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GENERAL ABSTRACT
Coffee (Coffea arabica L.) is native to the shaded forests of Southern Ethiopia where it
evolved as an understory crop. It was originally thought to be shade obligatory, but it has
been shown to perform well in full sun. The question of whether shade is beneficial or not,
has been debated and studied over the years mainly in Central and South America and to
some extent in Southeast Asia. In Kenya, however, information on the effects of natural
shade on coffee is scarce. Therefore a study was conducted at the Kenya Agricultural and
Livestock Research Organization-Coffee Research Institute’s (KALRO-CRI) demonstration
farm in Namwela and two neighbouring small-holder farms from 2010 to 2012, with the
following objectives: 1. to determine the effect of Cordia africana shade on physiological
parameters of coffee plants namely transpiration, stomatal conductance and photosynthetic
rate; 2. to determine the effect of Cordia africana shade on soil nutrient levels and nutrient
uptake in coffee plants; 3. to assess the impact of Cordia africana shade and agronomic
management on yield and quality of coffee; 4. to determine the effect of Cordia africana
shade and agronomic management on the biochemical components of coffee beans. Coffea
arabica L. variety, K7 and cordia (Cordia africana Lam.) shade tree were used in the study.
In objective 1, photosynthetically active radiation (PAR), leaf temperature, transpiration,
stomatal conductance and photosynthetic rate were assessed in coffee plants that were at
regular distances from the shade tree trunk namely, 0 —1.5m, 1.5-3.0m, 3.0 -4.5m, 4.5 -
6.0 m and > 6.0 m (full sun). In the first objective, the experiment was laid out as a
randomized complete block design with seven replicates. Measurements of the physiological
parameters were taken in the early morning, at midday and late afternoon on intact plants in
the field during two consecutive coffee growing seasons in the dry and rainy periods. In

objective 2, Soil and plant nutrient analyses were carried out using standard procedures.
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In objective 3, the effect of Cordia africana shade on coffee growth, yield and raw bean
quality under different agronomic management levels was studied in the three farms; Coffee
Research Institute’s demonstration farm under high management, and two small holder farms
under medium and low management respectively. The shade level was represented by
distances from the shade tree trunk, 0 —1.5m,1.5-3.0m,3.0-4.5m,4.5-6.0 mand > 6.0
m (full sun). The experimental design was a split plot, with management level as main plot
treatment and shading levels represented as the sub-plot. To determine biochemical
components and beverage quality (objective 4) fully ripe cherries were harvested wet
processed and the wet parchment dried to final moisture content of 10.5 to 11%. Caffeine,
trigonelline and total chlorogenic acids (CGA), oil and sucrose were determined using
standard methodologies. Fragrance/aroma, flavour, aftertaste, acidity, body, balance and

overall beverage quality were evaluated by a panel of seven judges.

Photosynthetically active radiation (PAR) was highest in full sun in both the dry and rainy
periods. It was also higher at midday in the dry period, however, no apparent trend was
observed during the rainy period. Leaf temperature was highest at midday during the dry and
rainy periods. The effect of shade on leaf temperature was only significant in the dry period.
Generally, the rate of transpiration was significantly higher in shaded coffee in the morning,
during both dry and rainy periods. Shade significantly increased stomatal conductance during
the rainy period. Photosynthetic rates were generally higher, in the morning hours, in shaded
coffee during the dry period. Shaded coffee recorded longer primary branch length extension,
but had lower number of nodes than coffee in full sun. Shading significantly increased the
content of the major soil nutrients namely N, P, K and Mg. There was, however, a reduction
of soil Ca content under shade. Leaf nutrient accumulation was positively correlated with

most major plant nutrients, except Ca. Coffee yields were significantly higher under high
Xviii



agronomic management than under medium and low agronomic management. Shaded coffee
had significantly higher bean yields than un-shaded coffee under medium and low
management levels. The % grade ‘A’ beans among shading levels in high and low
management levels were not different. Coffee at higher shading levels, 0 — 1.5 mand 1.5 —
3.0 m away from the shade tree trunk (equivalent to 80 and 70% shade) had significantly
higher % grade ‘A’ coffee beans than un-shaded trees. Caffeine, oil, and trigonelline contents
were higher in shaded coffee than in unshaded coffee. Sucrose was higher in coffee under
medium and low management level. Shading significantly reduced sucrose content. Most of
the biochemical components were positively correlated with shade and management levels.
This showed the possibility of manipulating the two parameters to enhance the quality of
coffee. The beverage quality attributes, except for acidity and balance, on the other hand were
mostly unaffected by shade levels and management , nevertheless, trends showed that most of
the parameters had higher scores in shade than in full sun. Shade was positively correlated
with all sensory variables. The findings of this study indicate that shade can be used to
increase coffee yields with no adverse effect on raw bean and beverage quality, particularly
under smallholder low input conditions. The use of shade trees could also be beneficial in
terms of diversifying farmers’ incomes through provision of timber and other products.
Overall, use of shade trees even under conditions of high agronomic management would

enhance biodiversity and promote environmental sustainability.
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CHAPTER ONE: INTRODUCTION
1.1 Background
Coffee is ranked as the third, after tea and horticulture, most important agricultural export
commodity in Kenya. Besides contributing to foreign exchange earnings, it is also a source of
livelihood for over half a million households. About 75% of all coffee in Kenya is grown by
small scale farmers under rain-fed conditions. The natural environment in the coffee growing
areas in the country provides opportunities for production of some of the top quality coffees
in the world. However, the coffee enterprise is currently faced with numerous socio-
economic and bio-physical constraints which have seen yields drop from an all-time high of
130,000 tons in 1989 to current production levels of about 50,000 tons (CRF, 2014). These
constraints include high production costs due to high costs of agrochemical inputs and labour,
an aged farmer population, and adverse climatic conditions such as high temperatures and
unreliable rainfall. The constraints are further exacerbated by declining world coffee prices.
Coffee farms’ economic viability and sustainability may be improved by integrating, into
them, annual food crops and perennials such as shade or fruit trees. The intercrops or shade
trees could improve the farms’ incomes through generation of food/tree products, improved
coffee quality and enhanced biodiversity thus leading to environmental conservation
(Njoroge and Kimemia, 1993; Vaast et al., 2006; Bote and Struik, 2011). On the other hand,
shade trees could potentially cause considerable reduction in coffee yield and quality as a
result of competition for light, nutrients and water especially during the dry periods (Beer et

al., 1998).

The origin of coffee is in the shaded forests of southern Ethiopia where it is believed to have
evolved as an under-storey crop. According to DaMatta (2004), early plantations were

shaded using over-storey trees in order to mimic coffee’s natural habitat since it was
1



considered shade-obligatory. Even so, it has been shown in many situations that coffee can
grow well without shade, sometimes producing higher yields than shaded coffee (Beer et al.,
1998). Therefore, the question of whether shade is beneficial to coffee is controversial and

has been contested for over 100 years.

Nonetheless, it has been documented through studies conducted in Central America and other
areas of the world that coffee benefits from shade (Beer et al., 1998; Vaast et al., 2007;
Somporn et al., 2012). The inclusion of shade or shelter trees is advantageous especially
under conditions, such as high temperatures, high solar irradiance and low rainfall, that are
considered sub-optimal for coffee production (Vaast et al., 2005; DaMatta and Ramalho,
2006). The trees moderate the effects of adverse climatic conditions, thereby providing a
more suitable microclimate for coffee production. In addition, the litter from the trees acts as
mulch which preserves soil moisture and reduces soil erosion by lessening the raindrop
impact on the soil. Owing to their multifaceted biophysical structure, shaded coffee has great

potential for conservation of biodiversity (Perfecto et al., 2003; Sommariba et al., 2004).

1.2 Problem statement and justification
The coffee industry in Kenya faces many socio-economic and biophysical challenges. Coffee
yields in Kenya dropped from an all-time high of 130,000 tons in 1989 to current production
levels of about 50,000 tons (CRF, 2010a). Some of the causes of the decline include high
costs of production, uncertain weather patterns, low yields and poor cup quality. Drought and
unfavourable temperatures constitute some of the major constraints to coffee production
(DaMatta and Ramalho, 2006). These constraints are anticipated to become progressively

more severe due to changing global climate and the spread of coffee cultivation to marginal



areas where inadequate rainfall and high temperatures are the most important limitations to
production.

In Kenya, coffee has been mainly grown as a sole crop in full sun, under optimal conditions
of cool temperatures, high humidity and adequate rainfall which made shade seem
unnecessary. Currently, coffee cultivation is expanding into relatively marginal areas with
lower rainfall and higher temperatures. This trend is attributed to limited land in traditional
coffee zones partly due to change in land use. The high potential coffee zones are also
experiencing decreased rainfall amounts associated with climate variability. Moreover, a full
sun system generally requires intensive management involving heavy application of inorganic
fertilizers; yet most coffee in Kenya is produced by smallholder farmers who cannot afford to
apply the required inputs. Even where the inputs are available, as in large estates, their
indiscriminate use often leads to reduced plantation longevity and negative long-term
environmental impacts, including water pollution and greenhouse gas emission (Castro-Tanzi
et al., 2012). The beneficial effects of shade trees may therefore be crucial in many coffee
producing areas in Kenya, especially those considered marginal for intensive production
systems. Cordia africana Lam is heavily branched with a spreading umbrella shaped or
rounded crown that provides excellent shade for tree crops. It is also the predominant shade

tree used in the area of the study.

The use of shade or shelter trees has been proposed as a possible strategy to alleviate the
effects of these adverse climatic conditions. Shade trees reportedly have several benefits
especially under these sub-optimal conditions for coffee production. In such situations, shade
trees moderate the effects of adverse climatic conditions (high temperatures, high solar

irradiance and low rainfall), thereby providing a more suitable microclimate for coffee



production. Furthermore, the litter from the trees acts as mulch which preserves soil moisture
and reduces soil erosion by lessening the raindrop impact on the soil.

Shade trees help to recover soil nutrients from deep in the soil to the coffee rooting top soil
through litter fall, fix atmospheric nitrogen if leguminous, control soil erosion and weeds and
encourage rainfall. In addition, the shade trees enhance water shed services; promote
biodiversity and CO, sequestration (Beer et al., 1998). It is for the foregoing reasons that

there has been greater attention given to the use of shade in coffee worldwide.

In terms of coffee quality, several studies have demonstrated that shading increases bean size
and improves biochemical composition and cup quality (Geromel et al., 2008; Vaast et al.,
2006; Muschler, 2004). Vaast et al. (2006) observed that shade delayed ripening of coffee

berry skin by up to four weeks thereby increasing bean size, composition and cup quality.

Extensive studies have been carried out, on the effect of shade on coffee productivity.
However, a lot of it has been carried out under conditions that are markedly different from
the situation in Kenya. For instance, the production zones in Costa Rica and other countries
in Central America are located in the altitude ranges of 500 to 1700 and 30 to 1600 m (Siles,
2007), respectively, whereas in Kenya the areas are located in an altitude range of 1200 to
2100 m above sea level (Kimemia and Kaminchia, 1994). In Kenya, most coffee growing
areas experience bimodal rainfall patterns with rainfall amounts ranging from 1000 to 2000
mm, whereas in Costa Rica, for instance, coffee growing zones receive more than 3000 mm

(Siles, 2007).



In Kenya, few studies have been conducted on the effects of shade on coffee physiology,
bean biochemical content and cup quality. The potential of shade trees to diversify farmers’
incomes and conserve biodiversity, has rekindled the interest in their use in coffee farming.

The current study will focus on these areas of research under low-input and high input
production systems. The results of the study would, therefore, be useful towards making

recommendations on the use of natural shade.

1.3 Objectives
The main objective of this study was to assess the effect of shade on coffee physiology, yield,
and quality of coffee. The specific objectives of this study were: -
1.  To determine the effect of Cordia africana shade on leaf temperature, transpiration,
stomatal conductance and photosynthetic rate of Arabica coffee.
2. To determine the effect of Cordia africana shade on soil nutrient content and plant
nutrient accumulation in Arabica coffee.
3. To assess the impact of Cordia africana shade on yield and quality of Arabica coffee
under three different agronomic management conditions.
4.  To determine the effect of Cordia africana shade on the biochemical components and
beverage quality of Arabica coffee beans under three different agronomic

management conditions.

1.4 Hypothesis
The central hypothesis of this study is that Cordia africana shade effects on the
microenvironment of coffee trees will lead to positive changes in coffee physiology, growth,

bean yield, bean biochemical content and beverage quality.



CHAPTER TWO: LITERATURE REVIEW
2.1 Ecology of coffee
Coffee in its natural habitat, tropical high rain forest in south-western Ethiopia, grows as an
under-storey shrub (Paulos and Tesfaye, 2000; Cambrony, 1992). The altitude in this region
is in the range of 1600 — 2800 m with an average annual temperature of 20°C; rainfall is well
spread varying from 1600 mm to more than 2000 mm, with a dry season lasting 3 to 4
months coinciding with the coolest period (DaMatta and Ramalho, 2006). Coffee, as an
under-storey plant, is permanently in shade and therefore is not subjected to high

temperatures and vapour pressure deficit (Maestri and Barros, 1977).

Temperature is one of the climatic factors which have a major impact on the physiology of
coffee. The optimal mean temperature for Arabica coffee ranges from 18 to 22°C; however, it
can withstand temperatures of 15°C during the night and 25 to 30°C during the day.
Temperatures above the optimum 22°C lead to accelerated development and ripening of
berries which results in poor quality coffee beans. Exposure to temperatures of over 30°C for
extended periods could lead to stunted growth and defects such as yellowing of leaves. High
temperatures during flowering, especially if combined with drought may cause abortion of
flowers. Conversely, low temperatures below 18°C result in depressed growth due to frost

damage (DaMatta, 2004).

Coffee is categorized as a shade adapted plant species since it displays characteristic features
of such species which include ability to photosynthesize in low light, high leaf area to woody
structure ratio and the absence of fruit thinning mechanism to regulate fruit load (Franck et
al., 2005). However, coffee leaves likewise show wide flexibility in their adaptation to

irradiance as shown by the wide range of radiation conditions in which coffee can be grown.
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Coffee is, therefore, considered a shade adapted rather than a typical shade plant (Da Matta,

2004).

The adaption of coffee to shade favours its cultivation in agroforestry systems and this
practice has regained popularity especially in Central America (Vaast et al., 2005). Whether
shade trees are beneficial to coffee or not, is a question that has been debated over the years.
Nevertheless, it has been established that coffee may benefit from shade especially under sub-
optimal conditions (Vaast et al., 2007; van Kanten and Vaast, 2006). In Kenya, the early
plantations were established under shade. However, during the late 1960’s there was a move
towards intensification of coffee production and trees were removed and coffee grown in full
sun. Intercropping coffee with food or tree was not officially allowed as it was thought that

the intercrops would lower the quality for which Kenya is renowned (Kimemia, 1998).

2.2 Effect of shade on pests, diseases and weeds on coffee yield and quality
Coffee is vulnerable to several insect pests and diseases leading to losses in productivity and
quality. Shading may change the environment for insect pests and diseases by modifying their
microclimate through the moderation of wide fluctuations in air and soil temperatures and by
increasing moisture. The litter fall also increases soil organic matter and mulch. The shade
trees further enhance the variety of habitat for other organisms including pests, diseases and
their natural competitors (Hietz, 2005; Muschler, 2004; Miguel and Toledo, 1999). The
economically important pests in Kenya include coffee berry borer (Hypothenemus hampei),
leaf miner (Leucoptera meyricki) and thrips (Diathrothrips coffeae) (Crowe, 2004). The
important diseases are coffee berry disease caused by Colletotrichum kahawae, coffee leaf
rust caused by Hemileia vastatrix and Bacterial Blight of Coffee caused by Pseudomonas

syringae (Muller et al., 2004). Studies have been carried out to determine the influence of
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shade on these pests, diseases and weeds. Mouen et al, (2007) observed that coffee trees
found under shade of fruit trees were considerably less susceptible to coffee berry disease
than those in full sun. On the other hand, incidences of attack of coffee by coffee leaf rust
(Hemileia vastatrix) are higher under shade (Staver et al., 2001). Shade similarly promotes
the incidence of coffee berry borer (Hypothenemus hampei) (Staver et al., 2001). Kimemia
(2004) noted that natural shade, particularly of Mimosa scrabella, reduced weed incidences
and species. He attributed this to the leaf fall which formed mulch and hence interfered with
growth of weeds. Under the Mimosa scrabella, the possibility of presence of allelopathic

compounds may have contributed to the low level of weeds.

2.3 Effect of natural shade on soil and coffee leaf temperature
Temperature is the climatic factor that has the highest influence on the physiology of arabica
coffee. The optimal temperature range for this species is 18°C — 22°C (Descroix and Snoeck,
2004). Air, leaf and soil temperatures can be substantially higher in unshaded plantations than
in shaded plantations sometimes by more than 10°C (Muschler, 2004). Generally, shade act
as buffers to the coffee microclimate, since they tower over coffee. For example, under shade
in Mexico the maximal temperature during the hot season was reduced by an average of
5.4°C while the minimal temperature was increased by up to 1.5°C (Barradas and Fanjul,
1986). Leaf temperature affects stomatal opening, transpiration and photosynthesis. High leaf
temperatures may lead to excessive heat stress, moisture loss and damage to plant cells.
Shade may limit or ameliorate the effects of hot dry conditions and limit moisture loss by
moderating leaf temperatures. Shaded plantation systems can decrease extreme variations in
leaf temperature and humidity within it (Kirkpatrick 1935; Barradas and Fanjul 1986).
Increase in shade cover could lead to a reduction in temperatures at the time of the day when

plants are subjected to severe heat stress (Lin, 2007). Vaast et al., (2006) observed differences
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of leaf temperature of 4°C for inner leaves and 2°C for outer leaves were reported between
coffee trees grown in full sun and coffee trees grown in the shade.

Shade makes the major difference in climatically marginal coffee production conditions, and
higher levels of shade are needed with increasing temperature stress (Beer et al., 1998).
Growing coffee under natural tree shade may be an important climate adaptation coping
strategy for small-holder farmers, given that climate change is associated with rainfall decline
and increased fluctuations of temperature extremes. Systems with more shade have better
moisture availability due to the lower rate of evapotranspiration from the coffee and soil layer
(Lin, 2007). In an agroforestry system, the shade canopy may enhance water conservation by
decreasing runoff, nutrient and fertilizer drainage, and soil erosion (Wallace, 1996). The
lowering of air temperatures by shade when combined with the higher soil moisture would
produce lower moisture stress on the shaded plants. The trees protect the coffee from direct
sunlight and mulch the soil with their litter fall which also protects the soil from extreme
temperature and conserve soil moisture by decreasing rate of evaporation (Alemu, 2015). Soil
temperature not only impacts the absorption of water and nutrients by plants, but also

microbial activity that enhances organic matter content (Pregitzer and King, 2005).

2.4  Effect of natural shade on photosynthesis, stomatal conductance and
transpiration
Several studies have shown that photosynthetic processes in coffee trees can be reduced
markedly by high temperatures and irradiance. In Kenya, Kumar and Tieszen (1980)
observed that photosynthetic rates were substantially decreased at air temperatures of more
than 26 °C. Other studies have also shown that coffee plants exposed to air temperatures
above 25°C may suffer high temperature stress, which is the rise in temperature above a

critical threshold for a period of time, enough to cause irreparable damage to plant growth
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and development (Luo et al., 1999). Nunes et al., (1993) reported a 10% reduction of
photosynthetic rate for every 1°C rise in temperature. High temperatures can decrease the net
carbon gain by increasing photorespiration (Ramalho et al., 2013). High level of radiation is
associated with photo-inhibition, which reduces coffee leaves’ capacity for photosynthesis
(Nunes et al., 1993; Ramalho et al., 1997). Plant growth and development consist of many
biochemical reactions, all of which are sensitive to temperature (Oliveira et al., 2010). As a
result, un-shaded coffee trees that are exposed to such temperatures suffer significant yield
losses. On the other hand, excessive shading reduces the quality of the transmitted radiation
which similarly affects photosynthesis and growth (Franck and Vaast, 2009; Baliza et al.
2012). However, few studies have been carried out on the effect of shade on photosynthesis

in coffee under field conditions in Kenya.

