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Influence of growing altitude, shade and
harvest period on quality and biochemical
composition of Ethiopian specialty coffee
Kassaye Tolessa,a,c* Jolien D’heer,c Luc Duchateaub and Pascal Boeckxc

Abstract

BACKGROUND: Coffee quality is a key characteristic for the international market, comprising cup quality and chemical bean
constituents. In Ethiopia, using total specialty cup scores, coffees are grouped into Q1 (specialty 1)≥85 and Q2 (80–84.75). This
classification results in market segmentation and higher prices. Although different studies have evaluated the effects of altitude
and shade on bean quality, optimum shade levels along different altitudinal ranges are not clearly indicated. Information on
effects of harvest periods on coffee quality is also scanty. The present study examined the influences of these factors and their
interactions on Ethiopian coffee quality

RESULTS: Coffee from high altitude with open or medium shade and early to middle harvest periods had a superior bean quality.
These growing conditions also favoured the production of beans with lower caffeine. An increasing altitude, from mid to high, at
approximately 400 m, decreased caffeine content by 10%. At high altitude, dense shade decreased Q1 coffee by 50%. Compared
to late harvesting, early harvesting increased the percentage from 27% to 73%. At mid altitude, >80% is Q2 coffee.

CONCLUSIONS: Changes of quality scores driven by altitude, shade and harvest period are small, although they may induce dra-
matic switches in the fraction Q1 versus Q2 coffee. The latter affects both farmers’ profits and competitiveness in international
markets.
© 2016 Society of Chemical Industry
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INTRODUCTION
Coffee is the world’s most traded commodity after oil1 and
its quality is a key characteristic for the international coffee
market.2,3 Coffee quality is determined by organoleptic char-
acteristics (cup quality), physical appearance and chemical
constituents.4,5 The increase in demand and consumption of
high-quality, single-origin, specialty coffee with specific charac-
teristics results in market segmentation (e.g. a specialty coffee
market) and creates a strong potential and new opportunities for
coffee-producing countries.6 – 8 Market segmentation for specialty
coffee attracts new customers and results in higher coffee prices.9

For example, specialty coffee beans receive a premium price that
is approximately 20–50% higher compared to regular coffee
beans.10

Ethiopia is one of the top ten coffee-producing countries in the
world and the largest exporter in Africa.10 The country is naturally
gifted with a suitable climate and has the potential to produce
single origin specialty Arabica coffee beans with a wide range of
flavors.11,12 Recently, nine single origin specialty coffees (Jimma,
Nekemte, Illubabor, Limu, Tepi, Bebeka, Yirga Chefe, Sidamo and
Harar) were identified and entered into trade circuits of the world
coffee market. Among them, the sundried coffee beans from
‘Harar’, the so-called ‘Mocca’ and the washed beans from ‘Yirga
Chefe’ are considered to be the finest and best quality coffee.13

Currently, specialty coffee accounts for approximately 20% of
Ethiopia’s coffee export and there is also a very high potential to

boost its share in the world market.14 Thus, an improved specialty
coffee market is considered to be beneficial for Ethiopia to remain
competitive in the international market. Ethiopian producers will
benefit from high-quality coffee if its supply remains stable 6 and, if
the global coffee chain is not changing as a result of deregulation,
new consumption patterns and/or evolving corporate strategies
(e.g. branding).15 Producers, on the other hand, should implement
improved, sustainable agronomic practices (e.g. shade-grown cof-
fee) to produce beans desired by consumers.

Along the coffee supply chain, however, numerous factors affect-
ing coffee quality have been identified. Genetic traits,16 grow-
ing environment17 – 20 and postharvest processing methods5,21 are
known to predominantly affect coffee quality. The most important
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environmental factor, most commonly linked to influence coffee
quality, is the altitude where coffee is grown.17,19 Some studies
have reported that the best quality of Arabica coffee comes from
a higher altitude as a result of lower daily temperatures, which
results in a slower ripening of the beans and allows more time for
bean filling.

Shade is also found to favour a sustainable production of
high coffee quality, especially under suboptimal conditions where
temperatures are higher than optimal.19,20 Some studies have
indicated that shade reduces temperature stress in the canopy
and lengthens the maturation period of coffee berries. It also
reduces periodic over-bearing and a subsequent die back of coffee
plants.22 In line with this, Läderach et al.7 reported that coffee qual-
ity scores increase with the level of shading. Bosselmann et al.,23

on the other hand, reported that, at high altitude, shade had no
significant effect on cup quality attributes. At lower altitude, how-
ever, shade reduced the number of small beans with no significant
effect on coffee sensorial attributes. In a study by Lara-Estrada and
Vaast,2 shade was reported not to have any significant influence on
coffee organoleptic properties under any of the conditions of alti-
tude and fertilization. These contradicting reports show that opti-
mum shade management practices are highly site specific and also
that further studies are required to clearly indicate its influence on
coffee quality attributes across different altitudinal gradients.

In Ethiopia, coffee trees are grown under shade of different lev-
els and shade management is among the dominant agronomic
practices in traditional organic coffee growing systems.22,24 Recent
studies show that shade significantly affects yield25 and cup qual-
ity attributes of Ethiopian coffee.24,26 Although different studies
have been carried out to evaluate the effect of shade on coffee
yield and quality, optimum shade levels along different environ-
mental gradients have not yet been investigated in the country.
In addition, no study has been carried out aiming to investigate
how altitude and shade interactively affect cup quality and the bio-
chemical composition of Ethiopian coffee beans.

