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Abstract

The aim of this research was to evaluate the chan-
ges in the soil quality associated with the implemen-
tation of ecological agriculture (EA) techniques in
coffee plantations under different coverings (bana-
na, mandarin, and a mix of citrus fruits) in San José
de Pare, Boyaca. To this effect, changes in physico-
chemical parameters, the abundance of functional
groups of microorganisms (phosphate solubilizers,
cellulolytic microorganisms, nitrogen fixers), and
enzymatic activities (acid and alkaline phosphatase,
B-glucosidase, urease, and protease) were determi-
ned. The soil samples were collected on a bimonthly
basis for a period of ten months in plots cultivated
with coffee plantations with three different cove-
rings: banana, mandarin, and a mix of citrus fruits.
The results showed modifications in the soil quali-
ty indicators as a consequence of the application of
EA techniques, finding a significant increase in the
content of phosphorus, carbon, phosphate solubi-
lizing bacteria and fungi, and cellulolytic fungi. In

Aprobacién: 17 de agosto 2021

contrast, no significant changes were observed for
enzymatic activity.

Keywords: agroecology, enzymes, agroforestry sys-
tems, microorganisms, green revolution

Resumen

La presente investigacion tuvo como objetivo eva-
luar cambios de la calidad del suelo asociados a la
implementacion de técnicas de agricultura ecolé-
gica (AE) en cafetales bajo diferentes coberturas en
San José de Pare, Boyaca. Para el cumplimiento de
este objetivo se determinaron cambios en parame-
tros fisicoquimicos, abundancia de grupos funciona-
les de microorganismos (solubilizadores de fosfatos,
celuloliticos, fijadores de nitrégeno) y actividades
enzimaticas (fosfatasa acida y alcalina, B-glucosi-
dasa, ureasa y proteasa). Las muestras de suelo se
recolectaron de manera bimensual durante un pe-
riodo de diez meses en parcelas con cultivo de café
con tres diferentes coberturas: platano, mandarina
y una mezcla de citricos. Los resultados mostraron
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modificaciones de los indicadores de calidad del
suelo como consecuencia de la aplicacién de técni-
cas de AE, encontrando un aumento significativo en
el contenido de fésforo, carbono, bacterias y hon-
gos solubilizadores de fosfato y hongos celuloliticos.

INTRODUCTION

Ecological Agriculture (EA) aims for a natural and
friendly relationship with the environment to pro-
mote plant and animal biodiversity (de los Rios
et al., 2016), unlike the Green Revolution, which
is associated with the extensive use of chemical
fertilizers and heavy-duty machinery (Ceccon,
2008). This has led agriculture to several negative
impacts, creating simplified and unstable ecosys-
tems and causing environmental deterioration
(Rubio-Sanchez, 2016).

It is in this context that EA uses techniques
which are favorable to the environment with chan-
ges in crop rotation and the use of green manures,
vermicomposts (worm humus), poultry manure,
biofertilizers, and efficient microorganisms (EM) in
order to maintain soil productivity (Guiberteau &
Labrador, 1991).

Another productive and environmentally friendly
strategy is the implementation of agroforestry systems,
also called SAF, a sustainable alternative that helps in-
crease soil productivity (Casanova-Lugo et al., 2011).
In addition, these systems contribute to multiple en-
vironmental services such as mitigating the conflict of
land use in Colombia, especially considering that our
country has a great diversity of species. This allows
for the diversification of said systems, of which co-
ffee production is one of the predominant modalities
(Henao, 2020).

These traditional techniques use the resour-
ces that are available, namely organic fertilizers,
in this case worm humus, which can be an effi-
cient solution to replace mineral fertilizers, as
they help maintain balance in the soil (Milanés

En contraste, no se observaron cambios significativa-
mente relevantes en la actividad enzimatica.
Palabras clave: agroecologia, enzimas, sistemas
agroforestales, microorganismos, revolucion verde

et al., 2005). Another technique that has been im-
plemented is the use of biofertilizers that improve
and conserve the physical, chemical, and biolo-
gical conditions of the soil, given that a large part
of the organic matter comes from enzymatic di-
gestion by microorganisms, and it is from this or-
ganic matter that we obtain the nutrients that are
easily assimilated by the soil (Trejo-Escareno et
al., 2013).

