
agriculture

Article

Biological Indicators of Soil Condition on the Kabanyolo
Experimental Field, Uganda

Anna Ivanova 1, Elizaveta Denisova 1 , Patrick Musinguzi 2, Emmanuel Opolot 2 , John Baptist Tumuhairwe 2,
Lev Pozdnyakov 1 , Natalia Manucharova 1 , Igor Ilichev 1, Aleksey Stepanov 1 and Pavel Krasilnikov 1,*

����������
�������

Citation: Ivanova, A.; Denisova, E.;

Musinguzi, P.; Opolot, E.;

Tumuhairwe, J.B.; Pozdnyakov, L.;

Manucharova, N.; Ilichev, I.; Stepanov,

A.; Krasilnikov, P. Biological

Indicators of Soil Condition on the

Kabanyolo Experimental Field,

Uganda. Agriculture 2021, 11, 1228.

https://doi.org/10.3390/

agriculture11121228

Academic Editors: Bíró Borbála and

Ryusuke Hatano

Received: 30 September 2021

Accepted: 4 December 2021

Published: 6 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Soil Science, Lomonosov Moscow State University, Leninskie Gory 1, Building 12,
119991 Moscow, Russia; ivanovaane@gmail.com (A.I.); denisova.elizavet@gmail.com (E.D.);
apl-223@mail.ru (L.P.); manucharova@mail.ru (N.M.); igor.ilichev.msu@gmail.com (I.I.);
stepanov_aleksey@mail.ru (A.S.)

2 Department of Agricultural Production, School of Agricultural Sciences, Makerere University,
Kampala P.O. Box 7062, Uganda; musipato7@gmail.com (P.M.); oplote@yahoo.com (E.O.);
jbtumuhairwe@caes.mak.ac.ug (J.B.T.)

* Correspondence: krasilnikov@soil.msu.ru

Abstract: Soil biological activity is an integral characteristic reflecting the state of soil fertility, bio-
diversity, and the activity of soil processes carried out by soil organisms. In Africa, studies of soil
biological properties are few compared to the agrochemical research. In this paper, we present
an assessment of multiple biochemical and microbiological properties of soil from an agricultural
field located in the African tropical savanna. We determined basal respiration, substrate-induced
respiration, C of microbial biomass, the potential activity of denitrification, nitrogen fixation ac-
tivity, and estimated prokaryotic components in the soil microbial complex by quantitative PCR.
Basal respiration of soils ranged from 0.77 ± 0.04 to 1.90 ± 0.23 µg C-CO2·g−1·h−1, and substrate-
induced respiration ranged from 3.31 ± 0.17 to 7.84 ± 1.04 µg C-CO2·g−1·h−1. The C reserves of
microbial biomass averaged 403.7 ± 121.6 µg C·g−1 of soil. The N2O emission from the upper
layer on average amounted to 2.79 ng N-N2O·g−1·day−1, and the potential denitrification activ-
ity reached 745 ± 98 ng N-N2O·g−1·h−1. The number of copies of bacterial genes varied from
(0.19 ± 0.02) × 108 to (3.52 ± 0.8) × 108 copies·g−1, and of archaea—from (0.10 ± 0.01) × 107 to
(0.29 ± 0.01) × 107 copies·g−1 of soil. These results were in good agreement with the studies in other
seasonally wet tropical regions: the biological activity was relatively low. The difference between
biological indicators of the experimental field and the reference profile were insignificant except
for nitrogen loss, which was higher in the ploughed field. Biological indicators strongly varied in
space; we explained their heterogeneity by non-uniform management practices in the course of
agrochemical field experiments in the past. The use of organic fertilisers may cause the release of
climatically active gases due to intensive microbial respiration and denitrification, but the intensity
of emission would strongly depend on the cultivation and management method.

Keywords: carbon cycle; nitrogen cycle; microbial biomass; microbial diversity; fertilisers; soil health;
tropical savanna

1. Introduction

Most of the soils in tropical Africa are strongly weathered and, thus, are poor in
major nutrients [1]. Growing population and consequently increasing demand for food
result in expanding pressure on agricultural land [2], resulting in soil degradation and
the loss in soil fertility [3,4]. In Uganda, major nutrients such as N, P, and K, vital for
crop production, have been depleted, resulting in unprecedented soil fertility decrease. In
Uganda’s soils, total carbon (C) stocks decreased by 30% between 2006 and 2010 alone,
with losses estimated at between 705.59 and 849.94 Tg C [5]. Various cultural practices,
including the use of cover and rotational crops, composts, tillage systems, and others,
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have been promoted as management options for enhancing soil quality and fertility [6].
Applying these practices allowed for an increase in the abundance and diversity of total
soil microbes, the population of beneficial organisms, and decreasing crop pests [6].

Soil health is one concept that is new in the country and depends on the maintenance
of four major functions: soil organic carbon transformations, nutrient cycles, soil structure
maintenance, and the regulation of pests and diseases [7]. However, in a broad sense, soil
health reflects the complexity of the soil ecosystem that includes crops, weeds, soil animals,
and microbiome rather than soil internal properties [8]. Most biological indicators are
based on the dynamic soil properties that are difficult to measure; for example, recognised
leble C had twofold to 20-fold more significant inter-laboratory variability than other
commonly used soil tests, leading to a high degree of uncertainty associated with the
interpretation of results [9]. Van Bruggen and Semenov [10] discussed the approaches to
assessing the microbial communities in soils as indicators of soils condition. They decided
that all the methods have certain deficiencies which could lead to erroneous conclusions.
In tropical Africa, organic carbon stock seems to reflect soil condition better than other
characteristics. The main biological properties indicating good soil condition are microbial
biomass, microbial activity, carbon cycling, nitrogen cycling, microbial resilience and
biodiversity, the bioavailability of contaminants, and various soil physical and chemical
properties [11].