Coffee is remarkably sensitive to variations in leaf temperature, especially above 25°C (Bote
and Struik, 2011). For coffee trees grown in open sun, increased temperature above this level
resulted in subsequent reduction of stomatal conductance (Kasai, 2008; Bote and Struik,
2011). Coffee leaves that were in permanent shade were reported to have had higher stomatal
conductance rates than those that were exposed in full sun (Weidner et al. 2000). Other
studies (Mohotti and Lawlor, 2002; Vaast et al. 2007) have reported higher stomatal
conductance rates in the morning and lower rates later in the day under shade. This has been
attributed to high temperatures and vapour pressure deficit that induce stomatal closure.
Baliza et al. (2012) reported that stomatal conductance was highest in coffee trees under 35 to

50% shade level.

Coffee in unshaded plantations is normally more water stressed than shaded plants. In Central

America, studies have shown that, where there was severe drought, the stress alleviating
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effect of shade trees was more beneficial than the competition for water was detrimental
(Muschler, 2004). Van Kanten and Vaast (2006) found that trees in full sun tended to
transpire more than those under shade trees, implying they faced a higher level of
environmental stress. However, they also observed that the daily water usage was higher for
coffee plants grown under shade, due to their greater vegetative growth, than those in full
sun. Furthermore, the water use by associated shade trees under these conditions had no
effect on soil water availability for coffee, although this may have been due to the high
rainfall (over 3100 mm). There is, however, the possibility of competition for moisture

particularly under during the dry periods (Beer et al., 1998).

2.5 Effect of shade trees on soil fertility
There is a general understanding that the presence of trees positively influences soil nutrient
content (Jose, 2009). Trees can provide the soil with nutrients from their litter, primarily
species that can fix nitrogen from the air (Souza et al., 2012; Romero-Alvarado et al., 2002).
Shaded coffee agro-ecosystems reportedly have higher total C stock and higher total litter
biomass than full sun or open systems (Dossa et al., 2008; Evizal et al., 2012). Total carbon
(C), due to its bearing on other physical, chemical and biological indicators, is considered as
the key indicator of soil quality and agronomic sustainability (Snoeck and Vaast, 2004;
Reeves, 1997). Pinard et al., (2014) reported that non-leguminous trees increased Ca, Mg and
K concentrations in the soil. Conversely, De Souza et al., (2012) found no substantial
variance in soil properties under shade and in open sun conditions. Physically, trees offer a

network of fine and coarse roots which binds the soil thereby preventing erosion.

The ability of many trees to utilize nutrient pools deeper in the soils, than crops would

normally be able to access, leads to increased nutrient capture efficiency (Schaller et al.,
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2003). Besides, the competition between shade trees and coffee roots for nutrients is
considerably reduced since they utilize nutrients from different layers in the soil profile
(Schaller et al., 2003). These nutrients are assimilated into the biomass of the trees and are
returned to the soil surface over time through litter fall, decomposition and mineralization
processes thus making them available to the crops (Nair, et al., 1999). In order to reduce the
possibility of competition between shade trees and coffee, particularly under low soil fertility,
shade trees should be pruned regularly. This would lead to an increase organic matter and
nutrient return to the soil (Dossa et al., 2008). In Kenya, there are limited studies on the

impact of shade trees on soil fertility under coffee cropping systems.

2.6 Effect of natural shade on growth and yield of coffee
Shade trees create a microclimate that promotes coffee growth and production especially
under less than optimum situations. Shade, therefore, is important in sustaining coffee
productivity; it conserves soil, water and biodiversity (Vaast et al, 2007). Shade trees do
buffer wide temperature fluctuations. In Mexico, Beer et al. (1998) observed that during the
hot period temperatures were 5°C lower and 2°C higher than the minimum ambient
temperature. In Costa Rica, shade trees reduced the global radiation by 40% to 50% of the
highest coffee leaf temperature and increased the leaf temperature by 0.5°C during the night
(Siles, 2007). Baggio et al. (1997) observed that coffee inter-planted under grevillea shade

was not affected by the severe frost that damaged most coffee plants in Brazil in 1994.

Studies conducted in Central America have shown that shade in the range of 30 —50% is
beneficial at low to medium elevations (Beer et al, 1997). At higher elevations (>1000 m),
shade can reduce yields by 20-30%. Soto-Pinto et al., (2000) also observed that shade of

between 23 and 38% had positive effect on yield. Soto-Pinto et al. (2000) further, reported
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that increasing the shade cover up to 48% had no effect on yield, but observed a yield
reduction in shade levels of 50% and above. Shade reportedly reduces biennial or alternate
bearing (Vaast et al., 2006). This has been attributed to the influence of shade on total tree
carbon absorption, promotion of vegetative rather than flower buds, fewer nodes formed per
branch and fewer flower buds (Cannell, 1975). The major adverse effect shade has on coffee
yield appears to be lower flower induction hence a lower number of productive nodes on a
branch (Franck, 2005). Shade also promotes growth of larger individual leaf size, plant
longevity and reduction in leaf specific mass and hence lower carbon demand for a similar
leaf area index (LAI) compared to sun grown plants (Franck, 2005). In addition, shade-grown
coffee plants experience less overbearing dieback due to enhanced vegetative growth and
carbon reserves in branches and roots (Wintgens, 2004). In Kenya, studies to determine the

impact of shade under different coffee management levels are quite limited.

2.7 Biochemical components and beverage quality attributes

Green coffee consists of many diverse chemical compounds which react and interact during
coffee processing to produce an end product that is even more variable and complex in
structure (Kathurima, 2013). These include biochemical compounds that give distinctive
odour or taste to edible plants as well as adaptive properties to plants such as resistance to
diseases and pests (Dessalegn, 2005). Coffee bean size, density, beverage and bean
biochemical quality characteristics are inherent factors, yet, the environment and genetic
diversity are essential in determining their expression (Leroy et al., 2006). The key
biochemical compounds in coffee include caffeine, oils trigonelline, sucrose and chlorogenic
acids.

Caffeine (1, 3, 7-trimethylxanthine) is one of the key alkaloids that is found in leaves, seeds

or fruits of several plants (Belay, 2010). Common caffeine sources include coffee, cocoa
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beans, coconuts and tea leaves (Mumin et al., 2006). It is perhaps the most commonly
consumed pharmacologically active substance in the world (Mussatto et al., 2011). The
stimulating effect of coffee has been attributed to caffeine hence making it an important
constituent of coffee (Franca et al., 2005). Even though there is no data to support
relationship between caffeine and coffee quality (Kathurima, 2013), coffee cultivars with low
caffeine content (0.2%) generally have inferior quality (Clifford, 1985). The caffeine content
is genetically defined in a measurable, polygenic manner and is also affected by external

elements (Pearl et al., 2004).

Oil, a component of lipids, is an important component of coffee although most of it is lost
with the grounds during the preparation of the brew (Folstar, 1985). Coffee oil comprises
diterpenes of the kaurene family in proportions of up to 20% of the total lipids (Speer and
Kolling-Speer, 2006). Green Arabica coffee supposedly contains 75% triglycerides with a
high percentage of unsaponifiables including about 19% total free and esterified sterols and
the rest is made up of other substances such as tocopherols (Clarke and Vitzthum, 2001).
Coffees with higher oil contents give better roasts (Northmore, 1965). The oil, therefore, is
crucial in the overall presentation of coffee flavour although the oil is poorly extracted into

the coffee brew.

Trigonelline is a nicotinic acid related alkaloid that is essential to the coffee bean (Sridevi and
Giridhar, 2013). It is important in the development of the main flavour compounds during
roasting (Kathurima, 2013). Trigonelline decomposes readily as temperature approaches 160
°C, and 60% of the initial trigonelline is broken down, leading to the formation of carbon
dioxide, water and the development of a large group of aromatic compounds called pyridines.

The pyridines are involved in the production of various aromas such as found in coffee.
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Chlorogenic acids (CGA) are phenolic compounds commonly found in green coffee beans
(Belay, 2010). The total CGA content of green coffee beans varies according to species,
degree of maturation and to a lesser extent agricultural practices, climate and soil (Clifford,
1985; Farah et al., 2005). The CGA play an important role in formation of pigments, taste
and flavor of coffee beans which determine quality and acceptance of the beverages. They
contribute to the final acidity of the beverages and formation of lactones and other phenol

derivatives responsible for flavor and aroma (Variyar et al., 2003).

Coffee beverage or liquor quality is a vital characteristic of coffee and is used to determine its
price (Muschler, 2001; Agwanda et al., 2003). The beverage quality is centred on the
description of many factors including flavour and aroma (Kathurima et al., 2009) which are
linked to the biochemical composition of roasted beans whose presence could be favourable,
for instance, trigonelline and sugars, or unfavourable in the case of caffeine and chlorogenic
acids (Clifford, 1985). Coffee beverage quality is affected by many factors including

environmental and agronomic management practices.

Coffee flavour is the main measure for quality assessment and a key motivation for consumer
preferences (Cantergiani et al., 1999; Clarke, 1987). It is the overall view and depiction of the
coffee’s distinctive features including fragrance/aroma, acidity, and body. The smell of
ground coffee when still dry is the fragrance, while the smell of the coffee when infused with
hot water is the aroma. Aftertaste is the taste remaining in the mouth after swallowing a sip of
coffee. (Lingle, 2001). Body defines the “mouth feel” of the coffee as it settles on your
tongue, its tangible impression or weight and consistency as perceived in the mouth (Lingle,

2001).
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Acidity has been accepted as an essential attribute of the sensory quality in coffee. The
International Standard 1SO-5492 (2008) defines acidity as a simple taste produced by dilute
aqueous solutions of most acid substances. Some of the acids contributing to this sensation
are formed during the development of the coffee bean while some are generated during

roasting (Ginz and Enhelhardt, 2000).

2.8 Effect of natural shade on coffee beverage quality
Many authors have reported the positive influence of shade on coffee quality (Geromel et al.
2008; Vaast et al., 2006; Muschler, 2004). Vaast et al. (2006) reported that shade delayed
ripening by one month leading to an increase in size and improvement in the biochemical
composition of the coffee bean. Muschler (2004) found that shade significantly reduced the
ratio of fallen berries, while un-shaded coffee trees often dropped more than 20% of the
berries to the ground. This has been attributed to the physical protection of ripe berries from
the effect of raindrops provided by the tree canopy, and also increased ability of shaded
plants to retain ripe berries on the plant. It has also been noted that shade reduces the portion
of rejects which include diseased, shrunken or dried berries. In Costa Rica, Muschler (1998)
found that coffee bean rejects were more than ten times greater in the unshaded than the
shaded samples. Pinard et al. (2014), on the other hand, found that shade did not delay coffee
berry maturation nor did it reduce alternate bearing pattern. They also found that shade did
not increase or improve the final quality grading of green coffee beans. Shade trees could also
compete for light, water and nutrients with coffee trees and possibly modify conditions for
incidences of pests and diseases (Staver et al., 2001; DaMatta, 2004; Mouen Bedimo et al.
2012). Due to the intricate and varied relations, the influence of shade on coffee production

often depends on sites, varieties of coffee and species of shade tree (Beer et al., 1998; Vaast
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et al., 2007; Hagar et al., 2011; Laderach et al., 2011). However, information on the effect of

shade on quality of Kenyan local coffee varieties is inadequate.
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CHAPTER THREE: EFFECT OF Cordia africana SHADE ON STOMATAL
CONDUCTANCE, TRANSPIRATION AND PHOTOSYNTHETIC RATE OF
ARABICA COFFEE
3.1 Abstract
Stomatal conductance, transpiration and photosynthetic rate in coffee are dependent on
ecological conditions such as irradiance, temperature and nutrient supply which ultimately
have a major impact on its productivity. In studies elsewhere, the use of shade trees has been
found to alleviate the effects of high temperatures, high solar irradiance and low rainfall,
thereby providing a suitable microclimate for coffee production. In Kenya, however, the
information on shade effects on coffee physiology is scanty. This study was, therefore,
carried out to evaluate the effect of Cordia africana shade on stomatal conductance,
transpiration and photosynthetic rate. The experiment was laid out as a randomized complete
block with seven replicates. The coffee plants were subjected to varying shade levels which
were based on the distance from the shade tree trunk; 0 —1.5m,1.5-3m,3-45m,45-6
m and > 6 m (coffee trees under full sun). Photosynthetically active radiation (PAR), stomatal
conductance, transpiration and photosynthesis were measured simultaneously, on intact
plants in the field, using a differential CO,/H,0O infrared gas analyser. The measurements,
taken in the early morning, midday and late afternoon, were made in two consecutive coffee
growing seasons during the dry and rainy periods. During the dry period, shaded coffee had
higher leaf temperature than unshaded coffee at 900 hrs but the converse was the case at 1200
and 1500 hrs. Shade had no effect on leaf temperature during the rainy period. Generally, the
rate of transpiration was significantly higher in shaded than unshaded coffee in the morning,
during both dry and rainy periods. Shade significantly increased stomatal conductance during

the rainy period. Photosynthetic rates were generally higher, in the morning hours, in shaded
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coffee during the dry period. The results confirm that shade does have some beneficial effects

on coffee physiology that may positively impact production.

3.2 Introduction
Coffee is thought to have originated in the tropical high rain forests in Ethiopia, as an under—
storey shrub (Chaves et al., 2008; Cavatte et al., 2012). Its evolution as an under storey plant
meant that coffee was permanently in shade and hence was not exposed to high temperatures
and vapour pressure deficit (Maestri and Barros, 1977). Consequently, coffee had been
presumed to be a shade obligatory species. In many situations, however, coffee grows well
and even produces higher yields in the sun than in shade (DaMatta, 2004; DaMatta et al.,
2010; Pompelli et al., 2010). Coffee leaves could, therefore, be assumed to exhibit wide
flexibility in their adaptation to irradiance as shown by the variety of radiation conditions in
which coffee can be grown (Matos et al., 2009). Coffee is, therefore, considered a shade
adapted rather than a typical shade plant (DaMatta, 2004). It shows distinctive features of
such species which include ability to photosynthesize in low light, high leaf area to woody
structure ratio and the lack of fruit thinning ability to regulate fruit load (Franck et al., 2005).
The altitude in coffee’s natural habitat ranges from 1600 to 2800 m with an average annual
temperature of 20°C; rainfall is well distributed varying from 1600 mm to more than 2000
mm, with a dry season lasting 3 — 4 months corresponding with the coolest period (DaMatta

and Ramalho, 2006).

The adaption of coffee to shade favours its cultivation in agroforestry systems and this
practice has been regaining popularity especially in Central America (Beer et al., 1998). The
question of whether shade trees are beneficial has been debated over the years with the

fundamental issue being the competition for nutrients and water. Nonetheless, it has been
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documented through studies conducted in Central America and other parts of the world that
coffee benefits from shade (Beer et al., 1998; van Kanten and Vaast, 2006; Vaast et al., 2007,
Somporn et al., 2012). The inclusion of shade or shelter trees is advantageous especially
under conditions, such as high temperatures, high solar irradiance and low rainfall, that are
considered sub-optimal for coffee production. The trees moderate the effects of adverse

climatic conditions, thereby providing a more suitable microclimate for coffee production.

Coffee physiological factors such stomatal conductance, transpiration and photosynthesis, are
dependent on environmental conditions such as irradiance, temperature and nutrient supply
among other factors, so that they fluctuate daily and seasonally. Air temperature is among the
most critical climatic factors in the physiology of coffee. It has a major impact on leaf
temperature which determines the vapour pressure deficit (VPD) within the leaf and
consequently the stomatal conductance, transpiration and photosynthetic rates (Monteith et
al., 1991). The effect of temperature on coffee photosynthesis has been reported in earlier
studies, with net CO; assimilation decreasing at temperature above 24°C (Nunes et al., 1968;
Nutman, 1937). Shade has a direct influence on the amount of light that reaches the coffee
plants which in turn regulate their growth and development functions in reaction to changes
in light intensity (Walters, 2005; Lusk et al., 2008). Variances in the availability of solar
radiation can cause changes in the function and structure of coffee plant leaves, (Baliza et al.,
2012). Results of the study conducted on the effect of shading on the photosynthetic rates of
coffee plants have been inconsistent. Some studies have shown that coffee plants under high
radiation had higher assimilation of CO, than those with shaded leaves exposed to lower
radiation (Araujo et al., 2008; Chaves et al., 2008). Other authors have, however, reported

that coffee plants under shading recorded higher photosynthetic rates (Nutman, 1937; Kumar
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and Tieszen, 1980; Freitas et al., 2003). Kumar and Tieszen (1980) further noted that the rate

of photosynthesis for coffee plants under shade is nearly twice that of plants under full sun.

The categorization of shade effects on the physiology of coffee plants is important in
deciding the optimal intensities of radiation as well as supporting studies on growth of shaded
plants aimed at determining the best coffee plant arrangement that optimizes the absorption
of the available solar radiation under shaded conditions (Baliza et al., 2012). Information on
the microclimatic changes in the shaded systems, both from the productive and ecological
points of view, through the crop cycle and in various times of the year is imperative to
determine agronomical and viable practices (Morais et al., 2006). Hernandez et al., (1989)
suggested that large VPD is the factor limiting total crop photosynthesis and hence shading
which reduces leaf temperature and hence VPD is an effective means of increasing
productivity over longer period of time. The use of shade trees can thus reduce the ecological
and economic vulnerability of resource poor small holder farmers (DaMatta et al., 2007,

Camargo, 2010).

In Kenya, the early plantations were established under tree shade. However, during the late
1960’s there was a move towards intensification of coffee production and trees were removed
and coffee grown in full sun (Kimemia and Njoroge, 1988). However, with the renewed
interest in shade coffee, there is need for information on the influence of natural shade on
coffee physiology in Kenya. This study, therefore, was carried out to evaluate the effect of
Cordia africana shade on leaf temperature, stomatal conductance, transpiration and

photosynthetic rate of Arabica coffee.

21



3.3 Materials and Methods
331 Site
This study was conducted at the Kenya Agricultural and Livestock Research Organization —
Coffee Research Institute (KALRO-CRI) demonstration plot in Namwela from year 2010 to
2012. Namwela is located in Bungoma County at 0° 45°43N 34° 33°42E, 1641 metres above
sea level and an average rainfall of 1329 mm. The rainfall pattern is unimodal, starting in
March/April and ends in December. The site experiences a dry spell between December and
April. The temperatures range from a minimum of 13 °C to a maximum of 27 °C. The soils
are mainly humic acrisols which are moderately fertile, sandy and mildly acid. These soils
require frequent liming to correct excess acidity and routine alkaline correction with urea or
ammonium sulphate (AS) fertilizer for good rooting and better nutrient uptake. The effect of
shade on coffee physiology was assessed under the high management level, where the

established coffee trees were managed using all the recommended practices (CRF, 2013).