Moreover, EMs are also used as organic ferti-
lizers in agriculture, with the great benefit of in-
creased production, in addition to helping prevent
and reduce the attack of pests and diseases. They
are produced as a mixture of natural resources that
is highly efficient and beneficial (Callisaya and
Fernandez, 2017). Finally, poultry manure provi-
des benefits such as increased moisture retention,
increased organic matter, and improved soil fertili-
ty through increased amounts of macro and micro-
nutrients (Gonzalez et al., 2013).

It has been suggested that the implementa-
tion of these EA techniques, as well as the diffe-
rent covering options, provides several benefits
to the soil. According to the National Commis-
sion for Biodiversity Knowledge and Use (Comi-
sion nacional para el conocimiento y uso de la
biodiversidad) (CONABIO, 2015), shade-grown
coffee is particularly promising in terms of con-
servation, with benefits such as greater biomass,
more soil nutrients, and microbial biodiversity,
fewer weeds and harmful insects, and a better
water and microclimate balance. Trees like oran-
ge, banana, and guava, among others, generate
benefits to the soil by providing organic matter
produced by leaf litter and atmospheric nitrogen
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fixation (Ruelas-Mojardin, 2014). In Colombia,
coffee is a product with special altitude, latitude,
and climate conditions. This means that Colom-
bian coffee culture has one fundamental require-
ment: the quality of the soil (FNC, 2012). This is
why the agroecological conditions of San José de
Pare, Boyacd, are suitable for coffee plantations;
it has a cultivated area of 617 ha, with plants cul-
tivated under the shade or coverings due to the
high radiation that is emitted in this area (Alcaldia
Municipal San José de Pare Boyaca, 2020).

Soil is one of the most important resources for
life on the planet (Garcia et al., 2012). Therefore,
physicochemical indicators such as gravimetric
moisture, pH, CEC, phosphorus, organic carbon,
and nitrogen are so important, since they allow de-
termining the degree of vulnerability of a given soil
depending on the activities it has been exposed to.
This includes the buffering capacity of the soil and
the availability of water and nutrients for plants
and microorganisms. Biological indicators (phos-
phate solubilizing bacteria, phosphate solubilizing
fungi, cellulolytic bacteria, cellulolytic fungi, and
nitrogen fixing bacteria) show the diversity and
abundance in soil components based on factors
such as the presence of micro and macroorganis-
ms, bacteria, earthworms, and soil fungi (Bautista
et al., 2004).

Another important indicator is soil enzy-
mes, which are involved in microorganism acti-
vity. Together with other soil organisms, they are
linked to energy transfer, biochemical processes,
and environmental quality. Additionally, they are
considered to be an important indicator of soil fer-
tility (providing adequate amounts of nutrients)
and agronomic, ecological, and anthropogenic in-
fluence (Doran & Parkin, 1994).

Finally, despite the importance of EA techni-
ques for soils, there are still not enough studies
showing possible changes in soil quality indica-
tors as a result of the application of said techni-
ques over time, specifically in coffee plantations
under different coverings. For this reason, the

main question of this research is: what changes
occur in the soil quality indicators of coffee plan-
tations under different coverings, which are as-
sociated with the implementation of agriculture
ecological techniques in the municipality of San
José de Pare, Boyacd?

MATERIALS AND METHODS

Description of the study area

This research was carried out in a rural area loca-
ted in the Colombian municipality of San José de
Pare, in the department of Boyaca, at an altitude of
1545 m.a.s.l. and average temperatures of 13 and
24 °C, with the following geographical coordinates:
6°01.84' N longitude, 73°31' W latitude. This muni-
cipality is located in the Republic of Colombia, 217
km north of Bogota DC, in the northeastern region
of the department of Boyaca, and it shares borders
with the municipalities of Chitaraque, Moniquirg,
San José de Pare, Santana, and Togiii.

