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Abstract: In sub-Saharan Africa, urban market gardening is characterized by the intensive
use of chemical inputs, which could have adverse effects on soil health. This study therefore
aimed to assess the impact of urban market gardening on soil health. Topsoil samples
were collected from 69 plots at a market gardening site in Bobo-Dioulasso, Burkina Faso,
with cultivation histories ranging from 0 to over 50 years. Twenty-six chemical, biological,
and physical soil properties were analyzed. Principal component analysis was used to
identify minimum data sets for the assessment of soil health. The selected variables were
standardized and aggregated into two soil health indices on a scale from 0 to 100: an overall
index based on all properties combined and an average index based on the mean of the
biological, physical, and chemical components of soil health. Both indices revealed a clear
improvement in soil health over time, with the overall index rising from an initial value
of 0.35 to 0.64 after 60 years and the average index rising from 0.30 to 0.62. The average
index, which enables the separate assessment of its three components, accounted for a
greater share of the temporal variability (R? = 0.59) than the overall index (R? = 0.47). These
findings highlight the positive impact of urban market gardening practices on soil health at
the study site, which was attributed to the large additions of organic amendments.

Keywords: soil organic matter; West Africa; vegetable crops; soil health index

1. Introduction

Soil health is defined as “the continued ability of soil to function as a vital living
ecosystem that supports plants, animals, and humans” [1]. Given that human interventions
such as land use changes or soil management practices alter soil properties, monitoring
soil health is essential for sustainable land management [2,3]. The use of soil health
indices (SHIs) has been proposed for this purpose. In addition to helping farmers to assess
the impacts of new agricultural practices, these integrated SHIs allow researchers and
policymakers to evaluate policy decisions and measure progress towards sustainable soil
management [4].

Although changes in land management may already translate into changes in soil
health after a few years, such short-term monitoring is often insufficient to assess the full
extent of changes in soil health, which may require several decades. Several studies around
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the world have assessed the impact of cropping practices on soil health in the long term.
For example, Ref. [5] demonstrated that a crop rotation system involving soya and maize
alongside perennials and cover crops, combined with no-till farming, improved soil health
by between 32% and 49% after 21 and 36 years of cultivation, respectively, in two regions of
Canada. After 30 years of farming, the use of organic amendments promoted improvements
in the number of earthworms, soil organic matter content, and aggregate stability in China
and Europe [6]. In Switzerland, the use of farmyard manure over 37 years led to the annual
accumulation of 4.4 mg/kg of soil carbon, improving microbial activity compared to mineral
fertilization [7]. In Burkina Faso, 30 years of continuous cotton and cereal production
negatively affected the main chemical characteristics of the soil (carbon, nitrogen, and
phosphorus content; exchangeable bases; and cation exchange capacity), but recycling
crop residues into compost or farmyard manure slowed this chemical degradation [8]. A
meta-analysis focusing on vegetable cropping systems in Europe and America revealed that
alternative management practices, such as soil amendments and the incorporation of cover
crops, generally enhance the physical, chemical, and biological components of soil health
without adversely impacting vegetable yields compared to conventional management
practices [9].

In contrast to most cereal and tuber production systems in sub-Saharan Africa, which
are implemented under low-input rainfed conditions, vegetable production is largely
carried out under high-input irrigated conditions, especially in urban areas [10-13]. This
places high demands on maintaining and improving soil [14]. However, the assessment of
the sustainability of these production systems has often been limited to measuring plant
biomass and yields and assessing a limited number of soil properties. In particular, to
the best of our knowledge, the long-term effects of horticultural practices on soil health
in sub-Saharan Africa have not been documented, although these production systems
are of great concern because of their heavy reliance on pesticides and fertilizers and their
frequent use of urban waste and polluted irrigation [12,13,15-17]. Therefore, there is a
need to assess the impact of vegetable production practices on the health of urban garden
soils in sub-Saharan Africa in order to guide appropriate actions and policies to ensure the
sustainability of these production systems.

According to research [18], soil quality should ideally be assessed by monitoring
indices of soil functioning. While such indices would best reflect the health of a soil, they
are time-consuming to determine and require knowledge of reference values, which are
difficult to obtain as they may vary according to the geographical area and objectives.
Consequently, simpler methods have been developed for more routine use. In the study
in [19], a robust statistical approach was proposed that involves selecting a minimum set
of soil health data, normalizing the scores, and calculating a global soil health index. This
framework has been widely adopted [20-24]. Given that sustainable soil management is
more critical than ever in sub-Saharan Africa, and given the lack of long-term monitoring
studies of urban garden soils, the objective of this research was therefore to assess the short-
and long-term impacts of market gardening on soil health in sub-Saharan Africa.