Choosing appropriate cultural practices that limit or prevent damage of root dis-
eases is essential for the long-term and sustainable management of soil. It is recognised
that successful management of soil fertility and plant productivity is a combination of
many factors and individuals coming together to provide optimal conditions for a healthy
plant [12]. Application of mineral fertilisers generally improves plant nutrition but, in some
cases, may have a negative long-term effect on soil biological activity, which is believed to
be the most important indicator of the sustainability of the soil–plant system [13,14]. In
humid tropical soils, the biological processes have not been well understood, and emphasis
has been on chemical and physical properties. In Uganda, the soil biological indicators
have been used in several studies [15,16], but many gaps exist in our knowledge. This
study aimed to assess soil biological indicators associated mainly with soil organic carbon,
microbiological activity, and biodiversity on typical Ferralsol at an experimental farm of
Makerere University Agricultural Research Institute, Kabanyolo, in the vicinity of Kampala,
the capital city of Uganda. The particular objective of the study was to compare cultivated
field with a non-ploughed soil using these indicators. Methodologically, we aimed to iden-
tify the indicators that are less sensitive to spatial variation of soil properties. Moreover,
we compared the obtained results with few existing data on soil biological indicators in
tropical pedoenvironments.

2. Materials and Methods
2.1. Study Area

Soil studies were carried out on the territory of Makerere University Agricultural
Research Institute, Kabanyolo (MUARIK), in December 2019. The geographical coordinates
of the Institute are 0′27′ ′60′ ′ N, 32′36′ ′24′ ′ E, and the altitude is 1250 to 1320 m above sea
level (Figure 1). Kabanyolo province is located within the administrative boundaries of
the Wakiso district, 14 km north of Kampala. Geomorphologically, this area is located on
the East African Plateau between two arms of the East African rift system. Kabanyolo is
a part of the Lake Victoria basin, with an average annual rainfall of 1218 mm. Periods
without rain last from June to July and from December to February, and the average annual
temperature is 21.5 ◦C [17]. The Köppen classification is Aw—tropical savanna climate.
According to the agroecological zoning of Uganda [18], the studied site is located in an
area where bananas and coffee predominate, while other crops such as sweet potatoes,
beans, and maize are commonly produced for food security. Precipitations are unstable,
and the soils have medium and high productivity. The acreage per capita is small. The
territory not used for agriculture is occupied by mosaic forests and pastures suitable for
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intensive animal husbandry. The soils of the MURIK experimental farm were classified in
the USDA Soil Taxonomy system as clay and sandy clay Ultisols or Ferralsols [19]. The
territory of MURIK is used for many field experiments, and thus soil management, crops,
and the application of fertilisers is diverse across the farm.

Figure 1. Study location in Wakiso, Uganda: (A)—general map, (B)—Makerere University Agricultural Research Institute
Kabanyolo, (C)—Experimental field/sampling points.

The experimental field sized 0.2 ha is located on a gentle slope of the eastern aspect.
The field was ploughed before the sowing of legume seeds. The land use history of the ex-
perimental plot has mainly been annual crops, with maize being planted in rotational with
beans or soybean with low and not consistent application of mineral fertilisers such as urea
(50 to 200 kg N per ha) and diammonium phosphate (DAP) (less than 100 kg P2O5 per ha).
According to the comments of the local workers, in the past, some of the experiments
divided the field into multiple plots, and each plot was managed differently and might
receive different doses of fertilisers. Unfortunately, we did not find the description of the
particular field experiments for this site.

2.2. Sampling

Sampling was carried out in December 2019, at the end of the rainy season. Eight
sampling points (nos. 1–8) were located within the experimental field, and one point (9)
with a soil profile was located outside the cultivated field under grass cover not to disturb
the soil at the experimental field (Figure 1C). Within the field, we collected five mixed
surface samples (point nos. 1, 3, 5, 6, 8) using the square method. Nine soil samples were
collected from three points from the depths 0–10, 10–20, and 20–30 cm at each point (nos.
2, 4, 7) to characterise the variation in soil health indicators with depth. Each sample was
packed in a sterile zip bag and provided with an accompanying label. Transportation of
samples took no more than 72 h. The samples for microbiological analysis were transported
in a dried state using silica gel to avoid dampening of the samples. At the reference point
outside the field, we made a soil profile (point no. 9) for soil classification and the general
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characteristic of soil properties. Soil samples were collected from all soil genetic horizons
for chemical analyses.

2.3. Soil Chemical Analyses

Most soil chemical analyses were performed in the laboratory of the Soil Geography
Department of the Faculty of Soil Science of Lomonosov Moscow State University, following
the internationally approved manuals [20,21]. We measured soil pH potentiometrically in
H2O and KCl with a soil/water ratio of 1:2.5. Organic carbon was determined using wet
oxidation method (Tyurin method equivalent to the Walkey and Black technique: carbon
oxidised with 0.4 N K2Cr2O7 in 1:1 H2SO4 water solution and then the excess of chromic
acid titrated with (NH4)2SO4·FeSO4·6H2O using diphenylamine as an indicator), and
available phosphorus and potassium were extracted with Melich-3 (HCl-H2SO4) with a
correction coefficient 1.5. Determination of the exchangeable cations and base saturation
(1 M pH 7.0 ammonium acetate) was carried out using a mechanical programmable vacuum
extractor [20] on ICP Arcos by atomic emission spectroscopy with inductively coupled
plasma at the following wavelengths: Ca 317.933 nm; K 766.491 nm; Mg 280.270 nm;
Na 589.592 nm; Fe 275.573 nm. Moreover, we extracted Fe of iron (hydr)oxides with
Na dithionate-citrate-bicarbonate (DCB) solution and measured its concentration using
ICP Arcos.