3.3.2 Experimental treatments, design and agronomic management
The treatments consisted of different shade levels under high agronomic management. The
shade level was based on distances from shade tree trunk, 0 —1.5m, 1.5-3.0 m, 3.0 - 4.5 m,
4.5-6.0 mand > 6.0 m (full sun). The shade level (amount of light intercepted by the shade
trees) was estimated by measuring photosynthetic photon flux density (PPFD) using a Line
Quantum Sensor (LI- 191, LICOR Biosciences) at regular and increasing distances from the
tree trunk as described by Vaast et al., (2007). The experiment was laid out as a randomized
complete block design (RCBD) with seven replicates. Measurements were taken under the
shade tree canopy (1 m above coffee bushes) and in full sun, about 10 m outside the canopy.
Twenty instantaneous measurements of PPFD were taken at each point (mid-way between the

various distances from shade tree trunk) and the averages were expressed as a percentage of
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the average readings recorded in full sun. This was done at midday, following the same order
to ensure that the diurnal variation in intensity of shading was minimized. The recording was
done on four consecutive days per month, during the dry period in November 2010.

The traditional coffee variety K7 spaced at 2.74 m x 2.74 m was used in the study. The coffee
variety, K7, is a selection from “French Mission” coffee and is the most commonly grown
variety in the study area. The cultivar has resistance to some races of coffee leaf rust as well
as partial resistance to coffee berry disease. The coffee trees were under high agronomic
management, using all the recommended practices, including fertilizer and pesticide
applications and canopy management (CRF, 2013). The main crop at the study site flowers in
March to April and therefore NPK compound fertilizers, 20:10:10, were applied earlier in
October (6 months before flowering) at the rate of 250 g/coffee tree. Foliar applications of
Boron and Zinc were also applied, at the rate of 3 kg/ha, 3 months before flowering. After the
main flowering in March/April, the first round of calcium ammonium nitrate (CAN) fertilizer
at the rate of 100 g/tree was applied. Two more rounds of CAN applications were made at 4
weeks interval giving a total of 300 g/tree per annum, (3 equal split applications). Pruning of
the coffee trees was undertaken in January of both year 2010 and 2011. This involved the
removal of unwanted branches to promote growth of the desired branches. Major insect pests
such as antestia bugs and thrips were controlled using Dursban 480 EC (active ingredient:
chlorpyrifos) at the rate of 1000 ml/ha. Weeds were managed by application of glyphosate

(36%) herbicide which was applied during the rainy period when the weeds were young.

The coffee trees were under the natural shade of Cordia africana Lam, which is a small to
medium sized evergreen tree that grows up to 30 m. It is heavily branched with a spreading
umbrella shaped or rounded crown that provides excellent shade for tree crops (Orwa et al.,

2009). The species occurs at medium to low altitudes in warm and moist areas, often along
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riverbanks. It also grows in drier conditions but thrives in good rainfall areas. It is the

predominant shade tree used in Bungoma County.

3.3.3 Physiological measurements
All physiological measurements were made on intact plants in the field. Data was recorded
on photosynthetically active radiation reaching the coffee tree, leaf temperature, transpiration,
stomatal conductance and photosynthetic rate. Photosynthetically active radiation (PAR), leaf
temperature, transpiration rate, stomatal conductance and photosynthetic rate of the leaves
were measured simultaneously using a differential CO,/H,0 Infra-red gas analyser (LC ADC
Bio Scientific Ltd., Hoddesdon, UK) connected to a broadleaf chamber. Measurements were
taken on four fully developed exposed leaves (3" to 6" pair of leaves from the branch tip)
sampled on plagiotropic branches at middle level in the canopy. Four (4) leaves from two (2)
trees per treatment were monitored. The measurements were taken three times per day: early
morning (7 to 9 am), mid-day (11 am to 1 pm) and late afternoon (3 to 5 pm). This was
carried out during the dry period in February/March and the rainy period in July/August of

2011 and 2012.

3.3.4 Data analysis
All the data collected were subjected to analysis of variance using CoStat version 6.400
(1998-2008, Co Hort Software). Mean separation was performed using the least significant

difference test at p<0.05.
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3.4 Results
3.4.1 Shade level
Light interception at the top of the coffee canopy increased with increase in distance from the
Cordia africana shade tree trunk. It varied from 325 pmolm™s™ (0 — 1.5 m from the shade
tree trunk) to 1629 umolm2s™ (full sun). Distances 0 —1.5m, 1.5-3.0m, 3.0 —4.5m, 4.5 —
6.0 m and > 6.0 m (full sun) from the shade tree trunk had 80, 70, 50, 30 and 0% shade,

respectively (Table 3.1).

Table 3.1: Effect of Cordia africana shade on mean percentage light (umolm?s™) reaching the

coffee canopy

Distance (m) from the Light interception

tree trunk pumolm?s® % Shade
0-15 325 80.06
15-3.0 481 70.47
3.0-45 811 50.17
45-6.0 1146 29.66
> 6 m (Full Sun) 1629 0.00
LSD 05 158

CV (%) 16.3

Key: - means not separated by LSD

3.4.2 Effect of Cordia africana shade on photosynthetically active radiation
reaching coffee plants
Shade level had a significant effect (p<0.05) on PAR reaching the coffee leaves during the
dry (Table 3.2) and rainy period (Table 3.3). During the dry period, in February/March 2011
and 2012, the PAR reaching the coffee trees increased with the distance from the shade tree

trunk. The PAR recorded in full sun was significantly (p<0.05) higher than that recorded in
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the shade at all times during the day. Coffee at a distance of 0 — 1.5 m from shade tree trunk
(equivalent to 80% shade level) had significantly lower PAR reaching it than coffee at
distances of 1.5 -3.0 m, 3.0 - 4.5 m, 4.5 - 6.0 m and > 6 m (coffee in full sun). There was,
however, no significant difference in PAR reaching coffee plants among the distances (from
the shade tree trunk) of 1.5 —-3.0 m, 3.0 — 4.5 mand 4.5 — 6.0 m at 900 hrs and 1500 hrs. At
1200 hrs there was no difference in PAR reaching coffee at 4.5 — 6.0 m from the shade tree

trunk and under full sun (Table 3.2).

The highest PAR, 838 pumol m™s™, was recorded at 1200hrs in full sun while the lowest, 81
umol m?s™, was recorded at 1.5 — 3.0 m from shade tree in February/March 2012 (Table
3.2). The PAR generally increased during the morning and peaked at noon and dropped in
late afternoon. During the rainy period, the PAR followed a similar pattern to that during the
dry period (Table 3.3). In the rainy period (July/August 2011), the highest PAR, 641 pmol m
25 was recorded in full sun at 900 hrs and the lowest, 95 pmol m?s™, was recorded at a
distance of 0 — 1.5 m (equivalent to 80% shade) from the shade tree trunk. In season 2, the
highest PAR, 695 umol m™s™, was recorded in full sun at 1500 hrs and the lowest, 155 umol
m2s™, was recorded at 0 — 1.5 m (equivalent to 80% shade) from the shade tree trunk at 900
hrs. There were significant differences in PAR between the coffee in full sun (0% shade) and
coffee under shade at 900 and 1500 hrs in the dry period. On the other hand, there was no
difference in PAR between coffee in full sun and coffee at 4.5 — 6.0 m (equivalent to 30%

shade) from the shade tree trunk, at 1200 hrs in the rainy period (Table 3.3).
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Table 3.2: Effects of Cordia africana shade on photosynthetically active radiation (umol m’

2s1) reaching coffee plants during dry period — February/March 2011/2012

February/March 2011 Photosynthetically active radiation (umol m-2s-1)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 137 282 133
15-30 335 439 170
3.0-45 356 494 185
45-6.0 325 795 202

> 6 (Full Sun) 557 838 764

P value (SL) 0.0000*** 0.0000*** 0.0053**
LSD g5 (SL) 100 129 77

CV (%) 26.6 20.5 23.9
February/March 2012 Photosynthetically active radiation (umol m?s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 244 222 87
15-30 305 241 81
3.0-45 326 419 112
45-6.0 378 531 127

> 6 (Full Sun) 420 893 247

P value (SL) 0.0375* 0.0000*** 0.0000***
LSDggs (SL) 114 127 33

CV (%) 31 25 23

Key: SL — Shade level; * significant at 5% level, **significant at 1% level, ***significant at 0.1% level
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Table 3.3: Effects of Cordia africana shade on photosynthetically active radiation (umol m’
2s1) during rainy period — July/August 2011/2012

July/August 2011 Photosynthetically active radiation (umol m-2s-1)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 212 110 95
15-30 269 182 162
3.0-45 357 218 211
45-6.0 380 420 208

> 6 (Full sun) 641 480 533

P value (SL) 0.0000*** 0.0000*** 0.0000***
LSDges (SL) 108 100 70

CV (%) 26 32 26
July/August 2012 Photosynthetically active radiation (umol m?s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 155 217 233
15-30 287 326 281
3.0-45 310 360 317
45-6.0 314 403 399

> 6 (Full sun) 483 413 695

P value (SL) 0.0001*** 0.0001*** 0.0000***
LSD 405 (SL) 97 76 97

CV (%) 28 20 23

Key: SL — Shade level; ***significant at 0.1% level

3.4.3 Effect of Cordia africana shade on coffee leaf temperature
The effect of shade on the leaf temperature was significant (p=0.05) in the dry period of
February/March 2011 and 2012 (Table 3.4). The shaded coffee plants recorded higher leaf
temperatures at 900hrs than coffee in full sun. However, coffee in full sun recorded higher
leaf temperatures at 1200hrs and 1500hrs than shaded coffee. The lowest (28.4°C) and
highest (38.0 °C) leaf temperatures, in February/March 2011, were both recorded in full sun
at 900hrs and 1200 hrs respectively. No significant differences were noted among shade

levels at 900 and 1200 hrs.
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During the rainy period, shade level had significant (p<0.001) effect on leaf temperature
(Table 3.5). The leaf temperatures were higher at 1200 and 1500hrs in full sun than in the
shade. In July/August 2011, leaf temperatures were generally higher than those recorded in

July/August 2012.

Table 3.4: Effect of Cordia africana shade on leaf temperature (°C) during dry period —
February/March 2011/2012

February/March 2011 Leaf temperature (°C)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 30.0 35.6 32.6
15-30 30.3 35.2 32.2
3.0-45 30.4 35.0 32.0
45-6.0 29.9 36.5 31.7
> 6 (Full sun) 28.4 38.0 36.7
P value (SL) 0.0000*** 0.0000*** 0.0000***
LSDgs (SL) 0.7 1.1 1.81
CV (%) 2.20 2.70 4.98
February/March 2012 Leaf temperature (°C)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 26.0 29.6 29.6
15-3.0 25.8 30.1 30.4
3.0-45 27.1 30.0 30.3
45-6.0 27.6 304 30.2
> 6 (Full sun) 26.1 30.2 32.6
P value (SL) 0.0585 0.7433 0.0003***
LSDogs (SL) NS NS 1.19
CV (%) 4.86 3.30 3.52

Key: SL — Shade level; NS — not significant, ***significant at 0.1% level
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Table 3.5: Effect of Cordia africana shade on leaf temperature (°C) during rainy period —
July/August 2011/2012

July/August 2011 Leaf temperature (°C)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 27.6 30.1 30.1
15-30 27.6 30.0 29.9
3.0-45 27.8 29.9 29.9
45-6.0 271.7 30.6 29.6
> 6 (Full sun) 24.9 28.3 31.8
P value (SL) 0.0000*** 0.0000*** 0.0063**
LSDgs (SL) 0.7 0.7 1.2
CV (%) 2.4 2.1 3.6
July/August 2012 Leaf temperature (°C)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 27.9 26.8 25.7
15-3.0 28.1 26.5 25.6
3.0-45 28.2 26.6 25.6
45-6.0 28.0 26.9 25.5
> 6 (Full sun) 26.0 28.7 27.4
P value (SL) 0.0000*** 0.0000*** 0.0000***
LSDoos (SL) 0.7 0.8 0.4
CV (%) 2.3 2.6 15

Key: SL — Shade level; * significant at 5% level, ***significant at 0.1% level

3.4.4 Effect of Cordia africana shade on transpiration rate
Shade significantly (p=0.05) affected the coffee leaf transpiration rate only at 1200 and 1500
hrs during the dry period in February/March 2011 and 2012 (Table 3.6). At 1200 hrs, shaded
coffee, except at 4.5 — 6.0 m from the shade tree trunk, had significantly higher transpiration
rate than coffee grown under full sun. Transpiration rate ranged from 0.43 (full sun) to 0.74
pmol m?s™ (0 — 1.5 m from the shade tree trunk). At 1500 hrs, the trend was similar except

that the difference between coffee at 3.0 — 4.5 m from the shade tree trunk and coffee under
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full sun was not significant (Table 3. 6). Transpiration rate ranged from 0.44 (full sun) to 0.70
pmol m?s™ (0 — 1.5 m from the shade tree trunk). In February/March 2012, shaded coffee (0
—15m, 3.0-4.5m and 4.5 — 6.0 m from the shade tree trunk) had higher transpiration rate
than coffee under full sun. Transpiration rate ranged from 0.48 (full sun) to 0.72 pmol m%s™
(4.5 — 6.0 m from shade tree trunk). At 1500 hrs, the transpiration rate in full sun was
significantly higher than that at 0 — 1.5 m from the shade tree trunk. Shade levels at 1.5 — 3.0
m, 3.0 — 4.5 m and 4.5 — 6.0 m from the shade tree trunk had no effect on transpiration rate

relative to full sun.

During the rainy period, shade had significant effect on transpiration rate only at 1200 hrs in
July/August 2011 and at all the times in July/August 2012 (Table 3.7). In July/August 2011,
the transpiration rates of coffee at 1200 hrs in full sun were significantly lower than shaded
coffee, regardless of shade level. However, there were no significant differences in
transpiration rate among the shaded coffee. Transpiration rate of coffee plants ranged from
0.34 to 0.65 umol m3s™. In July/August 2012, coffee in full sun recorded significantly lower
transpiration rates than shaded coffee at all shade levels at 900 and 1200 hrs. However, at
1500 hrs, the transpiration rate for coffee in full sun was not significantly different from
coffee at 0 — 1.5 m and 1.5 — 3.0 m from the shade tree trunk. The transpiration rates ranged
from 0.44 (full sun) to 0.74 pmol m™?s™ at 900 hrs, 0.33 to 0.64 pmol m™?s™ at 1200 hrs, and

0.40 to 0.57 pmol m™s™ at 1500 hrs.
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Table 3.6: Effect of Cordia africana shade on transpiration rate (mmol ms™) during dry
period — February/March 2011/2012

February/March 2011 Transpiration rate (mmol m™s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.84 0.74 0.70
15-3.0 0.76 0.63 0.65
3.0-45 0.70 0.60 0.53
45-6.0 0.71 0.56 0.46
> 6 (Full sun) 0.67 0.43 0.44
P value (SL) 0.19 0.01* 0.05*
LSDy 5 (SL) NS 0.16 0.20
CV (%) 21.8 24.5 32.2
February/March 2012 Transpiration rate (mmol m™?s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.60 0.56 0.46
15-3.0 0.75 0.67 0.49
3.0-45 0.75 0.66 0.58
45-6.0 0.70 0.72 0.64
> 6 (Full sun) 0.64 0.48 0.59
P value (SL) 0.33 0.01* 0.03*
LSD o0s (SL) NS 0.15 0.12
CV (%) 23.9 215 20.3

Key: SL — Shade level; NS — not significant, * significant at 5% level, ***significant at 0.1% level
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Table 3.7: Effect of Cordia africana shade on transpiration rate (mmol m™s™) during rainy
period — July/August 2011/2012

July/August 2011 Transpiration rate (mmol m™s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.67 0.65 0.45
15-3.0 0.66 0.64 0.45
3.0-45 0.58 0.69 0.56
45-6.0 0.58 0.77 0.58
> 6 (Full sun) 0.69 0.34 0.37
P value (SL) 0.44 0.000*** 0.20
LSDoos (SL) NS 0.17 NS
CV (%) 23.09 25.61 36.59
July/August 2012 Transpiration rate (mmol m?s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.71 0.55 0.45
15-3.0 0.74 0.55 0.50
3.0-45 0.68 0.53 0.57
45-6.0 0.69 0.64 0.55
> 6 (Full sun) 0.44 0.33 0.40
P value (SL) 0.01** 0.00** 0.02*
LSDogs (SL) 0.16 0.14 0.11
CV (%) 21.8 24.1 20.13

Key: SL — Shade level; * significant at 5% level, ***significant at 0.1% level

3.4.5 Effect of Cordia africana shade on stomatal conductance
The stomatal conductance was significantly affected by natural shade at 1200 and 1500 hrs
during the dry spell in season 1. Stomatal conductance was significantly lower in full sun
than in coffee under natural shade. In February/March 2012, however, the effect of shade on
stomatal conductance was not significant (Table 3.8). During the rainy period, the effect of
shade on stomatal conductance was significant (p=0.05) only at 900 hrs in season 1 (Table
3.8). The stomatal conductance was significantly lower in full sun than in coffee at 0 — 1.5 m,

1.5-3.0 and 3.0 — 4.5 m from shade tree trunk. However, there was no significant difference
33



in stomatal conductance between coffee in full sun and coffee at 4.5 — 6.0 m from shade tree
(Table 3.9). Stomatal conductance rates were 0.005 to 0.045 pmol m™?s™ in the dry period

(Table 3.7) and 0.017 to 0.063 pmol m™s™ in the rainy period (Table 3.9).