2. Materials and Methods
2.1. Description of the Study Area

The 60 ha Kuinima market garden area (11°09'21.46" N; 4°14'46.72" W), located in
Bobo-Dioulasso, was chosen for the study. Bobo-Dioulasso is the second-largest city in
Burkina Faso, and the Kuinima site is the second-largest market garden site in Bobo-
Dioulasso (Figure 1). Rainfall varies between 800 and 1200 mm (May—October), which is
typical of the Southern Sudanese climatic zone.
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This site was selected because it is one of the most important vegetable gardening
sites in Bobo-Dioulasso. In addition, the site includes plots that have been managed for
a wide range of durations, from 0 to over 50 years. Finally, the topography is quite flat
(altitude between 441 and 478 m). An auger survey followed by the characterization of soil
pits revealed a fairly homogeneous soil of the lixisol type [25].
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Figure 1. Location and duration of cultivation of the sampled vegetable plots within the Kuinima site
of Bobo-Dioulasso [26].

2.2. Field and Soil Sampling

Sixty-nine plots were sampled to cover a range of cultivation histories from
0 to >50 years (Figure 1). This was made possible by a prior investigation of the age and
history of the fields based on farmer surveys. The plots were selected so as to be widely
dispersed throughout the study area (Figure 1). Plots used as controls were those that had
never been used for market gardening. Some of them had been used for rainfed annual
production (Figure 1). Plots cultivated for more than 50 years were arbitrarily considered as

60 years old.
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In each of the 69 plots, a subplot with homogeneous land cover and management was
selected for soil sampling [26]. Then, in each subplot, five soil samples were taken from the
0-15 cm topsoil layer following the two diagonals. These samples were mixed to form a
single composite sample and taken to the laboratory for chemical and biological analyses.
For physical analyses, undisturbed soil samples were collected with 100 cm® Kopecki rings
at 4 random points per subplot between 5 and 10 cm depths. These samples were collected
at least 2 weeks after the last tillage or weeding operation. As physical characterization
is very time-consuming, this was performed in 18 out of 69 fields spanning across the
full range of cultivation durations. Additional details regarding the site and sampling
methodology can be found in [26].

2.3. Analysis of Soil Samples
2.3.1. Soil Texture and Chemical Parameters

The soil samples were shade-dried and then sieved using a 2 mm sieve. After the
destruction of the soil organic matter and dispersion with Na-hexametaphosphate, a
particle size analysis was performed using the wet sieving technique (particles > 50 pm)
combined with sedimentation (particles < 50 um). Electrical conductivity and the soil
pH were measured in a soil/water suspension with a ratio of 1:2.5. Nitrogen (Ntot) and
total carbon (Ctot) were measured using a Variomax dry-burning CN analyzer (Elementar
Analysensystem GmbH, Frankfurt, Germany). Available phosphorus was measured by the
Bray-1 method [27]. Exchangeable cations and the cation exchange capacity (CEC) were
determined after the saturation of the exchange complex with a 1 M ammonium acetate
solution (pH 7). Further details of the chemical analyses can be found in [28].

2.3.2. Enzymatic Activity

Enzymatic activity was measured through the colorimetric analysis (Genesys 20 spec-
trophotometer, Thermo Fisher Scientific, Waltham, MA, USA) of the products released by a
given enzyme after incubation in an appropriate substrate under standard conditions. For
the determination of betaglucosidase activity, the method described in [29] was used. It
consists of using a para-nitro-phenyl-8-D-glucopyranoside substrate with an incubation
time of 2 h at 37 °C. Urease activity was determined under standard conditions (2 h at
37 °C) [30], using 2 M urea as a substrate. Acid phosphatase activity was measured using
15 mM p-nitrophenyl phosphate as a substrate in a modified universal buffer (MUB) under
conditions of pH 6.5, incubated for 1 h at 37 °C [31]. The activity of fluorescein diacetate
(FDA) was quantified with an FDA substrate, incubated for 1 h at 30 °C, according to the
method described in [32].

Enzymatic activity values were expressed in micrograms of product per gram of dry
soil per hour. Specific enzymatic activity values per unit of SOC or per unit of microbial
biomass carbon were also calculated. For each field, the geometric mean of enzymatic
activity (GME) was evaluated [33].