2.4. Analysis of the Intensity of the Nitrogen and Carbon Cycle Processes
2.4.1. Pre-Preparation of Soil Samples

The dried soil samples were crushed in a mortar, sifted through a sieve with a diameter
of 1 mm, and thoroughly mixed. Then, the soil samples (3 g) were placed in glass vials with
a volume of 15 mL. To restore the microbiological activity, we moistened the soil by adding
0.75 mL of water and incubated it at room temperature for five days. The repeatability of
samples and measurements was threefold.

The concentration of CO2, CH4, and N2O was determined using a Crystal 5000.2 gas
chromatograph produced by Chromatek (Yoshkar-Ola, Russia). The thermal conductivity
detector (TCD) and the flame ionisation detector (PID) were connected in series to one
of the metal chromatographic columns, where a carrier gas was helium. The electronic
capture detector (ECD) was connected to the second column; a carrier gas was nitrogen.
Both columns had a length of 2 m and diameter 1 mm, and the filler was Hayesep-D 80/100.
Nitrogenase activity was measured by the intensity of transformation of C2N2 to C2H4
on a Crystal 2000 gas chromatograph with a flame ionisation detector and a column filled
with Porapak N 80/100 (length—1 m, diameter—3 mm). A gas sample for analysis on a
chromatograph was taken with a 0.5 mL gastight syringe.

2.4.2. The Processes of the C Cycle

We assessed CO2 emission by soil microorganisms using two indicators: basal respira-
tion (RB) and substrate-induced respiration (RS) [22]. RB was evaluated by the accumulation
of CO2 in rubber-capped vials after incubation of soil samples for 24 h at 22 ◦C. To determine
the RS, we added glucose at the rate of 2.5 mg per 1 g of soil; the vials were hermetically
sealed with rubber lids and a gas sample was taken after 3 h of incubation. The incubation
time of each sample was measured and used in calculations. When determining the RB
and RS, we took into account the initial CO2 content in the air.

For determination of CH4 formation by anaerobic microorganisms, an aqueous glu-
cose solution was introduced into the vials with soil samples at the rate of 2.5 mg g−1,
hermetically sealed with rubber stoppers, fixed with clamps, purged with argon for two
minutes to remove O2, and after 24 h at 22 ◦C, the amount of CH4 formed was analysed.

2.4.3. Processes of the N Cycle

When measuring the RS, the intensity of N2O formation was evaluated under aerobic
conditions simultaneously with basal respiration. The potential activity of N2O formation



Agriculture 2021, 11, 1228 5 of 18

by denitrifiers was measured using by acetylene method, in which acetylene plays the role
of an inhibitor of nitrous oxide reductase [23]. As a result, N2O becomes the final and only
product of denitrification. To determine the potential activity of denitrification, we added
an aqueous solution of KNO3 (0.3 mg g−1) and glucose (2.5 mg g−1) to each vial. The vials
were hermetically sealed with rubber stoppers, fixed with clamps, and purged with argon
for two minutes to remove O2, after which 1 mL of acetylene was injected into each vial
with a syringe to inhibit N2O reductase. Vials were shaken sharply to distribute acetylene
over the entire volume of the soil. The accumulated N2O was measured after 24 h at 22 ◦C.

To determine nitrogen fixation activity, we introduced glucose (20 mg g−1) into 15 mL
vials 24 h before the measurement, and then closed it with cotton plugs. After 24 h of
incubation, the vials were hermetically sealed with rubber stoppers and 0.5 mL of acetylene
(C2H2) was added to the gas phase with a syringe. Nitrogenase, having a low specificity
with respect to the catalysed substrate, can reduce acetylene to ethylene. Therefore, the
nitrogenase activity was judged by the rate of ethylene accumulation, and measurements
were carried out after 2–3 h at 22 ◦C. The incubation time recorded for each vial was used
when calculating the nitrogen fixation activity in the soil. As a control, empty vials with
acetylene introduced into them were used. The nonspecific release of ethylene from the soil
was assessed by the accumulation of C2H4 during the measurement of BR and RS, taking
into account differences in incubation duration (differences in incubation time were taken
into account during calculations).

2.4.4. Computation of Additional Parameters of the State of Soil Microbial Communities

The ratio of RB/Rs was computed as shown below:
Carbon of microbial biomass (mkg C·g−1 of soil) [24]:

Cmb = 40.04 × RS (µL CO2·g−1 soil·h−1) + 0.37 (1)

The microbial metabolic coefficient qCO2 (µg C-CO2·mg−1 C·h−1) was calculated
as follows:

qCO2 = RB/Cmb (2)

2.4.5. Estimation of Prokaryotic Components in the Soil Microbial Complex by
Quantitative PCR (qPCR)

Total DNA extraction was performed from soil samples of 0.25 g using the PowerSoil
DNA Isolation Kit (MO BIO Laboratories, Inc, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. The fluorescent intercalating dye Sybr Green, which binds to double-
stranded DNA, was used. The total volume of the reaction mixture was 20 mL, DNA—1 mL,
Master mix—10 mL, forward primer—0.1 mL, reverse primer—0.1 mL, H2O—8.8 mL. The
master mix was the SuperMix SybrGreen Biorad preparation—concentrated buffer with de-
oxyribonucleotides, Sso7d-fusion polymerase, MgCl2, SybrGreen dye, and sstabilisers [23].
The primers used and their nucleotide sequences are presented in Table 1 [25,26].

