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ABSTRACT: Shaded coffee systems may offer a series of benefits, however, studies on
shaded cultivation of Conilon coffee crops are still scarce in the literature. This study
aimed to evaluate the soil physical, chemical, and biological properties of two Conilon
coffee intercropping systems from southeastern Brazil. Two commercial coffee crops -
one shaded by macadamia trees and the other by green dwarf coconut trees - were
evaluated according to three treatments: coffee plants in the inter-row of the tree species;
coffee plants in the same row of the trees; and unshaded coffee. The experimental
design was a completely randomized with four replicates. Coffee plants intercropped
with macadamia trees, both intra- and inter-row, resulted in less soil compaction than
unshaded systems. As for intercropping with green dwarf coconut trees, the unshaded
system presented lower soil resistance to penetration. Differences in physical properties
between treatments allow no inferences about intercropping systems influence on green
coconut trees. Intercropped coffee improves soil chemical properties, resulting in greater
soil fertility than unshaded systems, and showed greater soil organisms. These findings
indicate that Conilon coffee-macadamia intercropped with tree species represents a
promising alternative for sustainable soil management.
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INTRODUCTION

Coffea canephora Pierre cv. conilon (conilon coffee) production in Brazil, the world’s
largest coffee producer, is mainly done without shade (Gomes et al., 2020). The interest in
growing coffee under shaded environments has recently increased due to the evidenced
benefits, including abiotic (edaphic and microclimatic factors) and biotic conditions
(physiological aspects, pests, diseases, and weeds occurrence). Shaded systems also
improve beverage quality, directly influencing consumers’ decision to purchase the final
product, making coffee production more competitive and profitable (Valencia et al., 2016).

Soil and vegetation are intrinsically related (Wang and Zheng, 2021). For instance,
aggregation is the main soil physical property affected by organic matter (OM) and roots
amount (Hoffland et al., 2020), influencing other properties such as air-filled porosity
and water retention capacity. In addition, other changes relating to edaphic aspects
are reported, such as improved fertility, stable soil temperatures, less loss of nitrogen
through volatilization and increased soil conservation, with greater recycling of nutrients
and a reduction in erosion processes (Fahad et al., 2022).

Compared to non-intercropping systems, those involving the combination of coffee
crops and tree species increase the amount of organic matter in the soil (Jacome et al.,
2020). These authors showed that the association between Australian cedar and coffee
as intercrops in agroforestry systems resulted in a 14 % increase in soil organic matter
content. In a study carried out by Rigal et al. (2020), coffee-growing areas shaded by
trees, particularly those in which Arabica coffee was intercropped with macadamia,
showed substantial improvements in the amount of organic matter in the soil (10 %
increase) and in the development of soil microbial communities (64 % increase), as well
as deeper coffee root systems compared to monoculture coffee plantations. Agroforestry
systems produce around 50 Mg ha yrt of C to the litter layer and soil organic matter
(Murta et al., 2021). Organic matter increase in intercropped systems is related to the
greater deposition of biomass via leaf litter, to the attenuation of the sun’s rays by
the tree canopy, and the improvement of the microclimate decreases organic matter
mineralization rate, contributing to its accumulation in the soil and also to tree species,
such as Conilon coffee plants, which add plant remains to the soil, contributing to the
increase of OM in the surface layer and to nutrient cycling in the soil (Thomazini et al.,
2015).

Considered the primary source of energy and nutrients for all food chains, biomass
production decreases when forests are converted into annual crops for an extended
time, resulting in a soil chemical and biological impoverishment, which highlights the
importance of understanding potential impacts of land management and use practices on
soil fauna communities to guarantee proper functioning and biodiversity conservation in
agricultural ecosystems. Soil macrofauna also contributes to soil structuring development
by influencing the mixture of organic and mineral particles and the redistribution of OM
(Balota, 2017).

Intercropping cultivation of coffee is more complex than monoculture cultivation, for
shaded-grown coffee goes beyond traditional management practices. Such approach
changes the understanding of the production system, under which the basic criteria for
determining crops viability are agroecosystem and environment components, as well
as production factors and growth analysis.

Evaluating the soil physical, chemical, and biological properties under shading conditions,
conducted over the long term, is essential for assessing the system potential for production
sustainability and provision of ecosystem services (Cerda et al., 2017). Shaded crops
bring several benefits, but in tropical conditions, the edaphic properties play an even
more important role, due to the accelerated dynamics of decomposition of organic matter
and because they are very weathered soils.
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Intercropping proposal seeks to mitigate extreme weather events through moderate
shading (Quandt et al., 2023) and make systems more sustainable (Moreira et al., 2018;
Gomes et al., 2020). They also provide an extra source of income for coffee growers
and make better use of labor during the year, an important benefit for family farming
(Almeida and Zylbersztajn, 2017). Given this analysis, it is possible to see the great
potential for using the intercropping technique, especially in small areas, where there
will be increases in productivity and the sustainability of production.

