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Abstract
Productivity of coffee plantations is threatened by both climate change and decreasing revenues of coffee growers. Using shade
trees might protect against temperature variability, erosion and excessive radiation but there may be trade-offs in productivity and
quality. While impacts of shade trees on arabica (Coffea arabica) have been reviewed, a global synthesis on robusta (Coffea
canephora) coffee is lacking. We assessed how shade affects robusta growth and productivity, and what are the interactions and
trade-offs. We conducted a systematic literature search in Web of Science and CAB Abstracts on 16 December 2019. Thirty
papers fulfilled our inclusion criteria of being experimental studies on the impact of overstory trees with approximately half being
from Brazil or India. Shade improved robusta tree growth and yield with some contrasting effects on physicochemical and
biochemical properties. Shade (> 30%) was associated with reduced beverage quality. Significant interactions between shade and
location, rainfall level and robusta clone were found. Among the clones tested, 06V, C153, LB1, GG229 and JM2 showed a
higher productivity and growth (from + 17 to + 280%) under moderate shade (41–65%). This is the first meta-analysis of the
effects of shade on robusta coffee. By synthesizing data from different studies, we highlight for the first time that the effect of
shade on robusta coffee depends on tree age. Shade had positive impacts on older robusta trees (mean of 16 years), while the
impact of shade on younger trees was either insignificant or negative. We highlight the importance of both clone type and tree
ages. Research gaps included a lack of knowledge on the effects of shade with respect to coffee and shade tree age as well as
interactive effects. More in-depth studies are needed to understand the mechanisms of how shade trees affect robusta coffee.
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1 Introduction

More than 9 billion kilogrammes of coffee are consumed an-
nually worldwide (International Coffee Organization 2016).

The main coffee varieties produced and traded originate from
the species Coffea arabica and Coffea canephora, which rep-
resent 65% and 35%, respectively, of global coffee production
(International Coffee Organization 2016). Furthermore, the
consumption of coffee is steadily increasing with an average
annual growth rate of 1.3%, since the coffee production year
2012–2013 (International Coffee Organization 2016). The
dissolution of the quota system provided for by the
International Coffee Agreement (ICA) in 1989 caused large
coffee price fluctuations and the emergence of large-scale
plantations, especially in Vietnam (Waller et al. 2007).
Large-scale intensive coffee production led to an increase in
productivity per hectare resulting in reduction of shade trees
inside the coffee agroecosystem, higher inputs costs (machin-
ery, equipment, materials) and consequently higher break-
even point (Rodriguez and Vasquez 2008).

Climate change is a threat to coffee production and may
lead to coffee yield decline and loss of coffee-optimal areas,
although it is currently unknown if there are new opportunities
due to climate change, such as yield improvement through
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elevated carbon concentration and potential increase in the
area suitable for coffee production (Pham et al. 2019).
Intensification of coffee production has been shown to exac-
erbate negative impacts of climate change (Lin et al. 2008).
Furthermore, it has been shown that arabica coffee has already
declined in Tanzania highlands and in India, owing to increas-
ing temperatures (Craparo et al. 2015; Jayakumar et al. 2017).
Robusta coffee yield may respond better to increasing temper-
atures than arabica coffee, although robusta coffee yield de-
pends on the interaction of rainfall, temperature and pheno-
logical stage (Jayakumar et al. 2017; Kath et al. 2020).
Although water supply is important for coffee production, it
is difficult to know how future change in rainfall pattern will
impact coffee production as the consolidated models of rain-
fall changes have a high degree of uncertainty given disparity
in projections between individual models (Intergovernmental
Panel on Climate Change 2019).