Table 3.8: Effect of Cordia africana shade on stomatal conductance (mol m™s™) during the
dry period — February/March 2011/2012

February/March 2011 Stomatal conductance (mol m™s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.023 0.013 0.013
15-3.0 0.022 0.012 0.012
3.0-45 0.019 0.013 0.015
45-6.0 0.019 0.015 0.016
> 6 (Full sun) 0.025 0.005 0.008
P value (SL) 0.1332 0.0000*** 0.0185*
LSD 405 (SL) NS 0.003 0.006
CV (%) 24.03 22.24 37.58
February/March 2012 Stomatal conductance (mol m?s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.043 0.030 0.024
15-3.0 0.041 0.030 0.027
3.0-45 0.045 0.028 0.031
45-6.0 0.041 0.033 0.036
> 6 (Full sun) 0.030 0.026 0.023
P value (SL) 0.1054 0.6743 0.1425
LSDoos (SL) NS NS NS
CV (%) 25.80 31.78 28.86

Key: SL — Shade level; * significant at 5% level, ***significant at 0.1% level
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Table 3.9: Effect of Cordia africana shade on stomatal conductance (mol m™s™) during the
rainy period — July/August 2011/2012

July/August 2011 Stomatal conductance (mol m™s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.063 0.026 0.023
15-3.0 0.041 0.026 0.019
3.0-45 0.037 0.026 0.020
45-6.0 0.031 0.029 0.021
> 6 (Full sun) 0.026 0.023 0.017
P value (SL) 0.000*** 0.55 0.59
LSDoos (SL) 0.010 NS NS
CV (%) 22.4 27.9 335
July/August 2012 Stomatal conductance (mol m™s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 0.048 0.033 0.030
15-3.0 0.044 0.032 0.025
3.0-45 0.043 0.032 0.028
45-6.0 0.040 0.030 0.022
> 6 (Full sun) 0.038 0.025 0.023
P value (SL) 0.3029 0.3181 0.0573
LSDoos (SL) NS NS NS
CV (%) 21.3 24.8 21.8

Key: SL — Shade level; NS — Not significant, *** - significant at 0.1% level

3.4.6 Effect of Cordia africana shade on photosynthetic rates
Photosynthetic rates were not significantly affected by shade during both the dry period and
the rainy period (Table 3.10 and 3.11). The photosynthetic rates ranged from 1.10 to 4.33

pmol m?s™ in the dry period and 1.39 to 3.12 umol m™s™ in the rainy period.
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Table 3.10: Effect of Cordia africana shade on photosynthetic rate (umol m?s™) during the
dry period — February/March 2011/2012

February/March 2011 Photosynthetic rate (umol m™s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 1.84 1.67 1.43
15-3.0 1.66 1.62 1.40
3.0-45 1.64 1.50 1.38
45-6.0 1.61 152 1.33
> 6 (Full sun) 1.42 1.32 1.10
P value (SL) 0.27 0.49 0.19
LSDoos (SL) NS NS NS
CV (%) 20.7 24.7 20.6
February/March 2012 Photosynthetic rate (umol m?s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 4.33 3.85 2.27
15-3.0 3.39 3.17 1.69
3.0-45 3.46 2.81 2.21
45-6.0 3.02 3.19 1.85
> 6 (Full sun) 3.10 3.03 2.14
P value (SL) 0.1574 0.0985 0.3588
LSDoos (SL) NS NS NS
CV (%) 29.53 21.53 30.37

Key: SL — Shade level; NS — Not significant
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Table 3.11: Effect of Cordia africana shade on photosynthetic rate (umol m?s™) during the
rainy period — July/August 2011/2012

July/August 2011 Photosynthetic rate (umol m™s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 2.84 2.05 1.52
15-3.0 2.31 1.97 1.43
3.0-45 2.21 2.09 1.50
45-6.0 1.97 1.65 1.46
> 6 (Full sun) 1.95 1.68 1.39
P value (SL) 0.1930 0.7163 0.9684
LSDoos (SL) NS NS NS
CV (%) 32.70 40.10 25.95
July/August 2012 Photosynthetic rate (umol m?s™)
Distance (m) from tree Time (hrs)

trunk 900 1200 1500
0-15 3.12 2.29 1.90
15-3.0 2.73 2.42 1.64
3.0-45 2.50 2.24 1.60
45-6.0 2.47 2.05 1.88
> 6 (Full sun) 2.26 211 1.72
P value (SL) 0.1608 0.6205 0.7703
LSDoos (SL) NS NS NS
CV (%) 24.62 21.69 30.53

Key: SL — Shade level; NS — Not significant

3.5 Discussion
3.5.1 Effect of shade on photosynthetically active radiation reaching coffee tree
Coffee in full sun recorded higher photosynthetically active radiation (PAR) reaching it than
shaded coffee. This agrees with the findings by Baliza et al., (2012) who also observed a
decrease in photosynthetically active photon flux density (PPFD) with increase of the shading
level due to the effect of tree leaves filtering out the red light and transmitting the green. The
PAR reaching coffee trees also increased with increasing distance from shade tree (reducing

shade levels). The daily differences were more pronounced especially at midday, during the
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dry period, where the PAR recorded under coffee in full sun was much higher than that
recorded under shaded coffee. During the rainy period, the daily trend in PAR was similar to
that recorded in the dry period, however, the ranges tended to be higher in the late afternoon.
These results concur with those by Vaast et al., (2006) and Mayoli and Gitau (2012).
Comparable findings reported by Karunaratne et al., (2003) established that unshaded tea
plants received significantly higher PAR. This study showed that during the dry period, the
PAR under shade was lower than under full sun. Morais et al., (2006) demonstrated that
shade causes a significant reduction in incident global solar radiation and PAR during the
day. Shade has a direct impact on photosynthesis since it determines the amount of light that
reaches the plants which in turn regulate their growth processes in reaction to changes in light
intensity (Walters, 2005; Lusk et al., 2008). In our study, the PAR was mostly higher, on
average, during the dry period reaching a maximum value of 893 pmol m™?s™ while in the
rainy period the highest value obtained was 695 pmol m™s™. This contrasts with results by
Baliza et al., (2012) who reported higher values in the rainy season than in the dry period.
The conflicting findings may be due to the difference in methodology between the studies.
For instance, Baliza et al., (2012) used plastic screens to provide different shading levels of O
(full sun), 35, 50, 60 and 90%, whereas in the current study, Cordia africana shade tree was
used. Factors such as shading type (natural or artificial), shading density and species used can

affect the outcomes of studies of this nature (Carelli et al., 1999).

3.5.2 Effect of shade on leaf temperature
Leaf temperature was significantly affected by shade during the dry period but not during the
rainy period. In the current study, leaf temperatures tended to be lowest in the morning,
peaking at midday then decreasing thereafter. Very high leaf temperatures of up to 38°C were

attained in full sun coffee at midday in the dry period. Leaf temperatures are generally higher
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than air temperatures since leaves are heated by absorbing solar radiation. Likewise, Chaves
et al., (2008) recorded leaf temperatures of up to 35°C in sunlit leaves and Siles and Vaast
(2002) recorded temperatures of above 25°C. Shaded coffee tended to have lower leaf
temperatures than unshaded coffee during the dry period, with the difference ranging from an
average of 1.2°C to 1.93°C. Jassogne et al. (2013) similarly observed that shade reduced
temperatures in the coffee trees by up to 2°C. Baliza et al., (2012) found that leaf
temperatures for both dry and rainy season were highest under full sun but declined with
increase in shading level. Our results partly concur with the findings by Siles and Vaast
(2002) who registered coffee leaf temperatures 2°C higher, in full sun during the dry season,
than under Eucalyptus deglupta or Terminalia ivorensis shade. They further reported
differences of up to 4°C in leaf temperatures during the wet season, whereas in this study no
differences were observed among the different shade levels. Air temperature is one of the
climatic factors, which has a major impact on the physiology of coffee. Exposure to
temperatures of over 30°C for extended periods could lead to stunted growth and
abnormalities such as yellowing of leaves. High temperatures during flowering, especially if
combined with drought, may cause abortion of flowers. Conversely, low temperatures below

18°C result in depressed growth due to frost damage (DaMatta, 2004).

In the face of climate change and the resulting rainfall decline and increased fluctuations of
temperature extremes, tree shade appears as an important climate adaptation coping strategy
for small holder farmers. Shade could, thus, reduce the ecological and economic vulnerability

of resource poor small holder farmers (DaMatta et al., 2007; Camargo, 2010).

3.5.3 Effect of shade on transpiration
Generally, shaded coffee had higher transpiration rate than coffee in full sun with the

exception of the dry period in February/March 2012. The findings are comparable to those
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reported by van Kanten and Vaast (2006) who showed that, while coffee transpired more per
unit leaf area in full sun, the diurnal water intake per hectare was higher under shade. They
further observed that the annual pooled water transpiration by coffee and associated shade
trees ranged from 20 to 250% more than sole coffee grown in full sun. Results of this study
show that shade had a significant effect on transpiration rate during the dry and rainy seasons.
The transpiration rate in both the dry and rainy period was higher in the morning and
decreased in the course of the day. The transpiration rate was slightly higher during the dry
period than during the rainy period. This was attributed to the higher vegetative growth of
shade grown coffee plants than those in full sun. Baliza et al., (2012) also showed that shaded
coffee had better growth. This agrees with the current study, where shaded plants had longer
primary branches and larger leaves (Chapter 5 of this thesis). The transpiration rates were
consistently higher in the morning hours and declined as the day progressed. The
transpiration rates were, however, very low generally registering values below 1 mmol m™s™.
The low transpiration could be attributed to the fairly high leaf temperatures that were
registered during this study. As reported by Gates (1968), leaf temperature determines the
vapour pressure deficit (VPD) within the leaf and is therefore the prime mover of
transpiration. The results were supported by Hernandez et al., (1989) and Mayoli and Gitau
(2012) who observed a strong and direct reaction of stomata to VPD. Van Kanten and Vaast
(2006) found that coffee transpiration was restricted at higher VPD, recorded during the dry

period, due to stomatal closure.

3.5.4 Effect of shade on stomatal conductance
During the dry and rainy period, the stomatal conductance was higher in the morning and
decreased at midday and was generally lower, with few exceptions, in late afternoon. This

agreed with the findings by Vaast et al., (2007) and Franck and Vaast (2009) who recorded
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higher stomatal conductance rates in the morning. Mohotti and Lawlor (2002) working with
tea also reported that the stomatal conductance was greatest in the early morning between (8
h and 10.00 h), decreased towards midday and increased in the late afternoon. In the current
study, the relationship between stomatal conductance and PAR was inconsistent. Other
studies have shown that stomatal conductance decreased with increase in PAR and increasing
global irradiance (van Kanten and Vaast, 2006; Chaves et al., 2008; Mayoli and Gitau, 2012).
This reduction in stomatal conductance may be attributed to increasing air temperature
around the coffee leaves as suggested by Larcher (2003), who demonstrated that stomatal
conductance reacts to the plants’ microclimatic conditions and plant water status. In our
study, the stomatal conductance was generally higher under shaded coffee in both the dry and
the rainy period. Similarly, Weidner et al., (2000) established that coffee leaves in permanent
shade had higher stomatal conductance than sun-exposed ones. The current study shows that
stomatal conductance was higher during the rainy period where it ranged from 0.017 to 0.063
umol m?s™, while in the dry period it ranged from 0.005 to 0.045 pmol m™?s™. In the current
study, stomatal conductance was higher under shaded coffee with the highest rate being
obtained at 80% shade level. Baliza et al., (2012) reported that stomatal conductance rates
were highest in coffee under 35 and 50% shade, during the rainy period but found that the

lowest stomatal conductance rates were obtained in coffee grown at 65 and 90% shade levels.

3.5.,5 Effect of shade on photosynthetic rates
In this study, the photosynthetic rate was not significantly affected by shade. This finding is
supported by Araujo et al., (2008) who found that there was no difference in photosynthetic
rates between sun and shade leaves. In contrast, Pompelli et al., (2010) established that coffee
underneath 50% shade had higher photosynthetic rates than plants under full sun in winter

conditions. The rate of photosynthesis was higher in the dry season, in which the PAR was
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higher, than in the rainy period. The photosynthetic rates ranged from 1.10 to 4.33 mmol m’
25 during the dry period and 1.39 to 3.12 mmol m™s™ during the rainy period. In contrast,
Baliza et al., (2012) found significant reduction in photosynthetic rates in the dry season.
Increase in photosynthetic rate under high radiation has been reported in several studies
(Friend, 1984; Fahl et al., 1994; Araujo et al., 2008; Chaves et al., 2008). In the current study,
the values registered for photosynthetic rates were quite low ranging from 1.10 to 4.33 mmol
m™?s™. Chaves et al., (2008) found that, regardless of light treatment, coffee trees showed
very low rates of photosynthesis (below 2.5 umol m?s™). They attributed this to photo-
inhibition during the cool, dry season and discrete, dynamic photo-inhibition during the
warm, rainy season. Huner et al., (1998) also revealed that chronic photo-inhibition can
significantly decrease plant productivity. Stomata characteristically close early in the
morning in coffee trees. Stomatal conductance values as low as 10-20 mmol m™?s™, due to
high stomatal sensitivity to increase in vapour pressure deficit, have been recorded during the
afternoon (Ronquim et al., 2006; Chaves et al., 2008). The low stomatal conductance
constrains the CO, influx into the leaves thereby reducing the rate of photosynthesis during

the afternoon (DaMatta and Ramalho, 2006).

3.6 Conclusion
This study showed that Cordia africana shade reduced PAR reaching the coffee tree, reduced
leaf temperatures, and increased stomatal conductance and transpiration rates. Cordia

africana shade had no effect on photosynthetic rates of the coffee trees.
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CHAPTER FOUR: EFFECT OF Cordia africana SHADE ON SOIL NUTRIENT

LEVELS AND PLANT NUTRIENT ACCUMULATION IN ARABICA COFFEE

4.1 Abstract
Soil fertility is essential in promoting the growth and productivity of coffee trees. Information
on how shade trees influence soil nutrients levels and plant nutrient uptake in Kenya is,
however, scarce. A field study was therefore carried out to determine the effect of Cordia
africana shade on soil nutrient levels and plant nutrient accumulation. The trials were set up
at the Kenya Agricultural and Livestock Research Organization’s Coffee Research Institute
(KALRO-CRI) demonstration farm and at two smallholder coffee farms in Namwela,
Bungoma County. The three farms represented high, medium and low agronomic
management level treatments, respectively. The management levels were categorized
depending on field operations and externally applied inputs. The coffee plants were subjected
to varying shade levels (%), which were based on the distance from the shade tree trunk; 0 —
15m,15-3m,3-45m,45 -6 mand > 6 m (coffee trees under full sun) which were
equivalent to 80, 70, 50, 30 and 0% shade respectively. Soil and plant nutrient analyses were
conducted. Shaded soil had significantly higher soil pH, N, P, K, Ca and Mg contents than
unshaded coffee. Soils under high agronomic management level had significantly lower pH
than soils under medium and low management but had significantly higher total carbon, N, P,
K, Ca and Mg. Accumulation of N and P in coffee berries and P in coffee branches
significantly increased with increase in shade level. Shading coffee with Cordia africana

trees enhances plant nutrient availability and uptake.
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4.2 Introduction
Coffee places high demands on soil quality and nutrients are removed yearly by the harvested
products (Snoeck and Vaast, 2004). Soil fertility is, therefore, the key factor that supports the
growth and vyield of coffee trees. Clearly, the nutrients taken up in the green beans are
removed from the coffee field (Van der Vossen, 2005) and in several cases those contained in
the cherry pulp and parchment are lost as well. The topsoil, the 30 cm upper layer, is
predominantly rich in organic matter and it is in this layer that the bulk of the feeder roots are
found (Snoeck and Vaast, 2004). The conservation of soil fertility and organic matter is
essential for sustainable coffee production, especially where farmers apply little or no
external inputs. This low input system which is highly dependent on organic matter
mineralization for its nutrients, results in low coffee productivity if soil management is poor.
In addition, shade trees contribute organic matter, which is important in maintaining soil
fertility through its binding effect on soil nutrients and by creating conducive environment for
beneficial microorganism like nitrogen fixers. Under high management level, nutrients are
supplied by fertilizers, and weeds are managed through application of herbicides. With time,
organic matter content of the soil is exhausted and mineral nutrients become unbalanced

(Snoeck and Vaast, 2004).

Nitrogen (N) and potassium (K) are the principal nutrients, with K being important in fruit
development and N for vegetative growth in coffee. The demand for P is lesser, but it is vital
for root, flower bud and fruit development. Calcium (Ca), Mg and other major and
micronutrients are often crucial for a balanced nutrition of the coffee plant, but are required in
quantities that are usually minimal (Willson, 1985). Nitrogen is the most limiting nutrient in
the coffee agro-ecosystem (Evizal et al. 2013) hence productivity of coffee is highly

dependent on soil N availability. Under high agronomic management, N is provided by
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regular and intensive N fertilization to replenish that lost through yields and to ensure
vegetative growth of the coffee trees. In contrast, little or no inorganic fertilizers are added
under the low input management system. Consequently, N availability is reduced in the soils,
which are low in organic matter and this leads to poor coffee growth and low yields (Wrigley,
1988; Pinard et al., 2014). Studies have established that N application enhances growth
characteristics such as height, stem girth, length of primary branches and leaf expansion. It
also improves coffee bean yields (Njoroge, 1992). The improvement in coffee yield due to N
application reportedly leads to a reduction in the proportion of percentage grade ‘A’ beans
(Njoroge, 1985). Potassium promotes assimilation of CO; and translocation of photosynthates
(Willson, 1985). As a fruit crop, coffee has a high demand for potassium especially when
fruits are developing and ripening during which time the leaf K content may decrease
substantially (Oruko, 1977). While coffee yield responds positively to nutrient inputs,
excessive application of fertilizers can lead to nutritional imbalances and toxicities (Castro-

Tanzi et al., 2012).

Shade trees in coffee plantations can improve soil fertility through various ways. These
include an increase in nutrient supply through N-fixation, reduced leaching by checking
runoff, more efficient nutrient cycling by way of decomposition and improvement of soil
physical properties thereby enhancing root growth (Buresh and Tian, 1997; Khanna, 1997;
Wilson, 1985). The use of leguminous shade trees associated with coffee plantations is a
common crop management practice in tropical countries (Baggio et al., 1997). In these
systems, N-fixation and nutrient recycling are especially important in enhancing soil fertility
and maintaining crop production (Harmand et al., 2007). Leaf accumulation of the major

nutrients, except for Ca, was generally positively correlated with soil nutrient content.
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Shade reportedly decreases the plant demand on soil nutrients through a reduction in
flowering level, promotion of longer internodes, and reduction in number of fruiting nodes
(Canell, 1975; Jaramillo-Botero et al., 2010). Conversely, high light intensity promotes a
larger number of flower buds per node and higher number of internodes per coffee branch. It
is therefore, envisaged that full sun plantations may require high levels of applied inputs to
optimize yields; and these inputs are often associated with soil degradation and
environmental pollution (Pinard et al., 2014). Furthermore, in Kenya most of the coffee is
grown by resource poor small holder farmers who cannot afford the required inputs. Use of
trees in coffee may therefore be a viable and economically feasible strategy to enable farmers

to sustain their production.

The nutrient content of plant tissues, such as leaves, varies considerably depending on their
position in the canopy, as influenced by the amount of exposure to the sun’s radiation
(Pushparajah, 1994). Light exposure also influences the maturation of coffee berries as shown
by Vaast et al. (2006) who reported that coffee berries in full sun did not undergo complete
maturation compared to those under shade. They suggested that shade decreased the overall
temperature which delayed the maturing process allowing more time for the berries to fill.
This implies that there would differences in the nutrient composition of the coffee berries in
full sun and those under shade. The study is, therefore, is aimed at determining the effect of

Cordia africana shade tree on soil nutrient levels and coffee plant nutrient accumulation.

4.3 Materials and Methods
4.3.1 Site
This study was conducted at the Kenya Agricultural and Livestock Research Organization —

Coffee Research Institute demonstration (KALRO-CRI) plot in Namwela and two
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neighbouring farms from year 2010 to 2012. The demonstration plot is under high
management while the neighbouring farms are under low and medium management.
Namwela is located in Bungoma County at 0° 45°43N 34° 33’42E, 1641 metres above sea
level and an average rainfall of 1329 mm. The rainfall pattern is unimodal, starting in
March/April and ends in December. The site experiences a dry spell between November and
April. The temperatures range from a minimum of 13 °C to a maximum of 27 °C. The soils

are mainly humic acrisols which are moderately fertile, sandy and mildly acid.

4.3.2 Experimental treatments and design
The treatments consisted of the shade levels under different agronomic management regimes,
namely high, medium and low. The shade level was based on distances from shade tree trunk,
0-15m,15-30m,3.0-45m,45-6.0 mand > 6.0 m (full sun). The treatments were
arranged as a 3 x 5 factorial in split plot design. The shade level and agronomic management
were assigned as sub and main plot factors, respectively and replicated 7 times. The shade
level (amount of light intercepted by the shade trees) was estimated by measuring
photosynthetic photon flux density (PPFD) using a Line Quantum Sensor (LI- 191, LICOR
Biosciences) at regular and increasing distances from the tree trunk as described by Vaast et

al., (2007).

4.3.3 Soil analysis
Soil sampling was carried out during the dry season in February 2010. Representative
samples were taken randomly from about 20 points, from a depth of 0 — 30 cm within all the
experimental plots at all the sites, using a soil auger. The soil samples were then placed in
different buckets and mixed thoroughly for homogenization. The soils were then air dried,

after which they were ground using pestle and mortar, and sieved through an 850 um mesh.
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From this, 200 g samples were analysed for the following parameters: pH, total nitrogen (N),
total carbon (C), sodium (Na), potassium (K), calcium (Ca), magnesium (Mg), manganese
(Mn), phosphorus (P) and base index ratio (Ca+Mg/K). Soil pH was analysed using the CaCl,
method (Anderson and Ingram, 1989); total N was determined by the Kjedahl Method
(Motsara and Roy, 2008); P, K, Ca and Mg were analysed using procedures as outlined by

Mehlich et al., (1962).