Although the literature on Coffea arabica is rather vast, we found no conclusive information
regarding Conilon coffee (Souza et al., 2017). This study hypothesizes that shaded-grown
Conilon coffee intercropped with macadamia nut trees (Macadamia integrifolia Meiden &
Betche) for 19 years and with green dwarf coconut trees (Cocos nucifera L.) for 18 years
promotes changes in the soil properties, improving its structure and fertility and
consequently providing an environment that can favor the increase of productivity and
quality of the coffee drink. However, these changes and benefits are expected to be
different between macadamia and coconut, considering that they are morphologically
different species. To bridge such a knowledge gap, related to the Conilon coffee culture,
and present the system as a tool for sustainable production, this study aimed to evaluate
the physical, chemical, and biological soil properties, sampled in the inter-row and intra-row
of tree species, of two shaded-grown conilon coffee systems from southeastern Brazil.

MATERIALS AND METHODS

Experimental site, planting design, and treatment

The experiment was conducted on two commercial crops of Conilon coffee (C. canephora
Pierre) located in the municipality of Sdo Mateus, Espirito Santo, Brazil (18° 45" S; 40°
11’ W). The first crop refers to a 19-year old cultivation shaded by macadamia nut trees
(Macadamia integrifolia Meiden & Betche), whereas the second refers to an 18-year coffee
cultivation intercropped with green dwarf coconut trees (Cocos nucifera L.) (Figure 1).
Region climate is tropical with dry winter, classified as type Aw according to Képpen's
classification system, with 1,212 mm precipitation, 23.8 °C average annual temperature,
70 m altitude, and flat topography.

The soil of both areas was classified as Argissolo Amarelo distrocoeso (Santos et al.,
2018) (Typic Hapludox - Soil Survey Staff, 2014), with clay, silt, and total sand contents
of 370, 70, and 560 g kg on horizon A, respectively; and 650, 40, and 310 g kg on
horizon B - a common soil type in the Coastal Tableland region of northern Espirito Santo.

In the coffee-macadamia intercropping, coffee plants were spaced 2.5 m between rows
and 1.5 m between plants, with one row of macadamia trees at every four rows of coffee
(12.5 x 7.0 m) (Figure 2). This configuration corresponds to a population of approximately
2,200 coffee plants ha'! and 120 macadamia trees ha* (Figure 2a), which provided
around 38 % attenuation of the incidence of photosynthetically active radiation to coffee
plants (Pezzopane et al., 2010). In the green dwarf coconut-coffee intercropping, coffee
plants were spaced 2.0 m between rows and 1.5 m between plants, with coconut trees
distributed in 10 x 10 m spacing over the plot (Figure 2b). This configuration corresponds
to a population of approximately 3,200 coffee plants ha' and 100 green dwarf coconut
trees ha, which provided around 28 % attenuation of the incidence of photosynthetically
active radiation to coffee plants (Pezzopane et al., 2011).

Two coffee plots cultivated in unshaded system (US) for 18 years were used for comparison
with shaded systems: one adjacent to the coffee-macadamia intercropping, with 2.5 m
spacing between rows and 1.5 m between plants; and the other adjacent to the green
dwarf coconut-coffee intercropping with 2.0 m spacing between rows and 1.5 m between
plants. The management of both control crops was conducted according to the technical
guidelines of the region.
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Figure 1. Geographical location of Conilon coffee intercropping systems, Municipality of Sdo Mateus - Espirito Santo State - Brazil.
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Experimental design was a completely randomized, the crop systems were compared
using three treatments, which corresponded to the position of soil sample collection:
1) coffee in the inter-row of tree species; 2) coffee in the same row as tree species;
and 3) coffee cultivated in unshaded system (control) - in this case, the unshaded area
next to the shaded plot was considered. Commercial plots (shaded and unshaded) were
sampled into four randomly chosen replicates considering each plot central area (400
m?2). Figure 2 illustrates the two partner areas and an experimental plot example with
coffee rows that enable both treatments and sampling areas.