Pests and diseases are also a challenge for coffee growers
and some are projected to cause more damage with climate
change (Lambot et al. 2017). The main coffee pests include
the coffee berry borer, Hypothenemus hampei (Ferrari)
(Coleoptera: Curculionidae: Scolytinae), the coffee leaf miner,
Leucoptera coffeella (Guérin-Méneville) (Lepidoptera:
Lyonetiidae), and the brown twig beetle, Xylosandrus
morigerus (Blandford) (Coleoptera: Curculionidae:
Scolytinae). Coffee berry borer is the most destructive coffee
pest worldwide (Rutherford and Phiri 2006; Vega et al. 2009),
causing an estimated financial loss of US$900 million annually
only in Brazil alone (Oliveira et al. 2013). There are numerous
fungal diseases of coffee, the most devastating one being coffee
leaf rust caused by the basidiomycete fungusHemileia vastatrix
Berk. & Broome, American leaf spot of coffee caused by the
basidiomycete fungus Mycena citricolor (Berk. & M. A.
Curtis), cercospora leaf spot caused by the fungus Cercospora
coffeicola Berk. & Cooke, thread blight caused by the fungus
Pellicularia kolerogaCooke and coffee berry disease caused by
the ascomycete fungusColletotrichum kahawae J.M.Waller &
Bridge. Coffee leaf rust is potentially the most damaging dis-
ease, since it can cause from 30 to 100% yield loss. In Central
American coffee plantations, American leaf spot causes 20–
30% yield loss (Waller et al. 2007). Cercospora leaf spot is a
major coffee plant disease, reducing yields to less than 30%.
Thread blight can cause yield losses of 70–80% in individually
affected coffee plants and 10–20% in coffee plantations, while
coffee berry disease crop losses in arabica coffee plantations
may reach 20–30% in Africa, exceeding 80% in extremely
wet years (Gaitán et al. 2015).

The inclusion of overstory trees in coffee crops could recon-
cile social, ecological and economic goals, although the study of
their impact remains complex as the shade level depends on
multiple parameters (Amoah et al. 1997). Coffee production
under shade has been shown to be a mitigation strategy to cope
with the harmful effects of climate change (Jaramillo et al. 2013;

Pham et al. 2019; The Intergovernmental Panel on Climate
Change 2019), as shade can modify microclimate by reducing
temperatures and reducing water loss through both lower soil
evaporation and crop transpiration (Gomes et al. 2020; Jha et al.
2014; Lin 2010). Inclusion of shade (Vega et al. 2009) trees may
also enhance other ecosystems services, such as carbon seques-
tration (Ehrenbergerová et al. 2016). Shaded coffee
agroecosystems may also increase soil nutrient availability,
through complementary partitioning of resources (Buchanan
et al. 2019; Muñoz-Villers et al. 2020; Sauvadet et al. 2019).
However, negative impacts of shade have also been reported on
growth and yield, exacerbating pest and disease problems
(Avelino et al. 2020; Durand-Bessart et al. 2020; Haggar et al.
2011; Jezeer et al. 2019). Equally, such adverse effects have also
been highlighted for other tree crops such as cocoa (Beer et al.
1998). However, shade effects on coffee depend on the tree
species used and the physical features of the site (Avelino
et al. 2020; Sarmiento-Soler et al. 2020). Shade may reduce pest
and disease damage through different physical and biological
processes such as conservation or facilitation of the action of
natural enemies, physical obstruction, stimulants and deterrents,
resource dilution, disruption of the life cycle and allelopathy
(Ratnadass et al. 2012). Staver et al. (2001) pointed out that
multistrata coffee systems should be implemented in order to
adapt the shade level with seasonal fluctuations, since humidity
may play a key role in pest and disease regulation.