2.3.3. Biochemical Activity

Soil microbial biomass carbon (MBC) was measured on dry soil samples using the
chloroform fumigation method, followed by the KClI extraction of alpha amino acids [34].
The amino N-alpha content was determined by the colorimetry of the amino-ninhydrin-
alpha nitrogen complex using a Technicon (Seal-Analytical, Mequon, WI, USA) Auto-
Analyzer 3 QuAAtro AQ 2. The amino N-alpha content of microbial biomass was obtained
by subtracting the amino N-alpha content of fumigated samples from that of non-fumigated
samples. The MBC content (pg g ! dry soil) was obtained after multiplication by a factor of
21 [35]. The microbial quotient (Qmic) was evaluated as the ratio between the MBC content
and Ctot [36].
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Mineral NH;* and NO3 ™~ content was measured simultaneously by continuous-flow
colorimetry after extraction with KCl on non-fumigated dry samples using a Technicon
(Seal-Analytical) Auto-Analyzer 3 QuAAtro AQ 2. Mineral N (Nmin) was obtained by
summing the N-NH4* and N-NO3 ™~ content.

Basal soil respiration (ug C-CO, g~! h~! soil) was determined using a gas chromato-
graph (MTI Analytical Instruments P200, Richmond, CA, USA) equipped with a thermal
conductivity detector. Dry soil samples were re-wetted to 80% of their water holding
capacity and then stored in tightly sealed vials. The CO, concentration was measured at the
beginning and the vials were incubated in an oven at 28 °C (£0.5 °C). CO, measurements
were then taken at least once a day every 24 h for 7 days. The metabolic quotient (QCO;;
ug C-CO;, per ug MBC) was obtained by dividing the basal respiration by the MBC [33].

2.3.4. Soil Physical Properties

Bulk density was calculated by dividing the dry solid mass (after drying at 105 °C for
48 h) by the sample volume (100 cm?). The retention curve was determined in the laboratory
using an Eijkelkamp® sand-kaolin box and a pressure plate apparatus on undisturbed (for
absolute suction head Ih| <5 m) and disturbed (for 10 m < |h| <150 m) samples.

Macroporosity was calculated as the difference between the total porosity and the
water content at h = —100 cm suction head, corresponding to pores >30 um in diameter.
Porosity & (m?/m3) was calculated as follows:

[l
e=1 0. 1)
where pb is the bulk density (kg/m?) and ps is the particle density (kg/m?). The particle
density was estimated as a function of the clay and SOC content using the regression
equation proposed in [37].

The plant available water capacity was estimated by subtracting the volumetric water
content at the permanent wilting point (pF = 4.2) from the volumetric water content at
h = —100 cm (pF = 2). The saturated hydraulic conductivity (Ks; m/s) was determined on
100 cm? undisturbed soil samples using an Eijkelkamp® constant head permeameter in
the laboratory.

2.4. Evaluation of the Soil Health Index

The methodology of [19] was used in the present study to calculate the soil health
index (SHI). This involves three main steps [38]: (i) the identification and selection of a
minimum data set (MDS) of indicators to reduce data redundancy, (ii) the transformation
of the selected indicators into scores, and (iii) the integration of the indicator scores into a
comparative SHI. To select the MDS, standardized principal component analysis (PCA) and
Pearson correlation tests were performed on all indicators [38]. Only principal components
(PCs) with eigenvalues > 1 and explaining at least 5% of the total variability were consid-
ered [19,39]. At the level of each PC, only those factors whose absolute load values did
not exceed 10% of the highest factor load were considered as key indicators [19]. If several
indicators were retained in a PC with this approach, the Pearson correlation coefficient
was used in order to verify the strength of the correlations between the indicators [40].
Whenever the correlation coefficient between two variables was >0.6, only the most highly
weighted indicator was used [19,39].
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Following the selection of the MDS of indicators, a non-linear scoring function was
used to transform the soil indicator values into scores ranging from 0 to 1. A sigmoidal
function was used for this purpose (Equation (2)). Equation (2) has been widely [19,40—-42].

s=— 1 2

(1+(50)")

where S is the score of observation x for a given soil indicator, x is the indicator value, and
x0 is the mean value of the soil indicator. Using the mean value ensures that the sigmoidal
curve is centered on a normalized value of 0.5. b is the slope value of the equation. In the
absence of site-specific slope values, values of —2.5 were used for a “more is better” curve
(for most variables) and +2.5 for a “less is better” curve (i.e., electrical conductivity, C/N
ratio, BD) [40-42].

Finally, the SHI (Equation (3)) was calculated using the indicator score and weight
values as follows [19,40-43]:

SHI=Y " SixWi 3)

where Si is the indicator score calculated by Equation (2) and n is the number of indicators
selected in the MDS. Wi is the weighting factor of the selected soil indicators, which was
determined as follows. For each PC, a weighting factor was estimated by considering the
ratio of the percentage of variance explained by the PC to the total variance explained by
all PCs with eigenvalues > 1 [19]. If only one variable was retained for a given PC, the
weight of the variable was set equal to the weight of the PC.