In addition to shade and growing altitude, coffee harvesting peri-
ods were also reported to affect coffee quality. Guyot et al.27 indi-
cated that late harvested coffee beans had better beverage quality
and larger bean size than early harvested beans. Bertrand et al.,28

on the other hand, reported that early harvested coffee beans were
better with respect to beverage quality than late harvested beans.
In another study, early harvesting was found to improve coffee
quality compared to late harvesting.7 This also highlights the need
for further research aiming to clearly determine the effects of har-
vest periods on coffee bean quality.

To the best of our knowledge, no studies exist that analyse the
interactive effects of growing altitude, shade levels and harvest
periods on Ethiopian coffee bean quality. Hence, the main objec-
tive of the present study was to examine their interactive effects
on physical characteristics, cup quality attributes and selected bio-
chemical compounds.

MATERIALS AND METHODS
Study site
The study was carried out from October 2013 to February 2014
in the Mana district, Jimma zone, Oromia regional state, south
western Ethiopia. Mana is known as one of the predominant Coffea
arabica L. growing areas. It is located at altitudinal ranges between
1470 and 2610 m a.s.l., at 8∘67’N and 37∘07’E. The district has a
total area of 47 898 ha of which 23% is at low (<1550 m a.s.l.), 65%
is at mid (1550–1750 m a.s.l.) and the remaining 12% is at high

altitude (>1750 m a.s.l.).29 Annual average temperature and rainfall
are 20.5 ∘C and 1523 mm, respectively. The soil type in the study
area is uniform and described as Nitosol, with a pH ranging from
4.5 to 5.5.30

Treatments and experimental design
Two altitudinal ranges were selected: high (1950–2100 m a.s.l.)
and mid altitude (1600–1680 m a.s.l.) with an average tempera-
ture over 30 years of 19.3± 1.9 ∘C and 22.5± 2.6 ∘C, respectively.
Different shade levels of ten coffee farms (five from each altitudi-
nal range) with comparable coffee ages (7–10 years) were selected
taking care that agronomic management practices did not differ
substantially among the farms. Shade levels above canopies of
the coffee trees in each farm were quantified using the Sunscan
canopy analysis system (Type SS1, BF5-RPDA1; Delta-T Devices,
Cambridge, UK) and grouped into three levels: open (no shade),
medium (40–55%) and dense shade (65–85%). During measure-
ments, the reference sensor was placed in open sun (no shade) and
the shade percentage was determined in relation to this reference
point. In the harvest season, from October 2013 to February 2014,
red ripe cherries from each altitude and shade level were harvested
at three different periods (early, middle and late). Early and middle
harvesting at mid altitude of open and medium shades were car-
ried out from the first to the third week of October 2013, whereas
late harvested beans were collected from the first to the third week
of November 2013. Coffee samples at high altitude with open to
medium shade levels were harvested early (first week of Decem-
ber 2013), middle (end of December 2013) and late (third week of
January 2014). Under dense shade, on the other hand, early har-
vest was carried out in the fourth week of December 2013, middle
harvest in the third week of January 2014 and late harvest in the
first week of February 2014).

The experiment was arranged in a split–split plot design with
two levels of altitude (mid and high) as a main plot, three levels
of shade (open, medium and dense) as a subplot and three levels
of harvest periods (early, middle and late) as sub-subplot with five
replications (farms) at each attitude.

Coffee quality analysis
Coffee cherries were sundried immediately after harvest on raised
beds in accordance with standard agronomic practices until a
moisture content of approximately 11.5%. The dried coffee cher-
ries were then dehusked using a coffee hulling machine (Coffee
Huller; McKinnon, Aberdeen, UK) at Jimma University College of
Agriculture and Veterinary Medicine and stored at room tempera-
ture packed in hermetic plastic bags. The 100-bean weight (g) of
the dried beans was determined in three replicates using a digi-
tal sensitive balance (CTG-6H+; Citizen, Piscataway, NJ USA) and
the bean diameter (mm) was measured on 45 randomly selected
beans per treatment, using a digital calliper (IP 67, CD-20-PPX;
Mitutoyo Technology, Kawasaki, Japan).

For quality analysis, 350 g of each coffee sample was sent to
the Ethiopia Commodity Exchange (ECX), Jimma Branch, for phys-
ical and cup quality analysis, out of which 100 g was roasted
at 160–200 ∘C for 8–12 min using a roasting machine (4 Bar-
rel Roaster; Probat, Emmerich am Rhein, Germany) adjusted to
medium roasting.31 The roasted beans were tipped out into a cool-
ing tray and rapidly cooled by blowing cold air through the beans
for 4 min and then ground with a coffee grinding machine (K32SB2;
Mahlkonig, Hamburg, Germany). Next, 13.75 g of ground coffee
was diluted in 250 mL of hot water (93

∘
C) to prepare an infusion.
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Five cups of brewed coffee of each coffee sample were prepared
for analysis and a team of three professional cuppers, who operate
in ECX, tasted and gave a score for each of the five cups.