Table 1. The DNA-specific primers used in this study.

Target Group of
Organisms/Gene

Primers
1—Forward;
2—Reverse

The Nucleotide Sequence of the Probe (5′-3′3′)

Archaea arc915f
arc1059r

AGGAATTGGCGGGGGAGCAC
GCCATGCACCWCCTCT

Bacteria Eub338
Eub518

ACT CCT ACG GGA GGC AGCAG
ATT ACC GCG GCT GCT GG

Protocol (temperature profile) for amplification was as follows: 95 ◦C for three minutes
and then 49 cycles of the treatment (95 ◦C for 10 s → 50 ◦C for 10 s → 72 ◦C for 20 s +
fluorescence detection). The program creates a melting curve at the gradient temperature
increase from 65 to 95 ◦C for 5 s per half a degree with fluorescence detection [27].
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The amplification reaction was carried out in a DTLite4 device (DNA Technology),
and the fluorescence intensity was measured at each cycle. Previously, the dependence
of the fluorescence intensity on the logarithm of the DNA concentration of the standard
samples was calibrated, according to which the DNA concentration of the samples was
determined using the CFX Manager software. Solutions of cloned fragments of the riboso-
mal operon Escherichia coli were used as standards for bacteria for the archaea FG-07 strain
of Halobacterium salinarum. We determined the DNA concentration of conservative sites
present in the genetic material and counted in the number of copies of these areas per gram
of soil for bacteria and archaea by the following equation:

A = 400 × Q, (3)

where A is the number of copies of the conservative section of DNA per gram of soil; Q is
the concentration of DNA in solution, calculated from the calibration graph program CFX
Manager; and 400 is a conversion factor derived from the initial mass and manipulations
with the DNA sample extracted from soil.

2.4.6. Statistical Processing of Results

Statistical data were processed (ANOVA, variance analysis) with the aid of the Statis-
tica 10.0 (StatSoft, Hamburg, Germany) software. In ANOVA, the following factors were
selected: (1) type of use to differences between field and background; (2) the depth of
horizons. In the variance analysis, the Duncan test (p = 0.05) was selected to determine the
significant differences between sample averages of indicators. The points for which none of
the pairs of average values of the indicators in upper horizons differed significantly were
combined into homogeneous groups. Graphical representation of the obtained results was
carried out using Microsoft Excel 2010 (Redmond, WA, USA).

3. Results
3.1. Soil Properties
3.1.1. Natural Soil Properties and Classification

The soil profile near the experimental field under natural grassland vegetation had a
moderately acid reaction that became strongly acid at a depth of more than 79 cm (Table 2).
Organic carbon concentration was not very high in the topsoil (16.6 g kg−1) but exceeded
10 g kg−1 in all soil horizons. Labile K and P concentrations were the highest in the Bo1
horizon at depths between 40 and 79 cm. Among the exchangeable cations, Ca was the
most abundant, followed by Mg. Cation exchange capacity was low and decreased with
depth, and base saturation varied between 66.6 and 80.1%. Non-silicate Fe concentration
extracted with DCB solution was high throughout the profile, with the highest values in
the Bo horizons. According to the World Reference Base for Soil Resources, the profile was
classified as Plinthic Ferralsol (Hypereutric).

3.1.2. Cultivated Topsoil Properties

The topsoil of the studied soil showed a strong spatial variation of properties. The
mean values for most soil characteristics were similar to those detected for the upper soil
horizon in the reference profile.

In general, the topsoil of the studied site was moderately acid, poor in organic carbon,
saturated with bases, and relatively rich in available P and exchangeable K. For tropical
Africa, this soil should be regarded as potentially fertile and suitable for multiple crops,
being in line with the previous studies at the experimental farm [17].
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Table 2. Some chemical properties of the profile of Plinthic Ferralsol (Hypereutric) and its surface horizons on the
experimental field.

Horizon,
Depth, cm OC pHH20 pHKCl P2O5 K2O Ca2+ Mg2+ K+ Na+ CEC BS Fed

g kg−1 mg kg−1 cmolc kg−1 %

Soil profile outside the field
Ap (0–20) 15.0 5.51 4.71 58.91 109.9 4.75 1.52 0.18 0.002 8.34 77.3 2.60

AB (20–40) 12.3 5.46 5.12 16.60 73.2 2.79 1.16 0.05 0.011 5.00 80.1 3.12
Bo1 (40–79) 12.0 5.11 4.93 10.50 63.8 2.23 1.12 0.04 0.005 4.64 73.0 3.42

Bo2
(79–104) 11.7 4.97 4.86 13.40 38.1 1.51 0.99 0.00 0.005 3.77 66.6 3.38

Surficial horizon of the soil on the experimental field (mean values, n = 11)

Ap (0–20) 14.4 ±
0.9

5.52 ±
0.20

4.84 ±
0.26

54.11 ±
43.98

128.27
± 58.13

5.10 ±
1.17

1.48 ±
0.20

0.26 ±
0.18

0.005 ±
0.003

8.09 ±
0.60

82.74 ±
13.34 -

AB (20–30) 13.2 ±
1.0

5.30 ±
0.61

4.97 ±
0.38

46.73 ±
42.96

94.30 ±
76.69

4.38 ±
3.03

1.37 ±
0.55

0.14 ±
0.13

0.010 ±
0.001

6.89 ±
2.81

81.63 ±
20.82 -

OC—organic carbon; CEC—cation exchange capacity; BS—base saturation; Fed—iron, extracted with Na dithionite-citrate-bicarbonate
solution.