If multiple variables were retained for a given PC, then the weight of each variable
was considered equal to the weight of the PC divided by the number of variables retained,
i.e., variables within a PC were weighted equally, ensuring that the sum of all weighting
factors = 1. When multiple variables were retained within a given PC, adjusting the weight
of each variable by the strength of its correlation with the PC was considered but not imple-
mented because, due to the criteria used for variable selection, the correlation coefficients
between the variables and the PC were necessarily similar (less than 10% deviation; see
above). In addition, other previous studies have also used fixed weights for all variables
retained in a given PC [19,41].

Using the methodology described above, we used two approaches to determine the
MDS and calculate the SHI. The first approach was to perform separate PCAs for chemical,
biological, and physical properties and then calculate the average of the chemical, biological,
and physical SHIs (hereafter referred to as the mean SHI (SHImean)). The second approach
was to calculate a global SHI by performing a single PCA on all indicators (SHIgjopa1). Both
SHIs were calculated for the 18 fields for which the data sets were complete.

2.5. Statistical Analysis

Correlations between soil indicators were evaluated using the Pearson correlation
test. Normalized principal component analysis (PCA) and other statistical analyses were
performed using the XLSTAT software (2017 version). Descriptive and regression analyses
were performed to describe soil characteristics and to analyze changes in soil health over
time, respectively.

3. Results
3.1. Soil Chemical, Biological, and Physical Properties

The soil texture at the Kuinima site is predominantly sandy loam (Table 1). The total
carbon content varied widely from low (0.5%) to very high (3.4%) (Table 1). The same trend
was observed for Ntot. The CEC varied between 3.4 and 17.6 cmol, kg~! and the sum
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of exchangeable bases between 2.4 and 17.1 cmol, kg~!. The available phosphorus also
varied widely, from 21.3 to 169.3 mg kg~ !. The pH values were, on average, close to neutral
(mean = 6.6). Only three plots had a pH < 5.5. The soils were not saline (EC < 255 uS cm™1).

Table 1. Selected chemical, biological, and physical characteristics of the market garden fields.

Characteristic =~ Variable Unit Min Max Median Mean St.Dev. CV n
Ctot gkg! 55 34.7 195 187 7.1 038 69
Ntot gkg! 0.56 2.55 1.44 1.46 0.5 034 69
_ pH - 5.0 7.6 6.6 6.6 0.58 0.09 69
Chemical SBE cmol kg ! 2.4 17.1 6.8 6.8 2.6 0.38 69
CEC cmol kg ™! 34 17.6 105 105 35 033 69
P Bray mg kg~! 21.3 169.3 53.3 62.3 314 050 69
EC uScm~1 17 255 95 101 44 044 69
Ef;f‘f;:e ugg lh-1 11.0 66.5 33.1 343 11 032 69
Phosphatase  pg g~ h~! 57.0 280.0 179.0 177.9 57.8 032 69
FDA ugg th! 50.9 217.9 142.0 1423 36.5 026 69
Uréase ngg 'h! 175.0 830.1 4455 436.2 1458 033 69
L GME ngg 'h! 64.6 212.4 139.6 137.3 33.1 024 69
Biological Resp ugg 'h! 0.39 198 1.00 0.99 031 031 69
MBC g, g(;é 12.0 114.0 43.0 48 199 041 69
Hg LUs
Qco, wg I MBCh-! 0.005 0.08 0.02 0.03 0.02 067 69
NH,* ugg ! 2.0 41.2 2.8 6.3 7 111 69
NO;~ ng g ! 9.5 114.8 39.2 418 214 051 69
Nmin/Ntot ~ mgg~? 1.55 8.53 3.06 3.02 1.2 040 69
C/N - 9.6 159 12.7 12.8 1.7 013 69
Qmic mg g ! 0.59 9.90 2.74 291 1.64 056 69
Clay % 8 23 11 12 31 026 69
Silé % 8 16 12 13 1.8 014 69
Sand % 64 82 76 75 3.6 0.05 69
Physical BD gem3 1.05 1.34 113 116 0.08 007 18
PAWC % 14 26 21 21 3 014 18
Macpo % 22 37 29 29 4 014 18
Ks ms! 24x107% 43x107° 12x107° 15x107° 11x107° 073 18

Min = minimum; Max = maximum; St.Dev. = standard deviation; CV= coefficient of variation; n = number
of observations; Ctot = total organic carbon; Ntot = total nitrogen; SBE = sum of the exchangeable bases;
CEC = cation exchange capacity; P Bray = available P (Bray-1); EC = electrical conductivity; FDA = fluorescein
diacetate; GME = geometric mean of enzyme activity; Resp = basal respiration; MBC = microbial biomass carbon;
Qco, = respiratory quotient; Nmin/Ntot = mineral nitrogen/total nitrogen; Qmic = microbial quotient; BD = bulk
density; PAWC = plant available water capacity; Macpo = macroporosity; Ks = saturated hydraulic conductivity.