The effect of shade on coffee quality has been widely docu-
mented for arabica coffee and appear to be highly site-dependent
(Tolessa et al. 2017). Bosselmann et al. (2009) found that shade
negatively impacted cup quality of arabica in Southern
Colombia, but did not affect bean size. On the contrary, Vaast
et al. (2006) found that shade increased bean size and improved
arabica cup quality in the central valley in Costa Rica. In this
review, the effect of shade trees will be assessed only on robusta
coffee, as the ecology (Davis et al. 2006; Nesper et al. 2017;
Tumwebaze and Byakagaba 2016) and fertilization characteris-
tics (Ferwerda 1948) differ between this species and the arabica
coffee species. Treating both species together would have cre-
ated confusion given different responses to shade (Beer et al.
1998; Cerda et al. 2017; Nesper et al. 2017). C. arabica is self-
compatible, yet C. canephora coffee is self-incompatible and
needs other clones and wind for successful pollination
(Wintgens 2008). C. arabica yield has a biennial pattern, yet
this pattern is less pronounced for C. canephora (Damatta et al.
2007). Furthermore,C. arabica and C. canephoramay not have
the same sensitivity to pests and diseases (Egonyu et al. 2017;
Mariño et al. 2017), further highlighting the importance of deal-
ing with these two species separately.

The aim of this review is to synthesize the currently known
effects of shade trees on robusta coffee agroecosystem to un-
derstand better the complexity of the shade-plant interaction
by disentangling the different factors involved (Fig. 1). We
plan to identify which characteristics are influenced by shade.
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We anticipate that this synthesis will contribute towards ex-
perimental studies addressing the impact of overstory trees on
robusta coffee plants in a general way and will assist in the
setting up of new experimental trials in this field. Furthermore,
this synthesis will provide recommendations to farmers will-
ing to integrate shade trees in robusta coffee crop system.

2 Methodology

We followed a standard systematic review methodology
based on Foli et al. (2014). We conducted a literature search
in Web of Science and CAB Abstracts on 16 December 2019
by searching for the following combinations of words in the
topic field (Web of Science) and in all fields (CABAbstracts):
(agroforestry OR “agroforestry system*” OR “shaded coffee”
OR “full sun” OR “unshaded coffee” OR “tropical
agroforest*” OR agroecosystem* OR “coffee agro-ecosys-
tem*”OR agroforest* OR shade* OR open-grown OR “shad-
ed system*”OR “unshaded system*”) AND (“robusta coffee”
OR “Coffea canephora” OR “conilon coffee” OR “Coffea
robusta” OR “C. canephora”). We have chosen these two
databases since they cover a large proportion of the peer-
reviewed literature, providing a quality control standard. All
searches were conducted in English and covered publication
years from 1900 to 2019 (Web of Science) and from 1912 to
2020 (CAB Abstracts).

2.1 Data exclusion criteria

We assessed articles by analysing abstracts following the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA, Moher et al. 2009) (Appendix S1, Fig.
S1). The initial search resulted in 162 publications. The publi-
cations were first screened by title according to the following
exclusion criteria: review, inventory, interview, questionnaire.
Furthermore, double titles were removed. This screening result-
ed in 147 publications (15 removed). Secondly, remaining pub-
lications were screened by abstract with the following exclu-
sion criteria: review, inventory, interview, questionnaire, no

abstract, no obvious link between coffee and shade, arabica
coffee only, thesis, project, intercropping of coffee plants only
with ground-level crops (such as vegetables). This screening
resulted in 73 publications (74 removed). Finally, remaining
publications were screened using the full text according to the
following exclusion criteria: interview/questionnaire as the
main process of data acquisition, no obvious relation with
shade, observational units not based on robusta coffee plants
or environment, paper not available after extensive acquisition
attempt, paper unclear, intercropping of coffee plants only with
ground-level crops (such as vegetables). This last screening left
30 papers (44 removed). These specific screening steps have
been achieved to extract all the papers dealing with the impact
of overstory trees on robusta coffee crop or ecology based on
experimental or observational studies collecting data through
measurements. References were not screened by type of statis-
tical analysis used.

