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Abstract: Shade trees may have contrastive effects on Robusta coffee (Coffea canephora Pierre ex A.
Froehner) yield, which may be additionally influenced by soil properties and reproductive stages of
the plant. The current study is aimed at examining the interaction effects of shade trees, soils with
different properties, and reproductive stages on coffee yield and identifying key factors influencing
the yield. The current study was conducted in Dakha, Kontum of Vietnam on 133 farms, randomly
selected from two soils, and two reproductive stages of coffee plants planted with and without shade
trees. The coffee yield was measured, and surface soil samples were taken from these farms to be
analyzed for 16 variables. The results showed that shade trees enhanced coffee yield significantly
(by 28%) in the young reproductive stage but exhibited an insignificant effect in the old stage. The silt
fraction, total nitrogen, cation exchange capacity, and shade trees were key factors determining 52% of
the coffee yield in the sandy clay loam soil, while silt content and shade trees determined 23% of
the yield in the clay soil. These findings suggest that shade trees, together with some soil properties,
should be considered to improve coffee production under a tropical monsoon climate region.

Keywords: clay soil; coffee yield; leucaena; rhodic ferralsols; shade trees; soil properties

1. Introduction

Coffee (Coffea spp.) is an important perennial crop with its product being traded
globally in second place after oil [1]. The crop has been planted in different countries such as
Vietnam, Brazil, and Indonesia [2,3], and its product involves more than 120 million people
worldwide [4]. The coffee yield may be determined by many factors [4-6], which, generally,
could be separated into three primary categories, including microclimatic condition-related
factors, soil property-related factors, and management practices [2,7-9]. Coffee plants are
sensitive to changes in climatic conditions, such as rainfall and minimum temperature [10].
Soil properties, such as organic carbon, available potassium, boron, sulfur, zinc, phosphorus,
total nitrogen, exchangeable calcium, magnesium, and soil pH, are important factors used
to build a computer model to predict coffee yield in Vietnam [11]. Some management
practices such as mulching, inorganic fertilizer application, and organic farming practices
were also reported to have a substantial impact on coffee yield in various countries [12-14].

To minimize climatic stresses and improve soil properties for better coffee yield, shade
trees have been used and examined in many studies. The effects of shade trees on coffee
yield can be either negative or positive, depending on study circumstances [15-19]. Towards
the positive way, shade trees may greatly increase coffee yield by ameliorating harsh
microclimatic conditions, resolving nutrient imbalances, protecting against temperature
change and erosion, excessive radiation, and preserving soil moisture content, which could
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be dependent on the shade-tree density and intercepted radiation [15,16,19-21]. In the
negative direction, shade trees may reduce coffee yield by reducing carbon assimilation
due to light interception, stimulating vegetative development, and increasing competition
for nutrients, water, and sunlight with the main crop [17,18]. These findings suggest that
shade trees can alter coffee yield by influencing microclimatic condition-related factors
and soil property-related factors. These two groups of factors were limitedly addressed,
necessitating more studies to clarify the outcomes. Moreover, the effects of shade trees
might vary depending on the age of the coffee plants. For example, Piato et al. [19] found
that shade trees exhibited a significantly positive influence on old coffee plants but a
negligible or negative impact on young coffee plants. This finding may need more studies
to confirm these results because young coffee plants could be more sensitive to the changes
in the environmental conditions caused by shade-tree management than old coffee plants.
Therefore, our first hypothesis is that the shade-tree effect on the coffee yield of young
plants could be stronger than that of old plants.

Coffee production can also be influenced by soil properties. Better soil fertility via
enhanced soil properties such as soil carbon, nitrogen, phosphorus, potassium, calcium,
and magnesium by mulching improved coffee yield, and the effect was site-specific [22].
Similarly, the coffee yield was positively correlated with soil characteristics such as pH,
the concentration of Ca, Mg, total N, and available P, while it was adversely connected
to aluminum saturation in acid soils in Southern Rwanda [23]. These findings indicate
that better soil fertility may lead to an improvement in coffee yield and low-fertility soils
may have more coffee yield-limiting factors. Therefore, our second hypothesis is that
more soil characteristics could contribute to influencing coffee yield in the less fertile soil
than in very fertile soil. Moreover, as the crop develops, some soil properties such as
pH and organic matter concentration may deteriorate, leading to a reduction in coffee
yield [24]. Changes in soil properties during the coffee growing period could additionally
be influenced by agronomic practices. The overuse of inorganic fertilizers for coffee farms
in major coffee-producing regions in Vietnam [2] suggests that the concentration of some
inorganic fertilizer-related soil properties may be greater in old coffee farms than in young
farms. This leads to our final hypothesis, that old coffee farms could have greater soil
nutrient content than young coffee farms.