Enzymatic activity varied considerably among the plots. Betaglucosidase ranged
from 11 to 66.5 pg g~ ! h™!, with a mean of 34.3 ug g~! h™!. Phosphatase had values
between 57 and 280 pg g~ ! h™!, with a mean of 177.9 pg g~ ! h~! (Table 1). FDA activity
ranged between 50.9 and 217.9 ug g ! h™!, whereas the urease levels ranged from 175 to
830 ug g ! h~! (Table 1). The resulting GME ranged from 65 to 212 ug g~ ' h~1.

Respiratory activity ranged from 0.39 to 2 pg C-CO, g~ ! h~!, while the MBC varied
from 12 to 114 pg g~ ! (Table 1). An average QCO; of 0.03 ug C-CO; pg 'MBC h~! was
found, with minimum and maximum values of 0.005 and 0.08 ug C-CO, g~ 'MBC h~!,
respectively. Qmic varied from 0.6 to 9.9 mg g~ !, with a mean of 2.9 mg g~ !.

The NH,* content was low (mean = 6.27 ug g~ 1) compared to NO3 ~ (mean = 41.84 ug g ';
Table 1). The ratio of Nmin to total N varied from 1.6 to 8.5 mg g~ !, while the C/N ratio
ranged from 10 to 16.

The bulk density varied between 1.05 and 1.34 g cm~3, while the plant available water
capacity ranged between 14 and 26%. The macroporosity was high and varied between 22
and 37%. The saturated hydraulic conductivity averaged 1.5 x 1075 m s~ ! (Table 1).
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SHIgjopar = 0.40 %« CEC + 0.095 * FDA + 0.095 * Macpo + 0.15 * % + 0.075 * phosphatase

Compared to the control plots, most of the investigated properties improved with the
number of years of cultivation, as can be observed from the significant correlations between
many individual variables and the duration of cultivation (Table S1).

3.2. Selection of Indicators

For the soil chemical indicators, the first four PCs were selected. Together, these four
PCs explained 95% of the total variance (Table S2). The indicators with high loadings were
the CEC, Ntot, and Ctot in the first PC (PC-1), but only the CEC was retained due to the
strong correlations between these three indicators (Table S1). In PC-2, PC-3, and PC-4, the
pH, P-Bray, and electrical conductivity were selected due to their high loadings (Table S1).
Based on the weight of each PC (Table S2), the chemical SHI was calculated as follows
(Equation (4)):

SHI jen, = 0.59 %« CEC + 0.20 * pH + 0.13 % P Bray + 0.07 * electrical conductivity — (4)

For the soil biological indicators, the first three PCs with eigenvalues > 1 explained
70% of the total variance (Table S3). In PC-1, GME was retained. In PC-2, the QCO,,
Nmin/Ntot ratio, and MBC were highly weighted, but the MBC was not retained because
it was highly correlated with the QCO, (Table S1). For PC-3, the C/N ratio was retained.
Based on the weight of each PC (Table S3), the resulting equation for the calculation of the
biological SHI is given by Equation (5):

Ny C
SHIpiy = 0.51 % GME 4 0.16 * Qcop + 0.16 % N’"’” +0.17 % (5)
tot

For the soil physical indicators, the first three PCs all had eigenvalues > 1 (Table 54).
Together, they explained 82% of the total variance. PAWC was retained in the first PC. Silt
content had a high factor loading for PC-1, but was not retained due to its strong correlation
with PAWC. Bulk density and clay content were retained in PC-2 and PC-3, respectively.
Based on the weight of each PC (Table S4), the calculation of the physical SHI is given by
Equation (6):

SHI = 0.44 x PAWC 4 0.37 * BD + 0.19 * Clay (6)

phys

When the PCA was performed on all indicators combined (chemical, biological, physi-
cal), the first six PCs with eigenvalues >1 explained 85% of the total variance (Table S5).
In PC-1, the CEC, Ctot, and Ntot had high factor loadings, but only the CEC was selected
due to the strong correlations between the variables (Table S1). In PC-2, the macroporosity
(Macpo), FDA, and bulk density had high factor loadings, but the bulk density was not
retained due to its strong correlation with the macroporosity (Table S1). Nmin/Not was
retained in PC-3, while phosphatase and NH4 " were selected for PC-4. For the fifth PC, the
pH, Qmic, and Ks were selected. Finally, the clay content and PAWC were selected in PC-6.
For the global SHI, the calculation of the SHI is given by Equation (7), using the weights of
each PC provided in Table S5.