4.3.4 Plant tissue sampling and nutrient analysis
This study was carried out at the KALRO-CRI demonstration plot. Two coffee trees within
each shade treatment were randomly selected and all leaves, berries and twigs removed from
two selected branches as described by Shwab et al. (2007). The samples were collected from
the mid-canopy of the uniform-cropping region of the tree (Coffee Research Institute’s
Technical Circular No. 202, 2009). The sampling was done before the onset of the rains in
February 2009 and 2010. The samples were then cleaned gently with a soft brush, to remove

any dust particles.

The leaf, berry and twig samples were separately oven dried at 70 °C for 48 hrs to attain
constant weight. The samples were then ground in an electric stainless steel mill (Hummer
Mill, Polymix PX-MFC 90D, Kinematica AG, Switzerland) using a 0.5 mm sieve. The cup
and blades of the grinding mill were cleaned before grinding each different sample. The
samples were then placed back in the oven and dried again to constant weight, and thereafter,
stored in glass bottles for analysis. A mixture of nitric acid (HNOs) and sulphuric acid
(H2S0y) in a ratio of 9:4 was used for wet digestion of the samples. Approximately 1 g each
of ground plant tissue samples were analysed for N, P, K, Ca and Mg. Each sample was

placed in 100 ml volumetric flask, 10 ml of the acid mixture added and the content mixed by
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swirling. The flask was placed on a hotplate in the fume hood and heated up to about 150-200
°C. The heating continued until all the production of red NO, fumes stopped and the volume
reduced to 3 — 4 ml and became colourless. After cooling the contents, the volume was made
up to 15 ml with distilled water and filtered through Whatman No. 1 filter paper. This
solution was used for N, P and K determination. The total N in the plant tissue was
determined by the Kjedahl Method (Motsara and Roy, 2008). Determination of P was carried
out colorimetrically by running on the vanadium phosphomolybdate complex. Potassium was
determined on the flame emission channel of the Atomic Absorption Spectrophotometer

Analytic JENA AAS Model at wavelength of 766.5 nm (Motsara and Roy, 2008).

To determine the content of calcium and magnesium, about 100 g of the different plant
materials were dry-ashed (after pre-drying at 100 — 150 °C for 1 hr in the oven) in 50 ml
Pyrex conical flasks at 450 °C in the muffle furnace overnight. Five (5) ml hydrochloric acid
(AN HCI) was added and each sample transferred into 20 ml excelo tube. Two (2) ml of
strontium chloride solution was added to the digests and made up to volume. The Ca in the
digest solution was determined on the flame emission channel using AAS at a wavelength of
422.7 nm. For the determination of magnesium, 10 ml of the digest solutions were transferred
into a 20 ml calibrated excelo tube. About 1 ml Strontium chloride solution and was added
and diluted to 20 ml. Magnesium content was then determined using AAS at a wavelength of

285.2 nm.

4.3.5 Data analysis
All the data collected were subjected to analysis of variance using CoStat version 6.400

(1998-2008, Co Hort Software). Mean separation was performed using the least significant

49



difference test at p<0.05. Pearson’s correlation analysis was done using XLSTAT 2015
Version 17.1.
4.4 Results
4.4.1 Soil chemical properties

The pH was significantly p<0.05 affected by shade level and agronomic management (Table
4.1). The interaction between shade level and agronomic management had no effect on soil
pH. The soil pH decreased with increase in distance from the shade tree trunk (decrease in
shade level). Soil under full sun had significantly a lower pH than shaded soil irrespective of
distance from shade tree trunk (shade level). The pH for soils under high level agronomic
management was significantly lower than for soil under medium agronomic management

which, in turn, was significantly lower than for soil under low agronomic management.

Table 4.1: The effect of Cordia africana shade levels and agronomic management on soil pH

Distance (m) from shade tree trunk Soil pH
Management level

High Medium Low Mean
0-15 5.06 5.96 6.04 5.69
15-3.0 5.00 5.80 5.93 5.58
3.0-45 5.03 5.67 5.94 5.55
45-6.0 4.84 5.41 5.86 5.37
> 6 (Full sun) 4.80 5.20 5.30 5.10
Mean 4.95 5.61 5.81
P value (SL) 0.0000%**
P value (ML) 0.0000%**
P value (SL x ML) 0.0653
LSDges (SL) 0.18
LSDg s (ML) 0.15
LSDgs (SL X ML) NS
CV (%) 4.6

Key: SL — Shade level, ML — Management level, NS — Not significant, ***significant at 0.1% level
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The total carbon content was significantly (p<0.05) affected by the shade level and
agronomic management (Table 4.2). The interaction between shade level and agronomic
management had no significant effect on total carbon content. Soils under shade at 0 — 1.5 m
and 1.5 — 3.0 m from shade tree trunk, had higher % C content than soils in full sun. There
was no difference in carbon content among soils in full sun, 3.0 — 4.5 m and 4.5 — 6.0 m from
shade tree trunk. Total carbon content ranged from 2.44% for soil in full sun to 2.91% for soil
at 0 — 1.5 m from the shade tree trunk. The total C was significantly higher under high
agronomic management and medium agronomic management than under low management.
Carbon content ranged from 1.27% under low agronomic management to 3.45% under high
agronomic management. However, the difference in % C between soils under high and

medium management was not significant.

Table 4.2: The effect of Cordia africana shade level and agronomic management on soil total

organic carbon content (%)

Distance (m) from shade tree trunk Total soil organic carbon (%)

Management level

High Medium Low Mean
0-15 3.64 3.55 1.53 291
15-3.0 3.49 3.33 1.45 2.76
3.0-45 3.42 3.30 1.35 2.69
45-6.0 3.38 3.28 1.03 2.56
> 6 (Full sun) 331 3.05 0.97 2.44
Mean 3.45 3.30 1.27
P value (SL) 0.04*
P value (ML) 0.0000***
P value (SL x ML) 0.99
LSDo s (SL) 0.31
LSDg5 (ML) 0.29
LSDgs (SL x ML) NS
CV (%) 18.7

Key: SL — Shade level, ML — Management level, NS - Not significant, * significant at 5% level, ***significant
at 0.1% level
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Shade level and agronomic management significantly affected nitrogen content (Table 4.3).
The total N was higher in shaded soil than in unshaded soil. Generally, soil nitrogen
decreased with increase in distance from shade tree trunk. The total N ranged from 0.10%
(full sun) to 0.34% (0 — 1.5 m from the shade tree trunk). The soil under high agronomic
management had significantly higher N% than the soil under medium agronomic
management which, in turn had higher N% than the soil under low agronomic management.
The average total N content ranged from 0.21% (low agronomic management) to 0.36%

(high agronomic management).

Table 4.3: The effect of Cordia africana shade level and agronomic management on soil total

nitrogen content (%)

Distance (m) from shade tree trunk Soil total nitrogen content (%)

Management level

High Medium Low Mean
0-15 0.45 0.30 0.27 0.34
15-3.0 0.35 0.30 0.23 0.29
3.0-45 0.38 0.27 0.24 0.30
45-6.0 0.33 0.26 0.19 0.26
> 6 (Full sun) 0.28 0.21 0.12 0.20
Mean 0.36 0.27 0.21
P value (SL) 0.0000%**
P value (ML) 0.0000%**
P value (SL x ML) 0.86
LSDges (SL) 0.05
LSDg s (ML) 0.04
LSDo.s (SL x ML) NS
CV (%) 30.2

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level

Shade level and agronomic management significantly affected the soil P content. However,

the interaction between shade and agronomic management was not significant for this
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parameter (Table 4.4). Shaded soil (0 — 1.5 m and 1.5 — 3.0 m from the shade tree trunk)
recorded higher P content than soil in full sun. The average soil P content ranged from 25.2
ppm (full sun) to 48.3 ppm (0 — 1.5 m from the shade tree trunk). The soil under high
agronomic management had higher P content than soil under medium agronomic
management which, in turn, had higher P content than soil under agronomic low
management. The average soil P content ranged from 20.5 ppm (low agronomic

management) to 53.1 ppm (high agronomic management).

Table 4.4: The effect of Cordia africana shade levels and agronomic management on

phosphorus content (ppm)

Distance (m) from shade tree trunk Soil phosphorus content (ppm)

Management level

High Medium Low Mean
0-15 61.7 52.1 31.1 48.3
1.5-3.0 55.7 43.6 23.7 41.0
3.0-45 49.1 30.6 20.3 33.3
45-6.0 50.3 29.0 194 32.9
> 6 (Full sun) 48.5 19.1 8.0 25.2
Mean 53.1 34.9 20.5
P value (SL) 0.0000***
P value (ML) 0.0000***
P value (SL x ML) 0.47
LSDos (SL) 8.4
LSDg.s (ML) 7.2
LSDg,s (SL x ML) NS
CV (%) 32.4

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level

Shade level and agronomic management significantly (p<0.05) influenced the soil K content.
The interaction between shade level and agronomic management was also significant (Table

4.5). Shaded soil (0 — 1.5 m, 1.5 — 3.0 m and 3.0 — 4.5 m from the shade tree trunk) had
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higher K content than soil in full sun under high agronomic management. Generally, K
content declined with increasing shade level (distance from the shade tree trunk). Under low
and medium agronomic management, only 0 — 1.5 m had higher soil K than soil in full sun.
The highest K content, 3.11 me %, was recorded at 0 — 1.5 m from shade tree trunk under
high agronomic management whereas the lowest K content 0.59 me %, was recorded in soil

under low agronomic management level in full sun.

Table 4.5: The effect of Cordia africana shade levels and agronomic management on soil

potassium content (me %)

Distance (m) from shade tree trunk Soil potassium content (me %)

Management level

High Medium Low Mean
0-15 3.11 1.35 1.06 1.84
15-3.0 2.48 1.03 0.95 1.49
3.0-45 1.97 0.82 0.89 1.23
45-6.0 1.45 0.75 0.74 0.98
> 6 (Full sun) 1.19 0.71 0.59 0.83
Mean 2.04 0.93 0.85
P value (SL) 0.0000***
P value (ML) 0.0000***
P value (SL x ML) 0.0000***
LSDgs (SL) 0.23
LSDg s (ML) 0.23
LSDg s (SL x ML) 0.42
CV (%) 29.2

Key: SL — Shade level, ML — Management level, ***significant at 0.1% level

The soil Ca was significantly (p<0.05) affected by shade level and agronomic management
(Table 4.6). The interaction effect between shade and agronomic management on soil Ca was
significant (p<0.05). Shaded soils had significantly (p<0.05) higher Ca content than soils in
full sun under the medium and low agronomic management levels, but there were no
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significant differences among the shading levels under high agronomic management. The
highest soil Ca (26.2 me %) was recorded in full sun under high agronomic management and
the lowest (1.7 me %), was recorded in full sun under low agronomic management.
Generally, low agronomic management had significantly lower Ca content than medium
agronomic management which, in turn, had lower Ca content than soil under high agronomic

management.

Table 4.6: The effect of Cordia africana shade levels and agronomic management on soil

calcium content (me %)

Soil calcium content (me %) Management

Distance (m) from shade tree trunk level

High Medium Low Mean
0-15 24.0 15.9 5.6 15.1
1.5-3.0 24.7 215 4.6 16.9
3.0-45 25.1 19.2 4.3 16.2
45-6.0 254 18.6 2.2 154
Full sun 26.2 23.2 1.7 17.0
Mean 25.1 19.7 3.7
P value (SL) 0.2039
P value (ML) 0.0000%**
P value (SL x ML) 0.0041**
LSDg s (SL) NS
LSDg s (ML) 2.33
LSDgs (SL X ML) 3.81
CV (%) 19.7

Key: SL — Shade level, ML — Management level, NS - Not significant, * *significant at 1% level, ***significant

at 0.1% level

The soil Mg content was significantly (p<0.05) affected by shade levels, agronomic
management and the interaction between shade and agronomic management (Table 4.7).
Shaded soils (0 — 1.5 m from the shade tree trunk) had higher Mg content in the high and low

management levels, than in full sun. Shading had no effect on soil Mg content under medium
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agronomic management. The highest soil Mg content (8.17 me %) was recorded at 0 — 1.5 m
from the shade tree trunk under high agronomic management and lowest (0.94 me %) in soil
under full sun under low agronomic management. Soils under high agronomic management
had significantly higher Mg content than soil under medium agronomic management which,

in turn, had significantly higher Mg content than soil under low agronomic management.

Table 4.7: The effect of Cordia africana shade levels and agronomic management on soil

magnesium content (me %)

Distance (m) from shade tree trunk Soil magnesium content (me %)

Management level

High Medium Low Mean
0-15 8.17 5.77 3.88 5.94
1.5-3.0 7.80 6.51 2.52 5.61
3.0-45 7.42 4.84 1.99 4.75
45-6.0 7.17 5.23 1.32 4.57
> 6 (Full sun) 7.03 5.80 0.94 4.59
Mean 7.52 5.63 2.13
P value (SL) 0.0000%**
P value (ML) 0.0000%**
P value (SL x ML) 0.0095**
LSDg s (SL) 0.59
LSDg s (ML) 0.68
LSDgs (SL X ML) 1.13
CV (%) 18.7

Key: SL — Shade level, ML — Management level, ** significant at 1% level, ***significant at 0.1% level

The cation base ratio index, Ca+Mg/K, was significantly (p<0.05) influenced by shade levels,
agronomic management and interaction between shade and agronomic management (Table
4.8). The highest base ratio (40.8) was recorded in full sun under medium agronomic
management and the lowest, (4.5) was recorded in full sun under low agronomic

management. The base ratio index increased with increasing distance from the shade tree
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trunk (reducing shade level) under the high and medium agronomic management. The
distance from the shade tree trunk had no effect on base index ratio under low agronomic
management. The base index ratio was higher in medium than in high and low agronomic

management across most of the shade levels.

Table 4.8: The effect of Cordia africana shade levels and agronomic management on soil

base ratio Ca+Mg/K
Distance (m) from shade tree trunk Soil base ratio Ca+Mg/K
Management level

High Medium Low Mean
0-15 11.0 17.9 10.2 131
1.5-3.0 134 31.8 7.6 17.6
3.0-45 17.8 40.5 7.8 22.0
45-6.0 22.9 35.2 5.6 21.2
> 6 (Full sun) 27.9 40.8 4.5 24.4
Mean 18.6 33.2 7.1
P value (SL) 0.0000***
P value (ML) 0.0000***
P value (SL x ML) 0.0000***
LSDg.s (SL) 4.47
LSDg g5 (ML) 6.53
LSDgs (SL X ML) 9.51
CV (%) 36.9

Key: SL — Shade level, ML — Management level, ***significant at 0.1% level

Shading and the interaction between shade levels and agronomic management level had no
effect on soil Na. The level of Na was affected significantly (p<0.05) only by management
level (Table 4.9). Soil under low agronomic management level had significantly higher Na
content than soil under medium management which in turn had lower Na content than soil
under high management. However, there was no difference in soil Na content among the
shade levels.
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Table 4.9: The effect of Cordia africana shade level and agronomic management on soil

sodium content (me %)

Distance (m) from shade tree trunk Soil sodium content (me %)

Management level

High Medium Low Mean
0-15 0.08 0.05 0.25 0.13
1.5-3.0 0.10 0.05 0.24 0.13
3.0-45 0.10 0.08 0.21 0.13
45-6.0 0.08 0.06 0.26 0.13
> 6 (Full sun) 0.10 0.02 0.20 0.11
Mean 0.09 0.05 0.23
P value (SL) 0.84
P value (ML) 0.0000***
P value (SL x ML) 0.91
LSDos (SL) NS
LSDos (ML) 0.01
LSDo.s (SL x ML) NS
CV (%) 66.8

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level

The soil Mn content was significantly influenced by shade level and agronomic management
the interaction between shade and agronomic management (Table 4.10). The highest soil Mn
(1.30 me %) was recorded in full sun and the lowest (0.43 me %) was recorded at 0 — 1.5 m
and 1.5 — 3.0 m away from the shade tree trunk under high agronomic management level. On
average, soil under full sun had significantly higher Mn content than soil at 0 — 1.5 m from
the shade tree trunk, while soil under medium and low agronomic management had higher

Mn content than soil under high agronomic management.
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Table 4.10: The effect of Cordia africana shade levels and agronomic management on soil

manganese content (me %)

Distance (m) from shade tree trunk Soil manganese content (me %)

Management level

High Medium Low Mean
0-15 0.43 1.05 0.91 0.80
1.5-3.0 0.43 1.03 0.82 0.76
3.0-45 0.55 0.89 1.10 0.85
45-6.0 0.46 1.16 0.80 0.81
> 6 (Full sun) 1.30 1.10 0.60 1.00
Mean 0.63 1.05 0.85
P value (SL) 0.0000***
P value (ML) 0.0000***
P value (SL x ML) 0.0000***
LSDg.s (SL) 0.11
LSDys (ML) 0.11
LSDo.s (SL x ML) 0.20
CV (%) 21.7

Key: SL — Shade level, ML — Management level, ***significant at 0.1% level

4.4.2 Effect of Cordia africana shade on leaf, berry and branch nutrient
accumulation
The content of the major elements in the leaves were not affected by the varying shade levels
in both season 1 and 2 (Table 4.11). The nitrogen content ranged from 2.97 (full sun) to
3.24% (0 — 1.5 m from the shade tree trunk) and 2.96 (4.5 — 6.0 m from the shade tree trunk)

to 3.39% (0 — 1.5 m from the shade tree trunk) in season 1 and 2 respectively.
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Table 4.11: Effect of Cordia africana shade on nutrient (%) composition of coffee leaves

Major elements

Season 1 Season 2

Distance (m) N P K Ca Mg N P K Ca Mg

0-15 3.24 0.12 2.73 0.42 0.39 339 0.18 2.85 0.47 0.35
1.5-3.0 3.12 0.13 2.55 0.43 0.34 331 0.16 2.73 0.41 0.31
3.0-45 3.09 0.12 2.65 0.45 0.31 323 0.16 2.68 0.43 0.25
45-6.0 3.11 0.11 2.47 0.46 0.32 296 0.15 2.70 0.40 0.27
Full sun 2.97 0.10 2.39 0.35 0.29 301 0.16 2.66 0.38 0.28
P value 0.75 0.62 0.17 0.75 0.30 014 0.16 0.87 0.87 0.63
LSDg,s (SL) NS NS NS NS NS NS NS NS NS NS

CV (%) 7.8 22.5 6.2 25.9 16.5 6.7 9.5 8.74 27.0 29.3

Key: SL — Shade level - based on distance (m), NS - Not significant

The effect of shade on nutrient composition of the coffee berries was not significant in season
1. In season 2, however, shade significantly (p<0.05) affected the content of N and P (Table
4.12). The N and P content in coffee berries in full sun was significantly lower than the level
recorded in coffee at 0 — 1.5 m and 1.5 — 3.0 m away from the shade tree trunk; however,
there was no difference in N content in berries in full sun and the shaded berries at 3.0 — 4.5
m and 4.5 — 6.0 m from shade tree trunk. Overall, the N values ranged from 2.08% (berries in
full sun) in season 1 to 2.78% for berries on coffee trees at 0 — 1.5 m from the shade tree
trunk in season 2. In season 2, the P level for berries in full sun was significantly (p<0.05)
different from coffee berries at 0 — 1.5 m, 1.5 — 3.0 m and 3.0 — 4.5 m, but was not different
from berries at 4.5 — 6.0 m from shade tree trunk. In season 1, the P content ranged from
0.10% in coffee berries under full sun to 0.25% for berries under shade at 0 — 1.5 m from the

shade tree trunk.
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Table 4.12: Effect of Cordia africana shade on nutrient (%) composition of coffee berries