The preliminary total quality score comprises physical (40/100)
and preliminary cup quality (60/100) scores. The criteria commonly
used to evaluate the physical quality of coffee beans include the
presence of defects: primary (e.g. full black and sour beans) and
secondary (e.g. partial black, insect damaged and broken beans)
defects and odour.32 Cup quality was evaluated based on acidity,
body, flavour and cup cleanness scores. The sum of these four
cup quality attributes gives preliminary cup quality with a score
between 0 and 60. Hence, the sum of both physical and preliminary
cup quality ranges between 0 and 100 and is used to classify the
samples into different grades (grade 1= 91–100; grade 2= 81–90;
grade 3= 71–80; and grade 4= 63–70). If the scores of all samples
were higher than 70, cup quality for specialty coffees (coffees
with grades ranging from 1 to 3) was further assessed based on
overall cup preference, acidity, body, aroma, flavour, aftertaste,
uniformity, cup cleanness, sweetness and balance, each on a scale
ranging from 0 to 10. Based on the total specialty scores, coffee
samples were further grouped into specialty 1 (Q1)≥ 85, specialty
2 (Q2) (80–84.75) and a regular commercial coffee (<80).31 The
grading was carried out in accordance with an old ECX guideline.
However, recently, ECX established a new grading system that
reduced the old ten preliminary total quality levels to five levels:
grade 1≥ 85; grade 2= 75–84; grade 3= 63–74; grade 4= 47–62;
and grade 5= 31–46.33 Coffee samples that fall in grade 1 and 2
qualify for specialty coffee and are further grouped into specialty
1 (Q1)≥ 85 and specialty 2 (Q2) (80–84.75). The preliminary total
quality assessment scores for grade 2 should be higher than 80 to
be qualified as specialty 1 (Q1).

Caffeine and chlorogenic acid extraction
Green coffee beans were ground (<0.5 mm) prior to extraction
using a grinder (M20; IKA, Staufen, Germany). The extraction
was performed using 100 mg of ground coffee beans with 10 mL
of methanol:water:acetic acid (30:67.5:2.5; v/v/v) containing
2 mg mL−1 ascorbic acid, as described by Alonso-Salces et al.34 The
extract was placed in an ultrasonic bath for 15 min and filtered
over a 0.45-μm polytetrafluoroethylene filter prior to injection into
a liquid chromatography system.

Liquid chromatography analysis
Using an established liquid chromatography-time of flight-mass
spectrometry method,35 four subclasses of chlorogenic acids were
identify in the green coffee samples: caffeoylquinic acid, feru-
loylquinic acid, dicaffeoylquinic acid and feruloyl-caffeoylquinic
acid. Quantification was performed using liquid chromatog-
raphy equipped with a photodiode array detector (Surveyor;
Thermo Finnigan, San Jose, CA, USA) at 280 nm for caffeine
and 320 nm for chlorogenic acids. The chromatographic sepa-
ration was performed using a prevail C18 (250× 4.6 mm, 5 μm;
Alltech, Klerken-Houthulst, Belgium) column, maintained at
25

∘
C. The chromatographic method was based on Alonso-Salces

et al.34 using a combination of 0.2% acetic acid in water (v/v)
and high-performance liquid chromatography grade methanol.
The injection volume was 50𝜇L at a flow rate of 1 mL min−1.
Calibration was achieved by injecting a concentration series of
caffeine and chlorogenic acid every 30 samples, using an adapted
response factor for the other chlorogenic acid types. The total
chlorogenic acid concentration is reported as the sum of all above

individual chlorogenic acids. Data acquisition and processing
were performed using ChromQuest, version 4.1 SP2 (Thermo
Fisher Scientific, Waltham, MA, USA).

Moisture content determination
To express the data on a dry weight basis instead of on a wet matter
basis, the moisture content of the coffee samples was determined
in accordance with AOAC procedures.36

Statistical analysis
Data were analysed with SAS, version 9.2 (SAS Institute Inc., Cary,
NC USA) using the mixed model procedure for a split–split plot
design with altitude as the main plot, shade as subplot and harvest
period as sub-subplot. Significant differences between treatment
means were separated using Tukey’s honestly significant differ-
ence (HSD) test.

RESULTS
Coffee quality
Significant interactions between altitude and shade were
observed for total specialty coffee cup quality and its specific
specialty cup quality attributes (overall cup preference, acidity,
body, flavour and aftertaste) (P < 0.01) (Table 1). Quality scores
for total specialty cup quality (86.5), overall cup preference (8.2),
acidity (8.3), body (8.2), flavour (8.0) and aftertaste (8.0) were
higher for coffee beans grown at high altitude combined with
open or medium shade level. The interaction between altitude
and harvest period significantly influenced physical quality, over-
all cup preferences and acidity of coffee beans (Table 2). Coffee
beans grown at mid altitude and collected during late harvest
period had the lowest physical quality score (34.0), whereas scores
for overall cup preferences and acidity were higher for coffee
beans grown at high altitude and harvested in early or middle
harvest periods (Table 2). Harvest period by shade interactions
were not significant for any of the above variables. There were also
no three-way interactions between altitude, shade and harvest
period on any of the coffee bean quality attributes.

Altitude as a main effect (Table 3) indicated that preliminary cup
quality, preliminary total quality, total specialty cup quality and
aroma were lower at mid altitude. The scores for each of these
quality attributes increased with increasing altitude (Table 3). Cof-
fee beans grown in dense shade had a higher physical quality
score (36.7). Coffee grown at open or medium shade gave a higher
total specialty cup score (84.5) and overall cup preference (7.9).
Beans harvested at early and middle harvest period were generally
higher in preliminary cup quality, preliminary total quality, total
specialty cup quality, overall cup preference and body scores com-
pared to late harvested beans (Table 3).

