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	ABSTRACT	
Coffee	is	a	signi�icant	commercial	crop	in	India,	predominantly	grown	in	the	southern	states,	with	the	Western	Ghats	playing	a	
pivotal	 role	 due	 to	 their	 unique	 biodiversity	 and	 climate.	 This	 two-year	 study	 (2022-2023	 harvesting	 seasons)	 evaluated	 the	
performance	of	arabica	coffee	(Coffea	arabica	L.)	under	four	distinct	shade	patterns:	two-tier	native	species,	mixed	species	(native	
and	exotic),	exotic	species	(Grevillea	robusta),	and	unshaded	conditions.	Conducted	in	a	randomized	complete	block	design	(RCBD)	
with	�ive	replications,	the	study	assessed	the	impact	of	shade	management	on	quality	attributes,	bean	grades,	caffeine	content	and	
yield.	Coffee	cultivated	under	native	and	mixed	species	shade	exhibited	signi�icantly	higher	proportions	of	premium-grade	beans	
(84.83%	and	84.00%,	respectively),	improved	sensory	attributes,	and	enhanced	caffeine	content	(1.17%	and	1.13%,	respectively),	
compared	to	unshaded	conditions.	Native	shade	systems	yielded	the	highest	total	cup	score	(75.33)	and	clean	coffee	yield	(986.65	kg	

-1ha ),	highlighting	the	positive	impact	of	shade	on	fruit	quality,	ripening	uniformity,	and	chemical	composition.	Conversely,	unshaded	
coffee	showed	poorer	quality,	lower	yields,	and	increased	stress	due	to	direct	sunlight.	These	�indings	emphasize	the	role	of	shade	in	
optimizing	coffee	quality	and	yield	while	maintaining	sustainability	and	biodiversity	in	agroforestry	systems.
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INTRODUCTION
Coffee, a globally cherished beverage, is a key commercial crop 
in India, predominantly cultivated in the southern states. The 
Western Ghats, a UNESCO World Heritage Site, serves as a 
prominent coffee-growing region, offering unique ecological 
and climatic advantages for coffee. The region's shaded 
plantations are integral to its biodiversity, hosting a wide array 
of �lora and fauna, while also contributing to the livelihoods of 
millions of smallholder farmers. Shade-grown coffee systems in 
the Kodagu district of Karnataka exemplify sustainable 
agricultural practices, covering approximately 33 percent of the 
district's area and complementing diverse forest landscapes, 
such as sacred groves, reserve forests and other protected areas 
[32; 5].Shade management in coffee plantations plays a critical 
role in in�luencing both ecological sustainability and coffee 
quality. Shaded environments provide a stable microclimate 
that moderates temperature �luctuations, reduces water stress, 
and enhances soil health through organic matter deposition [22; 
11;18]. These systems have been found to delay berry ripening, 
improve bean size and enhance biochemical composition, 
resulting in superior cup quality characterized by better aroma,

and bodyand acidity [34; 35]. Native shade trees, in particular, 
foster better nutrient cycling and biodiversity, which further 
contribute to coffee's sensory and physical attributes [31].
However, the increasing demand for higher coffee yields has led 
to a shift towards monoculture systems and reduced shade 
cover in recent years. These changes have been associated with 
a decline in coffee quality, increased susceptibility to climate-
induced stresses, and biodiversity loss. Studies have shown that 
reduced shade cover accelerates ripening, leading to smaller 
bean sizes and compromised biochemical pro�iles [6; 1]. Exotic 
shade species, such as Grevillea	robusta, have been reported to 
be less effective in maintaining optimal microclimatic 
conditions and biochemical balance compared to native or 
mixed species [33; 29].The quality of green coffee beans, a 
determinant of their market value, is in�luenced by inherent 
genetic traits and environmental conditions. Key biochemical 
compounds such as caffeine, chlorogenic acids and sucrose are 
critical to coffee's �lavor pro�ile and pharmacological properties. 
Studies have consistently demonstrated that shade-grown 
coffee beans exhibit higher levels of these bene�icial 
compounds, contributing to improved �lavor complexity and 
antioxidant properties [11; 30].
With the Western Ghats facing increasing pressure from 
changing land-use patterns and climatic variability, there is a 
pressing need to evaluate sustainable shade management 
practices. The present study, conducted during the 2022–2023 
harvesting seasons, investigates the impact of four distinct 
shade management regimes—native species, mixed species,
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exotic species (Grevillea	robusta)and unshaded conditions—on 
the quality attributes, caffeine content, bean grades and yield of 
arabica coffee. This research aims to provide actionable insights 
for balancing productivity with environmental sustainability, 
ensuring the longevity and quality of India's coffee sector.