Evaluation and sampling strategy
Soil physical properties

In each plot, undisturbed soil samples were collected at the layers of 0.00-0.05,
0.05-0.20, and 0.20-0.40 m with the aid of a 100-cm? volumetric core to determine
soil bulk density (BD), total porosity (TP), macroporosity (Ma), and microporosity (Mi)
according to Donagema et al. (2011).

Soil mechanical resistance to penetration (RP) was assessed according to Stolf (1991)
using an impact penetrometer (model 1AA/Planalsucar/Stolf) with a 30° cone angle,
1.29 cm? cone area, 4 kg piston mass, and 0.40 m piston drop height, with measurements
taken up to a 0.40 m depth. As these measurements varied greatly, six assessments
were performed in each replicate of each treatment, and the mean was considered the
repetition value. Soil RP was calculated using the following equation 1.

5.6+—68'9
P
— Eq. 1
RP=— N
10.2
in which: RP is the soil mechanical resistance to penetration (MPa); P is the penetration

(cm); and N is the number of impacts (strokes) per soil layer analyzed.

Soil gravimetric moisture content was determined according to Donagema et al. (2011),
with soil samples collected during RP assessment with a Dutch auger, stored, and
transported in plastic bags.
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Figure 2. lllustrative scheme of coffee plots with macadamia (a) and green dwarf coconut tree (b), both located in the municipality
of Sdo Mateus, Espirito Santo State- Brazil.

Soil chemical properties

Soil chemical properties were assessed using random soil samples collected in the coffee
canopy projection at the layers of 0.00-0.05, 0.05-0.20, and 0.20-0.40 m with a Dutch
auger on both sides of the plant. For each treatment, eight subsamples were collected per
plot, homogenized in a composed sample weighting approximately 0.5 kg, and analyzed
as to pH(H,0), P, K, Ca, Mg, Fe, Cu, Zn, Mn, Al, cation exchange capacity (CEC ) (T),
sum of bases (SB), base saturation (V%), aluminum saturation (m), and organic matter
(MO), according to Donagema et al. (2011).
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Soil biological properties

Soil fauna sampling was performed according to (Vincent et al., 2018), by collecting five
0.25 x 0.25 x 0.30 m soil blocks at the layers of 0.0-0.10, 0.10-0.20, and 0.20-0.30 m
(Figure 2), as well as the litter deposited on the soil surface. Soil blocks were carefully
examined, and macrofauna (invertebrates with a body diameter greater than 2 mm) species
were extracted, placed in glasses containing 70 % alcohol, identified in laboratory, and
classified according to the functional group (phytophagous, saprophagous, predators).
From these results, population density, expressed in number of individuals per square
meter (ind. m), and soil fauna biomass (g m?) were estimated.

Basal soil respiration (RBS) or C-CO, involvement was assessed using 50-g soil samples
of each plot, collected at the layers of 0.00-0.05, 0.05-0.20, and 0.20-0.40 m. Samples
were placed at the bottom of a hermetically sealed vials. Titrations were performed 1,
3,5,7,10, 15, 20, 25, and 30 days after the start of incubation.

Statistical analysis

Data on soil properties from each intercropping system were submitted to analysis of
variance (ANOVA). When significant, means were compared as a factorial considering
three sampling layers and three soil sampling positions at a 5 % probability level using
Tukey's test with the aid of GENES computer application (Cruz, 2013).

RESULTS
Soil physical properties

Coffee-macadamia intercropping systems showed a significant interaction with soil
properties. Unshaded coffee system presented the highest BD values at soil surface
(0.00-0.05 m). On the other hand, it also presented BD lowest values at soil deep layer
(0.20-0.40 m) (Figure 3a). Comparing the layers within each system, the soil was denser
at 0.05-0.20 and 0.20-0.40 m layers when coffee plants were placed intra-and inter-rows.

In the shaded system, TP decreases with depth increase from 0.00-0.05 to 0.05-0.20 m,
remaining statistically equal from 0.05-0.20 to 0.20-0.40 m (Figure 3b). Shaded coffee
TP was superior to unshaded coffee only at soil surface (0.00-0.05 m), for intra- and
inter-row treatments.

In both systems, Ma was higher in the first soil layer for shaded and unshaded crops.
Among shaded crops, Ma was higher at 0.00-0.05 m in intra-row than in inter-row coffee
plants, showing no statistically significant differences at other layers (Figure 3c). The
Mi behaved similarly to TP, especially for unshaded treatments (Figure 3d), showing a
tendency to increase with depth - except for intra-row unshaded coffee.

