroma were identified and scored as defects. Cup
quality tests were performed on an infusion prepared with 12 g roasted
and ground coffee in 250 ml water. Each cupper evaluated five cups of
coffee infusion for each sample. Rates were given from 0 (very poor) to
10 (outstanding) (Table A.2). Finally, a consensus score for the orga-
noleptic quality was calculated for each sample by summing up all
abovementioned quality attributes and subtracting the defect score. The
consensus score is rated from 0 to 100 and samples with a consensus
score of 80 and above are considered specialty coffee by the SCAA
(SCAA, 2015).

2.4. C. arabica genotypes and environment

Potential confounding effects of genetic variation of the coffee
shrubs on coffee taste were controlled for by determining the genotype
of each sampled shrub. We used the procedures outlined in Aerts et al.
(2013) and Berecha et al. (2014) and genotyped green leaves from all
shrubs from which berries were obtained, on 24 SSR loci (Table A.3).
We then performed a hierarchical analysis of molecular variance
(AMOVA), in order to obtain the molecular variance (MV) and an
among-population genetic differentiation (®pr) matrix. Based on the
®pr matrix, we performed a principal coordinates analysis (PCoA) with
varimax rotation in order to reduce the dataset's multidimensionality.
Both the AMOVA and PCoA were performed in GeNaLEx 6.503.

Elevation of each study plot was measured using a GPS (Garmin
Oregon® 450t) (Table A.1). In each plot, seven soil samples were ran-
domly collected to quantify chemical characteristics for composite
topsoil samples (Table A.4). The samples were taken at 0-30 cm depth
using an auger, and were pooled and thoroughly mixed to yield one
composite soil sample per plot. Following soil characteristics were
analyzed: soil acidity, electrical conductivity, available boron, available
phosphorous, available potassium, cation exchange capacity, ex-
changeable calcium, exchangeable magnesium, exchangeable sodium,



L. Geeraert et al.

Journal of Environmental Management 231 (2019) 282-288

8 a) B NCF 85r b) B NCF
84 L I LCA I LCA
8 [ SCA [ SCA
83 - 8.0 -
82
<581 - §7.5 -
s:1-;80 2
s M, b )
O Q
D79+ B 70+
78 "
77 - 6.5
76 -
75 6.0
Consensus Frag & Arom  Flavor Aftertaste Acidity

Organoleptic quality attributes

Fig. 2. Influence of forest management intensity (NCF: natural coffee forest, LCA: large coffee agroforest, SCA: small coffee agroforest) on Arabica coffee organoleptic
quality in SW Ethiopia. (a) Estimated marginal mean = SE of the quality consensus score, valued on a 100-point scale. Only coffee with a consensus score of 80
points (indicated by a dashed line) or above can be considered Specialty Coffee. (b) Estimated marginal means + SE for the individual quality attributes, valued on a
10-point scale. For each organoleptic quality attribute, different letters indicate significant differences between the three forest management intensities. All pairwise
P-values < 0.001, except bc for Consensus (P = 0.003), and ab for Frag & Arom (P (NCF — LCA) = 0.015). Identical letters per quality attribute indicate non-
significant differences: aa for Frag & Arom (P = 0.171), bb for Flavor (P = 0.805), bb for Aftertaste (P = 0.119), bb for Acidity (P = 0.106), and bb for Body
(P = 0.154). Estimated marginal means and P-values can be found in Table A.9.

exchangeable potassium, organic carbon percentage, total nitrogen
percentage, and following micro nutrients: manganese, iron, copper,
and zinc. Soil chemical analysis was performed at the National Soil
Analysis Laboratory in Addis Ababa, Ethiopia. Principal components
were extracted from the determined soil chemical characteristics by use
of the ‘rda’ function of the ‘vegan’ package (Oksanen et al., 2016; R
Core Team, 2016). Prior to principal component analysis (PCA), all soil
variables were standardized using the generic ‘scale’ function in R (R
Core Team, 2016).

2.5. Data analysis

To assess the effect of forest management intensity (factor) on the
organoleptic coffee quality attributes (response variables), we used
generalized linear mixed models (GLMM). We used the beta probability
distribution and a logit link function to model the non-normal, con-
tinuous, non-negative, right-skewed coffee quality attributes. As plots
were clustered in nine forest fragments, fragment identity was included
as a random factor in these models. We controlled for potential con-
founding effects of genetic variation of the coffee shrubs and for po-
tential confounding effects of variation in elevation and soil chemical
characteristics by including the corresponding variables as factors in
the full models. Full models for each quality component included fol-
lowing factors: forest management intensity, elevation, the first three
PCo axes (genetic data; Table A.5), and the first three PC axes (soil data;
Table A.6). Because of the extremely high degree of association be-
tween canopy crown cover and closure on the one side, and manage-
ment intensity on the other, both crown variables where not included in
the models, but rather seen as implicit variables characterizing one of
the three management categories. We reduced the full models based on
backward model selection until only statistically significant factors re-
mained, given that the AIC value of the reduced model did not increase
by more than one compared to the AIC value of the corresponding full
model (Table A.7). Differences in coffee quality scores between the
three forest management intensities were evaluated by calculating the
estimated marginal means (EMM) that adjust the factor level means for
observed variation in the continuous covariates. Pairwise comparisons