3.2. Indicators of Biological Activity
3.2.1. Basal and Substrate-Induced Respiration

Basal respiration of soils on the territory of the experimental field ranged from
0.77 ± 0.04 to 1.90 ± 0.23 µg C-CO2·g−1·h−1 (Figure 2A). The decrease in RB with depth
is well described by a linear dependence (R2 = 97.2). The impact of land use on RB was
not significant (F = 3.5879; p = 0.0682). The intensity level of basal respiration changed
significantly only with depth (F = 36.1807; p = 0.000002). Substrate-induced respiration (RS)
in the upper layer of the Ap horizon in different parts of the experimental field ranged
from 3.31 ± 0.17 (point 7) to 7.84 ± 1.04 µg C-CO2·g−1·h−1 (point 3) (Figure 2B). RS also
did not differ significantly in the field and in the background soil (F = 2.5166; p = 0.12535),
and differences were revealed only with depth (F = 6.5127; p = 0.0162). On average, the
ratio RB/RS for the 0–10 layer of the experimental field was 0.29 (Figure 2C).

3.2.2. Microbial Biomass C Stock

The carbon reserves of microbial biomass in the upper part of the arable horizon of
the experimental field, calculated on the basis of these RS values (Figure 2B), averaged
403.7 ± 121.6 µg C·g−1 of soil (Table 3). The decrease in this indicator is expressed with
a depth inside the arable horizon from an average of 2.70% in the surface layer to 1.59%
in the 10–20 cm layer. The proportion of microbial biomass carbon from organic carbon
did not significantly differ in the field and the control soil (F = 3.76771; p = 0.0620) but
depended on the depth (F = 6.7681; p = 0.0145).

Table 3. Microbial biomass, µg C·g−1of soil.

Horizon Ap Ap AB Bo BC

Depth, cm 0–10 10–20 20–30 40–79 79–104

Mean for the experimental field 403.7 ± 121.6 217.8 ± 128.3 143.6 ± 36.7
Reference profile 193.2 ± 4.9 70.0 ± 8.4 60.7 ± 4.7 5.81 ± 1.0

3.2.3. Microbial Metabolic Coefficient qCO2

The background soil was characterised by very high values of the microbial metabolic
coefficient—from 7.44± 0.35 µg C-CO2·mg−1 Cmb·h−1 in the Ap horizon to 10.71± 1.72 µg
C-CO2·mg−1 Cmb·h−1 in the Bo1 horizon (Figure 3A). In the topsoil, the variation in qCO2
and related coefficients were high. It was remarkable that in most cases, qCO2 coefficient
was higher at the depths 10–20 and 20–30 cm depth than in the surficial soil layer.



Agriculture 2021, 11, 1228 8 of 18

Figure 2. Indicators of respiratory activity of the microbial community participating in Table 2.
(A)—basal respiration (RB), ng−1·h−1; (B)—substrate-induced respiration (Rs), ng C-CO2·g−1·h−1;
(C)—the ratio of basal and substrate-induced respiration. 1–8—points of the experimental field;
9—background soil. Homogeneous groups include those points for which the differences between
the averages are statistically insignificant.
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Figure 3. Relative indices of the functioning of microbial communities in the profiles of the back-
ground and soil of the experimental field: (A)—the metabolic coefficient of microbial communities,
qCO2; (B)—the proportion of carbon of microbial biomass from organic carbon, %; (C)—the ratio
of qCO2/Corg. Homogeneous groups include those points for which the differences between the
averages are statistically insignificant.

3.2.4. CH4 Production

Under the deficit of oxygen and the presence of readily available organic matter,
the rate of methane formation for the upper layer of Ap was only 0.88 ± 0.52 ng C-
CH4·g−1·day−1. Among the sampling points, there was variation in the depth of maximum
CH4 production. In points 4 and 7, as well as in the profile of the background soil, a decrease
in the activity of methanogens with depth was detected in a few cases. On the contrary,
in point 2 of the experimental field, there was a slight increase in methanogenesis activity
in the lower part of the arable layer. In general, the levels of CH4 genesis did not differ
at different points of the field with background (F = 0.1459; p = 0.7053) and with depth
(F = 0.2551; p = 0.6173).
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3.2.5. N2O Formation and Nitrogen Fixation Activity

The N2O emission from the upper layer in different parts of the experimental field
ranged from 1.53 ± 1.23 to 3.71 ± 2.15 ng N-N2O·g−1·day−1 and on average amounted to
2.79 ng N-N2O·g−1·day−1 (Figure 4A). In general, the level of N2O emission from the soils
of the experimental field was twice as high as in the background soil, where it reached only
1.02 ± 0.19 ng N-N2O·g−1·day−1. This indicator distinguished the entire arable horizon of
the field soils (i.e., 0–20 cm) from horizon A of the background soil (F = 5.4423; p = 0.0268).
Nevertheless, ANOVA showed no difference in actual N2O emission with depth between
the field and background (F = 0.7115; p = 0.4059). The exception was the SE part of the
field (point 8), where the formation of nitrous oxide was almost not recorded. This spatial
pattern most probably depends on the history of land use, especially on the non-uniformity
of application of fertilisers.

The vertical pattern of N2O emission in different parts of the field differed. Thus, in
one point, located in the northern part of the field, the intensity of N2O formation was
the highest in the upper part of the arable horizon and decreased down the soil profile.
In the centre of the field (point 4), the production of N2O in the upper part of the Ap and
the horizon AB was the same. In the reference profile and at point 7, the maximum N2O
emission was shifted to the lower horizons (Figure 4A). The maximum N2O production
level of 5.81 ± 2.29 ng N-N2O·g−1·day−1 was detected in the lower part of the reference
soil profile in the deepest horizon BC, which showed microbiological penetration to the
subsoil layers.