100-bean weight, caffeine and total chlorogenic acid content
Three-way interactions between altitude, shade and harvest peri-
ods were significant for caffeine content (Table 4). Highest caf-
feine content (17.9 g kg−1) was obtained from mid altitude with
dense shade and early harvested beans, whereas the lowest con-
tent (14.5 g kg−1) was from high altitude with medium shade and
middle harvested beans (Table 4). No three-way interactions were
found either for 100-bean weight or for total chlorogenic acids
contents of coffee beans.
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Table 1. Interactive effect of altitude (A): high (1950–2100 m a.s.l.), mid (1600–1680 m a.s.l.) and shade (S): open (0%), medium
(40–55%) and dense (65–85%) on physical quality (PQ), preliminary cup quality (PCQ), preliminary total quality (PTQ), total specialty
cup quality (TSCQ) and specific specialty cup quality scores

Specific specialty cup quality attributes

A S PQ PCQ PTQ TSCQ OCP Acidity Body Aroma Flavour AT

High Open 35.6± 0.4 a 49.6± 0.8 a 85.2± 0.8 a 86.5± 0.9 a 8.2± 0.2 a 8.3± 0.1 a 8.2± 0.2 a 8.1± 0.2 ab 8.0± 0.2 a 8.0± 0.2 a

Medium 36.6± 0.4 a 49.6± 0.7 a 86.2± 0.8 a 86.5± 0.8 a 8.3± 0.1 a 8.3± 0.1 a 8.1± 0.1 ab 8.2± 0.1 a 7.9± 0.1 a 8.0± 0.2 a

Dense 36.8± 0.6 a 47.6± 0.8 a 84.4± 0.8 a 83.7± 0.7 b 7.6± 0.1 b 7.9± 0.2 b 7.7± 0.1 bc 7.7± 0.1 bc 7.6± 0.1 b 7.5± 0.1 b

Mid Open 35.4± 0.4 a 45.6± 0.4 a 81.0± 0.7 a 82.6± 0.3 b 7.6± 0.1 b 7.6± 0.1 bc 7.6± 0.1 c 7.5±< 0.1 c 7.5± 0.1 b 7.4± 0.1 b

Medium 36.2± 0.4 a 46.6± 0.4 a 82.8± 0.6 a 83.2± 0.3 b 7.6± 0.1 b 7.8±< 0.1 bc 7.7± 0.1 bc 7.6± 0.1 c 7.5± 0.1 b 7.5±< 0.1 b

Dense 36.6± 0.5 a 45.6± 0.4 a 82.2± 0.7 a 83.4± 0.2 b 7.6±< 0.1 b 7.8± 0.1 ab 7.7± 0.1 bc 7.6± 0.1 bc 7.6±< 0.1 b 7.5± 0.1 b

P-value 0.96 0.22 0.29 0.006 <0.0001 0.006 0.008 0.023 0.007 0.0025

OCP, overall cup preference; AT, aftertaste. Different lowercase letters in the same column indicate a significant difference according to Tukey’s HSD post-hoc test (P < 0.01).
Results are shown as the mean± SE. The bolded values are the significant value i.e., P-values are < 0.01.

Table 2. Interactive effect of altitude (A): high (1950–2100 m a.s.l.), mid (1600–1680 m a.s.l.) and harvest periods (HP): early, middle and late on the
physical quality (PQ), preliminary cup quality (PCQ), preliminary total quality (PTQ), total specialty cup quality (TSCQ) and specific specialty coffee cup
quality scores

Specific specialty cup quality attributes

A HP PQ PCQ PTQ TSCQ OCP Acidity Body Aroma Flavour AT

High Early 36.8± 0.5 a 49.8± 0.7 a 85.6± 0.8 a 86.9± 0.8 a 8.3± 0.2 a 8.5± 0.1 a 8.3± 0.1 a 8.1± 0.1 a 8.1± 0.2 a 8.1± 0.2 a
Middle 36.6± 0.6 a 49.2± 0.6 a 85.8± 0.6 a 85.4± 0.8 a 8.1± 0.2 a 8.2± 0.1 ab 7.9± 0.1 a 8.0± 0.2 a 7.8± 0.1 bc 7.8± 0.1 a
Late 34.0± 0.4 b 47.8± 0.9 a 84.4± 0.9 a 84.3± 0.8 a 7.7± 0.1 b 7.9± 0.1 b 7.8± 0.1 a 7.9± 0.1 a 7.7± 0.1 bc 7.8± 0.2 a

Mid Early 36.6± 0.5 a 46.8± 0.4 a 83.4± 0.7 a 83.1± 0.3 a 7.6± 0.1 b 7.7± 0.1 b 7.6± 0.1 a 7.6±< 0.1 a 7.5± 0.1 c 7.5± 0.1 a
Middle 36.6± 0.2 a 46.4± 0.4 a 83.2± 0.4 a 83.3± 0.4 a 7.7± 0.2 b 7.8± 0.1 b 7.7± 0.1 a 7.5± 0.1 a 7.5± 0.1 c 7.4± 0.1 a
Late 34.0± 0.4 b 44.6± 0.3 a 79.4± 0.4 a 82.7± 0.2 a 7.6± 0.1 b 7.7±< 0.1 b 7.5±< 0.1 a 7.5±< 0.1 a 7.5±< 0.1 c 7.5± 0.1 a

P-value 0.004 0.93 0.067 0.29 0.007 0.0008 0.09 0.86 0.012 0.35

OCP, overall cup preference; AT, aftertaste. Different lowercase letters in the same column indicate a significant difference according to Tukey’s HSD
post-hoc test (P < 0.01).
Results are shown as the mean±SE. The bolded values are the significant value i.e., P-values are < 0.01.