of the EMM values between the three coffee production systems (NCF,
LCA, SCA) were corrected for increased type-I error by applying the
Tukey method for comparing a family of three estimates.

Potential differences in mean genetic diversities, elevation, and soil
chemical characteristics between the three coffee production systems
were analyzed by use of one-way Analysis of Variance (ANOVA) tests
(parametric variables) and Kruskal-Wallis tests (non-parametric vari-
ables). We used the Tukey's Honestly Significant Difference (HSD) Test
and Dunn's Multiple Comparison Test to further investigate significant
outcomes of the ANOVA and Kruskal-Wallis tests respectively. Pairwise
comparisons were corrected for increased type-I error by applying the
Tukey method (Tukey's HSD test) or the Benjamini-Hochberg method
(Dunn's test).

We performed all analyses in R version 3.2.5 (R Core Team, 2016).
Model assumptions were validated and all models were performed with
the ‘glmmTMB’ package (Magnusson et al., 2017). Prior to GLMM
analysis, we standardized all continuous factors using ‘scale’, a generic
function in R. At first, only main effects and an intercept were entered
in the models. For the consensus score, we also entered an interaction
effect between forest and other factors in case other factors would have
a significant main effect on the consensus score. Pairwise comparisons
and EMM values were calculated via the ‘Ismeans’ package (Lenth,
2016).

3. Results

The coffee quality consensus score was significantly affected by
forest management intensity and genetic variation of the coffee shrubs
(Table A.8). No significant interaction effect was found between forest
management intensity and genotype. The EMM consensus score for NCF
coffee samples (82.8 + 0.5) was significantly higher than the EMM
consensus score for LCA samples (78.8 + 0.5; P < 0.001). The EMM
consensus score for SCA samples (76.8 * 0.5) was significantly lower
than the NCF (P < 0.001) and LCA (P = 0.003) coffee samples (Fig. 2a;
Table A.9). Importantly, unlike the wild coffee, sampled in NCF plots,
EMM consensus scores of cultivated coffee, sampled in LCA and SCA
plots, did not reach the 80-points benchmark to achieve the SCAA
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Specialty Coffee status.

The quality attributes 'balance', 'sweetness', 'clean cup' and 'uni-
formity' did not show variance among the studied plots, and no defects
were found (Table A.2). 'Overall appreciation' was not analyzed in-
dividually due to the strong correlation with 'Consensus score'. All re-
maining quality attributes (fragrance and aroma, flavor, aftertaste,
acidity, body) were significantly affected by forest management in-
tensity (Table A.8). In addition, variation in Arabica coffee genotype
had a significant effect on 'fragrance and aroma/, 'flavor', 'aftertaste', and
'acidity'. A significant effect of elevation was found on 'fragrance and
aroma'. Variation in soil characteristics had a significant effect on
'flavor' and 'acidity'. 'Body' was only influenced by forest management
intensity (Table A.8). The EMM scores for all organoleptic attributes,
except 'fragrance and aroma', were significantly higher for the NCF
samples as compared to the LCA and SCA samples (Fig. 2b; Table A.9).
These EMM scores were also all lower, however not significantly dif-
ferent, for SCA samples compared to LCA samples. The EMM score for
quality attribute 'fragrance and aroma' was significantly higher for LCA
samples compared to NCF and SCA samples (Fig. 2b; Table A.9).

The molecular variance (MV) differed significantly between the
production systems (y? = 6.50, df = 2, P = 0.039), with a significantly
lower mean MV in NCF (12.55 *+ 2.95) compared to SCA
(17.66 =+ 3.81) populations (P = 0.044). No significant difference in
MV was found between NCF and LCA (14.41 = 2.27) populations or
between SCA and LCA populations (Table A.10). The elevation differed
marginally significantly between the production systems (F5 17 = 3.42,
P =0.057), with a significantly lower mean elevation in NCF
(1949.43 = 92.76) compared to SCA (2038.71 = 14.96) plots
(P = 0.046). No significant difference in elevation was found between
NCF and LCA (1998.50 = 57.72) plots or between SCA and LCA plots
(Table A.10). Following soil characteristics differed significantly be-
tween the production systems: pH (}Z = 6.09, df = 2, P = 0.048),
available potassium (Fy 317 = 4.92, P = 0.021), cation exchange capa-
city (3% = 7.21, df = 2, P = 0.027), exchangeable sodium (x* = 6.12,
df = 2, P = 0.047), exchangeable potassium (Fo 7 = 4.18, P = 0.033),
and copper (Fy17 = 5.19, P = 0.017) (Table A.10).