2.2 Data extraction and handling

We used Citavi 6.3.15.0 software (Swiss Academic Software
2019) to import and classify the included studies. Variables of
interest used for classification were (1) country; (2) climate
(Köppen classification); (3) altitude; (4) soil type; (5) study
design (experimental or observational); (6) treatments
assessed (factors, control, number); (7) observational unit;
(8) robusta coffee plants and shade trees age; (9) duration of
the study; (10) response variables; (11) statistical analysis;
(12) single factors significant outcomes (i.e. P < 0.05, here
and throughout the text); (12) significant interaction between
factors; (13) significant correlation between response vari-
ables and further research needed. In addition, each item was
qualified according to the type of impact of shade trees on
growth, yield and coffee quality. “Negative” was used when
the paper reported that the inclusion of shade inside the robus-
ta coffee field may be significantly detrimental to the quality,
growth or productivity of coffee plants. “Inconclusive” was
used when the paper reported both significantly detrimental
and significantly beneficial effects. “Positive” was used when
the paper reported significant benefits. Among the factors,

Fig. 1 Robusta coffee plants
growing in full-sun conditions
(left) and under the overstory
leguminous tree Erythrina spp.
combined with plantains (right).
Photo credit: Kevin Piato
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shade was separated into three groups: shading method, shad-
ing level and shade tree type. Shading “method” refers to
either the shade tree species or the number of tree species
included in the system, whereas shading “level” refers to the
quantity of shade. Shade tree type refers to different type of
trees used in each treatment (as deciduous and evergreen trees,
young and old trees, native and exotic trees).

All statistical analysis were performed in R studio Version
1.1.463 (R Core Team 2019). Rmisc package (Hope 2013)
was used to compute descriptive statistics. Furthermore, ggplot2
(Wickham 2016), egg (Auguie 2019) and PerformanceAnalytics
(Peterson and Carl 2019) packages were used to create the
graphics. ArcGIS Version 10.6.1 was used for mapping
(Environmental Systems Research Institute 2018).

3 Results and discussion

3.1 Global distribution of shade tree and robusta
studies

Clear trends can be seen from the 30 selected articles. In
terms of geographical distribution, Brazil (n = 9) and India
(n = 7) were the countries yielding the most studies (Fig. 2).
It is interesting to note that none of the studies came from
Vietnam, although it is the largest robusta coffee producer
worldwide (Amarasinghe et al. 2015). The number of stud-
ies selected for Indonesia (n = 2) does not reflect the impor-
tance of this country in terms of world coffee production

(Food and Agriculture Organization of the United Nations
2020). Both studies in USA were from Puerto Rico (Prado
et al. 2018, 2019). According to Köppen’s classification
(Beck et al. 2018), the climates encountered in the studies
were (1) Tropical-Rainforest (Af, n = 6), (2) Tropical-
Monsoon (Am, n = 7) and (3) Tropical-Savannah (Aw,
n = 17). Among the studies, one was conducted under
greenhouse conditions (Avinash Kumar et al. 2015).

Shading method (n = 14) and shading level (n = 12)
were the most frequently evaluated factors (Fig. 3).
Other factors unrelated with shade are also assessed such
as farming practices (n = 3) which included irrigation
type and level, ferti l ization and pollination type.
Among the shading methods, 26 shade tree species were
considered. The following species were most frequently
eva lua ted : Alb iz ia spp . (Fabaceae ) , Ar tocarpus
heterophyllus (Moraceae), Erythrina spp. (Fabaceae),
Ficus spp. (Moraceae), Gliricidia spp. (Fabaceae) and
Michelia champaca (Magnoliaceae). Ecological factors
(n = 6) included soil depth, rainfall level and location
suitability. Eighty-three percent of the studies assessing
shading level impact on robusta coffee found significant
effects (Fig. 3). The only study assessing the impact of
coffee plant density failed to find significant results
(Amoah et al. 1997).

Additionally, the number of response variables per study
was strongly positively correlated with the number of sig-
nificant response variables per study (p < 0.001). Studies
that included more response variables had more statistically

Fig. 2 Map depicting the number of selected studies grouped by country. The country is understood as the location of the field site (n=30; see
“References of the meta-analysis” at end of paper)
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significant results. This shows that the impact of shade on
the development of robusta coffee is complex and multidis-
ciplinary studies are better able to capture this impact.
Coffee age and shade tree age were also strongly positively
correlated (p < 0.001), meaning that both coffee plants and
shade trees were planted at the same time (Fig. 4).