Therefore, the current study was carried out in Dakha, Kontum, a major coffee-
producing province in Vietnam [25]. The aims of the current study were to examine
the interaction effects of shade trees, soils with different properties, and reproductive stages
on the coffee yield and to identify key factors influencing the crop yield.

2. Materials and Methods
2.1. The Study Area

The current study was conducted in Dakha district, Kontum Province, Vietnam at
14°23' to 14°53' N and 107°51’ to 108°8’ E (Figure 1). The province was located in the
Central Highlands, which were the most prone to drought in the country [26]. The study
area was approximately 844 km? in size and had a total population of 74,805 people
distributed over 11 administrative communes. The topography of the study area included
580 to 650-m-high hills (meters above sea level) and mountains along with low-terrain areas.
Several huge dams within the region have been constructed to store water for agricultural
production. The study area has a tropical monsoon climate with total annual rainfall
ranging from 1600 to 1800 mm, the majority falling during the rainy season (from April to
December). The dry season has relatively low monthly rainfall, varying from 7 to roughly
38 mm [27]. Low rainfall during the blooming period (January and February) might result
in a considerable loss of coffee yield for the following harvest. The temperature in the area
ranged from 20.8 to 25.8 °C with the highest values in March and April.
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Figure 1. Map of the study area and sampling sites in Dakha, Kontum, Vietnam. SCL = sandy clay
loam. The map was drawn using ArcGIS 10.7 (Esri, CA, USA).

The Central Highlands had two main soil types of Acrisols [28] formed from acidic
granites and Ferrasols [28] generated from basic and neutral basalts [25]. The former was
planted with coffee in a much lower proportion than the latter. The soil used for the
current study was a Rhodic Ferralsol [28] that was planted with coffee of varying ages.
Two soils (sandy clay loam (SCL) soil and clay soil) with distinct features, particularly soil
textures, were selected for the current study (more information about soil properties shown

in Tables 1-3).
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Table 1. The number of coffee farms, the values of sand, silt, clay, pH, and OC (organic carbon) of the
examined soils. Within the mean column, data attached with the same letter were not significantly
different from each other. Details of the main and interaction effects of three experimental factors
were shown in Supplementary Table S1. SCL = sandy clay loam; SD = standard deviation.