4. Discussion

This study is the first to assess the effects of general forest man-
agement intensity on C. arabica organoleptic quality in SW Ethiopia, the
only place where C. arabica grows naturally. Controlling for coffee
genetic variation, and variation in elevation and soil chemical char-
acteristics, we showed that boosting Arabica coffee yield through forest
management intensification negatively affects the organoleptic quality
of the coffee produced. This indicates a trade-off between quality and
quantity of Coffea arabica yield in the studied coffee production systems
in SW Ethiopia. Importantly, only the coffee samples from the NCF
systems attained the SCAA Specialty Coffee label. Through the removal
of canopy trees and understory vegetation, forest management for
coffee production induces a spectrum of interacting changes to the local
habitat and the cultivated coffee shrubs. Whereas our data do not allow
to pinpoint the exact mechanisms that mediate decreasing coffee cup
quality through management intensification, in what follows, we dis-
cuss possible explanatory factors that would require a further in-depth
investigation.

Forest management intensity for coffee production, with reduced
shade level as the most prominent consequence, resulted in a significant
negative effect on the coffee quality consensus score. In addition to
reduced shade levels, the negative effects of increasing forest manage-
ment intensity on organoleptic quality can be amplified through a de-
creased fragment area and increased perimeter-area ratio, causing
further increase in light intensity and air temperature and decrease of
relative air humidity (Didham and Lawton, 1999). This confirms our
expectations, as increased light and temperature conditions are known
to affect the synthesis of various organoleptic quality precursors in
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coffee berries during maturation (e.g., sucrose, trigonelline, chlorogenic
acids, caffeine), and to cause a decreased organoleptic quality (Geromel
et al., 2008; Ky et al., 2001; Vaast et al., 2006). In a study in managed
coffee farms in SW Ethiopia, coffee shrubs grown in full sun conditions
produced beans of lower organoleptic quality (in terms of acidity, body
and flavor) compared to coffee shrubs grown in shaded conditions (Bote
and Struik, 2011). The light/shade conditions were experimentally
created with a significant increase in light intensity and soil tempera-
ture and a significant decrease in relative air humidity when comparing
the full sun conditions to the shaded conditions (Bote and Struik, 2011).
Also previous studies in introduced ranges of C. arabica in Africa and
South and Central America found a negative effect of reduced shade
levels on organoleptic quality of Arabica coffee (Bertrand et al., 2012;
Geromel et al., 2008; Joét et al., 2010; Vaast et al., 2006).

Similar to reduced shade levels, a lower growing altitude has been
found to have negative effects on coffee quality because increased mean
air temperatures accelerate the berry ripening process and hence,
change the biochemical bean composition (Geromel et al., 2008; Vaast
et al., 2006). Guyot et al. (1996) and Avelino et al. (2005) found a
positive relation between increasing altitude and organoleptic quality
for Arabica coffee cultivated in Central America. A recent study, con-
ducted in managed coffee farms SW Ethiopia, also found an improved
Arabica coffee organoleptic quality with increasing altitude (Tolessa
et al., 2017). In our study, we found a significant effect of elevation on
'fragrance and aroma', but not on the consensus score.