Major elements

Distance  (m) Season 1 Season 2

from tree trunk N P K Ca Mg N P K Ca Mg
0-15 2.32 0.15 2.55 0.32 0.20 2.78 0.25 281 0.22 0.24
1.5-3.0 2.24 0.14 2.49 0.20 0.18 2.77 0.23 2.79 0.18 0.26
3.0-45 231 0.12 2.58 0.26 0.21 2.63 0.22 2.55 0.20 0.23
45-6.0 2.08 0.11 2.37 0.31 0.19 241 0.19 2.49 0.21 0.22
Full sun 2.10 0.10 2.40 0.23 0.18 243 0.18 2.45 0.21 0.24
P value 0.42 0.20 0.75 041 090 0.01* 0.03* 0.18 0.91 0.94
LSDg5 (SL) NS NS NS NS NS 0.23 0.04 NS NS NS
CV (%) 8.4 19.8 9.1 31.8 24.4 4.7 10.3 7.8 25.5 23.8

Key: SL — Shade level - based on distance (m), NS - Not significant, * significant at 5% level, **significant at

1% level

The effect of shade on the nutrient elements of the branches, except for P content in season 1,
was not significant in both seasons (Table 4.13). In season 1, the P content was significantly
(p<0.05) lower in coffee branches under full sun than the branches under shade at 0 — 1.5 m
and 1.5 — 3.0 m from the shade tree trunk, but was not different from the branches at 3.0 — 4.5
m and 4.5 — 6.0 m from the shade tree trunk. In season 1, P content ranged from 0.10% for

coffee branches in full sun to 0.16% for branches on coffee trees at 1.5 — 3.0 m from the

shade tree trunk.
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Table 4.13: Effect of Cordia africana shade on nutrient (%) composition of coffee branches

Major elements

Season 1 Season 2
Distance (m) N P K Ca Mg N P K Ca Mg
0-15 1.45 0.14 1.54 0.33 0.14 1.44 0.14 1.56 0.32 0.17
1.5-3.0 1.42 0.16 1.39 0.31 0.16 1.30 0.12 1.38 0.35 0.15
3.0-45 1.50 0.13 1.40 0.30 0.12 1.33 0.13 1.35 0.34 0.14
45-6.0 1.39 0.11 1.36 0.24 0.11 1.31 0.12 1.34 0.31 0.14
Full sun 1.38 0.10 1.37 0.27 0.12 1.27 0.12 1.30 0.30 0.12
P value 0.89 0.03* 0.12 0.75 035 027 0.63 0.26 0.97 0.42
LSD g5 (SL) NS 0.04 NS NS NS NS NS NS NS NS
CV (%) 11.8 14.8 5.6 304 25.8 6.8 15.8 10.2 29.4 21.2

Key: SL — Shade level - based on distance (m), NS - Not significant, * significant at 5% level

4.4.3 Pearson’s correlation between plant nutrient accumulation, yield and soil
nutrients
The correlation coefficients for leaf nutrient accumulation, coffee yield, soil nutrient contents
and are shown in Tables 4.14. Coffee yield was positively, but non-significantly, correlated
with all leaf and soil nutrient contents except soil Ca. Soil N content positively and
significantly (p<0.05) correlated with N, P and K and Mg accumulation in leaves. The
correlation between leaf N and soil Ca was significant (p<0.05) but negative. Soil K and Mg
significantly (p<0.05) and positively correlated with leaf accumulation of P and K. Soil P, K
and Mg were significantly and positively correlated with leaf accumulation of Mg. Among
the soil nutrients, K was positively and significantly (p<0.05) correlated with soil N, P and

Mg while Ca was negatively and significantly correlated with N, P, K and Mg.

Table 4.15 shows the relationship between berry nutrient content, coffee yield and soil
nutrients. The correlation between berry nutrient contents and coffee yield were not

significant. Berry accumulation of N was positively and significantly (p<0.05) correlated
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with berry P, K, Mg and soil K and Mg. However, berry accumulation of K was significantly
(p<0.05) and negatively correlated with soil Ca.

The correlation between branch accumulation of nutrients, yield and soil nutrient contents are
presented in Table 4.16. Branch accumulation of P and Mg were significantly (p<0.05) and
positively correlated with yield. Soil K and Mg were positively and significantly (p<0.05)
with branch accumulation of P, Ca and Mg. Correlation between soil Ca and branch
accumulation of P, however, was negative but significant (p<0.05). Branch accumulation of
Mg was positively and significantly (p<0.05) correlated with soil P, K and Mg but negatively,

though significantly correlated with soil Ca.

The Pearson’s correlation between leaf and berry nutrient accumulation are shown in Table
4.17. Leaf N and P accumulation were positively and significantly (p<0.05) correlated with
berry N, P and K accumulation. Leaf K accumulation was positively and significantly

(p<0.05) correlated with berry P.

The correlation between branch and leaf nutrient accumulation are shown in Table 4.18.
Branch N accumulation was significantly (p<0.05) and positively correlated with leaf K,
while branch K was significantly (p<0.05) and positively correlated with leaf K and Mg.
Branch Ca was significantly (p<0.05) and positively correlated with leaf N and P whereas

branch Mg was significantly (p<0.05) and positively correlated with leaf N and P.

The Pearson’s correlation coefficients between berry and branch nutrient accumulation are
shown in Table 4.19. Berry N content was significantly (p<0.05) and positively correlated

with branch P and Ca accumulation. Berry P and K content were significantly (p<0.05) and
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positively correlated with branch P, Ca and Mg content. Berry Mg content was significantly

(p<0.05) and positively correlated with branch P and Ca content.
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Table 4.14: Pearson’s correlation coefficients for leaf nutrient accumulation, coffee yield and soil nutrient content

Variables Yield Leaf N Leaf P Leaf K Leaf Ca Leaf Mg  Soil N Soil P Soil K Soil Ca
Leaf N 0.78

Leaf P 0.81 0.99**

Leaf K 0.57 0.95* 0.90*

Leaf Ca 0.45 0.70 0.61 0.78

Leaf Mg 0.67 0.83 0.82 0.81 0.44

Soil N 0.51 0.92* 0.86 0.99** 0.83 0.76

Soil P 0.73 0.88 0.86 0.84 0.50 1.00** 0.79

Soil K 0.80 0.99** 0.98** 0.94* 0.66 0.89* 0.90* 0.93*

Soil Ca -0.77 -0.97** -0.93* -0.95* -0.81 -0.85 -0.93* -0.90* -0.97**

Soil Mg 0.81 0.98** 0.97** 0.92* 0.63 0.91* 0.88 0.95* 1.00* -0.96**

*. Correlation is significant at the 0.05 level (2-tailed).

**_Correlation is significant at the 0.01 level (2-tailed).
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Table 4.15: Pearson’s correlation coefficients for berry nutrient accumulation, coffee yield and soil nutrient content

Variables Yield Berry N Berry P Berry K Berry Ca Berry Mg  Soil N Soil P Soil K
Berry N 0.78

Berry P 0.83 0.95*

Berry K 0.85 0.98** 0.99**

Berry Ca -0.34 -0.09 0.10 -0.05

Berry Mg 0.68 0.96** 0.83 0.90* -0.28

Soil N 0.51 0.82 0.89* 0.83 0.49 0.67

Soil P 0.73 0.74 0.89* 0.84 0.28 0.55 0.79

Soil K 0.80 0.93* 0.99** 0.97** 0.16 0.79 0.90* 0.93*

Soil Ca -0.77 -0.87 -0.97** -0.92* -0.28 -0.69 -0.93* -0.90* -0.97*
Soil Mg 0.81 0.91* 0.99** 0.96** 0.15 0.76 0.88 0.95* 1.00**

Soil Ca

-0.96**

*. Correlation is significant at 5% level (2-tailed).

**_Correlation is significant at 1% level (2-tailed).

66



Table 4.16

: Pearson’s correlation coefficients for branch nutrient accumulation, coffee yield and soil nutrient content

Variables
Branch N
Branch P
Branch K
Branch Ca
Branch Mg
Soil N
Soil P
Soil K
Soil Ca
Soil Mg

Yield Branch N Branch P
0.35

0.89* 0.72

0.48 0.83 0.70
0.80 0.67 0.95*
0.94* 0.56 0.94*
0.51 0.97** 0.80
0.73 0.64 0.78
0.80 0.80 0.94*
-0.77 -0.82 -0.92*
0.81 0.76 0.93*

Branch K

0.58

0.74
0.91*
0.92*
0.89*
-0.87
0.90*

Branch Ca Branch Mg
0.83
0.69 0.71
0.63 0.91*
0.85 0.94*
-0.76 -0.90*
0.83 0.95*

Soil N

0.79
0.90*
-0.93*
0.88

Soil P

0.93*
-0.90*
0.95*

Soil K

-0.97**
1.00**

Soil Ca

-0.96**

*. Correlation is significant at 5% level (2-tailed).

**_Correlation is significant at 1% level (2-tailed).
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Table 4.17: Pearson’s correlation coefficients for leaf and berry nutrient accumulation

Variables
Leaf P
Leaf K
Leaf Ca
Leaf Mg
Berry N
Berry P
Berry K
Berry Ca
Berry Mg

Leaf N
0.99**
0.95*
0.70
0.83
0.96*
1.00**
0.98**
0.14
0.84

Leaf P

0.90*
0.61
0.81
0.98**
0.99**
1.00**
0.02
0.89*

Leaf K

0.78
0.81
0.86
0.93*
0.88
0.43
0.71

Leaf Ca

0.44
0.60
0.69
0.61
0.45
0.44

Leaf Mg

0.67
0.84
0.78
0.33
0.47

Berry N Berry P Berry K

0.95*%

0.98** 0.99**

-0.09 0.10 -0.05
0.96** 0.83 0.90*

Berry Ca

-0.28

*, Correlation is significant at 5% level (2-tailed).

**_Correlation is significant at 1% level (2-tailed).
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Table 4.18: Pearson’s correlation coefficients for branch and leaf nutrient accumulation

Variables Branch N Branch P Branch K Branch Ca Branch Mg Leaf N Leaf P Leaf K Leaf Ca
Branch P 0.72

Branch K 0.83 0.70

Branch Ca 0.67 0.95* 0.58

Branch Mg 0.56 0.94* 0.74 0.83

Leaf N 0.84 0.96** 0.86 0.89* 0.92*

Leaf P 0.79 0.97** 0.83 0.93* 0.93* 0.99**

Leaf K 0.95* 0.84 0.93* 0.73 0.77 0.95* 0.90*

Leaf Ca 0.79 0.67 0.57 0.49 0.52 0.70 0.61 0.78

Leaf Mg 0.59 0.72 0.92* 0.55 0.86 0.83 0.81 0.81 0.44

*. Correlation is significant at 5% level (2-tailed).

**_Correlation is significant at 1% level (2-tailed).
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Table 4.19: Pearson’s correlation coefficients for berry and branch nutrient accumulation

Variables
Berry P
Berry K
Berry Ca
Berry Mg
Branch N
Branch P
Branch K
Branch Ca

Branch Mg

Berry N

0.95*

0.98**

-0.09

0.96**

0.79

0.97**

0.73

0.98**

0.87

Berry P

0.99**

0.10

0.83

0.80

0.97**

0.85

0.88*

0.94*

Berry K

-0.05

0.90*

0.76

0.99**

0.78

0.95*

0.94*

Berry Ca

-0.28

0.48

-0.12

0.52

-0.29

-0.09

Berry Mg

0.70

0.89*

0.56

0.98**

0.74

Branch N

0.72

0.83

0.67

0.56

Branch P

0.70

0.95*

0.94*

Branch K

0.58

0.74

Branch Ca

0.83

*. Correlation is significant at 5% level (2-tailed).

**_Correlation is significant at 1% level (2-tailed).
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4.5 Discussion
45.1 Effect of shade and agronomic management level on soil properties
In the current study, the total soil organic carbon increased with increase in shade levels.
Similarly, Dossa et al., (2008) found that total C content under shaded coffee was higher than
that for coffee grown in full sun. This is further supported by Evizal et al., (2012) who found
that shaded coffee agro-ecosystems had higher soil organic C and total litter biomass (litter
fall, coffee and shade tree pruning, and weed biomass). The higher soil C content may be
attributed to the higher vegetative growth, hence higher litter fall and slower rate of
decomposition under shade that leads to higher accumulation of organic matter in the soil.
This view is corroborated in studies by Harmand et al., (2007) and Ehrenbergerova et al.,
(2015) who found that total carbon stock for coffee in agroforestry systems was markedly
higher than for coffee monoculture systems in full sun. They similarly attributed the increase
in total C to the increase in plant biomass and litter and hence C sequestration. Harmand et
al., (2007) further reported that the change of coffee monoculture to agroforestry system
caused a mean annual increment in aerial biomass ranging from 1 to 3.1 ton C ha™* year™. The
foregoing suggests that a shaded coffee system has the potential to sequester carbon and
thereby mitigate of the consequences of climate change. Total C is often taken as the key
pointer of soil quality and agronomic sustainability owing to its bearing on other physical,

chemical and biological indicators of soil quality (Snoeck and Vaast, 2004; Reeves, 1997).

The total N, P, K, Ca and Mg levels were higher in soils under shade than in soils under full
sun across all agronomic management levels. The concentration of the soil nutrients tended to
increase with increase in shading level. Similarly, Pinard et al., (2014) reported that non-
leguminous trees increased Ca, Mg and K concentrations in the soil. The positive effect on

soil nutrients may be attributed to litter fall from the shade tree, Cordia africana, which
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provides good mulch and improves the soil physical and chemical properties (Orwa et al.
2009). These results agree with the general understanding that the presence of trees positively
influences soil nutrient content (Jose, 2009). The ability of many trees to utilize nutrient pools
deeper in the soils than crops would normally be able to access leads to increased nutrient
capture efficiency. These nutrients are assimilated into the biomass of the trees and returned
to the soil surface over time through litter fall, decomposition and mineralization processes
thus making them available to the crops (Nair et al., 1999). Dossa et al. (2008) further
submitted that given the possibility for competition between coffee and shade trees
particularly under low soil fertility, shade trees should be pruned to increase organic matter
and nutrient addition to the soil. In contrast, De Souza et al. (2012) observed no difference in

soil properties between shade and full sun.

In the current study, Cordia africana shade increased N and P content in coffee berries and P
content in branches. Shade, however, had no effect on the accumulation of major nutrients in
coffee leaves. Pushparajah, (1994) observed considerable variation in the nutrient content of
plant tissues, such as leaves, in relation to their position in the canopy as influenced by the
amount of exposure to the sun rays. Generally, soil N was positively correlated with leaf,
berry and branch nutrient accumulation of the major nutrients namely N, P, K, Ca and Mg. It
is well established that adequate supply of N stimulates rapid plant development through the
proliferation in number of leaves, number of nodes and branches per plant (Willson, 1985;
Fahl et al., 1994; Carelli et al., 2006). This implies that the more N availability approaches
the optimal content in the soil, the more the other major elements would increasingly be
required to complete the metabolic processes that promote growth. This may explain the

positive correlations of soil N with the other parameters.
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In this study, soil Ca was negatively correlated with leaf, berry and branch accumulation of
N, P, K, Ca and Mg. Likewise, Ramalho et al., (1995) observed associated increases in the
concentrations of K*, Mg®* and Na'in leaves and roots, with the decrease in calcium
concentration. Likewise, Silva et al., (2013) found a negative correlation between foliar Ca
and coffee yield variables. This may be explained by the role that calcium plays as a
secondary messenger, in regulating various cell and plant functions, where it assists in
nutrient uptake. Therefore, the negative correlation between soil Ca and other plant nutrients

may be that, as it depletes, the uptake of other nutrients is enhanced.

Soils under high agronomic management were more acidic than those under medium
agronomic management which, in turn, were more acidic than that under low agronomic
management. The change in soil pH may be attributed to the application of inorganic
fertilizer. This is in agreement with Clark et al., (1998) who reported a higher soil pH under
low input system than under conventional system where fertilizers such as diammonium
phosphate (DAP) and urea were applied. Total N, total carbon, exchangeable K, Ca, Mg and
P were higher under high agronomic management than under medium and low agronomic
management. This may be explained by the frequent and intensive fertilizer applications
under high agronomic management to improve crop growth and yield. In contrast, the
application of less than recommended rates of inorganic fertilizers under the medium
agronomic management and none at all under the low agronomic management could have led
to lower soil nutrients. Nitrogen is the most limiting nutrient in the coffee agro-ecosystem
(Evizal et al., 2013) hence the productivity of coffee is highly dependent on soil N

availability.
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Total C was twice as high under high and medium agronomic management as under low
agronomic management. This may be attributed to the higher vegetative growth that
contributed to the higher organic carbon content under high and medium agronomic
management compared to the low agronomic management level. In Chapter Five of this
study, the significantly higher vegetative growth and yield under high agronomic
management than under medium and low agronomic management has been demonstrated.
Comparable observations were made by Wrigley (1988) and Pinard et al., (2014) who
reported poor coffee growth under low input system was as a result of low soil organic

matter.

4.6 Conclusion
Shading with Cordia africana increased soil pH and soil nutrient contents of total C, N, P, K,
Mg and Mn, regardless of the agronomic management, but had no effect on soil Ca and Na.
Shading resulted in higher accumulation of N and P in coffee berries and P in coffee
branches. However, shade had no significant effect on the accumulation of other major

nutrients in coffee leaves.
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CHAPTER FIVE: EFFECT OF Cordia africana SHADE AND AGRONOMIC

MANAGEMENT ON GROWTH AND YIELD OF ARABICA COFFEE

5.1 Abstract
Coffee’s an important export crop in Kenya, however, the sector has been experiencing some
challenges among them being high cost of production, decline in soil fertility associated with
falling levels of soil organic matter, depletion of soil nutrients and mono-cropping. Studies
carried out elsewhere have shown that use of shade improves yields and quality especially
under low input and adverse weather conditions, without loss in coffee quality. In Kenya,
information on the effect of Cordia africana shade on coffee production is quite limited. A
study was, therefore, conducted to investigate the impact of Cordia africana shade and
agronomic management level on growth, yield and % grade ‘A’ beans of coffee variety K7.
The trials were set up at the Kenya Agricultural and Livestock Research Organization’s
Coffee Research Institute (KALRO-CRI) demonstration farm and at two smallholder coffee
farms in Namwela, Bungoma County. The three farms represented high, medium and low
agronomic management level treatments, respectively. The different shading levels were
based on the distances from the trunk of the shade tree:0—-1.5m,15-3m,3-45m, 45—
6 m and > 6 m (full sun), equivalent to 80, 70, 50, 30 and 0% shade levels, respectively. The
experimental design was a split plot, with agronomic management as main plot treatment and
shading level as the sub-plot treatment. Shade levels and agronomic management had
significant effects on the length of primary branches, number of nodes on primary branches,
coffee yield and % Grade ‘A’ beans. Coffee yields were significantly higher under high
agronomic management level than under medium and low agronomic management levels.
Shaded coffee had significantly higher clean bean yields than un-shaded coffee under

medium and low management levels. The % grade A beans among shading levels in high and
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low management levels were not different. At higher shading levels, 80% and 70% (0 — 1.5
m, and 1.5 — 3.0 m from shade tree trunk respectively), coffee had significantly higher %
Grade ‘A’ coffee beans than under un-shaded conditions. These findings suggest that
shading can be used to enhance coffee yields without loss in raw bean quality, especially

under smallholder low input conditions.

5.2 Introduction
The coffee sector plays a significant role in Kenya’s economy. Besides contributing to
foreign exchange earnings, it also provides employment, household incomes and food
security. The Coffee Research Foundation (CRF) estimates that 600,000 households derive
their livelihood directly from coffee farming while nearly 200,000 households are either in
permanent or seasonal employment (CRF, 2010a). Most of the coffee in Kenya (USAID,
2010), as in many areas of the world (Lin, 2007), is grown by small scale farmers under rain-
fed conditions and in a mono-cropping system. This production system currently faces
several constraints which include limited land availability, drought, declining soil fertility and
high production costs mainly due to high costs of agrochemical inputs and labour (CRF,

2010a).