With the simultaneous introduction of C in the form of glucose and N in the nitrate
form into the soil, the potential denitrification activity increased by orders of magnitude in
most soil samples (Figure 4B). A more pronounced reaction of denitrifiers was registered
throughout the entire depth of the arable horizon of the experimental field but not in
the profile of the reference soil. In the reference soil, the potential denitrification activity
reached 745 ± 98 ng N-N2O·g−1·h−1 in the upper horizon. The arable layer was similar
in most of the field, except for the points 2 and 3, where it was almost twice higher than
in the other points and reached 1160–1180 ng N-N2O·g−1·h−1. Still the levels of potential
N2O production turned out to be similar in the field soil and the reference soil (F = 1.0658;
p = 0.3104) and by depth (F = 0.5019; p = 0.4843).

The nitrogenase activity varied in different parts of the experimental field. Extremely
high activity of nitrogen fixators was detected in the roadside part of the experimental field
at points 1, 2, and 3 (Figure 4C). A decrease in the activity of nitrogen fixation with depth
was noted at point 2. In the rest of the field (points 4–8) and the background soil profile, the
nitrogenase activity of the soils was low or completely absent. Thus, the levels of potential
activity of nitrogen fixation did not differ in the field soil and the reference soil (F = 1.0658;
p = 0.3104) and by depth (F = 0.5019; p = 0.4843).

3.2.6. The Number of Copies of Genes of Prokaryotes

The number of copies of bacterial genes varied significantly depending on the sam-
pling points and the depth of the soil horizon. The highest values were recorded for
samples of the upper horizons of points 1 and 2: the number of copies of bacterial genes in
the upper horizons were (3.52 ± 0.8) × 108 and (3.30 ± 0.7) × 108 copies·g−1, respectively
(Figure 5A). At points 2 and 7, the number of bacteria decreased with depth (Figure 5A).
On the contrary, at point 4, an increase of an order of magnitude in the number of copies
of bacterial genes in the subsurface layer of 10–20 cm was registered. In the background
soil, the number of copies varied from (0.19 ± 0.02) × 108 to (0.68 ± 0.06) × 108 copies·g−1,
but the maximum content of bacterial genes was detected in the deepest horizon Bo2. The
number of bacterial genes varied significantly with depth (weighted means current effect:
F = 24.7450, p = 0.00002).
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Figure 4. Indicators of the activity of the microbial community involved in the transformation of
nitrogen in soils of the experimental field. (A)—the formation of N2O during the moistening of soil
samples; (B)—the potential activity of denitrification during the introduction of glucose and nitrates;
(C)—the potential activity of nitrogen fixation. Homogeneous groups include those points for which
the differences between the averages are statistically insignificant.
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Figure 5. The number of copies of genes in the background and soils of the experimental field:
(A)—bacterial; (B)—archaeal. 1–8—points of the experimental field; 9—reference soil. Homoge-
neous groups include those points for which the differences between the averages are statistically
insignificant. Vertical bars denote 0.95 confidence intervals.

In the reference profile, the content of copies of the archaea genes was low, from
(0.10 ± 0.01) × 107 to (0.29 ± 0.01) × 107 copies·g−1 of soil with a maximum in the middle
part of the profile. The number of copies in the soils of the experimental field varied widely,
from (0.10 ± 0.01) × 107 to (11.85 ± 1.20) × 107 (Figure 5B). Notable contents of archaea
genes were found at points 1–3, while at the other points, the number of these genes was
much lower. The impact of land use on the number of bacterial and archaeal genes was not
significant (F = 1.0734; p = 0.0514).

3.2.7. ANOVA for Microbial Processes

Multivariate analysis of variation (ANOVA) was performed, using as grouping vari-
ables the depth of sampling and the location of the soil on or outside the field, whereas
independent variables were the values of microbiological activity. The Rs, RB, CH4 emis-
sion; qCO2/Corg, Cmb/Corg, N2O emission; and N2 fixation activity were taken into account.
The differences between the horizons were significant (Wilks lambda = 0.28478; F = 6.9065;
p = 0.000147), while there were no differences between the field and the background (Wilks
lambda = 0.5446; F = 2.3000; p = 0.5833).

ANOVA for individual microbial processes (the emission of CO2 and CH4, and activity
of N2 fixation) did not reveal differences between the field and the background. Only in
the upper part of the arable horizon (0–5 cm) was a significant (p < 0.05) increase in Cmb
observed in the field, along with a decrease in qCO2. Moreover, we detected a difference
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in the intensity of the actual emission of N2O under different types of land use, as was
shown above.

4. Discussion
4.1. Chemical Parameters of the Habitat of the Soil Microbial Pool

In the process of assessing the biological potential of soils and the rates of ongoing
processes, it is essential to have an idea of the physical and chemical parameters of the
habitat of microorganisms. As mentioned above, the main soil characteristics corresponded
to that previously reported for the study area that indicate favourable conditions for most
crops [17], although Kabanyolo farm was reported to receive an excess of N-containing
fertilisers [28]. Physical properties of the farm were reported to be unfavourable for soil
biota [29]: on the one hand, infiltration rates of the topsoil were low, resulting in anaerobic
conditions in the upper part of the arable layer [30]. On the other hand, this layer dried
out during the rainless period, negatively affecting biological activity [19]. The periods of
excessive moisture were also evidenced by some redoximorphic features in the soil profile.
Both excessive and insufficient moisture in the surficial layer may have been responsible
for the inverse vertical distribution of indicators of biological activity such as metabolic
coefficient with depth at some sampling points, e.g., the in topsoil at the points 2, 4, 7, and
9 where the surficial layer exhibited lower values than deeper soil horizons.