Reduced canopy cover and understory vegetation density will also
indirectly affect the coffee shrubs through changed soil mineralization
processes and soil nutrient availability (Babbar and Zak, 1994; Beer
et al., 1998). Variability in soil characteristics that were measured in
this study had a significant effect on 'flavor' and 'acidity’', but not on the
consensus score. We only included PCA scores in the statistical models
and did not analyze the effects of individual soil chemical character-
istics. Yadessa et al. (2008) studied the influence of soil properties on
cup quality of wild Arabica coffee beans grown in SW Ethiopian forests,
and found a better cup quality with increased level of available phos-
phorus and potassium. In addition to the concentration of available
nutrients in the soil, the mineral nutrient uptake capacity of the coffee
shrubs is also known to be affected by the diversity and abundance of
arbuscular mycorrhizal fungi (AMF) colonizing the coffee roots
(Andrade et al., 2009; Smith and Read, 2008). A recent study conducted
in the Jimma zone, SW Ethiopia, found that the AMF communities on
coffee roots are negatively affected by increasing coffee forest man-
agement (De Beenhouwer et al., 2015b). This, and other biotic inter-
actions that are altered as a consequence of increasing coffee forest
management, could possibly affect the coffee organoleptic quality in a
negative way. Recent studies conducted in SW Ethiopia already de-
monstrated the negative impact of coffee forest management on tree
species diversity and overall forest structure (Aerts et al., 2011;
Hundera et al.,, 2013b), epiphytic orchid species diversity (De
Beenhouwer et al., 2015a; Hundera et al., 2013a), and insect pollinator
communities (Berecha et al., 2015; Samnegard et al., 2014). Even
though C. arabica is self-compatible, fruit set and fruit weight have been
observed to increase with increasing abundance and species richness of
insect pollinators (Hipdlito et al., 2016, 2018; Klein et al., 2003;
Roubik, 2002; Vergara and Badano, 2009). Also a reduced gene flow
was found in Arabica coffee cultivated in agroforests as compared to
natural coffee producing forests, indicating a reduced long-distance
pollen dispersal and increased proportion of self pollination (Berecha
et al., 2014). However, no studies so far have tested direct effects of
pollination services on organoleptic coffee quality.

In terms of shrub management, our results showed that the con-
sensus quality score was significantly affected by the genetic variation
of the coffee shrubs. Other studies have shown that organoleptic quality
may indeed differ depending on Arabica coffee genotype due to, for
example, differences in caffeine content (Dessalegn et al., 2008) or due
to different responses to environmental factors such as the growing
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altitude (Bertrand et al., 2006). However, it is not a given fact that
genetic variation in C. arabica genotype will affect the organoleptic
coffee quality (see Van der Vossen, 2009). In our study, we only in-
cluded PC scores in the statistical models and did not analyze the in-
dividual effects of different Arabica coffee genotypes. For further dis-
cussion on differences in genetic variation of the coffee shrubs between
different coffee production systems in SW Ethiopia, we refer to Aerts
et al. (2013).

In other studies, also a higher fruit load has been found to decrease
organoleptic quality of Arabica coffee in Ethiopia (Bote and Jan 2017)
and Costa Rica (Vaast et al., 2006), due to competition among fruits for
available carbohydrates (Cannell, 1985). Even though we did not
quantify the fruit load in this current study, it is generally known that
wild coffee shrubs in SW Ethiopian natural coffee forests have a lower
fruit load compared to managed coffee shrubs (i.e., different genotype
and pruned) in coffee agroforestry systems in the same area (Aerts
et al., 2011; Schmitt et al., 2010). The increased fruit load of coffee
shrubs cultivated in more intensified agroforests as compared to NCF
systems, could therefore also contribute to the observed decrease in
consensus score in this study.

5. Implications and concluding remarks

Unlike the wild coffee which was sampled in NCF plots, the culti-
vated coffee sampled in LCA or SCA plots did not reach the 80-points
benchmark to achieve the SCAA Specialty Coffee status. This indicates a
trade-off between quality and quantity of C. arabica yield in the studied
coffee production systems in SW Ethiopia. Coffee that is graded
Specialty Coffee is a high quality food product of important economic
value on the international market (Bacon, 2005). Currently, however,
price premiums are mostly generated downstream the coffee value
chain, following cupping and grading by the Ethiopia Commodity Ex-
change. Even if in the future farmers would receive price differentia-
tions based on quality, the very low yields of wild coffee compared to
coffee agroforestry systems gives smallholder coffee farmers no option
but to optimize quantity, not quality. Higher market prices for selling
higher quality wild coffee cannot compete with the income smallholder
farmers generate from higher yields in managed forests (Mitiku et al.,
2017, 2018). Such management intensification, however, may further
jeopardize the conservation of the last remaining Ethiopian wild forests
(Aerts et al., 2017) and their coffee genetic resources (Aerts et al.,
2013). Several projects in tropical countries have successfully improved
productivity on farms while improving ecosystem functioning and de-
livered services such as carbon sequestration (Ponisio et al., 2015;
Pretty, 2008; Pretty et al., 2006). In the case of coffee, potential tech-
niques to increase yield quantity while reducing the intensity of forest
management, hence also potentially increasing yield quality, include (i)
improving the coffee shrub management (i.e., pruning techniques and
cultivar selection) and (ii) increasing the diversity of coffee pollinators
by increasing the density of natural nest and food resources (e.g.,
flowering plants in understory and canopy, including epiphytes; natural
forest in near proximity of the agroforestry area). Nevertheless, there
will still be a need to protect the remaining natural forests as this is the
solely resource for natural coffee genetic diversity and native pollinator
species.
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