1 Shade  Reproductive  No. of Sand (%) Silt (%) Clay (%) pH OC (%)
Soi )
Trees Stage Farm Mean SD Mean SD Mean SD Mean SD Mean SD
y Young stage 12 54.17 0.94 20.25° 0.79 25,58 1.26 424" 0.04 1.44° 0.04
SCL soil s Old stage 19 5440° 071  2032° 050 2528 085 424" 0.05 1.44° 0.03
N Young stage 12 54374 0.80 20.16° 0.66 2548 P 1.11 424" 0.04 142° 0.03
° Old stage 13 54322 0.94 20.46° 0.74 25.22° 1.36 4.24° 0.04 1.43° 0.03
V Young stage 10 28.63° 145 31.40° 1.28 39.97 @ 1.06 4512 0.04 1.862 0.06
Clay soil ° Old stage 28 28.79° 1.16 31.05° 0.88 40.17 2 1.01 4532 0.05 1.89°2 0.07
N Young stage 15 29.04° 0.93 30.822 0.84 40.14° 0.98 4542 0.04 1.892 0.07
° Old stage 24 28.08° 1.15 31.36° 1.18 40.56 0.81 4532 0.04 1.892 0.07
Table 2. The concentration of TKN (Total Kjeldahl nitrogen), total P, total K, available P and K, and
CEC of the examined soils. Within the mean column, data attached with the same letter were not
significantly different from each other. Details of the main and interaction effects of three experimental
factors were shown in Supplementary Table S2. SCL = sandy clay loam; SD = standard deviation.
Mehlich-1 P Available K CEC (cmol(+)
. Shade Reproductive TKN (%) Total P (%) Total K (%) (mgkg1) (mg kg1) kg 1)
Soil
Trees Stage
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Y Young stage 0.136> 001 0131 0015 033" 0.03 44.4° 2.8 85.0° 3.18 6.99° 0.71
SCL soil s Old stage 0.139° 002 0135° 0011 032> 003 443° 24 879% 302 658> 097
N Young stage 0.132> 001  0127® 0010 032" 0.04 429° 43 87.4° 3.02 6.28"° 0.85
° Old stage 0133 001  0.134®> 0011 032" 0.03 428" 26 86.5° 3.22 6.53° 0.83
Y Young stage 0.1792 0.01 0.150 2 0.006 0522 0.04 11722 14.5 88.82 3.54 12.842 0.55
Clav soil s Old stage 01812 001  0152° 0009  052° 0.03 11552 103 89.74 441 1322°  0.66
y N Young stage  0.177° 001  0.147° 0008  0.52° 0.03 11822 13.4 88.7 2 406 1297°  0.66
° Old stage 01852 001 0151 0009 0512 0.03 11292 129 88942 374  1297° 076
Table 3. The concentrations (mg kg~!) of selected micronutrients in the examined soils. Within the
mean column, data attached with the same letter were not significantly different from each other.
Details of the main and interaction effects of three experimental factors were shown in Supplementary
Table S3. SCL = sandy clay loam; SD = standard deviation.
. Shade Reproductive Cu Zn Bo Mo Co
Soil s
Trees tage Mean SD Mean SD Mean SD Mean SD Mean SD
Y Young stage 19.35° 0.40 22.90° 0.87 2.58° 0.32 0.13" 0.01 4.05° 0.30
SCL soil s Old stage 19.04 0.52 23.04° 0.69 2441 0.26 0.12% 0.01 3.82° 035
N Young stage 18.79® 0.63 2335P 0.80 2.62° 0.32 0.12° 0.01 3.86° 0.38
° Old stage 19.40° 0.55 22.66° 0.77 240" 0.21 0.13" 0.01 3.79P 042
y Young stage 38.74 0.77 29.10° 0.47 4192 0.10 0332 0.02 4582 0.14
Clav soil €s Old stage 37.934 0.97 29.08 @ 0.52 420° 0.14 0.34° 0.03 4629 0.13
y N Young stage 38.24 1.16 29.252 0.53 4.15° 0.11 0.332 0.03 4597 0.19
° Old stage 38.05° 0.72 29.20% 0.46 4232 0.12 0332 0.03 4.63% 0.13

2.2. Coffee Farms and Experimental Factors and Setup

Coffee farms: The coffee crop was established over the study area with ages varying
from a few years to more than twenty-five years with Robusta (Coffea canephora) being the
most common species. The planting space was 3.5 x 2.5 m, which resulted in 1142 plants
per ha. Shade trees of Leucaena (Leucaena leucocephala (Lam.) De Wit) were intercropped
to coffee farms at the same time as coffee planting after 1 year in a nursery. The planting
density of shade trees was around 69 trees ha~! (spacing 12 x 12 m), and shade covered
approximately 34% of the coffee farm. The shade trees were not applied with any fertilizers
during their whole lifespan. When the shade trees grew well, their horizontal branches
were regularly pruned off, keeping their canopy at least 2 m away from the coffee’s canopy
in the early stages and 4 m or more in the reproductive stages. More information on
shade-tree management can be referenced in [20].
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Experimental factors: The current study included three combined factors, which were
soil, coffee stages, and shade trees. For the current study, one hundred and thirty-three
coffee farms were randomly selected from two soils of SCL soil and clay soil, forming
the soil-related factor. These coffee farms were chosen based on some criteria, including
the fact that coffee plants were the first generation after a poor forest; these coffee farms
used similar agronomic practices, such as fertilizer application, weeding, tree maintenance,
pruning, and water management. Biomass after pruning was used to mulch coffee plants
for better soil protection and coffee growth. These farms were located in relatively flat areas
with average elevations ranging from 587 to 656 m (above sea level) and size varying from
0.75 to 1.4 ha per farm. These coffee farms were also selected based on the reproductive
stages of the crop. The entire economic lifespan of Robusta coffee plants may be divided
into two major stages, which were the vegetative stage occurring after transplantation to
the fields and the reproductive stage beginning from the end of the vegetable stage when
coffee plants started the first flowers [29]. The reproductive stage was further subdivided
into the young reproductive stage and the old reproductive stage. Because coffee plants
in the current study had an entire lifespan of around 25 years, of which the first five
years belonged to the vegetable stage, the reproductive stage of coffee plants was equally
subdivided into two stages of the young reproductive stage (from year 5 to year 15) and
old reproductive stage (from year 16 to year 25), forming an experimental factor of coffee
stages. In addition, coffee farms intercropped with and without shade trees of Leucaena
were randomly selected to form the third experimental factor of shade trees.