2	MATERIALS	AND	METHODS
2.1	Study	Location	and	Climate
The study was conducted at the L and M blocks of the Coffee 
Research Sub Station (CRSS), Chettalli, located in North Kodagu, 
Karnataka, India (12°23'N, 75°49'E, 950 m AMSL). Weather data 
for the 2022–2023 seasons were obtained from the CRSS 
Meteorological Observatory. Notable variations in climatic 
conditions were observed during the study period. In 2023, 
average minimum and maximum temperatures were 18.15 °C 
and 28.57 °C, respectively, which exceeded both 2022 levels 
(17.20 °C and 26.58 °C) and the long-term normal (17.36 °C and 
27.26 °C). Rainfall in 2022 (2128 mm) surpassed the 2023 levels 
(1218 mm) and the normal average (1579 mm). Additionally, 
the number of rainy days in 2023 (89) was lower than in 2022 
(117), indicating more intense rainfall events. These climatic 
variations suggest a warming trend that may in�luence coffee 
cultivation strategies. Climatic data trends are presented in 
Figures 1 and 2.

2.2	Soil	Characteristics
The experimental soil is classi�ied as �ine-loamy, mixed, 
isohyperthermic typic haplustepts, with a sandy loam texture. It 
is deep, well-drained, and derived from weathered granite. Soil 
analysis revealed slightly acidic pH (5.90), low electrical 
conductivity (0.23 dSm⁻¹), high organic carbon (2.96%), 
available phosphorus (72 kg ha⁻¹), available potassium (434 kg 
ha⁻¹), and medium nitrogen content (515 kg ha⁻¹).

2.3	Experimental	Details
The experimental block spanned 20 acres and comprised four 
shade management regimes:
T : Two-tier native species shade (e.g., Albizzia	 sp., Ficus	 sp., 1

Dalbergia	 sp. , Terminalia	 sp. , Pterocarpus	 marsupium , 
Stereospermum	 sp., Syzygium	 jambolana) with Erythrina	
lithosperma (Dadap) in the lower strata.
T : Two-tier mixed species shade (native species combined with 2

exotic Grevillea	robusta).
T : Two-tier exotic species shade (predominantly Grevillea	3

robusta).
T : Unshaded condition (tree cover < 20%).4

The blocks were planted with Coffea	arabica cv. Chandragiri in 
2006, with a spacing of 1.8 m × 1.8 m.

2.4	Experimental	Design
The experiment followed a randomized complete block design 
(RCBD) with �ive replications. Each treatment plot measured 
20.12 × 18.29 m and contained 110 coffee plants (11 rows × 10 
plants).

2.5	Crop	Management
Standard agronomic pract ices ,  including nutrit ion 
management ,  weeding,  and plant  protect ion,  were 
implemented following the Coffee Guide, Central Coffee 
Research Institute [3].

2.6	Bean	Grades	and	Quality	Analysis
Uniformly ripened coffee fruits (5 kg) were harvested 
separately from each treatment and processed using the wet

method. The wet parchment was dried to approximately 11 per 
cent moisture content, hulled to produce clean coffee and 
graded using Mckinnon sieves (5.50, 6.00-, and 6.65-mm screen 
sizes). The outturn percentage was calculated based on the 
clean coffee yield relative to weight of dense fruit taken for 
pulping.For sensory quality analysis, 100 g of roasted coffee was 
prepared to a light-medium degree at 205 °C (Probat lab 
roaster). The roasted beans were ground to medium-coarse 
powderand 10 g of powder was brewed with 250 ml boiling 
water. After a 5-minute steeping period, sensory evaluation 
followed a ten-point hedonic scale [4].

2.7	Estimation	of	Caffeine	Content
Caffeine content was estimated using the method developed by 
[28]. A 1 g sample of ground coffee was placed in a 250 ml conical 
�lask, with 200 ml distilled water and 5 g magnesium oxide 
(MgO). The mixture was heated in a water bath at 90 °C for 20 
minutes, then cooled, �iltered (0.45 µm �ilter), and analyzed 
using High-Performance Liquid Chromatography (HPLC).
Caffeine content was calculated in per cent on the dry basis by 
using the following formula. 