The presence of organic matter is of paramount importance for the functioning of
the soil microbiome. In the studied soils, the average content of C in the root layer and
down to 50 cm was 1.36% (Table 2). For African equatorial conditions, this value of organic
C content may be considered moderate [31–33]. According to the findings of Musinguzi
et al. [34], the optimal SOC concentration in the topsoil of Uganda’s tropical savanna lies
between 1.9 and 2.2%. The presence of organic compounds at a depth revealed in the study
may affect the distribution of the number of microorganisms.

In the studied soils of the experimental field, high content of available phosphorus
(Table 2) was revealed in the surface horizon due to regular fertilisation of the soils of the
experimental field. This level of provision of the root layer with phosphorus is considered
to be high [35]. This factor might have an additional stimulating effect on the development
of both soil microorganisms and plants. The high level of exchange bases also contributed
to the soil fertility of this area; at the same time, the degree of potassium saturation in the
soil of the experimental field is insufficient and uneven (Table 2).

4.2. Participation of the Soil Microbiome in the C Cycle

Little is known about the respiration of agricultural soils in Uganda. Most of the results
available for Africa deal with soils under different climatic conditions; for semi-arid soil in
Mali, the reported results both for RB and RS were several times higher, while the microbial
biomass C concentration was more than 10 times lower than in the present study [36].
Calculations show that at this level of CO2 emissions, the annual carbon losses resulting
from microbial respiration from the arable horizon of the considered agrocenosis are at
least 31.1 t ha−1. Consequently, continuous application of organic fertilisers is required to
compensate for the loss of organic C from the soil.

With the additional intake of organic substances, the respiration intensity in the soils
of the experimental field increased by 3–4 times as expected (Figure 2B). The increase in
substrate-induced CO2 emission from the samples of the experimental field can be esti-
mated as high and significantly higher than in the background soil, where the introduction
of organic substances did not show such a stimulating effect. Thus, on the one hand, this
indicates an insufficient content of available organic matter in the soil of the experimental
field for the full functioning of soil organisms; on the other hand, it shows a high potential
activity of the soil microbiome of this farmland.

The values of soil microbial biomass correspond well with the data obtained for
similar bioclimatic conditions in India [37] and Ghana [38], calculated on the basis of Rs
data (Figure 2B, Table 3), indicating the availability of soil organic carbon and, in general,
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favourable conditions for the functioning of the microbial community. High values of
the metabolic coefficient qCO2 (Figure 3A) indicate high energy costs for maintaining the
vital activity of microorganisms due to adverse effects, which include deep ploughing and
intensive use of mineral fertilisers [39].

The qCO2/Corg ratio (Figure 3C) characterises the efficiency of using soil organic
matter by microorganisms, and high values indicate low efficiency [39]. It is shown that the
ploughing of virgin soils contributes to an increase in the indicator, while the application
of nitrogen fertilisers reduces it. On the studied soils, lower values of qCO2/Corg were
observed under arable land compared to the background soil. High values of the metabolic
coefficient qCO2 (Figure 3A) indicate high energy costs for maintaining the vital activity of
microorganisms due to adverse effects, which include deep ploughing and intensive use
of mineral fertilisers [22,40]. It is also known that the metabolic coefficient can decrease
during the soil or biological successions [22], and for soils of stable ecosystems, take values
2–4 or lower [41]. This level of qCO2 was obtained for the upper layer of the arable horizon
almost throughout the field. At the same time, qCO2 sharply increased with the depth. A
decrease in qCO2 in the arable layer due to ploughing has been reported previously [42].

In general, there was no significant difference between the reference profile and the
soils of the experimental field in the indicators related to the C cycle in soils. We consider
that the existing system of soil management does not affect soil health significantly.

In the process of transformation of C-containing compounds, as a result of the activity
of the soil microbial community, under a number of conditions, methane can be formed—a
greenhouse gas that is significantly more active than carbon dioxide. The ability of the
studied soils to form methane is estimated as weak.

4.3. Participation of the Soil Microbiome in the N Cycle

Nitrous oxide, N2O, the strongest and longest-lived greenhouse gas, is formed in
soils as a product of the microbial transformation of nitrogen compounds, denitrification
processes, and autotrophic and heterotrophic nitrification, etc. In general, the level of
N2O formation in the soil of the experimental field is low. However, it is the actual
emission of N2O from wet samples that is a process that significantly changes as a result
of ploughing and determines the difference between the field and the background. This
phenomenon indicates a more significant loss of nitrogen during ploughing. The highest
activity of denitrifiers was detected in the lower part of the reference soil profile at a depth
of 79–104 cm (Figure 4A). The minimum biological activity of all other processes was noted.

The introduction of glucose, which allows for assessing the microbial potential of
gaseous nitrogen losses from the soil when additional, organic substances were received,
caused an increase in N2O production (Figure 4B). Thus, the intake of fresh organic matter
can cause significant N2O emission into the atmosphere from these soils if the maximum
accumulation of organic substrates due to ploughing and other measures is shifted from
the upper horizon to the lower, sub-arable part of the profile. The availability of nitrogen
compounds also limits the intensity of nitrous oxide release from soils. The obtained data
should be taken into account when planning the application of organic fertilisers. It is
possible that composting would be an option for decreasing the rate of climatically active
gases release from soil.