Altitudes by shade interactions were significant for total chloro-
genic acid content (P < 0.01) but not for 100-bean weight and caf-
feine contents. Total chlorogenic acid contents decreased from
mid to high altitude and from dense to open shading at high alti-
tude (Table 5). Coffee beans from mid altitude and open sun had a
higher total chlorogenic acid content (46.5 g kg−1), whereas beans
from high altitude and open shading gave 40.5 g kg−1. The inter-
actions between altitude and harvest period were not significant
for any of the 100-bean weight, caffeine or total chlorogenic acid
content. The interactions between shade and harvest periods had
a significant effect on 100-bean weight but not on caffeine and
total chlorogenic acid content (Table 6). Coffee beans produced in
dense or medium shade gave higher bean weights at any harvest
period.

The main effects are given in Table 7. Altitude affected both
the caffeine content and 100-bean weight. Coffee beans pro-
duced at mid altitude had a higher caffeine content (17.2 g kg−1)
than beans produced at high altitude (15.5 g kg−1), whereas
the bean weight was 16.9 and 14.1 g at high and mid alti-
tude, respectively. Beans grown at medium or dense shade
were approximately 10% heavier than beans in open sun.
By contrast, the harvest period as main factor had no effect
on 100-bean weight, caffeine and total chlorogenic acid
content.

DISCUSSION
Several studies have reported influences of altitude17,27 and
shade19,26,37,38 on coffee bean quality. The present study, however,
expanded the scope and clarified the interaction of altitude, shade
and harvest periods on physical quality, preliminary cup quality,
preliminary total quality, total specialty cup quality and its specific
cup quality attributes (acidity, body, aroma), 100-bean weight
and the biochemical composition (caffeine and chlorogenic acid
content) of Ethiopian coffee beans. Caffeine and chlorogenic
acid are considered to have a direct impact on human health. In
addition, these two chemicals are key biochemical components
of coffee beans with respect to determining its beverage quality.
The present study further discussed the effects of altitude, shade
and harvest periods on both components.

Total specialty cup quality and its specific quality attributes (e.g.
overall cup preference, acidity and flavour) increased with both
altitude and shade level. At high altitude, however, dense shade
decreased green bean cup quality and the percentage of specialty
1 (Q1) beans by approximately 50% (Table 8). Coffee beans grown
in cooler environments accumulate sufficient sugars and lipids.37,39

Both are key compounds with respect to determining coffee as
a beverage and are positively correlated with bean quality.2,20

Dense shade, however, further decreased air temperature around
the coffee fruits. This effect in combination with the effect of
altitude on temperature could reduce growing temperature to a
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Table 3. Physical quality (PQ), preliminary cup quality (PCQ), preliminary total quality (PTQ), total specialty cup quality (TSCQ) and
specific specialty cup quality scores of coffee beans as affected by altitude (A): high (1950–2100 m a.s.l.), mid (1600–1680 m a.s.l.),
shade (S): open (0%), medium (40–55%) and dense (65–85%) and harvest periods (HP): early, middle and late

Specific specialty cup quality attributes

Factor Level PQ PCQ PTQ TSCQ OCP Acidity Body Aroma Flavour AT

A High 36.3± 0.3 a 48.9± 0.5 a 85.2± 0.5 a 85.5± 0.5 a 8.0± 0.1 a 8.2± 0.1 a 7.9± 0.1 a 7.9± 0.1 a 7.9± 0.1 a 7.9± 0.1 a

Mid 36.1± 0.3 a 45.9± 0.3 b 82.6± 0.4 b 83.0± 0.2 b 7.6±< 0.1 b 7.7± 0.1 b 7.6±< 0.1 b 7.5±< 0.1 b 7.5±< 0.1 b 7.5± 0.1 b

P-value 0.57 <0.0016 <0.0025 <0.004 <0.024 <0.012 0.011 <0.008 0.03 0.016

S Open 35.5± 0.3 b 47.6± 0.6 ab 83.3± 0.7 a 84.5± 0.6 ab 7.9± 0.1 a 7.9± 0.1 a 7.9± 0.1 a 7.8± 0.1 a 7.7± 0.1 a 7.7± 0.1 ab

Medium 36.4± 0.3 ab 48.1± 0.5 a 84.5± 0.6 a 85.7± 0.5 a 7.9± 0.1 a 8.0± 0.1 a 7.9± 0.1 a 7.8± 0.1 a 7.7± 0.1 a 7.8± 0.1 a

Dense 36.7± 0.4 a 46.6± 0.5 b 83.1± 0.6 a 83.6± 0.4 b 7.6± 0.1 b 7.9± 0.1 a 7.7± 0.1 a 7.7± 0.1 a 7.6± 0.1 a 7.5± 0.1 b

P-value 0.008 0.033 0.06 0.009 0.0003 0.37 0.055 0.148 0.17 0.04

HP Early 36.2± 0.4 ab 48.3± 0.5 a 84.5± 0.6 a 84.9± 0.6 a 7.9± 0.1 a 8.1± 0.1 a 7.9± 0.1 a 7.8± 0.1 a 7.8± 0.1 a 7.8± 0.1 a