In the coffee-macadamia intercropping system (Figure 3e), RP showed significant
differences at varying depths, with a tendency to increase with depth. Regarding green
dwarf coconut-coffee intercropping, we found lower BD values at soil surface for intra-row
coffee plants (Figure 4a). Intra-row plants TP values decreased at 0.20-0.40 m, showing
lower values than inter-row plants. Despite the decrease in Mi values with depth, differences
were not statistically significant (Figure 4d). In absolute values, Ma values were relatively
stable in the coffee-macadamia intercropping system.

Soil chemical properties

Regarding coffee-macadamia cultivation, the interaction between soil depth and
intercropping treatments was not significant only for Kand Na. In all treatments, chemical
properties showed higher values at 0.00-0.05 m (Table 1), except Al contents and saturation
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Figure 3. Bulk density (a), total porosity (b), macroporosity (c), microporosity (d), and soil mechanical resistance to penetration (e)
of the coffee-macadamia intercropping system at three sampling layers and positions. * Averages followed by the same uppercase
letter for layer and lowercase for position do not differ statistically according to Tukey’s test, at 5 % significance level.

and Fe. Potassium content differed only among layers, with 54.67 mg dm at 0.00-0.05
m, 28.33 mg dm3 at 0.05-0.20 m, and 25.00 mg dm at 0.20-0.40 m.

Treatments comparison showed that pH, Ca?*, Mg?*, SB, and V tend to present higher
values in shaded treatments at all layers - different than Al and m (Table 1). Organic
matter was significantly higher for shaded treatments than unshaded ones (Table 1). The
CTC only differed for 0.00-0.05 m, with highest values for the inter-row coffee-macadamia
intercropping, followed by intra-row and unshaded treatments (Table 1). Inter-row coffee-
macadamia intercropping also showed higher sodium contents (7.83 mg dm3), followed
by intra-row (5.50 mg dm-3) and unshaded treatments (3.92 mg dm3) (Table 1).

Regarding green dwarf coconut-coffee intercropping, the analysis of variance showed no
significant differences for layer and isolated treatments, nor for their interaction, whose
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Figure 4. Bulk density (a), total porosity (b), macroporosity (c), microporosity (d), and soil mechanical resistance to penetration (e)
of the green dwarf coconut-coffee intercropping system at three sampling layers and sampling positions. * Averages followed by the
same uppercase letter to layer and lowercase to position, do not differ statistically according to Tukey’s test, at 5 %.

general means of each property are also presented in table 1. The exception was soil
pH, presenting higher values at 0.00-0.05 m (Table 1).

Soil biological properties

Shaded intercropped systems presented more groups, including soil organism
components, than non-shaded systems, both intra- and inter-row (Figure 5). Fungivores
and Saprophages were the most expressed groups in both intercropping systems,
accounting for approximately 36 and 38 %, respectively, in dwarf coconut trees-coffee,
and 38 and 37.5 % in coffee-macadamia (Figure 5).

Regarding dwarf coconut trees-coffee intercropping, macrofauna density differed among
the three evaluated treatments at both soil surface and at 0.00-0.10 m (Table 2), with
a greater number of individuals. The same was observed for macadamia intercropping
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(Table 2), with a greater density at the surface when compared to other layers. We found
no difference regarding population density between surface and 0.00-0.10 m for inter-row
and unshaded treatments.

As for microfauna biomass, we verified a higher value at 0.10-0.20 m for inter-row
treatment in green dwarf coconut-coffee intercropping (Table 3). The same was observed
for intra-row treatments at 0.00-0.10 m. We verified no difference among layers for
unshaded treatment.

In macadamia-coffee intercropping, the higher values of macrofauna biomass were
recorded for intra-row treatments to surface (2.31 g m?) (Table 3). Analyzing only in
the inter-row of arboreal species, the layer of 0.00-0.10 m presented higher values of
macrofauna biomass (1.81 g m?2).

We found no significant differences in basal soil respiration in the green dwarf coconut-
coffee intercropping. Furthermore, the 25-day cumulative basal respiration was quite
similar for both intercropping systems. At the evaluated layers, unshaded coffee plants
showed higher CO, emission by microbial activity, followed by intra-row and inter-row
cultivation (Figure 6). Microbial activity, evaluated by the average daily CO, emission,
was 28 % lower in the shaded system than in the unshaded one (2.31 vs. 1.67 mg g*!
CO, of dry soil).

We observed a slight drop in basal respiration with increasing depth of soil profile,
especially for macadamia intercropping. Unshaded system showed higher baseline
respiration values (Figure 7).