Experimental setup: Three experimental factors in the current study included (1) soil
(SCL soil and clay soil), (2) coffee stage (young reproductive stage and old reproductive
stage), and shade trees (applied with and without shade trees). These three experimental
factors were crossed with each other, forming eight combinations (treatments) and the num-
ber of farms corresponding to individual treatments were shown in Table 1. The current
three-factor experiment was set up as a completely randomized design with varying repli-
cates as shown in Table 1 (number of farms in each combination of the three experimental
factors). The spatial distribution of 133 selected farms, which were randomly selected over
two soils, two reproductive stages, and two shade tree statuses, were shown in Figure 1.

2.3. Measurements

In October 2019, one hundred and thirty-three coffee farms were randomly selected
from the study area, and soil samples from the 0-30 cm surface layer [30,31] were taken
for chemical analysis. Ten sites relatively evenly distributed over one coffee farm were
randomly chosen and soil material from these sites was taken and thoroughly mixed to
form a composite sample. The ten sampling sites were located between two rows of coffee
plants. A hoe was used to dig a small hole to a depth of 30 cm, and soil particles from the
hole walls were collected using a stainless-steel knife. The one hundred and thirty-three
composite soil samples were transferred to a laboratory, air-dried, and gently crushed to
pass through a 2-mm sieve [32,33] before chemical analysis. The owners of these farms
were also asked to record the total weight (kg) of coffee beans to be harvested in November
and December as well as the farm size for yield estimation.

2.4. Chemical Analysis

The one hundred and thirty-three soil samples were analyzed for particle size distri-
bution, pH, organic carbon (OC), total Kjeldahl nitrogen (TKN), total phosphorous (total
P), total potassium (total K), Mehlich-1 P, available potassium (available K), cation ex-
change capacity (CEC), copper (Cu), zinc (Zn), boron (B), molybdenum (Mo), and cobalt
(Co). These microelements (Cu, Zn, B, Mo, and Co) could be beneficial to the coffee crop,
but they may become harmful when present in excess concentrations [34,35]. The 2-mm
sieve-passed soil was added with 1N KCl solution at a 1:5 (w/w) ratio and the extract
was measured for pH using a Thermo Scientifc™ Orion™ 3-Star Benchtop pH Meter.
The particle size distribution of all 133 soil samples was determined using the pipette
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method [36]; OC was with the dichromate redox methods [36], and total Kjeldahl nitrogen
was measured using the Kjeldahl method [37]. Total P was determined following soil di-
gestion with a mixture of sulfuric acid and perchloric acid; the extract was measured using
the Murphy-Riley colorimetric method [38]; and the Mehlich-1 P was determined using
the Mehlich-1 method [39]. Total K and available K were determined using the method
by [40] and [41], respectively. Briefly, total K and available K in the soil were measured
using inductively coupled plasma-optical emission spectrometry (ICP-OES) (SPECTRO
Analytical Instruments GmbH, Boschstrasse, Germany) after the soil was digested with
a mixture of hydrofluoric acid and perchloric acid or extracted with a 1-M ammonium
acetate solution, respectively. CEC was quantified using the ammonium acetate method as
used in Nguyen and Lehmann [42]. The concentration of the micro-elements was measured
using the method by [43].

2.5. Statistical Analyses

All measured data were statistically analyzed using a three-way Analysis of Vari-
ance (ANOVA) for a completely randomized design. A full statistical model applied to
examine the three-way interaction of shade trees, soil, and the reproductive stage was
Yijek = M+ Bit & + o« Bij + T + PTie+ & Tje + PaTjje + €jjek, Where 7;jex is the response of
individual combination; y is the overall mean; B; is a fixed effect of the ith shade trees; ajis
the fixed effect of the jth soil; ﬁtxi]- is the interaction effect of shade trees and soil; 7, is the
fixed effect of eth reproductive stage; 1, is the interaction effect of shade trees and the
reproductive stage; « Tj, is the interaction effect of soil and reproductive stage; faTjj. is
the interaction effect of shade trees, soil, and reproductive stage, and Eijex is the random
error with a mean Zero and having a normal distribution [44]. When the ANOVA result
indicated a significant effect at p < 0.05, the Tukey’s Honest Significant Difference test
was used to classify treatment means. A simple linear regression analysis was performed
to examine the relationship between coffee yield and individual soil variables. Multiple
regression analysis was carried out to quantify the contributive percentage of individual
soil variables and shade-tree effects to the total variance of the coffee yield. The stepwise
method was implemented to eliminate any uncorrelated variables to establish a final mean-
ingful multiple regression model [45]. All statistical analyses were carried out using J]MP
pro 13 (SAS Institute Inc., Cary, NC, USA). Figures were established using Sigmaplot 12
(Systat Software Inc., San Jose, CA, USA).