2.8	Statistical	Analysis
Data were statistically analyzed using the methods described by 
Gomez and Gomez (1984). A signi�icance level of p = 0.05 was 
used for F and t-tests. Critical difference values were calculated 
where the F-test was signi�icant. Duncan's multiple range test 
(DMRT) was employed for mean comparison. Statistical 
analysis was performed using the Web Agri Stat Package 
developed by ICAR Complex, Goa [15].

3	RESULTS	AND	DISCUSSION
3.1	 Effect	 of	 different	 shade	 management	 regimes	 on	
quality	attributes	of	arabica	coffee
The in�luence of shade management regimes on coffee quality 
parameters, including �loat percentage, dense fruits, outturn, 
and bean grades, is summarized in Table 1.

Fruit	 Density	 and	 Outturn:	 Unshaded coffee plants 
consistently recorded the highest �loat percentages (4.17% 
pooled), indicating lower fruit density. In contrast, native 
species shade and mixed species shade had signi�icantly lower 
�loat percentages (3.02% and 3.13%, respectively, pooled), 
demonstrating enhanced fruit quality under shaded conditions. 
T  also recorded the highest dense fruit percentage (96.98%, 1

pooled) and outturn (16.27%, pooled), followed closely by T . 2

Conversely, unshaded systems exhibited the lowest dense fruit 
percentage (95.83%, pooled) and outturn (15.79%, pooled).

Bean	 Grades:	 Shade management signi�icantly affected the 
bean grades of Arabica coffee. Coffee grown under native and 
mixed species shade yielded the highest proportion of premium 
'A' grade beans (>6.65 mm) with pooled values of 84.83 per cent 
and 84.00 percent, respectively. These treatments signi�icantly 
outperformed the unshaded system, which produced the lowest 
proportion of 'A' grade beans (78.83%).The exotic species shade 
resulted in the highest proportion of 'B' grade beans (>6.00 mm) 
at 4.17 per cent, followed by T  (3.90%). Meanwhile, T  4 4

produced the highest percentage of lower-quality 'C' grade 
beans (>5.50 mm) at 5.77 per cent, closely followed by T3 

(5.60%). T  and T demonstrated better quality with lower 'C' 1 2 

grade proportions (4.52% and 3.92%, respectively).
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Coffee grown under native species shade recorded the lowest 
proportion of PB grade beans (7.80%), indicating a higher yield 
of premium-quality beans. Exotic species shade and mixed 
species shade recorded higher PB grades at 8.30 per cent and 
8.22 per cent, respectively, highlighting the impact of shade 
composition on bean quality.
The �indings highlight the positive role of shade management, 
particularly native and mixed species, in enhancing fruit density, 
outturn and premium-grade bean production. Shade mitigates 
environmental stress by regulating temperature and moisture 
levels, fostering healthier plants with denser fruits and 
improved quality. The reduced �loat percentages and higher 
dense fruit proportions in shaded systems align with earlier 
�indings by [13; 27], which emphasize the role of shade in 
improving microclimatic conditions and reducing stress-
related fruit defects.Shade trees, particularly native species, 
create optimal conditions for producing larger, denser beans 
with superior quality, as previously reported by [12; 19]. 
Unshaded systems, while promoting faster fruit maturation, 
compromise quality due to increased exposure to sunlight and 
stress, which negatively affect �lavor and bean size.These results 
accentuate the importance of integrating shade management 
practices, particularly through native tree species, to optimize 
coffee production. This approach not only enhances coffee 
quality and marketability but also contributes to biodiversity 
conservation and the sustainability of agroforestry systems.

3.2	Effect	of	different	shade	management	regimes	on	cup	
quality	characteristics	and	per	cent	caffeine
The pooled data from 2022 and 2023 on cup quality 
characteristics—aroma/fragrance, �lavor, acidity, aftertaste, 
body, balance and total cup score (TCQS) - demonstrate the 
in�luence of various shade management regimes (Figure 3 and 
4; Table 2). The results emphasize the signi�icant role of shade in 
optimizing the sensory pro�ile of coffee. Notably, the treatment 
with native species shade achieved the highest TCQS (75.33), 
outperforming the unshaded system with the lowest score 
(70.05). Native shade positively in�luenced key parameters, 
including aroma (6.78), �lavor (6.45), body (6.15), balance 
(6.43), acidity (6.45)and aftertaste (6.48). Mixed species shade 
also delivered strong results, statistically on par with native 
shade for most quality traits. In contrast, unshaded coffee 
consistently showed the lowest scores, highlighting the 
detrimental effects of excessive sunlight exposure.The caffeine 
content data across treatments and years (2022–2023) are 
presented in Table 2. Native shade exhibited the highest caffeine 
content (1.17%), comparable to mixed species shade (1.13%) 
but signi�icantly higher than exotic species shade (1.08%) and 
unshaded conditions (1.05%). The superior caffeine content in 
shaded treatments can be attributed to optimal light conditions 
for photosynthesis, improved nutrient cyclingand reduced 
stress.
Shade-grown coffee bene�its from extended maturation periods 
due to moderated sun exposure, which enhances sugar 
accumulation and reduces bitterness. These effects contribute 
to a re�ined �lavor pro�ile, improved bean weight and a balance 
of chemical compounds critical for cup quality. Research has 
shown that shaded conditions promote the development of 
chlorogenic acids, phenolic compounds and other precursors of 
complex �lavor pro�iles [20; 25. The higher cup quality under 
native and mixed species shade is likely due to improved 
microclimatic conditions, diversi�ied organic matter input and 
balanced nutrient supply. 