DISCUSSION
Soil physical properties

Unshaded soils retain less water on their surface due to increased evaporation,
thus favoring BD. When coffee plants were grown in the inter-rows, shaded soil
was more compacted than unshaded ones at 0.10-0.20 and 0.20-0.40 m layers. It
is possible that with the presence of two crops in the same area, there was greater

Unshaded Intra-row Inter-row Unshaded Intra-row Inter-row

Macadamia trees Green dwarf coconut trees

W Predators B Saprophages BFungivores EDecomposers EPhytophagous EHuminivores O Herbivores

Figure 5. Percentage of functional groups for areas of coffee intercropped with macadamia trees
and green dwarf coconut trees.
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Table 1. Soil chemical properties at three sampling layers and positions of an area of coffee intercropped with macadamia nuts trees
and green dwarf coconut trees, located in Sdo Mateus, Espirito Santo State - Brazil

Macadamia trees Green dwarf

Property Layer coconut trees
Inter-row Intra-row Unshaded Averages
m
0.00-0.05 6.27 Aa 6.47 Aa 6.41 Aa 6.33a
oH 0.05-0.20 5.76 ABb 5.87 Ab 5.30 Bb 5.15 b
0.20-0.40 5.46 Ab 5.51 Ab 4.51 Bc 4.97b
0.00-0.05 13.70 Aa 14.69 Aa 12.48 Ba
P (mg dm?) 0.05-0.20 4.20 Ab 2.59 Bb 4.07 Ab 7.12
0.20-0.40 1.93 Ac 1.63 Ab 2.13 Ac
0.00-0.05 3.56 Aa 3.55 Aa 2.67 Ba
Ca?* (cmol, dm?) 0.05-0.20 1.69 ABb 1.80 Ab 1.47 Bb 2.02
0.20-0.40 1.41 Ab 1.36 ABC 1.10 Bc
0.00-0.05 2.03 Aa 1.81 Ba 1.38 Ca
Mg+ (cmol_dm?) 0.05-0.20 0.90 Bb 1.16 Ab 0.76 Bb 0.65
0.20-0.40 0.76 Ab 0.68 ABC 0.47 Bc
0.00-0.05 0.01 Aa 0.00 Aa 0.00 Ac
A+ (cmol, dm?) 0.05-0.20 0.06 Ba 0.03 Ba 0.25 Ab 0.19
0.20-0.40 0.10 Ba 0.10 Ba 0.64 Aa
. 0.00-0.05 30.07 Aa 28.70 Aa 22.38 Ba
?gr?(agﬁ')c matter 0.05-0.20 14.68 Ab 16.04 Ab 16.64 Ab 21.44
0.20-0.40 10.82 Ab 11.24 Ac 13.25 Ab
0.00-0.05 8.26 Aa 7.36 Ba 5.71 Ca
CTC (cmol_dm?) 0.05-0.20 5.32 Ab 5.57 Ab 5.22 Aa 5.02
0.20-0.40 4.79 Ab 4.89 Ab 5.37 Aa
0.00-0.05 5.76 Aa 5.53 Aa 4.21Ba
(Sc“nToEfdﬁifs (SB) 0.05-0.20 2.70 ABb 3.05 Ab 2.33Bb 2.83
0.20-0.40 2.29 Ab 2.12 Ac 1.64 Bc
. 0.00-0.05 70.11 Aa 75.12 Aa 73.85 Aa
(B\f)sﬁ,/f)at“ratm 0.05-0.20 50.12 ABb 54.78 Ab 44.97 Bb 2.83
0.20-0.40 48.00 Ab 43.36 Ac 30.63 Bc
_ . 0.00-0.05 0.22 Aa 0.00 Aa 0.00 Ac
f\r:r‘:)“z(',/z)“m saturation 0.05-0.20 2.91 Ba 1.27 Ba 9.64 Ab 9.88
0.20-0.40 4.22 Ba 4.57 Ba 27.69 Aa
0.00-0.05 46.40 Ac 55.45 Ac 48.05 Ac
Fe (mg dm?) 0.05-0.20 131.78 Bb 156.00 Ab 97.07 Cb 75.35
0.20-0.40 154.25 Ba 199.63 Aa 123.64 Ca
0.00-0.05 0.52 Ba 0.70 Aa 0.58 Ba
Cu (mg dm?) 0.05-0.20 0.44 Bab 0.49 ABb 0.55 Aab 0.34
0.20-0.40 0.37 Bb 0.50 Ab 0.47ABb
0.00-0.05 3.31 Aa 3.03 Aa 1.17 Ba
Zn (mg dm?) 0.05-0.20 0.88 Ab 0.92 Ab 0.37 Ab 1.22
0.20-0.40 0.44 Ab 0.35 Ab 0.27 Ab
0.00-0.05 16.49 Aa 18.91 Aa 10.01 Ba
Mn (mg dm?) 0.05-0.20 6.62 Ab 8.36 Ab 4.92 Ab 7.97
0.20-0.40 3.13 Ab 3.78 Ac 3.49 Ab
Continue
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Continuation