Middle 36.7± 0.3 a 47.8± 0.5 a 84.5± 0.4 a 84.4± 0.5 a 7. 9± 0.1 a 7.9± 0.1 ab 7.8± 0.1 ab 7.8± 0.1 a 7.7± 0.1 ab 7.6± 0.1 a

Late 35.7± 0.3 b 46.2± 0.6 b 81.9± 0.7 b 83.5± 0.4 b 7.6± 0.1 b 7.8± 0.1 b 7.8± 0.1 b 7.7± 0.1 a 7.6± 0.1 b 7.6± 0.1 a

P-value 0.06 0.004 0.0009 0.003 0.006 0.005 0.027 0.37 0.04 0.32

OCP, overall cup preference; AT, aftertaste. Different lowercase letters in the same column indicate a significant difference according to Tukey’s HSD post-hoc test (P < 0.01).
Results are shown as the mean±SE. The bolded values are the significant value i.e., P-values are < 0.01.

Table 4. Interactive effect of altitude (A): high (1950–2100 m a.s.l.),
mid (1600–1680 m a.s.l.), shade (S): open (0%), medium (40–55%) and
dense (65–85%) and harvest periods (HP): early, middle and late on
caffeine content

Altitude Shade Harvest period Caffeine (g kg−1)

High Open Early 15.9± 0.2 de
Middle 15.1± 0.3 ef
Late 15.1± 0.4 ef

Medium Early 17.1± 0.2 abc
Middle 14.5± 0.3 f
late 15.1± 0.5 ef

Dense Early 15.0± 0.3 ef
Middle 16.4± 0.4 cd
Late 15.2± 0.3 fe

Mid Open Early 16.7± 0.3 bcd
Middle 17.2± 0.3 abc
Late 16.4± 0.3 cd

Medium Early 17.1± 0.5 abc
Middle 17.8± 0.4 a
Late 16.9± 0.3 a–d

Dense Early 17.9± 0.1 a
Middle 17.7± 0.5 b
Late 17.1± 0.4 abc

P-value 0.0002

Different lowercase letters in the same column indicate a significant
difference according to Tukey’s HSD post-hoc test
(P < 0.01). Results are shown as the mean± SE; expressed as g kg−1

on a dry weight basis. The bolded values are the significant value i.e.,
P-values are < 0.01.

level below optimum (i.e. 18 ∘C),40 resulting in reduced coffee bean
quality. In areas where air temperature is relatively cooler, such
as at high altitudes, shade levels higher than 40–50% are hence
not beneficial because growing temperature may decrease below
optimum.

The ideal growing temperature of Arabica coffee ranges
between 18 and 21 ∘C,41 and values above or below this

Table 5. Interactive effect of altitude (A): high (1950–2100 m a.s.l.),
mid (1600–1680 m a.s.l.) and shade (S): open (0%), medium (40–55%)
and dense (65–85%) on 100-bean weight, caffeine and total chloro-
genic acid content

A S
100-bean
weight (g)

Caffeine
(g kg−1)

Total chlorogenic
acid (g kg−1)

High Open 16.1± 0.3 a 15.4± 0.2 a 40.5± 0.9 c
Medium 17.5± 0.3 a 15.6± 0.4 a 42.7± 0.8 bc
Dense 17.0± 0.2 a 15.6± 0.2 a 43.2± 0.7 bc

Mid Open 13.3± 0.2 a 16.8± 0.2 a 46.5± 0.8 a
Medium 14.2± 0.2 a 17.3± 0.2 a 43.7± 0.86 b
Dense 14.7± 0.2 a 17.6± 0.2 a 45.4± 1.0 ab

P-value 0.16 0.34 0.0046

Different lowercase letters in the same column indicate a significant
difference according to Tukey’s HSD post-hoc test
(P < 0.01). Results are shown as the mean± SE; expressed as g kg−1 on
a dry weight for caffeine and total chlorogenic acid. The bolded values
are the significant value i.e., P-values are < 0.01.

optimum level predispose coffee beans to incomplete matu-
ration and poor quality. Bosselmann et al.23 also reported that, at
high altitudes, lower temperatures as a result of excess shade from
trees resulted in reduced coffee bean quality. By contrast, at mid
to low altitude, higher temperature induces the accumulation of
chemical compounds such as butan-1,3-diol and butan-2,3-diol in
coffee beans, which reduces quality attributes (aroma, acidity).42

At high altitude, differences between open and medium shade
levels on coffee bean quality were not significant. This result was in
agreement with previous findings reported by Guyot et al. 27 and
Bosselmann et al.23 This indicates that the temperature around
coffee trees grown under both shade levels was still within the
optimum range for coffee growth23 or allows better exposure of
the trees to sunlight. At mid altitude, on the other hand, shade was
observed not to have any significant effect on coffee bean quality.
This might be related to leaf fall from the shade tree during the dry
season, indicating that farmers should consider the best adaptable
shade tree type to grow coffee under consistent shade level.
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Table 6. Interactive effect of shade (S): open (0%), medium (40–55%)
and dense (65–85%) and harvest periods (HP): early, middle and late
on 100-bean weight, caffeine and total chlorogenic acid content

S HP
100-bean
weight (g)

Caffeine
(g kg−1)

Total chlorogenic
acid (g kg−1)