These factors foster the development of aromatic compounds 
and biochemical pathways that enhance acidity, body and 
overall �lavor stability [25; 16]. Studies by [12; 19] corroborate 
these �indings, showing that shaded coffee consistently 
produces higher-quality beans with desirable sensory 
attributes and premium grades.The enhanced caffeine content 
under native and mixed species shade aligns with �indings from 
[7; 17]who reported that moderate sunlight exposure boosts 
photosynthetic rates and energy production, facilitating 
caffeine synthesis. Improved nutrient availability, especially 
nitrogen and potassium, further supports this process [8]. 
Stability in temperature and humidity under shaded conditions 
reduces thermal stress, enabling plants to allocate more 
resources to caffeine production [16].

3.3	Effect	of	different	shade	management	regimes	on	clean	
coffee	yield	
The highest clean coffee yield was observed under native 

-1species shade at 0.33 kg plant , followed by mixed sp. shade at 
-10.32 kg plant . In contrast, unshaded systems recorded the 

-1lowest yield at 0.22 kg plant . Although exotic sp. shade (Grevilia	
robusta) provided moderate bene�its, it was less effective than 
native or mixed species shade. Statistically, all shade treatments 

-1performed similarly.Pooled data on clean coffee yield (kg ha ) 
reinforced that shaded coffee consistently outperformed 
unshaded systems. Native species shade achieved the highest 

-1pooled yields of 986.65 kg ha , with individual year yields of 
-1 -1 1006.50 kg ha (2023) and 966.79 kg ha (2022). These were 

statistically on par with T  for pooled data and with T  and T  for 2 2 3

2022 and 2023. In contrast, the unshaded system recorded 
-1 ( -1 signi�icantly lower yields: 663.03 kg ha pooled), 759.00 kg ha

-1 (2023), and 567.05 kg ha (2022) (Table 3). 
The higher productivity in shaded systems was attributed to 
enhanced aboveand belowground micro-environments. Shade 
moderated air temperatures, wind speeds, radiation, weed 
growth and water transpiration losses. This stable environment 
improved the photosynthetic performance of coffee plants, 
promoting higher dry matter production and sustained yields. 
Earlier studies, such as [14] highlighted increased productivity 
under nitrogen-�ixing trees like Erythrina	 abyssinica. Shaded 
systems also fostered biodiversity, supporting bene�icial 
insects, natural predatorsand birds that reduced pest 
populations, such as the coffee white stem borer (CWSB), which 
thrives in unshaded conditions.Research by [9; 18] 
corroborated these �indings, emphasizing the role of shade. 
Studies from [21] in Ethiopia and [23] in Burundi con�irmed 
improved soil fertility, heavier berriesand higher yields under 
shaded conditions.Optimal shade coverage (15%-54%) 
signi�icantly bene�its coffee yield by improving moisture 
retention and reducing competition for water, as noted by [10]. 
[26] highlighted the enhanced biodiversity in shaded systems, 
promoting ecosystem resilience and stability. Observations by 
[24; 2] further support these �indings, emphasizing the 
sustainability of shaded coffee systems. As climate change and 
pest pressures challenge coffee production, shaded systems 
offer a sustainable strategy by enhancing microclimates, soil 
health, biodiversityand water conservation, ultimately 
stabilizing yields.