Each study was categorized according to its conclu-
sion about the inclusion of shade trees in robusta coffee
plantations (“positive”, “inconclusive” and “negative”).
These feedback groups were then characterized (Fig. 5).
Positive studies clearly show higher coffee age (13.95 ±
9.06, “±” refers to 1.96 SE here and throughout the text)
and older coffee trees (15.93 ± 10.25) than those with
inconclusive (8.36 ± 5.63 and 8.7 ± 6.64 respectively) or
negative effects (7 ± 1.96 and 6 ± 1.96 respectively). The
same trend can be highlighted for the number of interac-
tions (only significant) being slightly higher for positive
studies (1.47 ± 1.29) than inconclusive (1.2 ± 1.08) and
negative (1 ± 1.96) ones. Papers reporting longer-term
studies were more likely to find trade-offs, i.e. both sig-
nificant negative and positive effects (inconclusive stud-
ies, 2.08 years ± 1.29) than those of shorter duration.
Mean length of the 30 screened studies was 1.32 years.
Although the 95% confidence interval error bars are
overlapping for each of these groupings, this highlights
the need for further studies on the impact of shade trees
on robusta coffee.

3.2 Effect of shade trees on robusta growth and
productivity parameters without interacting factors

In six experiments, shade impacted positively both growth
and productivity of robusta coffee (Table 1). Nevertheless,

Venancio et al. (2019) found that shade reduced the aver-
age number of fruits per inflorescence, suggesting that veg-
etative growth may compete with fruit production.
However, this might not necessarily reduce yield, as no
study was found in which shade significantly reduced ro-
busta yield. Furthermore, Venancio et al. (2019) showed
that medium shade levels (i.e. 30–50%) may increase the
proportion of cherries that are marketable.

3.3 Effect of shade trees on robusta growth and
productivity parameters with interacting factors

In five out of 30 experiments, the effect of shade trees on coffee
growth and productivity interacted with other variables, namely
cultivar (Assis et al. 2019; Rodriguez-Lopez et al. 2013;
Venancio et al. 2019), location suitability (Amoah et al. 1997)
and pollination type (Prado et al. 2018). However, most frequent-
ly, the type of robusta clone interacted with shade level (Assis
et al. 2019; Venancio et al. 2019). The amount of shade required
to obtain the maximum robusta growth and productivity varied
according to the type of clone tested (Table 2).

All the clones assessed for growth and productivity
responded positively to shade. However, productivity and
growth were not necessarily correlated. For some clones, the
highest productivity was obtained with higher shade levels
than those required to maximize growth (C153, LB1,
GG229 and JM2), while for others it was the opposite (03V,
06V and 12V). For 03V, 06V and 12V clones, it might be that
growth is not correlated with productivity or that vegetative
and reproductive growth compete. Shade had different effects
per clone on growth and yield. Clones 06V, C153, LB1,
GG229 and JM2 could be advisable if growing robusta coffee
as an understory crop.

Fig. 3 Bar chart depicting the number of studies grouped by type of
factor assessed. Total number of studies per factor (black) and number

of studies that have found significant results with the respective factor
(grey) are represented
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Fig. 4 Correlationmatrix depicting the correlation between the shade tree
age (STA), the number of response variables per study (RVA), the
number of significant response variables per study (SRVA), the
duration of the study (DS), the year of publication (YP), the coffee age
(CA), the altitude (AL) and the % of significant response variables per

study (PSRVA). Across the diagonal histograms with kernel density and
rug plots are shown and below the diagonal scatter plots with fitted lines.
Pearson correlation coefficients with significance level (< 0.001***; <
0.01**; < 0.05*) are shown at the right corner of each scatter plot

Fig. 5 M(dot) ± 1.96 SE (a) coffee age (years); (b) number of
interactions; (c) study length (year); (d) coffee age (year) for the
negative (shade is detrimental for coffee plant), inconclusive (shade is

both detrimental and beneficial for coffee plant) and positive (shade is
beneficial for coffee plant) groups studies
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3.4 Effects of shade trees on physicochemical,
physiological, biochemical and photosynthetic
parameters of robusta without interacting factors