+0.075 % NH; +0.03 % pH + 0.03 * Qi + 0.03 * Ks + 0.025 % Clay + 0.025 x PAWC @)

Both approaches (SHIgjoba1 and SHImean) resulted in the selection of 11 indicators for

the MDS out of a total of 26. Both approaches had five variables in common: CEC, pH,

Nmin/Ntot, PAWC, and clay content. For the remaining six indicators of the MDS, the

two approaches led to the selection of very different indicators: P Bray, EC, GME, QCO,,

C/N, and bulk density were selected for SHIpean, while FDA, phosphatase, NH4*, Qmic,
macroporosity, and Ks were selected for SHlgjopar-
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3.3. Effects of the Duration of Cultivation on the Soil Health Index

The chemical, biological, and physical quality indices all improved with the number
of years of production, showing a significant (p < 0.002) linear trend (Figure 2). SHI e,
almost doubled, increasing from an average of 0.35 for 0 years of cultivation to an average
of 0.67 after 60 years of cultivation (Figure 2a). Although not as strongly as SHIhem, SHIpi01
also increased from a mean of 0.41 for 0 years of cultivation to a mean of 0.58 after 60 years
(Figure 2b). For both indices, large variability was observed relative to the mean trend
(RMSE = 0.10 for SHI ,¢r, and RMSE = 0.07 for SHIy;;). Compared to the chemical and
biological SHIs, the increase in the physical SHI was the slowest, from a mean of 0.46
for 0 years of cultivation to a mean of 0.57 after 60 years. For SHlpyys, the variability
(RMSE = 0.04) was lower than for SHI e, and SHI;.;.

Soil chemical health indexes
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Figure 2. Evolution of the chemical (a), biological (b), and physical (c) soil health indices as a function
of the number of years of cultivation. n = 69 for (a,b); n = 18 for (c).

Both the global soil health index and the mean soil health index improved significantly
with the number of years of cultivation, showing a linear trend (Figure 3). However, the
mean SHI appears to be slightly more sensitive (greater slope of the linear regression) than
the global SHI. In addition, the duration of cultivation explained a larger proportion of the
total variance in the case of SHImean (R? = 0.59) compared to SHIgobal (R? = 0.47). The level
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of variability relative to the mean trend was similar for the mean and global SHIs, with
RMSE = 0.06 in both cases.
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Figure 3. Evolution of global soil health indices (a) and mean soil health indices (b) as a function of

the number of years in cultivation. n = 18.

The global and mean SHIs were significantly correlated, although not very strongly
(r = 0.51; Table 2). Finally, SHIy;, was very strongly correlated with SHI er, (r = 0.78) but
much less correlated with SHI,pys (r = 0.48). The global SHI was correlated most strongly

with SHI her and least strongly with SHIppys, whereas the mean SHI was correlated equally

with all three components.

Table 2. Correlation matrix between chemical (SHIherm), biological (SHIpiq)), and physical (SHI,pys)

soil quality indices of the vegetable fields and the number of years of cultivation. All correlations are

statistically significant (p < 0.05).

Variable Years SHIchem SHIbiol SHIphys SHImean SHIglobal
Years 1 0.65 0.65 0.67 0.75 0.66
SHIem 0.65 1 0.78 0.67 0.66 0.83
SHIp;) 0.65 0.78 1 0.48 0.68 0.75
SHIphys 0.67 0.67 0.48 1 0.63 0.58
SHlmean 0.75 0.66 0.68 0.63 1 0.51
SHlgjopal 0.66 0.83 0.75 0.58 0.51 1
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4. Discussion
4.1. Soil Chemical, Biological, and Physical Characteristics

During this study, we hypothesized that the site was homogeneous at the outset
and that the control plots were representative of the site as a whole in terms of initial
values. Compared to the control plots, most of the investigated properties improved with
the number of years of cultivation. The increase in the Ctot and Ntot content with the
number of years of cultivation can be attributed to the frequent and large inputs of organic
amendments [26]. In [12], the rate of organic inputs in urban vegetable production sites was
estimated at an average of 51 t DM ha~! year~!, not accounting for the roots that remain
in the soil after each harvest. In tropical soils dominated by low-activity clay (kaolinite),
the SOM content is the main factor influencing the CEC [44]. Therefore, the increase in
Ctot probably explains the large increase in CEC over time, which is also supported by the
strong correlation between the CEC and Ctot. Although not significant, the soil pH also
tended to increase over time, possibly because of the large application rates of composted
material, often of near-neutral pH, on soils that were inherently slightly acidic. The organic
amendments probably also helped to buffer the acidification that can result from high
application rates of mineral N fertilizers. Ref. [12] reported annual fertilizer N inputs of
1274 kg N ha~ . In parallel with the increase in Ctot and CEC, the exchangeable bases also
increased. The high inputs of mineral P fertilizers [12] and the high SOM content can largely
explain the large increase in the available P content. In addition, the regular application
of large amounts of organic amendments and the near-neutral soil pH may have limited
P immobilization by Fe and Al oxides, a common problem in highly weathered tropical
soils [45].