Macadamia trees Green dwarf

Property Layer coconut trees
Inter-row Intra-row Unshaded Averages
Na (mg dm?) Not significant for 7.83 A 5.50 B 3.928B NS
depth
0.00-0.05 54.67 a
K (mg dm-=) 0.05-0.20 28.33b NS
0.20-0.40 25.00 b

Averages followed by the same uppercase letter in the row and lowercase letters in the column do not differ statistically from each other, according
Tukey's test, at 5 % probability.

movement of machines to carry out cultural treatments. This traffic over the years,
even of small machinery, may have contributed to greater BD inter-row of coffee.
Shaded systems contribute to intake of plant residues by the soil, especially from
0.00-0.05 m, thus increasing OM content and Ma while reducing BD, thereby improving
soil physical quality (Souza et al., 2016).

Regarding macadamia intercropping, coffee shaded showed the lowest values of RP at
up to 0.30 m, and soils were more structured than those unshaded. However, below
0.30 m, coffee plants grown in the inter-rows of macadamia trees resulted in higher RP,
which, according to Arshad et al. (1996), may affect the root system. The presence of
macadamia in the area, in addition to the cultural treatments required by the Conilon
coffee, requires pruning, fertilization, harvesting, and phytosanitary treatments, all of
which are mechanized. Over the years, it may have contributed to increase in RP in the
subsurface, correlating with the results obtained by BD.

Higher RP values in unshaded system indicate that a less protected soil surface may
lack OM. This occurs because shaded systems imply the presence of related tree
components, which favors the continuous deposition of plant residues and enables soil
OM maintenance. These factors contribute to the close arrangement of soil particles
due to the effects of OM incorporation into the soil. Layer compaction in the subsurface
restricts root growth, causing roots to concentrate close to the surface (Goncalves
et al., 2006).

Soil physical alterations promoted a significant reduction in Ma and a small reduction
in Mi, most evident at the highest layers. These results differ from those observed by
Carmo et al. (2014) and Jacome et al. (2020), who found no differences in BD, Ma, Mi,

Table 2. Macrofauna density (individuals m?) at three sampling layers and positions of an area of coffee intercropped with macadamia
nuts trees and green dwarf coconut trees, located in Sdo Mateus, Espirito Santo - Brazil

Vegetation Layer Inter-row Intra-row Unshaded
m
Surface 104.0 Aa 88.50 Aa 65.5 Aa
. 0.00-0.10 106.75 Aa 21.25Bb 64.0 ABa
Macadamia trees
0.10-0.20 0.0 Ab 8.0 Ab 16.0 Aa
0.20-0.30 0.0 Ab 0.0 Ab 0.0 Aa
Surface 116.0 Aa 93.0 ABb 56.0 Bab
Green dwarf coconut 0.00-0.10 96.0 Ba 147.25 Aa 96.0 Ba
trees 0.10-0.20 40.5 Ab 20.0 Ac 19.5 Abc
0.20-0.30 0.0 Ab 0.0 Ac 0.0 Ac

Averages followed by the same uppercase letter in the row and lowercase letters in the column do not differ statistically from each other, according
to Tukey's test, at 5 % probability.
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Table 3. Macrofauna biomass at three sampling layers and positions of an area of coffee intercropped with macadamia nuts trees
and green dwarf coconut trees, located in Sao Mateus, Espirito Santo - Brazil

Vegetation Layer Inter-row Intra-row Unshaded
m g m?
Surface 0.41 Bb 2.31 Aa 0.59 Ba
, 0.00-0.10 1.81 Aa 1.28 Ab 0.04 Ba
Macadamia trees

0.10-0.20 0.00 Ab 0.13 Ac 0.64 Aa
0.20-0.30 0.00 Ab 0.00 Ac 0.00 Aa
Surface 2.14 Ab 0.26 Bc 0.72 Ba
Green dwarf coconut 0.00-0.10 1.37Bb 3.25 Aa 0.45 Ba
trees 0.10-0.20 4.23 Aa 1.61 Bb 0.18 Ca
0.20-0.30 0.00 Ac 0.00 Ac 0.00 Aa

Averages followed by the same uppercase letter in the row and lowercase letters in the column do not differ statistically from each other, according
Tukey'’s test, at 5 % probability.

and total porosity between agroforestry and conventional coffee management systems.
This may be justified since the use of unlike tree species in the consortia with Conilon
coffee and other times and management of the areas influence soil physical properties
in different ways (Souza et al., 2016).