In 10 out of 30 experiments, shade trees had significant impacts
on at least one physicochemical, physiological, biochemical or
photosynthetic variable (Table 3). Shade impacts on physico-
chemical properties of robusta coffee did not follow a clear
trend, although negative results account for 48% of the total
results versus 40% for positive results (including both shading
method and level factors). This apparent contradiction could be
explained by the presence of underlying interactions not con-
sidered (cf. section 3.5). Biochemical properties were clearly

negatively affected by the presence of shade trees.
Physiological and photosynthetic variables were positively im-
pacted by the shade, albeit there were few studies evaluating
these.

3.5 Effects of shade trees on robusta physicochemical,
physiological and photosynthetic parameters with
interacting factors

In 3 out of 30 experiments, the effect of overstory trees on
coffee physicochemical, physiological and photosynthetic pa-
rameters interacted with robusta clones and in some cases
there were comparisons with the arabica species (Anim-

Table 1 Number of studies reporting either positive, negative or inconclusive impacts of shading method and shading level on robusta growth and
productivity without interacting factors

Shading method Shading level

Response variables Positive
impact

Negative
impact

Inconclusive
impact

Positive
impact

Negative
impact

Inconclusive
impact

Growth Internode length of plagiotropic or
orthotropic branches (mm)

2 3

Internode length of fruit-bearing
plagiotropic branches (cm)

1 1

Internode length of tip of productive
plagiotropic branches (cm)

1 1

Accumulated growth of orthotropic
branches (cm)

1

Leaf area or leaf expansion (cm2) 1 2

Specific leaf area (cm2 g−1) 1

Total number of growth studies 5 0 0 9 0 0

Productivity No. of fruits: no. of marketable fruits
per plant ratio

1

Average no. of fruits per
inflorescence

1

Yield (kg ha−1) 2 1

Total number of Productivity Studies 2 1 0 0 1 1

Total number of Studies 7 1 0 9 1 1

References [1]; [5]; [6] [1] [2]; [3]; [4] [4] [4]

[1] Araujo et al. 2016; [2] Oliosi et al. 2016; [3] Partelli et al. 2014; [4] Venancio et al. 2019; [5] Evizal et al. 2013; [6] Evizal et al. 2012

Table 2 Shade level required to
obtain the highest growth and
productivity of some robusta
clones (Assis et al. 2019;
Venancio et al. 2019)

Clone C153 LB1 GG229 JM2 03V 06V 12V

% of shade with highest growth1,2 54 50 60 60 26 59 33

% of shade with highest productivity3,4 70 70 70 70 7 23 10

1 For C153, LB1, GG and JM2 clones, mean of% of shade with the highest plant height, collar diameter, length of
main branch, crown diameter and number of plagiotropic branches is depicted
2 For 03V, 06V and 12V clones, mean of % of shade with the highest mean orthotropic and plagiotropic branch
growth rate and plagiotropic branch node emission rate is depicted
3 For C153, LB1, GG and JM2 clones, % of shade with the highest number of fruits is depicted
4 For 03V, 06V and 12V clones, mean of % of shade with highest number of inflorescences per productive
plagiotropic branch, mean number of fruits per inflorescence, total fruit production per plant and total fruit
production per plant benefited is depicted
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Kwapong et al. 1999; Prado et al. 2019; Rodriguez-Lopez
et al. 2013). For robusta clone 03, leaf chlorophyll and carot-
enoid concentrations increased with morning shade, yet there
was no effect on clone 120. Equally, leaf chlorophyll-to-
carotenoid ratio of robusta clone 03 was higher showing im-
proved health under morning shade (Rodriguez-Lopez et al.
2013). Leaf chlorophyll-to-carotenoid ratio is an important
indicator of plant light stress (You et al. 2017) and increasing
carotenoid leaf content is known to be an acclimation to shade
to increase light absorption (Czeczuga 1987).