3. Results
3.1. Coffee Yield

The interaction effect of soils, reproductive stage, and shade trees on coffee yield was
not significant, whereas the interaction impact of reproductive stage and shade trees was
significant (Figure 2). In the SCL soils and the young reproductive stage, coffee farms
planted with shade trees exhibited a much higher yield (4.4 ton ha—!) than farms planted
with no shade trees (3.3 ton ha!), while in the old reproductive stage, coffee farms planted
with or without shade trees showed a similar yield (4.0 and 3.5 ton ha~!, respectively)
(Figure 2a). Similarly, in the clay soil, shade trees showed a much greater coffee yield
(4.2 ton ha™!) than no shade trees (3.4 ton ha™!) in the young reproductive stage, but shade
trees and no shade trees resulted in similar coffee yields (3.9 and 3.7 tone ha~!, respectively)
in the old reproductive stage (Figure 2b). The coffee yield was similar between the two
examined soils.
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Figure 2. Coffee yield in the two reproductive stages in SCL soil (a) and clay soil (b) as affected by
shade trees. For each panel, columns attached with the same letter were not significantly different
from the others at p < 0.05. The error bars indicated standard deviation. SCL = sandy clay loam.

3.2. Soil Properties

The interaction between the three experimental factors on the sand, silt, and clay
content, pH, and OC concentration of the tested soils was not significant, nor was the
interaction effect between any two experimental factors (Supplementary Table S1 and
Table 1). The two examined soils showed significant differences in these characteristics.
The sand, silt, and clay content of the SCL soil varied from 52.7 to 56.1, 19.1 to 21.4, and 23.0
to 28.0%, respectively, and these of the clay soil ranged from 26.0 to 31.1, 29.8 to 35.0, and
38.2 to 42.1%, respectively. The pH value of the SCL soil was approximately 4.2, which was
much lower than the pH value of the clay soil, which was around 4.5. The concentration of
OC in the SCL (1.43%) was significantly lower than that in the clay soil (1.89%).

The three experimental factors showed no significant interaction impact on the concen-
tration of TKN, total P, total K, Mehlich-1 P, available K, and CEC (Supplementary Table S2
and Table 2). While all these variables differed considerably between the two soils, total P
was significantly different between the two reproductive stages (Supplementary Table S2).
In the SCL soil, the concentration of TKN, total P, total K, Mehlich-1 P, available K, and
CEC varied from 0.11 to 0.17%, 0.10 to 0.16%, 0.25 to 0.4%, 35.2 to 50.6 (mg kg 1), 81.0 to
93.7 (mg kg~ 1), and 5.06 to 8.15 (cmol(+) kg ~!, respectively. These concentrations in the clay
soil ranged from 0.16 to 0.20%, 0.13 to 0.17%, 0.47 to 0.58%, 95.4 to 137.5 (mg kg_l), 81.8 to
95.5 (mg kg’l), and 11.9 to 14.2 (cmol(+) kg’l), respectively. The concentration of total P
was significantly greater in the old stage (0.143) than in the young stage (0.139 mg kg™ 1).
The concentration of some micronutrients such as Cu and Bo was significantly affected
by the interaction between the reproductive stage and shade trees and between the re-
productive stage and the soil, respectively (Supplementary Table S3 and Table 3). The
concentration of all five measured micronutrients (Cu, Zn, Bo, Mo, and Co) was also much
lower in the SCL soil than in the clay soil.

3.3. Relationships between Coffee Yield and Soil Variables

The simple linear regression analysis revealed that four of the 16 measured variables of
the SCL soil, including OC, TKN, Mehlich-1 P, and CEC had a significant inter-relationship
with coffee yield (Figure 3). Over the OC concentration range from 1.36 to 1.49%, the
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5.5

coffee yield was improved considerably at a rate of 5.6 ton ha~! for every increasing unit
of OC (Figure 3a). Similarly, the yield-increasing rate for each increasing unit of TKIN
(Figure 3b), Mehlich-1 P (Figure 3c), and CEC (Figure 3d) was roughly 6.4, 0.08, and
0.3 ton ha™!, respectively. In the clay soil, out of the 16 measured soil properties, only silt
and clay content exhibited a strong linkage with coffee yield (Figure 4). The coffee yield
rose proportionally with silt content at a rate of 0.23 ton ha™! for every increasing one
percent of silt content (Figure 4a), whereas it dropped proportionally with clay content at a
rate of —0.18 ton ha~! for each increasing percent of the material (Figure 4b).