Coffee originated from the shaded forests of Southern Western Ethiopia where it is thought to
have developed as an under-storey crop (Wintgens, 2004). The area has an altitudinal range
of 1600 — 2800 m, with average annual temperatures of 20°C, rainfall of 1600-2000 mm with
a cool dry season of 3-4 months (DaMatta, 2004). According to DaMatta (2004), early
plantations were shaded using over-storey trees in order to simulate its natural habitat since
coffee was considered shade-obligatory. However, it was soon established that coffee could

be grown without shade, especially under optimal conditions, but with high amounts of
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agrochemical inputs (Beer et al., 1998). This open grown, intensive production system is
considered unsustainable as result of the unstable and low market prices, reduction in
longevity of coffee plants, soil degradation and ground water pollution (Bote and Struik,
2011). Hence, there is a need for new production systems which would not only guarantee
increased farm profitability and stability but also put greater emphasis on crop mixtures and
system diversification. The integration of shade, timber, fruit and other trees is one such

strategy that could achieve this (Bote and Struik, 2011; Vaast et al., 2006).

Several studies (Somporn et al., 2012; Vaast et al., 2007; Beer et al., 1998) carried out in
regions such as Asia and Central America have shown that shade has several potential
advantages. Under sub-optimal conditions, shade trees protect the coffee trees by moderating
the effects of adverse climatic conditions, thereby providing a more suitable micro-climate
for coffee production (Vaast et al., 2005). Shade trees help to recycle soil nutrients from deep
layers in the soil to the coffee rooting top soil through litter fall, which acts as mulch that
preserves soil moisture and reduces soil erosion by reducing raindrop impact. The litter, on
decomposition, provides organic matter improving soil fertility and physical properties
(Amoah et al., 1997). This shade tree-coffee system may further utilize the soil nutrients and
water more efficiently than in a coffee monocrop system. It has been observed that shading
increases coffee bean size (Somporn et al., 2012; Geromel et al., 2008; Vaast et al., 2006;
Muschler, 2004). Shade also reportedly reduces the portion of rejects which include diseased,
mummified or dried berries. In Costa Rica, Muschler, (1998) reported that rejects accounted
for up to 10% in the un-shaded samples and less than 1% under shade. On the other hand,
Pinard et al. (2014) found that shade did not increase or improve the final quality grading of
green coffee beans; neither did it delay coffee berry maturation nor reduce alternate bearing

pattern. Shade trees may also compete for light, water and nutrients with coffee trees and can
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alter conditions for incidences of pests and diseases (Staver et al., 2001; DaMatta, 2004;
Mouen Bedimo et al.,, 2012). As a consequence of the multidimensional and diverse
interactions, the shade effect on coffee production often differs according to sites, coffee

varieties and shade tree species (Beer et al. 1998; Vaast et al. 2007; Hagar et al. 2011).

In East Africa, studies on the effect of shade on coffee production are disjointed and quite
dated (Tapley, 1961; McClelland, 1935; Sturdy, 1935). As demonstrated in the foregoing,
shade is thought to be beneficial under sub optimal conditions that include unfavourable
climate and low inputs. This study was, therefore, conducted to determine the effect of

agronomic management and shade levels on coffee growth, yield and quality.

5.3 Materials and Methods
5.3.1 Description of study sites
This study was conducted at the KALRO-CRI demonstration plot in Namwela and at two
surrounding small holder farms within the area from January 2010 to December 2012. The
sites chosen had similar climatic and soil conditions due to their close proximity, being
within a 5 km radius. Namwela is located in Bungoma County at 0° 45°43N 34° 33°42E,
1641 m above sea level and receives an average rainfall of 1329 mm; average maximum and
minimum temperatures of 27°C and 13.1°C respectively. The soils are moderately fertile,
sandy and mildly acid humic acrisols (Jaetzold et al., 2005). The annual rainfall and mean
maximum and minimum temperature data recorded during the trial are shown in Appendix 1.
The highest rainfall of 1485.4 mm was received in 2010, followed by 1235.5 mm in 2011 and

1165.5 mm in 2012.
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5.3.2 Coffee and shade tree variety
In all the sites, the traditional coffee variety K7 spaced at 2.74 m x 2.74 m was used in the
study. The K7 cultivar is a selection from “French Mission” coffee. This variety is the most
commonly grown in the study area. The cultivar has resistance to some races of coffee leaf

rust (CLR) and partial resistance to coffee berry disease (CBD).

The shade tree variety used, Cordia africana Lam, is a small to medium sized evergreen tree
that grows up to 30 m. It is heavily branched with a spreading umbrella shaped or rounded
crown which provides excellent shade for tree crops (Orwa et al., 2009). It is the predominant

shade tree used in Bungoma County.

5.3.3 Experimental treatments and design
The treatments consisted of five shade levels, based on the distances of coffee plants from the
trunk of the shade tree: 0 —1.5m, 1.5-3m,3-45m, 45 -6 m and >6 m (full sun),
equivalent to 80, 70, 50, 30 and 0% shade level; and three management levels (high, medium
and low). The treatments were arranged as a 3 x 5 factorial in split plot design. The shade
level and management level were assigned as sub and main plot factors, respectively, and
replicated 7 times. Each replicate comprised one shade tree surrounded by coffee plants. The
effects of the shading levels were evaluated by selecting four coffee plants, in an east-west
orientation, for each of the four distances from the shade tree trunk; 0 —1.5m, 1.5-3m, 3 -
45 m, 45 — 6 m. For the treatments in full sun treatments, recordings were made on four

plants randomly selected from a block of 36 coffee plants in the un-shaded plots.
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5.3.4 Agronomic management level
The agronomic management levels were categorized into three (high, medium and low)
depending on field operations and externally applied inputs as described by Mugo (2010).
Based on these criteria, the demonstration plot was under high agronomic management level
where the coffee trees were managed using all the recommended practices (CRF, 2013) for
optimum production. The coffee trees used in the study were established in 1955 and were in
the 4th year of the productive cycle (CRF, 2013). The main crop is focused on the March to
April flowering and therefore NPK compound fertilizers, 20:10:10, were applied earlier in
October (6 months before flowering) at the rate of 250 g/coffee tree. Foliar applications of
Boron and Zinc were also applied, at the rate of 3 kg/ha, 3 months before flowering. After the
main flowering in March/April, the first round of Calcium Ammonium Nitrate (CAN)
fertilizer at the rate of 100 g/tree was applied. Two more rounds of CAN applications were
made at 4 weeks interval giving a total of 300 g/tree per annum, (3 equal split applications).
Pruning of the coffee trees was undertaken in January of 2010 and 2011. This involved the
removal of unwanted branches to concentrate growth of the desired branches. Major insect
pests such as Antestia bugs and thrips were controlled using Dursban 480 EC (active
ingredient: chlorpyrifos) at the rate of 1000 ml/Ha. Weeds were managed by application of
Roundup® herbicide (glyphosate 36%) which was applied during the rainy period when the
weeds were young. The Cordia africana shade trees were established in the same year as the
coffee trees. Under medium agronomic management level, the coffee was in its 5th year of
production after change of cycle, whereas the Cordia africana shade was planted in 1957.
The external inputs applied included farm yard manure at the rate of 6 kg/tree and 20:10:10
NPK compound fertilizers at the rate of 150 g/tree. For control of insect pests the farmer
occasionally applied insecticides, such as Durban® 480 EC at the rate of 1000 ml/Ha (20 ml

in 20 litre knapsack). The coffee was routinely intercropped with common bean (Phaseolus
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vulgaris L.). Under the low management level, there was no application of external inputs at
all. The coffee was also in its 5th year of production, after change of cycle, and the Cordia
africana shade was established in 1959. The farm was also routinely intercropped with

common bean.

5.3.5 Coffee growth and bean yield
Data collected included primary branch length extension, total number of nodes and clean
coffee bean yield. The coffee primary branch growth was taken as the average increase in the
length of six primaries per plot. The primaries, selected from the middle canopy, had initially
been tagged at three nodes from the tip. The measurements were recorded every three months
for a period of one year. The difference in primary length between two consecutive recording
dates was the actual increase in primary length. The total number of nodes per primary was

obtained as the average number of nodes per primary.

To determine clean coffee bean yield, fully ripe cherries, as indicated by the bright red colour
of the skin, were harvested from the four effective trees in each treatment. The fresh weight
of cherries was taken at each harvest. The cherries were processed using standard wet
processing procedures (CRF, 2010b; Mburu, 2004). The parchment was hulled to produce

clean coffee.

5.3.6 Coffee grade
The green coffee bean size was determined using a coffee grader (Wm McKinnon, Aberdeen
Scotland). The proportion of green coffee retained by a screen size of > 6.75 mm, referred to

as grade ‘A’ beans, was calculated.
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5.3.7 Data analysis
All the data collected were subjected to analysis of variance using CoStat version 6.400
(1998-2008, Co Hort Software). Mean separation was done using the least significant
difference test at p<0.05. Regression analysis, using XLSTAT 2015 Version 17.1, was
conducted to establish the relationship between coffee bean vyield and physiological

parameters.

5.4 Results
5.4.1 Coffee growth, yield and raw bean quality
Shade levels and agronomic management had significant (p <0.05) effects on primary branch
length extension (Table 5.1). However, interaction between shade and agronomic
management had no effect on the primary branch length extension. Primary branch extension
was significantly higher at 0 — 1.5 m from the shade tree trunk (equivalent to 80% shade) than
under full sun and at all other distances from the shade tree trunk in 2010 and 2011 (Table 5.1
and 5.2). Primary branch extension was significantly lower in full sun than in most of the
shade treatments in 2010 and 2011. A significantly higher primary branch extension was
observed for coffee under high agronomic management than under medium and low
agronomic management levels. No difference in primary branch length extension was
observed between medium and low management. The primary branch extension ranged from

24.3t0 34.8 cm in 2010 and from 31.8 to 46.5 cm in 2011.
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Table 5.1: The effect of Cordia africana shade and agronomic management on mean primary

branch length extension (cm), January— December 2010

Mean primary branch length extension (cm)

Distance (m) from shade tree trunk Management level

High Medium Low Mean
0-15 40.3 30.8 334 34.8
15-3.0 37.6 305 26.2 31.4
3.0-45 34.8 26.7 24.1 285
45-6.0 32.7 22.1 238 26.2
> 6 (Full sun) 32.8 215 18.5 24.3
Mean 35.6 26.3 25.2
P value (SL) 0.0000***
P value (ML) 0.0000***
P value (SL x ML) 0.4390
LSDg s (SL) 3.0
LSDg s (ML) 3.3
LSDg s (SL x ML) NS
CV (%) 16.6

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level

Table 5.2: The effect of Cordia africana shade and agronomic management on mean primary

branch length extension (cm), January — December 2011

Mean primary branch length extension (cm)

Distance (m) from shade tree trunk Management level

High Medium Low Mean
0-15 61.9 40.7 37.0 46.5
15-3.0 56.9 40.0 36.7 445
3.0-45 57.3 35.0 31.8 41.4
45-6.0 48.4 36.5 29.6 38.2
> 6 (Full sun) 41.1 32.0 224 31.8
Mean 53.1 36.8 315
P value (SL) 0.0000***
P value (ML) 0.0000***
P value (SL x ML) 0.7803
LSDg s (SL) 6.2
LSDg s (ML) 6.5
LSDg5 (SL x ML) NS
CV (%) 25.0

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level
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Shade levels and agronomic management had significant (p<0.05) effects on the total
number of nodes per coffee branch (Table 5.3 and 5.4). However, there was no interaction
effect between shade level and the agronomic management. Generally, the number of nodes
increased significantly as the distance away from the shade tree trunk increased in both years.
In 2010, coffee under full sun recorded a higher number of nodes than coffee at all shade
levels, except that at 4.5 — 6.0 m from the shade tree trunk (equivalent to 30% shade). In
2011, coffee under full sun had significantly higher number of nodes than shaded coffee
regardless of the intensity of shade. Total number of nodes per branch was significantly lower
under low level management than under medium and high agronomic management levels in
2010 and 2011 (Table 5.3 and 5.4). Medium agronomic management had a lower number of

nodes than high agronomic management in 2011.

Table 5.3: The effect of Cordia africana shade and agronomic management on total number

of nodes per plant, January— December 2010

Total number of nodes per plant

Distance (m) from shade tree trunk Management level

High Medium Low Mean
0-15 8.6 7.3 5.7 7.2
15-3.0 8.3 8.6 6.9 7.9
3.0-45 10.1 94 7.1 8.9
45-6.0 114 9.6 8.2 9.7
Full sun 12.0 10.0 8.1 10.0
Mean 10.1 9.0 7.2
P value (SL) 0.0000%**
P value (ML) 0.0004***
P value (SL x ML) 0.6250
LSDges (SL) 1.0
LSDg s (ML) 1.1
LSDo.s (SL x ML) NS
CV (%) 19.2

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level
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Table 5.4: The effect of Cordia africana shade and agronomic management on total number

of nodes per plant, January— December 2011

Total number of nodes per plant

Distance (m) from shade tree trunk Management level

High Medium Low Mean
0-15 9.7 8.4 6.3 8.1
15-3.0 9.9 8.9 6.6 8.5
3.0-45 9.6 9.1 8.4 9.0
45-6.0 11.0 9.6 8.3 9.6
Full sun 14.0 10.0 9.0 11.0
Mean 10.8 9.2 7.7
P value (SL) 0.0002***
P value (ML) 0.0000***
P value (SL x ML) 0.3341
LSDg.s (SL) 1.3
LSDg s (ML) 0.8
LSDg s (SL x ML) NS
CV (%) 225

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level

Shade levels and agronomic management had significant (p<0.05) effects on coffee yields in
2010 and 2011 (Tables 5.5 and 5.6). However, the interaction between shade level and
agronomic management was significant only in 2010. The coffee yields under high
management level were significantly higher than that under medium and low management
levels in 2010 (Table 5.5). Under medium management, coffee at 0 — 1.5 mand 1.5-3.0 m
from the shade tree trunk had significantly higher bean yield than coffee in full sun. Coffee
yield was significantly higher under high management level than under medium and low
management levels across all the shade levels. No difference was observed between medium
and low management levels in yield across all the distances from the tree trunk. On average,
shaded coffee yielded significantly (p<0.05) higher than coffee under full sun. The yield

advantage of shaded coffee over coffee under full sun varied from 9.7% (4.5 — 6 .0 m from
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shade tree) to 54% (1.5 — 3.0 m from shade tree) in 2010 (Table 5.5) and 50.5% (0 — 1.5 m

from shade tree) to 70.8% (1.5 — 3.0 m from shade tree) in 2011 (Table 5.6). There were no

significant differences in yield of shaded coffee among the different shading levels. Coffee

yield under high management level was 2.4 and 3.2 times the yield under medium and low

management levels, respectively. On average, the yields recorded under high, medium and

low management level were 1282, 608 and 432 kg/ha, respectively in 2010 and 1333, 545

and 423 kg/ha in 2011 respectively. On average, the coffee yield gap between high and low

agronomic management ranged from 850 kg/ha in 2010 to 910 kg/ha in 2011.

Table 5.5: The effect of Cordia africana shade and agronomic management on coffee yield

(kg/ha) — 2010

Distance (m) from shade tree trunk

Coffee yield (kg/ha)

Management level

High Medium Low Mean
0-15 1327 765 446 846
15-3.0 1589 819 492 967
3.0-45 1094 644 477 738
45-6.0 1032 544 492 689
Full sun 1365 266 252 628
Mean 1282 608 432
P value (SL) 0.0000%**
P value (ML) 0.0000***
P value (SL x ML) 0.0005***
LSDg.s (SL) 133.1
LSDg s (ML) 222.5
LSDg,s (SL x ML) 302.9
CV (%) 28

Key: SL — Shade level, ML — Management level, ***significant at 0.1% level
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Table 5.6: The effect of Cordia africana shade and agronomic management on coffee yield
(kg/ha) - 2011

Coffee yield (kg/ha)

Distance (m) from shade tree trunk Management level
High Medium Low Mean

0-15 1403 485 426 772
15-3.0 1342 699 586 876
3.0-45 1441 637 460 846
45-6.0 1455 599 433 829
> 6 (Full sun) 1021 306 211 513
Mean 1333 545 423
P value (SL) 0.0000***
P value (ML) 0.0000***
P value (SL x ML) 0.7940
LSDg.s (SL) 148.1
LSDg s (ML) 180.8
LSDg s (SL x ML) NS
CV (%) 314

Key: SL — Shade level, ML — Management level, NS - Not significant, ***significant at 0.1% level

Shade levels and agronomic management had significant (p<0.05) effects on percentage
grade ‘A’ beans in both season 1 (Table 5.7) and season 2 (Table 5.8). A significant
interaction for % grade ‘A’ was observed between shade levels and agronomic management.
In full sun, the coffee generally had lower percentage of grade ‘A’ beans. Coffee in full sun
recorded significantly (p=0.05) lower % grade ‘A’ beans than shaded coffee at all distances
from the tree trunk under low management, shaded coffee at 1.5 - 3.0 m and 4.5 — 6.0 m from
shade tree trunk under medium management, and shaded coffee at 1.5 - 3.0 m and 3.0 — 4.5
m away from shade tree trunk, under high management. Shading improved % grade ‘A’
relative to full sun by a range of 44.5% to 78.5% under low agronomic management, 3.1 to
12.8% under medium agronomic management and -2.3% to 7.1% under high agronomic
management. There were no differences in % grade ‘A’ beans among the agronomic

management in shaded coffee at 0 — 1.5 m, 1.5 — 3.0 and 3.0 — 4.5 m from the shade tree
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trunk in 2011. However, coffee in full sun and that at 4.5 — 6.0 m, from shade tree trunk, had

higher % grade ‘A’ beans under high and medium agronomic management than coffee under

low agronomic management (Table 5.8).