In absolute terms, Ma was not as affected in green dwarf coconut-coffee intercropping
as in coffee-macadamia. This may be because coffee consortia with green dwarf coconut
is @ newer method that includes fewer plants when compared with the macadamia. For
this reason, this system presents higher BD values and slightly lower TP values, which is
consistent with the soil type (characteristically more compressed, whose texture is medium
on horizon A and clayey in horizon B). Besides coffee plants, the presence of macadamia
and green dwarf coconut trees account for part of the soil mass, which improves root
pressure looking for space. This may increase BD and reduce porosity, for root growth
brings soil particles closer, thus compacting the soil (Reichert et al., 2009). In macadamia
intercropping area, porosity values are close to or below 0.10 m3 m=3 - the minimum
suitable value for liquid and gaseous exchanges between the external environment and
soil, a critical factor for root growth of most crops (Taylor and Ashcroft, 1972).

Together with treatments, the pedogenetic aspect explains depth profile results. Shaded
systems contribute to plant residue intake by the soil, which increases OM content in the
surface layers and reduces RP values, especially at 0.00-0.05 m. In areas shaded with
coconut trees, even the highest soil moisture (0.00-0.20 m) was insufficient to reduce
RP (Figure 4e). These results are in line with those reported by Souza et al. (2017) when
evaluating unshaded treatment with secondary forest shading.

In opposition to results for the macadamia intercropping system, unshaded coffee always
presented the lowest RP at the two deepest layers to intercropping with green dwarf
coconut (Figure 4e). This finding may indicate that coffee plants intercropped with coconut
trees promote no improvements in soil physical quality. Nevertheless, besides being
below the critical value for root development, green dwarf coconut-coffee intercropping
reached lower values than macadamia intercropping, possibly due to this area higher
soil moisture (Figure 4e).

Soil chemical properties

All treatments showed higher pH, P, Ca?*, Mg?*, OM, CTC, SB, V, Cu, Zn, and
Mn at 0.00-0.05 m, probably due to the application of correctives and fertilizers without
incorporation into the soil. These findings corroborate those reported by Jacome et al.
(2020), who verified a significant difference for pH, OM, and P content at 0.00-0.10
m when comparing mean values of agroforestry and conventional coffee cultivation.
However, the authors found no differences regarding other chemical properties (Ca?*,
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Figure 6. Basal soil respiration in an area of coffee intercropped with macadamia trees at three sampling layers - 0.00-0.05 m (a),
0.05-0.20 m (b), and 0.20-0.40 m (c).

Mg?*, S, B, Cu, Fe, Mn, Zn, and base saturation) between both production systems, thus
opposing our results. This suggests that, despite changing the production system and
incorporating organic residues from coconut leaves into the soil, coffee plants intercropped
with green dwarf coconut exerts no influence on soil fertility. One of the reasons may
be the high degree of lignification and higher C/N ratio of coconut leaves compared to
macadamia, which gives it a slower mineralization rate and nutrient cycling. This also
may be explained by the trees nutritional demand and possible competition among
roots, for this system requires large amounts of nutrients for fruit formation. In addition,
the incorporation process itself is slow, as the residues remain on the surface for a long
time. The same was observed for coffee plants intercropped with inga tree and grevillea,
which did not improve soil chemical conditions when compared to the unshaded system
(Salgado et al., 2006).

Aluminum | exchangeable and Al saturation levels differed only when coffee was grown
under unshaded environment. This may be attributed to the low mobility of corrective
in perennial systems, which may lead to chemical impedance for root growth due to
exchangeable acidity when insufficient to provide neutralization. Therefore, Fe contents
may be related to the soil type in question - a Typic Hapludox (Argissolo Amarelo), whose
abrupt transition between horizons A and B occurs around 0.25 m depth, on average,
below which the high contents of Goethita mixed with Caulinite originate the typical
yellow color (Moreau et al., 2006).