Experimental design and soil sampling

As shown in Figure 1, sampling was carried out by
selecting three coffee plots (twelve coffee plantsin
each plot) under three different coverings: banana
trees (CP), mandarin trees (CM), and three citrus
fruit trees (CC) (mandarin, lemon, and orange).
The EA techniques applied were: 1) worm humus
(Californian earthworm) (Milanés et al., 2005);
2) biofertilizer, obtained from the mixtu-
re of legumes, molasses, yeast, chicha, poultry
manure, rabbitmanure, wood ash, and milk (Trejo-
Escareno et al., 2013); 3) efficient microorganis-
ms (EM) from a mix of leaf litter, rice grits, mo-
lasses, and milk (Callisaya & Fernandez, 2017);
4) poultry manure (Conzalez et al., 2013); 5)
Red clover green manures (Trifolium pratense)
(Fonseca-Lopez et al., 2020); and 6) cover crops
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- CM- Mandarine covering - Plot 2
CC - Citrics covering - Plot 3
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UNIVARIATE AND MULTIVARIATE
ANALYSIS

Figure 1. Methodology for the application of EA techniques from soil sample collection

(Geissert et al., 2017). As the EA techniques were
being applied, soil samples were collected on a
bimonthly basis (months 0, 2, 4, 6, 8, 10) for ten
months, for a total of 6 sampling moments. Each
plot provided three samples composed of 10 di-
fferent subsamples, which were taken in zigzag
from the upper 20 cm of the soil. The soil sam-
ples were then homogenized, labeled, and sto-
red in bags at different temperatures depending
on their purpose: the bags for physicochemical
analysis at room temperature, those for microor-
ganism abundance analysis at 4 °C, and those for
enzymatic activities at -20 °C. The samples were
processed in the shortest possible time after sam-
pling (maximum one week after collection).

Physicochemical parameters of the soil

All samples underwent physicochemical analysis
according to the following methods:
a. pH (potentiometer): 1:1,
(Bernal et al., 2014).
Moisture (gravimetric method): it consists
of taking a soil sample, weighing it before
and after drying, and calculating its mois-
ture content. The soil sample is considered
to be dry when its weight remains constant
at a temperature of 105 °C (IDEAM, 1994).
Phosphorus (Bray I1): the soil phosphorus is
extracted with 25 ml of the extractor solu-
tion of HCl 0.1N and NH,F 0.03N, shaken,

soil:water.

b.
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filtered, and the available phosphorus is col-
orimetrically quantified by reaction with
chloromolybdic acid and stannous chloride
to form a blue complex whose intensity is
proportional to the amount of the element
present (Garcia & Ballesteros, 2006).
Organic carbon (Walkley-Black): this meth-
od is based on the oxidation of the organic
carbon in the soil by means of a solution
of potassium dichromate (K2Cr,O,) and the
heat of the reaction generated by mixing
with concentra-ted sulfuric acid (H,SO,).
After a waiting time, the mixture is dilut-
ed, phosphoric acid is added to avoid Fe3+
interferen-ces, and the residual potassium
dichromate is titrated with ferrous sulfate
(FeSO, TN. pH 7) (Vela et al., 2012).
Nitrogen (Kjendahl): which consists of
three stages digestion, distillation and titra-
tion, where the sample is left in digestion
with pure sulfuric acid, then an absorbent
solution such as boric acid is used for the
distillation stage and finally a titration with
1N sulfuric acid is performed (Jarquin et al.,
2011).

Abundance of functional groups
of microorganisms

To determine the abundance of functional microor-
ganism groups, we performed plating and plate
counting in different media, to later quantify the co-
lony forming units (CFU) per gram of dry soil. For
the seeding and counting of phosphate solubilizing
fungi and bacteria, we used the modified Sundara
and Sinha medium (Sundara & Sinha, 1963). The
procedure was carried out by incubating the bac-
teria at 28 °C for 40 h and the fungi at 20 °C for six
days; for cellulolytic bacteria and fungi, we used a
medium whose only source of carbon was 1% car-
boxymethyl cellulose, where bacteria were incu-
bated at 28 °C for 48 h and fungi at 20 °C for six
days (Avellaneda-Torres et al.,, 2014); and, finally,
for the nitrogen-fixing bacteria, we used the N-free

Rennie medium (Rennie, 1981) and CFU plate
count by maintaining the temperature at 28 °C for
48 h (Avellaneda-Torres et al., 2020).