4	CONCLUSIONS
The study highlights the signi�icant in�luence of shade 
management regimes on the quality, yieldand sustainability of 
arabica coffee production. 
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Native species shade consistently outperformed other 
treatments in enhancing key quality attributes such as fruit 
density, outturn, premium-grade bean proportionand cup 
quality characteristics. Mixed species shade also delivered 
strong results, often statistically comparable to native species 
shade, highlighting the bene�its of biodiversity in shade 
composition. Unshaded systems, while promoting faster fruit 
maturation, exhibited reduced quality parameters, lower 
yieldsand higher susceptibility to environmental stress and 
pests.Shaded coffee systems, particularly those with native and 
mixed species, created optimal microclimatic conditions that 
moderated temperature, reduced radiation, and enhanced 
moisture retention. These improvements fostered superior 
photosynthetic performance, increased nutrient cyclingand 
sustained higher clean coffee yields. Additionally, shaded 
environments supported greater biodiversity, including 
bene�icial insects, birds and predators, contributing to natural 
pest control and ecosystem resilience.
 The results align with existing literature, af�irming that shade-
grown coffee not only enhances bean quality and yield but also 
contributes to biodiversity conservation and climate resilience. 
The superior cup quality and higher caffeine content observed 
in shaded systems re�lect the positive impact of moderated 
sunlight exposure and improved nutrient availability on 
biochemical pathways critical for coffee production.This study 
highlights the importance of integrating agroforestry practices, 
particularly with native and diverse shade trees, into coffee 
cultivation systems. As climate change, water scarcityand pest 
pressures pose increasing challenges to global coffee 
production, shaded coffee systems offer a sustainable and 
scalable solution. Future research should focus on optimizing 
shade tree species selection and coverage levels to maximize 
coffee quality and yield while ensuring ecological sustainability. 
This approach will strengthen the adaptability and resilience of 
coffee agroforestry systems in a rapidly changing environment.

5	Article	Type
This manuscript is a Research Article based on a �ield study 
evaluating the impact of shade management on coffee quality 
and yield.
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Table1:	Quality	attributes	of	Arabica	coffee	as	in�luenced	by	different	shademanagement	regimes	(Two	year	Pooled)	
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Table	2:	Cup	quality	characteristics	of	Arabica	coffee	as	in�luenced	by	different	shade	management	regimes	(Pooled)	

Fig.	3	:	Radar	graph	illustration	of	cup	quality	characteristics	in	Coffee

Fig.4	:	Radar	graph	illustration	of	total	cup	score	(SCAA)	in	Coffee

-1 -1Table	3:	Clean	coffee	yield	(kg	plant )	and	clean	coffee	yield	(kg	ha )	of	Arabica	coffee	as	in�luenced	by	different	shade	management	regimes
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Rice RA (2014) Shade coffee: update on a disappearing 
refuge for biodiversity. BioScience 64:416–428.

Martinez HEP, Andrade SALD, Santos RHS, Baptistella JLC, 
Mazzafera P (2023) Agronomic practices toward coffee 
sustainability: A review. Sci Agric 81: e20220277.

Merle I, Villarreyna-Acuña R, Ribeyre F, Roupsard O, Cilas C, 
Avelino J (2022) Microclimate estimation under different 
coffee-based agroforestry systems using full-sun weather 
data and shade tree characteristics. Eur J Agron 132: 
e126396.

Monteverde CL (2024) Climate dynamics and agricultural 
adaptability in the Brazilian Amazon. Doctoral dissertation, 
San Diego State University.

Morais H, Caramori PH, Ribeiro AMDA, Gomes JC, Koguishi 
MS (2006) Microclimatic characterization and productivity 
of coffee plants grown under the shade of pigeon pea in 
Southern Brazil. Pesqui Agropecu Bras 41:763-770.

Muleta D, Assefa F, Nemomissa S (2011) Socioeconomic 
bene�its of shade trees in coffee production systems in 
Bonga and Yayuhurumu districts, southwestern Ethiopia: 
Farmers' perceptions. Ethiop J Educ Sci 7:39–56.

Muschler RG (2004) Shade management and its effect on 
coffee growth and quality. In: Wintgens JN (ed.) Coffee: 
Growing, Processing, Sustainable Production: A Guidebook 
for Growers, Processors, Traders, and Researchers. Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, pp. 
391–418.

Nibasumba A, Jassogne L, Van Asten P, Baret P (2011) Plant 
and soil interactions between adjunct coffee and banana 
plots in Burundi: Preliminary assessments in farmer �ield 
conditions. Conf Abstr Challenges Oppor Agric Intensif 
Humid Highlands Sub-Saharan Africa, CIALCA Conference, 
Kigali, Rwanda, 24–27 October.
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