3.6 Effects of shade trees on robusta ecological and
microclimatic parameters without interacting factors

In 6 out of 30 experiments, shade altered ecological and
microclimatic factors in a favourable way for coffee by
decreasing extreme temperatures and reducing hydric
stress by increasing relative humidity, favouring growth
and the development of soil microorganisms (Partelli
et al. 2014). However, more than a third of the ecolog-
ical parameters (Table 4) of robusta coffee were impact-
ed in both positive and negative ways by the presence of
shade, showing that the trade-off is inherent to
agroforests to satisfy dual production and ecological
goals, a tendency also shown for other crops, such as

cocoa (Blaser et al. 2018). Not only does the shade affect
agrobiodiversity but also the land use intensity (Klein
et al. 2002). This could be one of the reasons why the
mere presence of shade has not shown a conclusive ef-
fect on the ecological parameters of robusta coffee
systems.

3.7 Effects of shade trees on robusta coffee quality
and phytosanitary parameters without interacting
factors

Coffee crops are prone to many pests and diseases that can
significantly reduce productivity. Few articles dealt with the
impact of shade on robusta coffee pests and diseases. Shade
tree type has been shown to impact significantly the infesta-
tion of black coffee twig borer, Xylosandrus compactus
(Eichhoff), a pest which severely affects robusta coffee plan-
tations, especially in Uganda (Bukomeko et al. 2018).
Bukomeko et al. (2018) showed that mature shade trees and
sap-exuding herbaceous plants such as Carica papaya could
significantly reduce black coffee twig borer on robusta coffee
plants as well as an increasing number of sap exuding trees
(shading level). Impact of 0 to 30% shade on robusta cup taste
(on a 0–10 scale) was not significant, yet more than 30%
shade reduces it significantly (Vaast and Raghuramulu 2012).

Table 3 Number of studies reporting either positive, negative or inconclusive impacts of shading method and shading level on robusta
physicochemical, physiological, biochemical and photosynthetic parameters without interacting factors

Shading method Shading level

Response variables Positive
impact

Negative
impact

Inconclusive
impact

Positive
impact

Negative
impact

Inconclusive
impact

Physicochemical Leaf nutrient, chlorophyll content (g kg−1) 4 2 3 4 1
Fruit leached K, total sugar, chlorogenic acid and

leaf caffeine content (g kg−1)
4 1

Leaf water potential (MPa), fruit electrical
conductivity (μS cm−1)

1 1

Total number of physicochemical studies 4 7 1 3 5 1
Physiological Leaf thickness (μm), corolla diameter

(mm), % of dead non-rooted cuttings
2 1

Total number of physiological studies 0 0 0 2 1 0
Biochemical and

Photosynthetic
Activity of superoxide dismutase

(kU min−1 g−1), catalase, ascorbate
peroxidase, glutathione reductase
(μmol min−1 g−1)

4

Carbon assimilation (μmol CO2 m
−2 s−1), stomatal

conductance and transpiration rate
(mmol H2O m−2 s−1),
photosynthetic N use efficiency
(μmol CO2 g

−1 N s−1)

1 3

Total number of biochemical and
photosynthetic studies

1 4 3 0 0 0

Total number of studies 5 11 4 5 6 1
References [1]; [5];

[7]
[1]; [2];

[3]; [7]
[7] [6]; [8];

[9]
[2]; [4]; [9] [2]

[1] Araujo et al. 2016; [2] Partelli et al. 2014; [3] Alves et al. 2018; [4] Avinash Kumar et al. 2015; [5] Evizal et al. 2012; [6] Prado et al. 2019; [7]
Rodriguez-Lopez et al. 2013; [8] Assis et al. 2019; [9] Anim-Kwapong et al. 1999
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3.8 Effects of shade trees on robusta coffee quality
parameters with interacting factors

Vaast and Raghuramulu (2012) showed that the effect of over-
story trees on % of AA category beans (> 7-mm diameter)
depends on rainfall at the site (Vaast and Raghuramulu
2012). Under low rainfall conditions, robusta bushes
intercropped with Artocarpus heterophyllus, Dalbergia
latifolia and Lagerstroemia microcarpa trees provide a higher
% of AA category beans than those intercroppedwithGrevillea
robusta. Under high rainfall, coffee intercropped with
A. heterophyllus or G. robusta provided lower % of AA cate-
gory beans. Under high rainfall, robusta intercropped with
A. heterophyllus, D. latifolia and L. microcarpa trees provided
a better cup taste than those intercropped with G. robusta.