Enzymatic activity

With the purpose of evaluating the enzymatic ac-
tivities, we considered the association with phos-
phorus, carbon, and nitrogen cycles. For the
phosphorus cycle, the study determined acid and
alkaline phosphatase activities, which were quan-
tified by determining the p-nitrophenol that was
released after the incubation with p-nitrophenyl
phosphate solution for 1 h at 37 °C. The p-nitrophe-
nol was photometrically determined at 400 nm.
For the carbon cycle, the B-glucosidase activity
was determined by quantifying the p-nitrophenol
released after the incubation with a p-nitrophenyl
glucoside solution for 1 h, at 37 °C. The p-nitrophe-
nol was photometrically determined at 400 nm.
As for the nitrogen cycle, the urease activity was
determined, which is based on the colorimetric
determination at 690 nm of the released ammonia
after incubation with a solution of urea for 2 h, at
37 °C (Avellaneda-Torres et al., 2018). Finally, the
study determined the protease activity by incuba-
ting the soil samples for 2 h at 50 °C using casein
as substrate (Caballero-Vanegas et al., 2018) after
incubation for 2 h at 50 °C and a pH 8.1. In this
method, the released amino acids reacted with the
Folin-Ciocalteu reagent in an alkaline solution to
form a blue complex that was colorimetrically eva-
luated (700 nm) (Avellaneda-Torres et al., 2018).

Statistical analysis

To determine if there were significant differences
in the physicochemical parameters, the abundan-
ce of functional groups of microorganisms, and
the enzymatic activities throughout the mon-
ths of application of EA techniques in the soils
with coffee plantations under three different co-
verings (CP, CM, and CC), we carried out univa-
riate and multivariate data analyses. To this effect,
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the assumptions of normality and homogeneity
of variances were verified using the Kolmogo-
rov-Smirnov and Barlett tests, respectively, fo-
llowed by the Kruskal-Wallis tests with a post-hoc
Mann-Whitney analysis to determine significant
differences. The tests were performed with the Stats
package (R Core Team, 2019). A principal compo-
nent analysis (PCA) was also performed using the
factoextra package (Kassambara & Mundt, 2020).
The analyses were performed with the R statisti-
cal software, version 3.5.3. (R Core Team, 2019).

RESULTS
Physicochemical parameters

According to the results presented in Table 1, it
appears that, on average, we can find a 29.3% for
CP in the ©g, which shows that it is a soil with good
moisture content, as well as an average of 37.4 and

48.7% for CM and CC, respectively. This means
that, according to its water content, it is a usable
soil. In general, the pH in registers strongly acid
values between (5.0 and 5.7), thus indicating that
some of the elements that are available in the soil
do not have adequate levels. On the other hand,
we found an average CEC of 26.4 meq.100g" for
CP and 38.7 meq.100g" for CM, which indicates
that it is a medium CEC soil, whereas 41.4 me-
g.100g" for CC imply a high CEC soil. Regarding
the phosphorus content, an average of 30.6% was
obtained for the three plots, indicating that phos-
phorus in the soil under study is at high levels. It
was observed that carbon levels were high, as they
ranged between 4.3 and 8.7%. Finally, nitrogen
content values were high (between 0.4 and 0.9%).

According to Table 1, the ©g shows fluctuations
throughout the months with each of the coverings.
However, they are not statistically significant.
Moreover, the pH of the soils did not change
significantly for the three evaluated coverings as

Table 1. Physicochemical parameters by coverings and time of application of EA techniques in months: gravimetric
moisture (©g), pH, cation exchange capacity (CEC) in meq.100g", phosphorus (P) in ppm, organic carbon (OC)
in %, and nitrogen (N) in %. Different letters indicate statistically significant differences, whereas equal letters

symbolize no significant difference (p<0.05)