The calculation shows that the balance between the processes of nitrogen intake
(nitrogen fixation) and its losses (denitrification) turned out to be negative for the studied
farmland: at least 0.93 kg ha−1 of nitrogen can be lost annually only in the form of N2O
from the upper arable 20 centimetre soil layer. This value may increase due to the activation
of denitrification when fresh organic matter and nitrogen-containing substrates enter the
soil, as well as waterlogging in wet seasons. Unfortunately, the loss of N to the atmosphere
is an inevitable consequence of soil management, which should be included in the overall
balance of climatically active gases in agriculture.
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ANOVA showed that nitrogen loss increased in the experimental field compared to
the reference profile. We ascribed this phenomenon to the intensification of oxidation of
organic matter due to ploughing.

4.4. The Number of Copies of Prokaryotic Genes (Bacteria and Archaea)

The comparison of the number of copies of bacterial genes in the upper arable horizons
of various sections of the experimental field showed strong heterogeneity of the distribution
of procaryotic organisms at the experimental field. There were two provisional clusters of
field sections: with a high content of copies (1.62 × 108–3.52 × 108 copies·g−1 of soil), and
the other with lower concentration (0.10 × 108–0.69 × 108 copies·g−1 of soil) in the other
parts of the experimental field. The registered increase in the number of copies of bacterial
genes in a layer of 10–20 cm in the centre of the experimental field corresponds with the
respiratory activity of the soil microbiome (Figure 5A). Moreover, in the reference soil,
the maximum content of bacterial genes was detected in the deepest horizon Bo2, which
corresponds with the detected increase in denitrification activity and, accordingly, the
intensity of N2O formation (Figure 4A). A similar situation was observed when estimating
the number of copies of archaea genes. It means that in tropical soils, biological activity is
not limited to the topsoil. Deeper layers may be involved in the biochemical processes in
these soils.

For the topsoil, the obtained results were close to the data reported for arable Luvisols
and Acrisols in Zambia [43]. Comparing the number of copies of bacterial genes in the
studied soils of the MUARIK (Figure 5A) with similar values for the soils of temperate areas
showed that the studied samples were closest to Retisols and were an order of magnitude
inferior to the values characteristic for soils richer in organic matter such as Phaeozems
and Chernozems [44].

4.5. Soil Biological Indicators and Fertilisers

Tropical strongly weathered soils are generally poor in nutrients and thus require the
application of fertilisers [1]. The topsoils of the studied soils in Kabanyolo were relatively
rich in P and K, indicating that fertilisers were used at the study site. This explains the
satisfactory mean level of soil health indicators. However, the difference in P and K levels
within the sampling site was large (Table 2), which may have resulted from the non-uniform
application of the dressing. Although we did not find correspondence between K and P
levels and biochemical and microbiological indicators, we expect that relatively high levels
of nutrients have a beneficial effect on soil health through enhanced plant growth.

This particular study did not imply an active experiment with the application of
fertilisers, and thus cannot be regarded as evidence of the effect of fertilisers on soil
biological activity. However, the indirect impact of the use of urea and DAP on soil
biochemical properties may be detected in the soils under study. Spatial heterogeneity
of soil properties could be attributed to the non-uniformity of application of fertilisers,
which is a function of management approaches on the farm. Moreover, in the past the
field was divided into several experimental plots that received different doses of fertilisers.
Relatively low doses of nitrogen and phosphate applied still regulate the spatial pattern
of the microbiological activity in soils. The increase in soil biological indicators values
is definitely associated with higher amounts of fertilisers, while background soil health
characteristics are low in tropical soils. Further research is needed to understand better the
effect of fertilisers on soil health in tropical environments.

Many studies [2,3,17,19] stress the critical role of soil organic matter in Africa in sup-
porting soil biological activity and biodiversity. In this respect, the use of organic fertilisers
should be recommended. Ideally, an integrated system that includes crop rotation and inte-
grated use of organic and mineral fertilisers should be promoted in African agriculture [4].
The deficit of manure and high mineralisation rates under a hot tropical climate may be
limiting factors for using organic fertilisers.
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5. Conclusions

On the basis of a detailed study, we are able to conclude that the studied soils were
characterised by the not very high metabolic activity of the soil microbial pool. Basal
respiration and substrate-induced respiration of soils, the C reserves of microbial biomass,
the N2O emission from the upper layer of soil, and the potential denitrification activity
were similar to the few results reported for other tropical regions of the world, including
sub-Saharan Africa. The number of copies of bacterial genes was in the same order as
the values reported for arable soils in Zambia. For the microbial pool to be activated and
maintained at a high metabolic level, a complex system of reclamation and the introduction
of potash and organic fertilisers is required.

Nevertheless, the use of organic fertilisers may have a negative effect on the carbon
footprint of tropical agriculture. In our case, annual carbon losses due to microbial res-
piration in ploughed soils can be more than 30 t ha−1 when applying organic fertilisers,
and nitrogen losses due to denitrifications, especially in wet periods of the year, can reach
several t ha−1. Nitrogen losses were higher at the ploughed experimental field than in the
intact reference profile. The resulting negative balance of carbon and nitrogen should be
considered when selecting schemes for agrotechnical maintenance of these agricultural
lands to preserve soil fertility and ensure favourable conditions for the functioning of the
microbiome that ensures soil fertility.

Soil cultivation did not affect most of the biological indicators of soil condition. The
only indicator that showed an expressed reaction on ploughing was N2O emission, which
was much higher on the cultivated field than in the control soil.

Biological indicators are potentially useful for soil studies, and future research in
Africa may be focused on their application to estimate soil biological parameters of using
fertilisers or not in order to see differences in soils at high and low yield parameters, or to
see annual variability in biological activity.
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