Table 5.7: The effect of Cordia africana shade and agronomic management on % grade ‘A’

beans - 2010

Distance (m) from shade tree trunk

% grade ‘A’ beans

Management level

High Medium Low Mean
0-15 84.5 87.2 90.8 875
1.5-3.0 87.8 86.5 80.5 85.0
3.0-45 88.5 85.0 80.7 84.7
45-6.0 76.6 85.6 81.5 81.2
> 6 (Full sun) 78.9 80.2 71.0 76.7
Mean 83.3 84.9 80.9
P value (SL) 0.0000***
P value (ML) 0.0196*
P value (SL x ML) 0.0033**
LSDgs (SL) 3.63
LSDy.s (ML) 4.03
LSDo.s (SL x ML) 6.21
CV (%) 7.12

Key: SL — Shade level, ML — Management level, * significant at 5% level, ** significant at 1% level,

***significant at 0.1% level

88



Table 5.8: The effect of Cordia africana shade and agronomic management on % grade ‘A’
beans - 2011

% grade ‘A’ beans

Distance (m) from shade tree trunk Management level

High Medium Low Mean
0-15 82.9 81.7 87.1 83.9
15-3.0 83.2 87.2 84.9 85.1
3.0-45 775 79.7 73.2 76.8
45-6.0 79.2 86.4 70.5 78.7
> 6 (Full sun) 76.9 77.3 48.8 66.7
Mean 80.0 82.5 72.9
P value (SL) 0.0000***
P value (ML) 0.0001***
P value (SL x ML) 0.0000***
LSDg.s (SL) 4.42
LSDg s (ML) 331
LSDg s (SL x ML) 7.60
CV (%) 9.16

Key: SL — Shade level, ML — Management level, ***significant at 0.1% level

Regression analysis revealed no significant relationships between coffee vyield and
photosynthetically active radiation (Figure 5-1), leaf temperature (Figure 5-2), transpiration

rate (Figure 5-3), stomatal conductance (Figure 5-4), photosynthetic rate (Figure 5-5).
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Figure 5-1. Linear regression analysis curve showing the relationship between

photosynthetically active radiation and coffee yield at the Namwela Demo plot. ¥ — Not
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Figure 5-2: Linear regression analysis curve showing the relationship between leaf

temperature (°C) and coffee yield (kg/ha) at the Namwela Demo plot. ™ — Not significant
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Figure 5-3: Linear regression analysis curve showing the relationship between transpiration
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5.5 Discussion
The number of nodes increased with decrease in shade level, with coffee under full sun
registering a higher number of nodes than coffee under shade. This is explained by coffee’s
physiological response to shade. In shaded situations, under optimal production conditions,
light is hypothesised as the limiting factor. High light level produces higher number of flower
buds per node and higher number of nodes per coffee branch (Youkhana and Idol, 2010).
Conversely, branch length growth increased with increasing shade level with full sun
recording the lowest branch length growth. Previous studies by Kimemia (2004) have also
shown that shade promoted higher vegetative growth in coffee. Muschler, (2004) observed
that with comparable nutrition, shaded plants tended to be larger, more robust and had higher
leaf retention compared to plants in full sun. This effect was more distinct under marginal

conditions for the production of coffee. On the other hand, shade favours longer nodes and
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reduces number of internodes (Vaast et al., 2007; Cannell, 1975). Cannell (1975) further
indicated that the foremost component of yield was the number of nodes formed. The major
adverse effect shade has on coffee yield appears to be lower flower initiation hence a lower
number of fruitful nodes on a branch (Franck, 2005). As explained by Cannell (1985), coffee
produces a small number of flowers in shaded environment and, therefore, it has not evolved
satisfactory mechanisms to maintain its fruiting load proportional to the available nutrients
when grown in full sunshine. This may explain the higher coffee yield obtained under shade

in low input conditions.

As would be expected, coffee plants under high management levels recorded better growth
than those under medium and low management levels. Under high management levels, the
primary branch growth was higher and total nodes per branch were more than those under
medium and low management. This was attributed to better nutrition, through applied
fertilizers and protection against insect pests and diseases. Similar findings have been
reported by Njoroge (1992) and Willson (1985) who observed that growth characteristics
such as plant height, length and total shoots of primary branches, leaf area and total nodes

were enhanced with the application of N alone or in combination with P and K.

In terms of production, coffee under high management level out-yielded coffee under
medium and low management level in both crop years. Under medium and low level
management regimes shaded coffee had significantly higher yields than coffee in full sun. In
contrast, shade had no effect on coffee yield under high management. Similarly, Vaast et al.,
(2007) found that coffee under sub-optimal conditions benefitted more from shade. Somporn
et al., (2012) and Youkhana and Idol (2010) also reported an increase in bean yield and 1000-

bean weight as shade level increased. Shaded plantations may therefore require lower levels
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of inputs than un-shaded plantations under the same climatic conditions. However, further
studies need to be carried out to determine the most appropriate shading levels, shade trees

and their management.

In the current study, the yield gap between well managed coffee and poorly managed coffee
varied from 850 kg/ha in 2010 to 910 kg/ha in 2011. Yield gaps between farms on different
management levels on the one hand and between farms and research stations still exist
(Karanja, 1992; USAID, 2010; Okibo and Mwangi, 2013) suggesting a huge potential for the
improvement of coffee production in Kenya. The Kenya National Bureau of Statistics
(Economic Survey, 2011) in years 2005 to 2010 showed that the estates sector, with an
average 6-year yield of 548.4 Kg/ha clean coffee, was 2.5 times higher than the small holder
co-operative sector (218.2 Kg/ha clean coffee). Studies by USAID (2010) showed that the
average annual clean coffee production, from 2004 to 2009 was 289 kg/ha. Under research
conditions, yields of 15 kg/tree are routinely achieved (CRF, 2012), whereas the average
yield per tree for estates is about 3 kg and 1.2 kg for cooperative sector. The yield gaps may
be attributed mainly to the lack of investment by the small-holder producer, who cannot
afford costly farm inputs which has led to reduced coffee productivity and poor quality.
However, in the current study, the productivity of shaded coffee under low agronomic
management was 25% higher than coffee in full sun. The percentage grade ‘A’ was also
higher under shade than in full sun. This finding has important implications in that the
promotion of shade in coffee has the potential to improve coffee productivity without the

need for heavy capital investment.
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5.6 Conclusion
Shade promoted higher vegetative growth regardless of the agronomic management level.
Use of shade, especially under medium and low agronomic management level, resulted in
higher yields and higher percentage grade ‘A’ coffee beans. This study shows that shade can
be used to boost coffee yields without loss in raw coffee quality, primarily under low input
conditions. Therefore, the main challenge is to develop cost-effective technologies that
would enhance productivity while enhancing or maintaining the quality for which Kenya
coffee is renowned. Such simple and sustainable production systems such as use of shade, is

what is required to be developed and disseminated to farmers.
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CHAPTER SIX: EFFECT OF Cordia africana SHADE AND AGRONOMIC

MANAGEMENT ON BIOCHEMICAL COMPONENTS OF ARABICA COFFEE

6.1 Abstract
Coffee cup quality is based on categorization of various factors that are correlated to the
biochemical content of roasted coffee beans. Although the environment is essential in
determining the expression of the biochemical components, studies on how they are affected
by shade and agronomic management are scarce. A study was, therefore, conducted to
evaluate the effect of Cordia africana shade and agronomic management on the biochemical
components of coffee beans. The shade level was based on distances from shade tree trunk, 0
—15m,15-3.0m,3.0-45m, 45-6.0 mand > 6.0 m which were equivalent to 80, 70,
50, 30 and O %(full sun), respectively. The study was carried out at the KALRO-CRI
demonstration plot in Bungoma County, representing high management level, and two small
holder farms neighbouring the Institute plot, representing medium and low management
levels, respectively. Fully ripe cherries were harvested, wet processed and the wet parchment
dried to moisture content of 10.5 to 11%. Caffeine, trigonelline, total chlorogenic acids
(CGA), oil and sucrose were determined. The results showed that biochemical components
were affected significantly shade and management levels. Caffeine content ranged from
1.47% dry weight (dwb) basis under high agronomic management, to 0.59% dwb under low
agronomic management. Highest mean oil content of 18.99% dwb, was obtained under high
agronomic management, and the lowest, 15.79% dwb, was recorded under low agronomic
management. Mean trigonelline content ranged from 1.54% dwb under high agronomic
management level in shade and lowest, 0.56% dwb obtained under low management. The
mean sucrose content ranging from the highest, 11.76% dwb and the lowest, 7.43% dwb,

were all obtained under high agronomic management. Mean chlorogenic acid content ranged
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from the lowest, 4.82% dwb under low management level to the highest, 9.59% dwb in full
sun under high management level. Most of the biochemical components were positively
correlated with shade and management levels. This presented the possibility of manipulating

the two parameters to enhance the quality of coffee.

6.2 Introduction
Coffee is a perennial evergreen tropical plant, which belongs to the family Rubiceae and the
genus Coffea (Davies et al., 2006). Raw coffee beans comprise an extensive variety of
diverse chemical compounds which interrelate during coffee processing to produce an end
product that is even more variable and intricate in structure (Clifford, 1985). The distinct
flavour of brewed coffee is undoubtedly the main motivation for its widespread acceptance
and almost worldwide demand as a stimulating beverage (Petracco, 2001). The beverage
quality is based on the description of several factors including taste and aroma (Kathurima et

al., 2009) which are associated with biochemical contents of coffee beans.

Coffee quality is the result of intricate interactions between the environment, the agronomic
management and the coffee plant (Somporn et al., 2012). In the coffee bean, the biochemical
composition is inherent (Montagnon et al., 1998; Leroy et al., 2006; Mayoli and Gitau, 2012)
and plant growth conditions (Viani, 2001). The biochemical compounds give distinctive
odour or taste to edible plants and offer adaptive properties to plants such as contributing to
resistance to diseases and pests (Dessalegn, 2005; Gichimu et al., 2014). The key biochemical
compounds in coffee are caffeine, oils, trigonelline, sucrose and chlorogenic acids (Farah et

al., 2006; Gichimu et al., 2014).
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Climate, altitude, and shade have a profound effect on flowering, bean biochemical
composition and maturity through their effect on temperature, availability of light and water.
Shade, or conditions that imply lower air temperatures such as higher elevations, delay the
maturity of coffee berries permitting adequate time for complete bean filling (Vaast et al.,
2006), giving in beans that are heavier and more intense in flavour than those grown under
lower altitudes or in full sunlight. The slower ripening process, therefore, is essential in
ensuring high cup quality, probably by ensuring the full expression of all biochemical phases
needed for the development of the beverage quality (Silva et al., 2005). Vaast et al., (2006)
observed that shade resulted in an increase in size and improvement in the biochemical
composition of the coffee bean through delayed ripening by one month. Other authors
(Muschler, 2004; Geromel et al. 2008; Bosselmann et al., 2009; Bote and Struik, 2011,
Somporn et al., 2012) have reported similar positive effects of shade on coffee biochemical
composition. In contrast, Avelino et al., (2007) found that coffees produced from unshaded
trees produced better cup quality than shaded, which was appreciated more by tasters, and the

results were corroborated with biochemical data.

Shade also reportedly reduces the portion of rejects which include diseased, mummified or
dried berries. In Costa Rica, Muschler (1998) reported that discards accounted for up to 10%
in the full sun samples and below 1% under shade. In the current study, as presented in
Chapter 4 of this thesis, the shaded coffee produced higher % grade ‘A’ beans than coffee in
full sun. Although coffee biochemical quality attributes are intrinsic, the environment, which
includes agronomic management, is important in their manifestation (Leroy et al., 2006).
Caffeine content, for example, is genetically defined but it is also influenced by external
factors (Pearl et al., 2004). Good growing conditions, which include proper pruning and

nutrition, tends to produce larger coffee beans with better flavour (Wintgens, 2004). In South
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America, Dessalegn (2005) reported that coffee grown with substantial application of
nitrogen fertilizer had higher caffeine content, than that from unfertilized fields. Therefore,
this study was conducted to evaluate the effect of shade and management levels on the

biochemical components of coffee beans.

6.3 Materials and Methods
6.3.1 Study site
This study was conducted at the KALRO-CRI demonstration plot in Namwela and two
surrounding small holder farms within the area from year 2010 to 2012. Namwela is located
in Bungoma County at 0o 45’°43N 340 33°42E, 1641 metres above sea level, an average
rainfall of 1329 mm. The sites chosen had similar climatic and soil conditions due to their

proximity. The three farms represented high, medium and low management level treatments.

6.3.2 Experimental treatments and design
The treatments were shade and agronomic management levels. The different shading levels
were based on the distances from the trunk of the shade tree: 0 —1.5m,1.5-3m, 3-4.5m,
4.5 -6 m and > 6 m (full sun). The experimental design was a split plot, with management
level as main plot treatment and shade level as the sub-plot. The shading level was estimated
by measuring the Photosynthetic Photon Flux Density (PPFD) in umol m? s using a Line
Quantum Sensor (LI-COR Biosciences) and expressing it as a percentage of that obtained in
full sun as described by Vaast et al. (2007). The agronomic management levels were
categorized depending on field operations and externally applied inputs as described by
Mugo (2010). Based on these criteria, a coffee plot under high management level was
managed using all the recommended practices by Coffee Research Foundation (CRF, 2013)

for optimum production. Under medium management level, the external inputs applied
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included farmyard manure and inorganic fertilizers; and pesticides (insecticides and
fungicides for the control of insect pests and diseases respectively). Under the low

management level, there was no application of external inputs.

6.3.3 Processing of samples
Fully ripe cherries were harvested from four trees in each of the plots in each site during the
year 2010/11and 2011/12 seasons. The cherries were bulked and wet processed using
standard procedures (Mburu, 2004). The cherry samples were pulped, fermented, washed and
the wet parchment dried to final moisture content of 10.5 to 11%. The parchment coffee was
hulled and graded based on size, shape and density (Gichimu et al., 2012) and grade AB was
used for the subsequent analysis in the study. Fifty (50) grams of dry coffee beans per
treatment from each of the sites were frozen at -80°C and later ground to <0.5mm particle
size in liquid nitrogen using an analytical mill (Model A10 IKA work inc. Wilmington, NC,

USA).

6.3.4 Biochemical analysis
Caffeine, trigonelline and total chlorogenic acids (CGA) were extracted concurrently from 3
g of green coffee powder using ethanol and acetone (24:1v/v) and shaking in the dark for 24
hours. Caffeine, trigonelline and CGA were analysed using a HPLC system (KNEUR)
equipped with a Supel Co. Discovery column and a diode array detector at three wavelengths,
278 nm for caffeine, and 266 nm for trigonelline and 324 nm for CGA. Sucrose was extracted
from green coffee powder using the method of Osborne and Voogt (1978) with
modifications. About 2.5 g of the green coffee powder was weighed and put into a round
bottomed flask. Extraction was done for one hour in 100 ml of 96% ethanol (AR) under

reflux. The extract was cooled and filtered through Whatman filter paper number 42 and
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evaporated to dryness. Sucrose was recovered with 10 ml de-ionized water and 2 ml of the
extract mixed thoroughly with 2 ml Diethyl ether (AR) left to settle and the top layer
discarded. This was repeated three times. One millilitre of the clarified extract was mixed
with 1 ml of acetonitrile and filtered through a 0.45 pm micro filter (Chromafil). Sucrose was
analysed using a HPLC system (KNEUR) equipped with a Eurospher 100-5 NH; column and
a refractive index detector. The mobile phase was acetonitrile HPLC grade (SCHARLAU)
75%, and distilled water 25% at a flow rate 1 ml/min under ambient temperature. Caffeine,
trigonelline, CGA and sucrose were identified by comparing the retention times of standards
and their concentrations calculated from peak areas using calibration equations. Crude oil
was analysed following the Association of Official Analytical Chemists (AOAC, 1995)

method.

6.3.5 Data analysis
The biochemical data obtained were subjected to analysis of variance at 5% level of
significance using Costat version 6.400 (1998-2008, Co Hort Software) statistical program.
Least significant difference (LSD) was used to separate the means. Correlation and regression

analysis was done using XLSTAT 2015 Version 17.1.

6.4 Results
Shade levels and agronomic management significantly affected caffeine content % (dry
weight basis) in season 1 and 2 (Table 6.1). The interaction between shade levels and
agronomic management had a significant (p=0.05) effect on caffeine content only in the first
season. In season 1, shaded coffee had significantly higher caffeine content than coffee under
full sun across the management levels. Increase in shade level under medium and low

management led to an increase in caffeine content but different shade levels at high
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agronomic management had similar caffeine content. Caffeine content was not affected by
agronomic management under high (80%) shade level. Caffeine content was significantly
lower under low management than under medium and high agronomic management across all
the shade levels except at 0 — 1.5 m from shade tree trunk. On average, in both seasons, high
agronomic management level had significantly higher caffeine content than medium
agronomic management level which, in turn, had higher caffeine content than the low

agronomic management level.

Table 6.1: Mean caffeine content (% dry weight basis) in green coffee under different levels
shade and agronomic management

Caffeine content (% dry weight basis)

Management level

Distance (m) from Season 1 Season 2

shade tree trunk High Medium  Low Mean  High Medium  Low Mean
0-15 1.25 1.26 1.15 1.22 1.44 1.35 1.17 1.32
1.5-3.0 121 1.17 0.91 1.10 1.47 1.39 1.17 1.34
3.0-45 1.26 111 0.61 0.99 1.34 1.35 1.17 1.29
45-6.0 1.20 1.02 0.62 0.95 1.35 1.30 1.15 1.27
Full sun 1.01 0.82 0.59 0.81 1.31 1.28 1.16 1.25
Mean 1.19 1.08 0.78 1.38 1.33 1.16

P value (ML) 0.0034** 0.0040**

P value (SL) 0.0000*** 0.0025**

P value (ML x SL) 0.0000*** 0.1084

LSDgs(ML) 0.08 0.04

LSDos (SL) 0.05 0.04

LSDogs (ML XSL)  0.10 NS

CV (%) 3.77 2.64

Key: ML — Management level, SL — Shade level; NS - Not significant, ** significant at 1% level

Shade levels and agronomic management significantly (p<0.05) influenced the mean oil
content (% dry weight basis) (Table 6.2). However, significant interactions between shade

and agronomic management levels were only observed in season 1. In season 1, high
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management level had higher oil content than medium and low agronomic management
levels across the shading levels. However, there no was significant (p<0.05) difference in oil
content between medium and low agronomic management levels except at 4.5 — 6.0 m away
from the shade tree trunk in which the former outperformed the latter. In season 2, the highest
mean oil content, 18.77% dwb was recorded under high agronomic management and the
lowest, 17.72% dwb, was recorded under low agronomic management level. Shaded coffee,

on average, recorded higher mean oil content than coffee grown under full sun.

Table 6.2: Mean oil content (% dry weight basis) in green coffee under different shade levels

and agronomic management

Oil content (% dry weight basis)

Management level

Distance (m) from Season 1 Season 2

shade tree trunk High Medium  Low Mean  High Medium  Low Mean
0-15 17.57 16.42 16,59 16.86 18.99 18.20 18.41 18.53
1.5-3.0 17.62 16.36 16,51 16.83 18.80 18.16 18.04  18.33
3.0-45 17.07 16.25 16.20 16.51 18.97 18.48 17.82 18.42
45-6.0 16.78 16.67 1581 16.42 18.83 18.18 17.41 18.14
Full sun 16.71 15.94 15,79 16.15 18.27 18.30 16.94 17.84
Mean 17.15 16.33 16.18 18.77 18.26 17.72

P value (ML) 0.0100* 0.0038*

P value (SL) 0.0001*** 0.0281*

Pvalue (ML x SL) 0.0125* 0.1768

LSDg g5 (ML) 0.32 0.20

LSD o5 (SL) 0.22 0.42

LSDogos (ML XSL)  0.44 NS

CV (%) 1.05 1.85

Key: ML — Management level, SL — Shade level; NS - Not significant, * significant at 5% level, ***significant

at 0.1% level
Shade level significantly (p<0.05) influenced trigonelline content in season 1 and season 2.

Agronomic management levels affected the trigonelline content only in season 1 (Table 6.3).

However, there were significant (p<0.05) interactions between shade and agronomic
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management in both seasons. In season 1, agronomic management level had no effect on
trigonelline content in coffee grown under at 0 — 1.5 m, 1.5 - 3.0 m and 3.0 — 4.5 m from
shade tree trunk (80, 70 and 50% shade respectively). However, coffee under low agronomic
management level had lower trigonelline content than coffee under high and medium
agronomic management in full sun and at 4.5 — 6.0 m from shade tree trunk (50% shade
level). On average, the increase in shading level across the agronomic management led to an

increase in the trigonelline content.

In season 2, agronomic management had no effect on trigonelline across the shading levels
except at 0 — 1.5 m and 1.5 — 3.0 m from the shade tree trunk (80 and 70% shade,
respectively). Shaded coffee had higher trigonelline content than coffee in full sun in both
seasons. The trigonelline content, in season 2, ranged from 1.54% dwb under high agronomic
management (0 — 1.5 m from the shade tree trunk) to 1.08% dwb under medium agronomic
management (full sun) and in season 1, it ranged from 1.20% dwb under medium agronomic

management level to 0.56% dwb under low management level in full sun (Table 6.3).
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Table 6.3: Mean trigonelline content (% dry weight 