Organic amendments improved most biological indicators. It has been widely docu-
mented that the addition of organic amendments significantly improves various indicators
of biological activity [46-50]. This is supported by the strong correlations between Ctot and
most biological indicators. Thus, even though all producers use pesticides regularly and
often at high rates [12], it appears that any potentially deleterious effects of practices such
as intensive pesticide use are outweighed by the benefits of increased C availability in the
present situation. A notable exception to the overall positive trend is the C/N ratio, which
tended to increase with increasing production time. The organic amendments used by the
farmers have C/N ratios between 15.5 and 21.3 [12]. These values are adequate for use as
soil amendments and therefore do not seem to explain the increase in the C/N ratio of SOM.
The increase in the C/N ratio may result from the fact that the amounts exceed the capacity
of the microorganisms to transform the organic amendments into SOM, either because of
insufficient N availability or because of other limiting factors affecting the biological activity.
Although the MBC and, even more so, microbial respiration increased with increasing Ctot
(Table S1), the microbial biomass per unit SOC tended to decrease with increasing carbon
content (and duration of cultivation), which seems to indicate a limitation in the capacity
of soil microorganisms to transform the added organic amendments. Finally, the high SOM
content also had a positive effect on the soil physical properties (Table S1). Such positive
effects of organic amendments on soil physical quality have been well documented in other
contexts [14].

Some variables commonly reported in soil health studies were not included in this
study, such as the aggregate stability, exchangeable aluminum, and indicators of heavy
metal contamination [23]. Several studies have reported heavy metal contamination in
urban vegetable production sites in developing countries [17,51]. This contamination
results from polluted urban recycled water used as a soil amendment, as well as industrial
wastewater used for irrigation. However, Ref. [51] investigated a market gardening site
in Bobo-Dioulasso and found that the heavy metal concentrations were low compared to
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the safety threshold for arable soils. Although the site investigated in [51] was different
from Kuinima, it was also an intensive vegetable production site within the same city. In
addition, the river adjacent to the Kuinima site does not discharge water from industrial
sites, and farmers in Kuinima now use only well water for irrigation, so contamination
from wastewater seems unlikely. Therefore, given the findings of [51] and the high cost of
analysis, heavy metal concentrations were not investigated. Exchangeable AI** was not
measured independently. However, the presence of exchangeable AI** becomes significant
only at pH < 5.5 [52]. Only three sampled plots had pH < 5.5. In addition, for plots with
pH < 5.5, exchangeable AI** is expected to be strongly correlated with the pH, with the
latter being part of the MDS for both SHIs. Including exchangeable AI** would thus have
been redundant. Moreover, the pH is a more versatile variable, providing indications
regarding not only exchangeable AI3* but also micronutrient availability [53].

4.2. Principal Component Analysis

The standard methodology used to determine the MDS allowed a 58% reduction in the
number of variables required to calculate both the mean and global SHIs. Since the GME
used in the mean SHI actually includes four different enzymes’ activity (betaglucosidase,
phosphatase, urease, FDA), the global SHI, based on 11 variables, nevertheless appears
to be more efficient in terms of data requirements than the mean SHI, which effectively
requires the characterization of 14 variables. Both approaches resulted in the selection of
chemical, biological, and physical variables, even though no constraints were applied to
ensure this in the case of the global SHI. Nevertheless, the two approaches differed in the
selection of variables for about half of the indicators, especially in terms of the selection of
biological indicators.

Although Ctot and Ntot are good indicators of soil health [54], they were not included
in the SHIs despite their high weight (Table S1). In fact, Ctot and Ntot are both highly
correlated with the CEC (Table S1), which was included in both SHIs. The fact that Ctot
was not explicitly retained for the calculation of the SHIs does not, however, invalidate the
results of previous studies. Indeed, Ctot is strongly correlated with the mean SHI (r = 0.75)
and the global SHI (r = 0.82). Although the loading of CEC in the present study was slightly
higher than that of Ctot and Ntot (Table S2), thereby justifying its use in the calculation of
SHIchem, it could be argued that Ctot should be used for practical applications because it
is easier and cheaper to measure than the CEC.