We found a tendency for pH, Ca?*, Mg?*, SB, and V to present higher values in shaded
treatments, which is in line with results reported by Carmo et al. (2014), who found higher
levels of Ca?*, Mg?*, and V% and lower levels of Al** at 0.00-0.20 m for coffee intercropped
with banana, eucalyptus, and native trees when compared to conventional cultivation.
The higher amount of OM in shaded soils increases carbon and humic acid contents,
which indicates greater carbon stabilization in forms responsible for OM charges, thus
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Figure 7. Basal soil respiration in area of coffee intercropped with green dwarf coconut trees at three sampling layers - 0.00-0.05
m (a), 0.05-0.20 m (b), and 0.20-0.40 m (c).

contributing to CEC, water retention capacity, and micro-aggregates stability (Baldotto
and Baldotto, 2014).

Regarding the OM, CEC, and V%, we found significantly higher levels on the surface
layer of shaded treatments when compared to unshaded ones, but not on other layers,
indicating that litter influence does not reach subsurface. We found similar trends for
Zn, Mn, and P (Table 1). Coffee plants located in the same row as macadamia trees tend
to present higher levels of Cu, which may be because Cu is the micronutrient that most
interacts with soil organic compounds, forming stable complexes (Dhaliwal et al., 2019).

Coffee intercropped with macadamia trees showed the best fertility in a general analysis,
which may be due to an increase in OM, nutrients recycling, and maintenance of a litter
layer in the soil (macadamia trees have a larger canopy than green dwarf coconut),
whose plant residues are at different stages of decomposition (Tanga et al. 2014).

Soil biological properties

Higher values of macrofauna density in the intercropping systems are probably due to
environmental improvement, which provided the ideal moisture and nutrient conditions
for soil organisms establishment. Edaphic fauna is sensitive to physical and chemical
environmental changes, as well as to changes arising from soil management practices
(Alves et al., 2020). In this scenario, the microclimate is an important factor for both crops
and soil microorganisms, which set nutrients cycling upon finding lower temperature,
high humidity, among other factors (Martius et al., 2004).

Higher percentage of functional groups of Saprophages in the intercropping systems also
entails a greater increase of OM. This occurs because these insects ingest, fragment,
and modify OM, thus providing nutrients such as N, P, K, Ca and Mg to the soil. Thus, the
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role of saprophagous organisms in decomposition is fundamental for nutrient cycling.
These organisms also act on the movement of manure in the soil depth; construction of
mounds, galleries, and nests; ingestion and excretion of active materials; participation
in biogeochemical cycles; availability of nutrients; and contribution to soil structure
(Kitamura et al., 2020).

Besides its association with OM, the greater density and biomass of macrofauna in
intercropped systems can be explained by the fact that it provides ideal conditions for the
development of higher-mass groups such as annelids and blattodeas. This is especially
true for dwarf coconut intercropping systems, in which straw management occurs in the
soil, in between crop rows. Macrofauna biomass relies heavily on the management of
applied practices, food availability, and OM content, as well as humidity and temperature,
for these organisms are susceptible to environmental changes so that intercropping
systems may result in an environment with decaying OM (Pompeo et al., 2016). On the
other hand, unshaded systems include a lower density and biomass of macrofauna,
which owes to the lower content of organic residues in the soil.

Greater evolution of CO, in unshaded coffee can be due to types of soil carbon, which are
less recalcitrant than those found in intercropping treatments. This may be justified by
the greater decomposition speed of leaves and senescent plant material, resulting from
the higher radiation and temperatures under the unshaded treatment. Decomposition
rate of soil OM increases with temperature, generating CO,, which is released in the
atmosphere.

The difference between the wooded treatments may be due to the greater supply of
inter-row residues or the presence of low-molecular-weight organic-acids, whose exudation
can be influenced by macadamia and green dwarf coconut trees in the inter-row of coffee
plants. In general, the faunal community structure is stable in systems shaded by woody
vegetation and less affected by soil management practices in more conventional systems.

CONCLUSION

When compared to unshaded systems, coffee plants intercropped with macadamia trees,
both intra- and inter-row, result in less resistance to penetration. As for intercropping
with green dwarf coconut trees, the unshaded system presents lower soil resistance
to penetration. Differences among treatments do not suffice to allow inferences about
the influence of intercropping systems on soil density, total porosity, and macro- and
microporosity. Coffee-macadamia intercropping improves soil chemical properties,
resulting in higher soil fertility than the unshaded production system; however, the
same is not true for green dwarf coconut-coffee intercropping. Both intra- and inter-row
intercropping cultivation provides greater soil organisms. Unshaded coffee cultivation
resultes in greater CO, production by microbial activity, followed by intra- and inter-row
systems, respectively. Coffee intercropping with tree species represents a promising
alternative for good soil management, aiming at environmental sustainability.
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