3.9 Limitations of the study

The effects of shade on coffee can be site-specific thus de-
pending upon the clone selected and the site conditions
(Montagnon et al. 2000). Yet selected studies did not consider
site differences. Further studies should be multilocational thus
identifying the most suitable shade and clone coupling for the
site conditions. Concerning the significant correlation be-
tween the number of response variables per study (RVA)
and the number of significant response variables per study
(SRVA), it is unlikely that this could represent a confounding
effect with the shade, since the selected papers all had ran-
domized experimental designs (papers describing observa-
tional studies were rejected). Thus, they are fairly comparable,
the randomization allowing to reduce the link between shade,
RVA and SRVA (Pourhoseingholi et al. 2012; Valentine and
Thompson 2013). The correlation found between the shade
tree age and the coffee plant age could be modified by the
farming practice employed, but the ages have not always been
documented in the papers. Biennial yield fluctuation is less
pronounced for robusta than for arabica coffee. The authors of
selected papers have not always included this aspect in the
analysis. However, as shade is known to reduce biennial fluc-
tuation of yield (Damatta 2004) and as yield has generally
been measured among several years, this should not constitute
a bias.

4 Conclusion

In this meta-analysis, based on 30 peer-reviewed studies, we
found that shade trees positively impacted growth, yield,
physiological, photosynthetic, ecological and microclimatic
variables of robusta coffee plants. However, biochemical var-
iables were somehow negatively impacted. Beverage quality
and physicochemical properties were unevenly influenced.
Significant interactions between shade and location, rainfallTa
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level, robusta clones, pollination type and coffee species were
found. The choice of robusta clones was an important interac-
tive factor. All the clones tested responded positively to shade.
Clones 06V, C153, LB1, GG229 and JM2 showed a higher
productivity and growth under significant amount of shade
(41–65%). These clones can therefore be recommended for
shade systems and farmers are likely to be interested in inte-
grating shade trees with these clones as shade increases robus-
ta coffee yield. Clones 06V, C153, LB1, GG229 and JM2
showed a higher productivity and growth under significant
amounts of shade (41–65%). We can preferably recommend
the clone 06V under tropical-savannah climate (Aw), i.e. un-
der climate with a pronounced dry season. Regarding the
C153, LB1, GG229 and JM2 clones, they should be prefera-
bly used in tropical-rainforest climatic conditions (Af), i.e.
with no pronounced dry season. Furthermore, no intense
shade should be implemented in the robusta coffee systems
as it may negatively affect cup quality. We also demonstrated
the importance of considering the type of clone, the coffee age
and shade tree age when assessing shade effects on robusta.
Coffee trees of at least 10 years old were more positively
impacted by shade.

Empirical studies on the shade impact on robusta
coffee plants are notoriously few, especially those con-
sidering interaction between shade trees and the param-
eters, such as the type of farming practices, the area, the
climate and soil type. Further research is also needed to
assess the impact of microclimatic variables on pests
and diseases development (Bukomeko et al. 2018).
Shade tree management has to be fine-tuned to optimize
nutrient cycling and avoid nutrient immobilization.
Furthermore, the role of shade trees in carbon storage
and cycling has to be better understood (Guillemot et al.
2018). More research is required to better understand
biological control mechanisms in robusta agroforestry
systems, with a particular emphasis carrying on the re-
lationships between the shade trees, the coffee plants,
the pests and diseases and their natural enemies under
varying abiotic variables (Hajian-Forooshani et al.
2018).
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