Multiple regression analysis showed that the full model (15 soil characteristics, re-
productive stage, and shade trees) explained 64% and 33% of the total variance of the
coffee yield in the SCL soil and clay soil, respectively (Table 4). The multiple regression
accompanied by a stepwise procedure to eliminate any insignificant variable in the full
model revealed that the coffee yield in the SCL soil was significantly correlated with silt
content, the TKN concentration, CEC, and shade trees. These variables together explained
52% of the total variance of the coffee yield (individuals explaining 5.01, 6.57, 12.20, and
28.52%, respectively). In the clay soil, the reduced model responsible for the change in the
coffee yield included silt content and shade trees, explaining 14.53 and 8.33% of the total
variance of the coffee yield, respectively.
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Figure 3. The relationship between coffee yield and (a) OC, (b) TKN (Total Kjeldahl nitrogen),
(c) Mehlich-1 P, and (d) CEC of the SCL soil.
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Figure 4. The relationship between coffee yield with (a) silt and (b) clay content of the clay soil.
Table 4. The contribution of examined factors to the total variance of coffee yield in two soils.
* indicates the associated effect is significant at p < 0.05. TKN = total Kjeldahl nitrogen.
Sandy Clay Loam Soil (SCL) Clay Soil
F Full Model Reduced Model Full Model Reduced Model
actors
Sum of o Sum of o Sum of o Sum of o
Yo % %o %
Squares Squares Squares Squares
Silt 0.25 1.06 1.16 5.01 % 3.93 12.84 4.45 14.53 *
Clay 0.01 0.05 1.12 3.67
pH 0.10 0.45 0.03 0.08
ocC 0.26 1.13 0.08 0.25
TKN 1.03 4.46 1.52 6.57 * 0.14 0.46
Total P 1.34 5.80 0.51 1.68
Total K 0.19 0.82 0.31 1.02
Mehlich-1 P 0.51 2.19 0.00 0.01
Available K 0.01 0.02 0.12 0.38
CEC 0.56 2.41 2.83 12.20* 0.02 0.06
Cu 0.00 0.01 0.14 0.45
Zn 0.45 1.94 0.00 0.00
B 1.28 5.51 0.17 0.56
Mo 0.06 0.26 0.05 0.15
Co 0.36 1.57 0.98 3.20
Reproductive stage 1.47 6.37 0.00 0.01
Shade trees 6.89 29.74 6.61 28.52* 2.58 8.44 2.55 8.33*
Error 8.39 36.20 11.05 20.41 66.73 23.60
Total variance 23.17 100.00 23.17 30.59 100.00 30.59
r? 0.64 0.52 0.33 0.23
p <0.05 <0.001 <0.001 0.05 <0.001
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4. Discussion
4.1. The Coffee Yield as Affected by the Three Experimental Factors
4.1.1. Overall Coffee Yield

Overall, Robusta coffee yield in the current study, varying from 2.2 to 5.1 ton ha~!
in the SCL soil and 1.6 to 5.4 ton ha~! in the clay soil, covered the yield range (from 2.1
to 4.2 ton ha~!) reported by Byrareddy et al. [2] in the Central Highlands of Vietnam.
Arabica and Robusta coffee may produce maximum yields varying from 8 and 12 ton ha™1,
respectively, as reported by DaMatta et al. [17]. The coffee yield in the current study was
greater than the yield reported in Brazil, which ranged from around 0.8 to 1.7 ton ha=! [3].
This is likely because Arabica coffee, the species studied in Brazil, had much lower growth
and production than Robusta coffee [17], the coffee species in the current study. The yield
range in the current study was greater than those reported by Kouadio et al. [9] in the same
coffee-planting region, varying from 1.2 to 3.0 ton ha~! in Kontum province. These authors
reported for an entire province, which included some regions with low soil fertility and low
coffee yield. Whereas our study area (Dakha) was the main coffee-producing district with
the greatest coffee production in the province, leading to a greater coffee yield (Figure 2).