4.3. Evolution of the Soil Health Index

Regardless of the approach used to calculate the SHI, a steady improvement in soil
health is observed as the duration of cultivation increases. This can be attributed to the
large inputs of organic amendments [55], which serve as a source of organic carbon for
soil microorganisms and contribute to improvements in other soil health components. The
relative improvement in soil health between 0 and 60 years appears to be strongest in the
chemical SHI, followed by the biological and physical SHIs. This appears to be largely
related to the nature of the variables used for each of the three components. This is also
reflected in the minimum and maximum values of the variables. Accordingly, one would
expect the soil biological and chemical indices to be more influenced by changes in soil
health than the soil physical indices.

Despite the fact that the global and average SHIs are based on different indicators for
more than half of their MDS, they evolve similarly. This can be attributed to the strong
interdependence between the different indicators (Table S1), as already noted in [56] in
different contexts. Nevertheless, the correlation between the mean and global SHIs is not
very strong (r = 0.51), indicating that they convey different information to some extent.
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For many individual indicators, considerable unexplained variability remained be-
tween plots after removing the temporal trend. This variability is likely due to the wide
variety of crops and management practices used by farmers [12]. Aggregating the data at
the level of the SHI reduced the unexplained variability. This greater robustness of the SHI
compared to individual indicators would be an additional advantage when using the SHI
to compare the impacts of agricultural practices on soil health, for example.

Although the global and mean SHIs evolve similarly over time, the use of the mean
SHI seems preferable to the global SHI, even though the former requires a slightly larger
number of analyses. This is because the former, by definition, explicitly integrates the three
components of soil health. Although the global SHI also integrates variables from the three
components, it appears to be most strongly driven by the chemical component. In addition,
although the variability around the mean linear trend is similar for both approaches, the
linear increase in soil health over time explains more of the total variance in the mean SHI
than the global SHI, which may indicate the greater robustness of the former approach.
Finally, the three components of the mean SHI can be analyzed separately, allowing a more
refined interpretation of the effects of management practices.

4.4. SHI Methodology

Most authors agree on the main steps of soil health analysis [19,23]. The selection of
MDS can be performed either by expert judgement [38] or by statistical methods [19]. These
two approaches have been validated in [57]. However, Ref. [58] found that statistical models
improved the prediction compared to expert judgment models. Furthermore, Ref. [23]
argued that the method based on expert judgment may lack methodological transparency,
which may compromise its application.

Regarding the standardization of scores, both linear and nonlinear functions have been
used in the literature, but the representation of the functionality of many indicators seems
to be better with nonlinear functions [57]. This justifies our use of a sigmoidal function with
a higher (“more is better”) or lower (“less is better”) asymptote, depending on the variable.
In the specific case of the soil pH, a bell-shaped function with an optimum between 6.3 and
7.2 might seem more appropriate [59], but, since the pH exceeded this optimum range in
only a few cases, the use of a “more is better” sigmoidal function seemed appropriate.

In addition to the choice of the normalization function, additional hypotheses were
determined regarding the centering of the sigmoidal function and its slope. These hy-
potheses are consistent with previous studies [40-43]. Nevertheless, the positioning and
shape of the sigmoidal function should ideally be based on reference values and local
knowledge. However, there is currently insufficient knowledge about biological activity
indicators to define site-specific response functions. In addition, the optimal indicator
values may be crop-dependent, yet a wide variety of crops are grown in urban vegetable
garden sites [12]. Therefore, more effort should be made in the future to establish reference
values and response functions for the assessment of soil health for vegetable production
systems in weathered tropical soils.

5. Conclusions

Two soil health indices were calculated for urban vegetable soils using the standard-
ized PCA method. Regardless of the approach used to calculate the index, the results
showed a continuous improvement in soil health with the number of years of cultivation.
This was attributed to the intensive use of organic amendments in these systems and
suggests that urban gardening practices have a positive effect on soil health, despite the
intensive use of chemical inputs.
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Both methods of calculating the soil health index lead to a similar reduction in the
number of indicators required for the minimum data set. However, about half of the
selected indicators differ between the two approaches. Despite the high similarity between
the two SHIs, calculating an average soil health index seems preferable as it reflects the
three components of soil health in a more balanced way and explains a larger proportion
of the temporal variability. To improve the methodology, reference values and indicator
response functions should be established for the selected variables for tropical soils.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/soilsystems9020059 /51, Table S1: Correlation matrix between soil
characteristics; Table S2: Result of principal component analysis of soil chemical indicators of
vegetable fields to define the soil chemical health index (SHlep,); Table S3: Result of principal
component analysis of soil biological indicators of vegetable fields to define the soil biological health
index (SHI,); Table S4: Result of the principal component analysis of the soil physical indicators of
the vegetable fields to define the soil physical health index (SHIppys); Table S5: Result of the principal
component analysis of the chemical, biological and physical soil health indicators of the vegetable
fields to define the global soil health index (SHlgjopa1)-
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