Open Early 13.7± 0.3 bc 16.3± 0.2 d 44.9± 1.2 a
Middle 15.2± 0.3 b 16.2± 0.4 cd 43.1± 1.5 a
Late 15.2± 0.6 b 15.7± 0.3 bcd 42.4± 1.4 a

Medium Early 15.9± 0.5 a 17.2± 0.3 a 44.3± 1.0 a
Middle 15.8± 0.5 a 16.1± 0.6 d 42.3± 0.9 a
Late 15.8± 0.5 a 15.9± 0.4 cd 42.9± 0.8 a

Dense Early 15.8± 0.4 a 16.5± 0.5 abc 45.5± 1.2 a
Middle 15.8± 0.5 a 17.0± 0.4 ab 42.1± 1.1 a
Late 15.9± 0.5 a 16.1± 0.4 cd 45.1± 0.7 a

P-value 0.009 0.049 0.35

Different lowercase letters in the same column indicate a significant
difference according to Tukey’s HSD post-hoc test
(P < 0.01). Results are shown as the mean± SE; expressed as g kg−1 on
a dry weight for caffeine and total chlorogenic acid. The bolded values
are the significant value i.e., P-values are < 0.01.

Table 7. 100-bean weight, caffeine and total chlorogenic acid
as affected by altitude (A): high (1950– 2100 m a.s.l.) and mid
(1600–1680 m a.s.l.), shade (S): open (0%), medium (40–55%) and
dense (65–85%) and harvest periods (HP): early, middle and late

Factor Level
100-bean
weight (g)

Caffeine
(g kg−1)

Total chlorogenic
acid (g kg −1)

A High 16.9± 0.2 a 15.5± 0.2 b 42.1± 0.5 b
Mid 14.1± 0.2 b 17.2± 0.1 a 45.2± 0.5 a

P-value 0.0009 <0.0001 0.012
S Open 14.7± 0.3 b 16.1± 0.2 a 43.5± 0.8 a

Medium 15.9± 0.3 a 16.4± 0.3 a 43.2± 0.6 a
Dense 15.9± 0.3 a 16.6± 0.3 a 44.3± 0.7 a

P-value <0.0001 0.059 0.311
HP Early 15.2± 0.3 a 16.7± 0.2 a 44.9± 0.7 a

Middle 15.6± 0.3 a 16.5± 0.3 ab 42.5± 0.8 b
Late 15.6± 0.4 a 15.9± 0.2 b 43.5± 0.6 ab

P-value 0.27 0.015 0.039

Different lowercase letters in the same column indicate a significant
difference according to Tukey’s HSD post-hoc test
(P < 0.01). Results are shown as the mean± SE; expressed as g kg−1 on
a dry weight for caffeine and total chlorogenic acid. The bolded values
are the significant value i.e., P-values are < 0.01.

At present, air temperature is also increasing as a result of global
climate change. Besides reducing coffee bean quality, this increase
in air temperature is reducing the area suitable for Arabica coffee
production.43,44 Growing coffee trees at higher altitude or under
tailored shading conditions could be implemented as a possible
approach to adapt to the effects of climate change and to sustain
the production of high quality coffee beans. However, in our study
area, the high altitude area is limited. Hence, shading adaptation
has to be considered in view of climate change.

Beans harvested at early and mid harvest period were generally
higher in preliminary cup quality, preliminary total quality, total
specialty cup quality, overall cup preference and body scores
compared to late harvested beans. For example, at high altitude

Table 8. Percentage of coffee samples that are ranked as specialty 1
(Q1) and specialty 2 (Q2) grown at different altitude (high and mid),
shade levels (open, medium and dense)a and harvest period (early,
middle and late)b

Percentage of specialty coffee

Altitude
Specialty

1 (Q1)
Specialty 2

(Q2)

High Shade level Open 53.3 46.7
Medium 66.7 33.3
Dense 33.3 66.7

Mid Shade level Open 6.7 93.3
Medium 13.3 86.7
Dense 6.7 93.3

High Harvest period Early 73.0 27.0
Middle 53.0 47.0
Late 27.0 73.0

Mid Harvest period Early 7.0 93.0
Middle 20.0 80.0
Late 7.0 93.0

a Each value is averaged across different harvest period (early, middle
and late). b Each value is averaged across different shade levels (open,
medium and dense).

(Table 8), early harvesting led to 73% of specialty 1 (Q1) coffee
beans compared to 27% for late harvest. Better bean quality as a
result of early harvest was also reported in other studies.28,45 This
is possibly a result of the depletion of photo-assimilates because
of competition among fruits, which finally leads to a shortage
of photo-assimilates for the late developing fruits.37 In addition,
the production of coffee quality precursor compounds, which
accumulate in coffee beans, is markedly high during endosperm
expansion and dry matter accumulation stages.46 At a later stage
of bean development, however, most of these quality precursors
are remobilized towards lignin biosynthesis and drop in relative
content.47 At mid altitude, the harvest period did not significantly
influence coffee bean quality. This is probably a result of temper-
ature at mid altitude being higher (approximately 4 ∘C) compared
to temperature at high altitude. High temperature accelerates
bean ripening and automatically results in shorter time intervals
between the different harvest periods.