4.1.2. The Impacts of Shade Trees on Coffee Yield

An interesting finding from the current study was a strong interaction effect of shade
trees and reproductive stage on coffee yield (Figure 2) in the two examined soils. Shade
trees had a positive influence on the young reproductive stage but had no significant effect
on the old stage. Several studies found that shade trees had a major impact on coffee yield.
For example, Piato et al. [19] demonstrated that shade trees enhanced the growth and yield
of Robusta coffee, and Anhar et al. [46] concluded that the density of shade trees had a
substantial impact on coffee productivity. Nonetheless, these authors highlighted that
shade trees exhibited a significant influence on old coffee plants but had an insignificant
or negative impact on young coffee plants. This contradicted the finding in the present
study (Figure 2). In the environmental conditions of prone drought (low rainfall and high
temperature during blooming period) as in the current study, shade trees may provide
some protective effects such as lowering radiation leading to a reduction of photooxidative
damage, declining wind speed and temperature variation, and elevating air humidity [17].
These effects could be stronger in the young reproductive stage than in the old reproductive
stage of coffee plants, supporting our first hypothesis. This may be because young plants
could be more responsive to environmental changes due to the robust/active growth than
old plants, leading to an enhancement of coffee yield in the young stage intercropped
with shade trees (Figure 2). Furthermore, coffee farms with shade trees produced a yield
comparable to farms without shade trees in the old reproductive stage (after 15 years of
harvest). The findings indicate that old coffee plants may have a limited response to the
changes in microclimatic conditions caused by shade trees. Therefore, some protective
services induced by shade trees may be beneficial on young coffee plants but ineffective on
old plants.

4.1.3. Soil Properties

Two soils, the SCL soil and clay soil with different features, were examined in the
current study. The SCL soil had lower values of clay content, pH, OC, TKN, total P, total
K, Mehlick-1 P, available K, CEC, and five measured micronutrients than the clay soil
(Tables 1-3). Soils with a high clay proportion had a greater density of negative surface
charges, which led to more CEC, OC, and other mineral elements [47]. Reduced nutrient
leaching by increased clay fraction [48] may also contribute to the enhanced concentration
of mineral elements of the clay soil, relative to the SCL soil. The coffee farms in the current
study were located in mountainous areas, which facilitated leaching and surface erosion.
Consequently, soil with lower clay content (SCL soil) could be of lesser quality than soil
with higher clay concentration (clay soil). Nevertheless, the coffee yield was not statistically
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different between the two tested soils in the current study, which will be discussed in the
following section.

Recently, Tiemann et al. [25] reported that coffee yield in the Central Highlands
of Vietnam declined, and farmers opted to use more inorganic fertilizers to reverse the
yield-decreasing trend. Similarly, Byrareddy, et al. [2] found that inorganic fertilizers were
overapplied to the coffee fields in the Central Highlands of Vietnam to increase productivity.
These findings may result in a greater concentration of some soil nutrients related to the
applied inorganic fertilizers, such as N, K, and P in old coffee farms than in young coffee
farms. Nonetheless, the current study found that the concentration of these nutrients and
the others, except for total P, were not statistically different between the two reproductive
stages (Tables 1-3, and Supplementary Tables S1-53). The finding, except for total P, was
not in agreement with our last hypothesis. The concentration of soil nutrients in the current
study could be the consequence of the nutrient loss and gain happening during coffee
growing. The higher concentration of total P in the old reproductive stage than in the young
reproductive stage might indicate that more P was added as fertilizers than P was lost due
to various reasons such as plant use, leaching, and erosion. The two soils in the current
study had low pH, which may cause aluminum and iron to fix P [49], accumulating total P
in soils over time. The relatively unchanged content of the other soil properties over the two
reproductive stages could be attributed to various causes, including (1) erosion to transport
applied fertilizers to lowland regions [50], (2) gaseous losses of N fertilizer [51], (3) nutrient
losses due to leaching from the surface layer [52], and (4) nutrient removal with coffee bean
and pruned leaf and branches annually [25]. No difference in soil properties between coffee
farms applied with shade trees and without shade trees was also found (Tables 1-3). The
shade-tree impacts on soil properties were site-specific which showed stronger effects on
conventional management than on organic management of coffee fields [53]. These findings
may support that the soil properties, except for the total P, of the two soils in the current
study were not affected by shade trees and varied insignificantly with the reproductive
stages of coffee plants.