Covering Month Og pH CEC P OC N
0 47.9 a 54a 25.7 a 223 a 4.3 a 0.4 a
2 21.7 a 5.Ta 313 b 15.8b 4.7 b 04 a
CP 4 33.1Ta 5.1Ta 28.9c 30.9c 5.1 bc 0.4 a
6 29.6 a 5.Ta 233 a 31.9c 5.2c 0.4 a
8 179 a 54a 23.7a 25.8d 7.6d 0.6 a
10 25.7 a 5.4a 26.0 a 44.7 e 8.6e 0.7 a
0 48.8 a 5.4 a 353 a 22.5a 5.1Ta 04a
2 45.6 ac 52b 37.7 ab 189b 5.Ta 04a
M 4 28.4 bc 5.2 ab 38.2 a 299c 52a 0.4 a
6 27.4b 5.4 ab 42.6 bc 31.3c 8.7 bc 0.6 a
8 46.8 a 5.2 ab 42.0 ac 32.1c 8.7b 0.7 a
10 27.4Db 5.4 ab 36.7 a 45.4d 8.3 c 0.7 a
0 80.9 a 5.5ab 45.0 a 273 a 4.5 a 0.4 a
2 223 ab 5.1Ta 38.3 ab 15.9b 8.0b 0.4 a
cC 4 489 b 5.3 ab 37.0ab 34.6 cd 52c 0.6 ab
6 274 c 50a 44.3 a 31.3 cd 52c 0.5 ab
8 456 b 57b 37.1b 31.8d 8.1b 09b
10 67.1 a 5.4 ab 47.0 a 59.5e 8.0b 0.8b
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the months EA technique application elapsed. In
addition, there were no significant changes in the
CEC during this period. For organic carbon, a sig-
nificant increase was observed in the three cove-
rings. The same behavior was seen in the case of
phosphorus, where a significant increase was evi-
dent in each of the coverings, with the highest sta-
tistical increase in month 10 for both phosphorus
and carbon. There was no significant change for
nitrogen over the months of application of the EA
techniques.

A Phosphate solubilizing

bacteria q
10 . ab b be cd
Y
= 5
=
©
g 0
=

0 2 4 6 8 10

Technique application time
(months)

Cellulolytic bacteria

—
()]

Log(CFU/g) O
> o

(=]

0 2 4 6 8 10

Technique application time (months)

!

Log(CFU/g)

0 2

Functional groups of microorganisms

The results for the abundance of functional groups
of microorganisms show a statistically significant
increase as the months of application of EA techni-
ques elapsed in the case of phosphate solubilizing
bacteria (Figure 2a). Phosphate solubilizing fungi
(Figure 2b) show a significant increase, whereas ce-
llulolytic bacteria (Figure 2¢) did not show statistica-
[ly significant changes during this period. Cellulolytic

Phosphate solubilizing

B fungi
—_ 10 a a a a ab b
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=
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Figure 2. Abundance of functional groups of microorganisms in counts for CP, CM, and CC. Different
letters indicate statistically significant difference; equal letters symbolize no statistically significant difference p<0.05
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fungi (Figure 2d) increased statistically during the last
months of study, and, finally, nitrogen-fixing bacteria
(Figure 2e) did not show any significant changes.

Enzymatic activity

Figure 3 shows that there is no significant change
in the enzymatic activity corresponding to alkaline
phosphatase (Figure 3a), acid phosphatase (Figure 3b),
B-glucosidase (Figure 3¢), urease (Figure 3d), and pro-
tease (Figure 3e) during the months of application of

A Alkaline phosphatase

the EA techniques. On the other hand, the statistical
analyses for enzymes in each crop (banana, manda-
rin, and citrus) accompanying the coffee plantations
showed the same results, which is why they are not
presented in this paper.

Principal component analysis of different
variables in response to EA techniques

The cumulative variance of the PCA in (Figure 4)
was 60.2%, which constitutes an indicator of good
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Figure 3. Average CP, CM, and CC enzymatic activity. Different letters indicate significant statistical difference,
equal letters symbolize no significant statistical difference p<0.05
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Figure 4. Principal component analysis of the parameters for the three plots from month 0 to month 10 of
application of the EA techniques. CEC: cation exchange capacity, P: phosphorus, OC: organic carbon, and N:

nitrogen.

quality in the analysis of the results. It can be ob-
served that, towards the last two months of sam-
pling and application of EA techniques, there is a
correlation between the variables of phosphorus,
organic carbon, phosphate solubilizing fungi,
phosphate solubilizing bacteria, and cellulolytic
fungi. pH, nitrogen, and enzymatic activities such
as B-glucosidase and urease appear in a lower pro-
portion. The behavior of these variables is opposite
to that observed for gravimetric moisture, showing
that the lower the soil moisture with respect to the
months of application, the higher the percentages
of the different variables opposite to it. Likewise,
another inversely proportional relationship takes
place between pH and phosphate solubilizing

bacteria, which indicates that the count of these
bacteria depends on the change in soil pH.