Coffee bean weight increased with increasing altitude. The result
is in agreement with previous studies.37 Coffee beans grown
at higher altitudes mature slowly and are generally harvested
1–2 months later than beans from mid altitudes. A slower matu-
ration of coffee beans allows better bean filling (e.g. more lipid
accumulation).2,19 It is also reported that environmental factors
and agricultural managements modify the physiology of coffee
fruit development and ripening.48 Among environmental factors,
temperature plays a significant role in regulating bean maturation
and ripening processes.27 The results of the present study support
the notion that low temperature slows down the ripening pro-
cess (resulting in a delayed harvesting period by approximately 50
days on average) and allows better bean filling, resulting in heavier
beans.37

Shading also promotes bean weight. Coffee beans grown under
medium or dense shade are heavier than beans grown in open
sun. Beans grown under shaded conditions mature slower because
shading also lowers the temperature around the coffee fruits and,
in general, the beans are harvested 2–4 weeks later than beans
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in open sun,23,37 In addition, shade has also been reported to
reduce the number of floral initiations per plant and allow more
assimilate partitioning to each developing bean.23 Partitioning of
more assimilates to individual beans increases coffee bean weight.

Caffeine contents of our coffee samples ranged from 14.5 to
17.9 g kg−1 (Table 4). The results are in agreement with previous
studies by Silvarolla et al.,49 Ky et al.50 and Bekele.51 However, these
values varied by interaction effects of altitude, shade and harvest
periods. Early harvested beans from mid altitude grown under
dense shade contained the highest amount of caffeine, whereas
the lowest caffeine content was found at high altitude, medium
shading and middle harvest. In coffee bean development, biosyn-
thesis and accumulation of most chemicals, including caffeine, is
markedly higher at the early development stage and is reduced at
a later stage of ripening.46 At the later stage of bean development,
the compounds are also remobilized towards lignin biosynthesis
and their contents are relatively decreased compared to contents
at early bean development stages.46,47 The results of the present
study corroborate these findings and indicate that early harvested
beans contain more caffeine than late harvested ones.

The present study also demonstrated the influence of altitude
on caffeine content. An increase in altitude by 400 m decreased the
caffeine content by 10% (Table 7). Sridevi and Parvatam52 reported
similar findings, whereas Avelino et al.17 and Bertrand et al.53 on
the other hand, reported the opposite. Bertrand et al.53 showed
that an increase in altitude by 500 m increased caffeine content by
15%. In the study by Bertrand et al.,53 however, plots from very low
altitude (e.g. 700 to 1600 m a.s.l.) were also included. This might
explain such discrepancies.

Chlorogenic acids are the main phenolic compounds in coffee
beans, ranging from 6% to 12% on a dry weight basis.54 In the
present study, total chlorogenic acid content (sum of four sub-
classes) varied from 40.5 to 45.2 g kg−1 on a dry weight basis
(Table 5). These values are generally lower than values previously
reported for coffee,55,56 but much higher than values reported by
Ky et al.50 and Bekele.51 In addition, we found that the values were
affected by variation in altitude and shade. Total chlorogenic acid
content decreased from mid to high altitude and from dense to
open shading at high altitude. At mid altitude, however, coffee
beans from mid altitude and open sun accumulated more chloro-
genic acid.

Growing temperature has a direct influence on production and
accumulation of chlorogenic acids.39 The higher temperature at
mid altitude probably resulted in higher chlorogenic acid produc-
tion and accumulation in coffee beans grown at mid than at high
altitude. A higher chlorogenic acid content indicates that coffee
beans are relatively immature.55 These differences in chlorogenic
acid contents and bean maturation resulted in coffee bean qual-
ity differences (more Q1 coffees at high than at mid altitude). The
result was in agreement with results reported by Avelino et al.56

and Link et al.55 However, studies by Bertrand et al.,53 reported the
opposite. In the present study, the altitude ranged from 1600 to
2010 m a.s.l. In the study by Bertrand et al.53 plots from very low
altitude (e.g. 700 to 1600 m a.s.l.) were also included. This might
explain such discrepancies.

The present study generally indicates that coffee growing at
high altitude, in open or medium shade, and harvested at an
early or middle period, shows enhanced potential for producing
specialty 1 (Q1) coffee (Table 8). These growing conditions also
favour the production of coffee beans with lower caffeine and
chlorogenic acid contents. Coffee beans with lower caffeine but
higher chlorogenic acid contents are appreciated and preferred in

many consumer countries because of their positive health effect.
Chlorogenic acid acts as antioxidant and has radical scavenging
properties. It makes coffee an acceptable beverage. It also has
anti-pathogenic and allelophatic properties54 and is described as
being important for disease resistance in coffee beans.57

Coffee beans grown at mid altitude had lower bean quality com-
pared to high altitude, and were grouped mostly as Q2 specialty
coffees. This indicates that there is scope for mid altitude farmers,
which occupy most of the area, to produce more Q1 coffee beans.
For example, growing trees under medium-shaded conditions and
selectively harvesting the beans at mid harvest could potentially
increase the percentage of Q1 coffees (Table 8).

CONCLUSIONS
Overall, the results of the present study show that growing cof-
fee at high altitude with open or medium shade, as well as an
early or middle harvest period, increased the potential of produc-
ing beans with superior quality. In general, small changes of qual-
ity attributes, driven by altitude, shading and harvest periods, can
cause substantial switches in Q1 versus Q2 classification. This qual-
ity segmentation affects coffee bean price and farmers’ competi-
tiveness in international markets. The present study, however, did
not investigate year-by-year variations and soil type effects. Future
studies are needed to integrate these impacts.
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