4.2. Key Factors Influencing the Coffee Yield

The results from the current study showed that certain soil properties and shade-tree
management can be the major factors determining coffee productivity in the study area.
The shade trees had a considerable impact on coffee yield during the young reproductive
stage but showed no influence on soil properties. The findings suggest that shade trees’
impacts could primarily reduce microclimatic stresses such as strong wind, hard dry season,
and air humidity [54] rather than improve soil fertility. The study area had a severe dry
season from December to March with low humidity and monthly rainfall ranging from 7 to
roughly around 38 mm (with the lowest rainfall of around 7 mm occurring in January and
February) [27]. The highest temperatures were also recorded in the study area in March
and April. The dry season was a critical period for coffee plants to establish buds and
blossoms in order to prepare cherries for the coming harvest. Reducing the adverse effects
during the dry season by lowering solar radiation and enhancing air humidity and soil
moisture content might be two main roles of shade trees in the current study. As young
coffee plants could be more responsive to these climatic stresses than old plants, coffee
farms intercropped with shade trees had greater yield during the young reproductive stage
than in the old stage, as shown in Figure 1.

Soil properties are important factors, which could be used to predict coffee productiv-
ity [11]. Of the 16 soil characteristics measured in the current study, OC, TKN, Mehlich-1 P,
and CEC were significantly correlated with coffee yield in the SCL soil, and silt content and
clay content were strongly correlated with crop yield in the clay soil (Figures 3 and 4). The
findings indicate that OC, TKN, Mehlich-1 P, and CEC may be soil-related limiting factors
for the coffee plants in the SCL soil, whereas silt and clay content could be the limiting
factors in the clay soil. These findings also confirm our second hypothesis that coffee yield
could be determined by more soil properties in the less fertile soil than in more fertile soil.
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OC and TKN in the SCL soil were strongly correlated with each other with a coefficient
of determination (r?) of 0.20 (data not shown), and a similar correlation was reported in
other studies [55,56]. Nitrogen was a macronutrient for coffee plants and its deficiency
could be site specific [14,53]. Likewise, the significant correlation between TKN and coffee
yield in the SCL soil but not in the clay soil suggests that N deficiency for coffee plants
could occur in the SCL soil but not in the clay soil. A substantial association between coffee
yield and Mehlich-1 P concentration in the SCL soil implies that available P could be an
additional yield-limiting factor in the SCL soil but not in the clay soil. Compared to the
SCL soil, the clay soil had a much higher concentration of Mehlich-1 P, which may fulfill
the coffee’s need for P, therefore available P was not a yield-limiting constraint in the clay
soil. CEC is another important soil characteristic that is strongly correlated with coffee
yield in the lower-CEC soil (SCL soil) but not in the higher-CEC soil (clay soil). This finding
suggests that CEC may be a coffee yield-limiting factor in the SCL soil but not in the clay
soil in the current study. On the other hand, the silt concentration in the clay soil might be
a coffee yield-limiting factor. Physical properties such as particle size distribution and pore
size may have an impact on the root system of the coffee crop [57]. The clay soil, which
contained more clay content than the SCL soil, may restrict the root development of coffee
plants. Consequently, the current study found that coffee yield was inversely correlated
with clay content and proportionally linked to the silt content in the clay soil.

Finally, multiple regression analysis accompanied by the stepwise procedure showed
that the coffee yield can be determined by silt content and the concentration of TKN,
CEC, and shade trees in the SCL soil but by the silt content and shade trees in the clay
soil (Table 4). While the coffee yield in both soils was greatly dependent on shade trees,
the yield in the clay soil with higher contents of the measured variables exhibited less
dependency on soil-related factors, but that in the SCL soil showed more dependency on
soil properties. The findings may confirm that these soil properties and shade trees could
be the primary factors determining coffee yield in the current study.

5. Conclusions

The current study examined coffee yield in two reproductive stages, two soils with
varied properties, and as influenced by shade-tree management. The shade trees improved
coffee yield in the young reproductive stage but exhibited little effect in the old repro-
ductive stage. The shade trees showed no significant influence on soil properties. These
findings suggest that the impacts of shade trees on improved coffee yield may be primarily
attributable to changes in microclimatic conditions rather than soil properties. The coffee
yield was comparable in the two examined soils, although the clay soil had improved soil
characteristics than the sandy clay loam soil. Silt content, TKN concentration, and CEC
value were the soil-related key factors determining coffee yield in the sandy clay loam soil,
but silt content was the sole soil-related key factor in the clay soil. In summary, shade trees
and some soil properties in the sandy clay loam soil, as well as shade trees and silt content
in the clay soil, are the main contributors to boosting coffee yield under a tropical monsoon
climate region.
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