Component 1 has a variance of 60%, and,
together with component 2 of variance 40,
they represent 100% of the total variation.

Figure 5 shows that the accumulated variance of
the PCA was 100%, which indicates a low stress
analysis for the understanding of the variables. It
is observed that CP is correlated with the protease
and phosphate solubilizing bacteria. CM shows a
correlation with variables such as organic carbon,
CEC, cellulolytic fungi, nitrogen-fixing bacteria,
acid and alkaline phosphatase, and B-glucosidase.
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Figure 5. Principal component analysis of the three coverings (CP, CM, and CC)

Finally, there is a higher correlation for CC among
variables such as gravimetric moisture, pH, phos-
phorus, nitrogen, microorganisms, phosphate so-
lubilizing fungi, and cellulolytic carbon bacteria,
as well as for enzymes such as urease.
Component 1 has a variance of 9.6 and groups
60% of the variation, and, together with compo-
nent 2 of variance 6.4, which groups 40% of the va-
riation, they represent 100% of the total variation.

DISCUSSION

This research focused on evaluating whether the
application of EA techniques generates significant

changes in soil quality indicators in coffee planta-
tions with different covering crops (CP, CM, and
CC). It was found that variables such as phos-
phorus, organic carbon, phosphate solubilizing
bacteria, phosphate solubilizing fungi, and soil
cellulolytic fungi increased significantly during
the months of application of the EA techniques,
namely, vermicomposting, liquid humus, biofer-
tilizer, EM, green manures, strengthening of poly-
cultures, and composted poultry manure.

Said applications of EA techniques, together
with agroforestry systems, integrate practices in
which a woody component (tree or shrub) is com-
bined with an agricultural one, thus allowing
an improvement in the soils with respect to the
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production per unit area. In other words, it enhan-
ces productivity, thus obtaining more than a single
product from the same soil unit (Henao, 2020) and
promoting polyculture which is one of the practi-
ces of applied EA techniques.

The increase in phosphorus may be due to the
enrichment of organic compounds from bioferti-
lizers, which can improve phosphorus dynamics,
resulting in increased nutrient availability (Rosatto
etal., 2014).

In contrast, the increase in soil organic carbon
may be due to the application of green manure
and humus techniques, since they are carbon-rich,
which allows a greater biointensity of the soil
(Martinez et al., 2008). Likewise, this increase is
linked to an important component such as humus,
which can represent up to 90% of the total carbon
in the soil (Jaramillo, 2011), meaning that adding
organic matter to the soil makes the incorporation
of vermicompost stand out due to its high stabili-
ty, high content of bacterial fiber, and high con-
tent of nutrients that can be assimilated by plants
(Salinas-Vasquez et al., 2014).

Furthermore, the use of EA techniques promo-
tes the processes of some microorganisms that
can synthesize organic acids, releasing phospha-
te ions from the exchange surface, thus increa-
sing the concentration of these ions in the soil
solution and therefore increasing their availabili-
ty (Tapia & Carcia, 2013). Additionally, the orga-
nic amendments used could cause an increase in
soil phosphorus due to their derived composition
(water, legumes, yeast, cow, and rabbit manure),
given that they are associated with an increase in
organic matter, which stores soil nutrients that im-
prove its structure, as well as with the concentra-
tion of phosphorus in the soil, as plant roots absorb
phosphorus (Mtnera, 2014). Regarding biological
indicators, the results obtained showed statistical
increases in phosphate solubilizing bacteria and
fungi, as well as in cellulolytic fungi. These results
coincide with those found by other studies that

evaluated the effect of the application of mycorrhi-
zae in coffee growing systems (Avila et al., 2020).

Many soil microorganisms can transform in-
soluble phosphorus into forms that can be assi-
milated by plants, such as phosphate solubilizing
bacteria. The increase in such bacteria may be re-
lated to the ionic forms of Pi (primary soil minerals)
such as the H,PO,- ion, which can be absorbed
by plants due to its solubility in water. These are
dependent on pH, which ranges between 4.0 and
6.0 (Restrepo et al., 2015). Considering that the pH
of this study was between 5.1 and 5.6, carrying
out these processes is considered feasible. Likewi-
se, this is correlated with the increase in inorganic
phosphorus in the soil, which may be associated
with a greater number of colony-forming units
of phosphate solubilizing microorganisms as the
application of EA techniques for the purposes of
this study progressed.

As for phosphate solubilizing fungi, a significant
increase was evidenced before the application
of the EA techniques, mainly with the biofertili-
zer, which yielded positive responses for crops
(Patino & Sanclemente, 2014). These microorga-
nisms transform insoluble mineral compounds into
soluble minerals that are absorbed by plants (phos-
phorus solubilization) (Alejo-lturvide et al., 2016).

Additionally, we observed a significant increa-
se in cellulolytic fungi, possibly because of the in-
crease in organic matter related to the application
of the EA techniques, which promote an increa-
se in cellulolytic microorganisms, and the presen-
ce of cellulose as a source for carbon, since this
is the major component of plant biomass found
in organic matter (Monserrate et al., 2014). These
results match those found by other authors when
comparing organic farming systems in coffee with
conventional ones (Garzon et al., 2020). Additio-
nally, efficient microorganisms (EM) secrete bene-
ficial substances such as vitamins, organic acids,
antioxidants, among others. These antioxidants
promote the decomposition of organic matter and
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increase the content of humus in the soil (Liriano
etal., 2015).

As for soil enzymatic activities, in general, it
can be observed that there was no significant in-
crease related to the application of EA techniques.
In the case of acid and alkaline phosphatase, the
absence of significant changes during the develop-
ment of this research may be due to the fact that a
high P content can inhibit the action mechanism
of the enzymes by having a greater availability of
nutrients in the soil in labile form (Narvaez et al.,
2010). The B-glucosidase enzyme, in turn, is one
of the most abundant and important enzymes for
soil quality. However, no significant change was
found, which may be due to the fact that, in order
to demonstrate its changes, longer times are requi-
red for the application of EA techniques (Cutiérrez
et al., 2008).

On the other hand, regarding the covering crops
that accompany the coffee crop (CP, CM, and CC),
and as it can be observed in Figure 5 for ACP, the
nitrogen-fixing bacteria, acid phosphatase, alkali-
ne phosphatase, and B-glucosidase increased for
CP. For CC, the pH, phosphorus, nitrogen, phos-
phate solubilizing fungi, cellulolytic bacteria, and
urease also increased. The same behavior was ob-
served for organic carbon, cellulolytic fungi, and
acid phosphatase with both CC and CM. This has
to do with the relationships between the increase
in organic matter and the application of techniques
such as vermicomposts, biofertilizers, efficient mi-
croorganisms, and green manures. This coinci-
des with reports that soil coverings contribute to
the stimulation and optimization of soil biologi-
cal processes, improving soil fertility, counterac-
ting erosion processes, and favoring the presence
of populations of beneficial organisms (Puertas et
al., 2008).

Moreover, it can be seen in Figure 4 (PCA) that
there is a direct correlation for months 8 and 10 with
nine of the variables that were analyzed, namely
phosphorus, organic carbon, nitrogen, cellulolytic
fungi, nitrogen-fixing bacteria, phosphate solubili-
zing fungi, and B-glucosidase, which are variables

that increased due to the application of EA techni-
ques because they generated a high content of orga-
nic matter and high biological activity in soils, thus
highlighting the importance of applying these me-
thods over time (Gutiérrez V. et al., 2008).

CONCLUSIONS

According to the univariate data analysis of the six
variables evaluated on physicochemical proper-
ties, a significant increase in the phosphorus and
organic carbon was reported in the coffee soils
under study. It was also observed that, due to the
application of the EA techniques, the five functio-
nal groups of quantified microorganisms showed a
significant increase in the abundance of phosphate
solubilizing bacteria and fungi, as well as cellu-
lolytic fungi.

As for the multivariate data analysis, the PCA
determined that, during months 8 and 10 of appli-
cation of the EA techniques, there was a significant
increase in the content of phosphorus, organic car-
bon, nitrogen, the abundance of cellulolytic fun-
gi, nitrogen-fixing bacteria, phosphate solubilizing
fungi, and B-glucosidase.
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