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Abstract

Improving soil fertility in the context of climate change is of paramount importance. This study
addresses this challenge in Kinshasa (DR Congo) where the combined effect of charcoal waste and
Tithonia diversifolia biomass was evaluated in an alley cropping trial, with two successive maize crops.
The objective was to sustain optimum maize yields, and to derive insights into sub-Saharan Africa
(SSA). Three treatments were applied: a control (T0) plots; and two other plots receiving 5 t ha! of
charcoal prior to cultivation combined with alley cropping using T. diversifolia pruned in situ at 50
cm (T1) or at 100 cm (T2)) and applied as mulch. The results showed that Tithonia biomass production
reached approximately 100 t DM ha year'. Maize grain yields in the first season were higher in the
amended plots (2.7 to 2.9 t ha') compared to the control (1.6 t ha'). The yields obtained in the second
season were similar for all plots, but they declined significantly for TO compared to the first season.
While yields stabilized with amendments, they stayed below SSA self-sufficiency targets (4.45 t ha').
Improving crop N absorption and use efficiency, which were low in this study, is key to closing the

yield gap.

Keywords: charcoal; Tithonia diversifolia; agroforestry; maize; Sub-Saharan Africa

1. Introduction

In most Sub-Saharan African (SSA) countries, crop yields are lower than their potential due to
various constraints, including low soil nutrient availability, particularly nitrogen (N) and phosphorus
(P). The low N content of SSA soils is primarily attributed to their low soil organic matter (OM)
content (typically 2-4% OM), which limits nutrient availability [1-5]. As for P, despite a substantial
total P stock in the top meter of soil (562.9 g m-2), most of this nutrient is unavailable to crops due to
adsorption by iron (Fe) and aluminum (Al) oxides [6-9]. Furthermore, continuous cultivation in the
same locations leads to progressive nutrient depletion, particularly when crops are grown with little
or no external inputs [2,9]. Mineral fertilizers are not widely used in SSA due to their limited
availability and high cost in this region [10], while organic amendments of animal origin are also
scarce [11]. Regarding plant-based amendments, which are more readily available, the required
application rates are high (5-10 t DM ha! year-1) due to their low N content (<2.5% N) and the rapid
decomposition of organic matter in soils [12-15]. Thus, these plant-based products do not provide
enough organic matter to maintain soil fertility. Consequently, the total nutrient inputs (N, P &
potassium (K)) applied by smallholder farmers from all sources rarely exceed 10 kg ha [5].
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Maize is one of the most important crops in Africa yet yields remain low and production is
insufficient. Increasing current yields by 50-75% is necessary to meet both present and projected
demands by 2050 [5,16]. To increase maize grains yields and sustain production, it is necessary to
implement the most effective combination of agroecological practices adapted to the SSA context
[17,18]. This may include the application of OM, like biochar or charcoal, and labile, nutrient-rich
biomass such as Tithonia diversifolia. T. diversifolia, which grows rapidly, is well adapted to tropical
conditions and has a high K content (>4%), with N and P contents greater than the net immobilization
threshold (N>2.5%, P>0.25%), as well as appreciable micronutrient levels, and dry matter production
of 7-15 t DM ha year. Despite their low N content (notably plant-based biochar), biochar can
provide crops with significant amounts of K, and sometimes P. They can also enhance soil P
availability by reducing its adsorption and promoting its release into the soil solution [19-24], as well
as improving soil pH, CEC and other properties [25]. Likewise, previous studies have shown that the
effects of applying labile organic amendments or black carbon individually to soils and crops are
limited compared to those from their combination which creates beneficial synergistic effects on soils
and crops [21,26-29].

However, several knowledge gaps identified in the previous studies need to be addressed.
Regarding T. diversifolia, its use requires cultivation to produce sufficient biomass for fertilization,
notably by alley cropping with crops. But if this system is not well managed, the crops might suffer
from allelopathy and competition due to the presence of the hedges. In addition, there is a risk that
biomass from plantation may be less rich in nutrients than in natural hedgerows [21,30-34]. Hence
the need to target agricultural practices that can ensure abundant Tithonia production and its nutrient
richness on the one hand, and that can maximize positive interactions between hedgerows and crops
on the other. As for biochar, it is important to assess its effects under SSA conditions, where farmers
more commonly use charcoal rather than biochar, and typically at low application rates (less than 1 t
DM ha year) [16,24,35].

The objective of this study is to test the effectiveness of a system combining charcoal application
and T. diversifolia-based agroforestry to sustain optimum maize yields, and to derive insights relevant
to SSA.

2. Materials and Methods
2.1. Description of the Experimental Site

The field study was conducted in Kimwenza, at Mafumfu village (S 04°30.695’, E 015°15.379’, at
an altitude of 390 m), in the southwestern part of Kinshasa (DR Congo). Kinshasa has a hot and humid
tropical climate (AW according to the Koppen-Geiger climate classification), with an average dry
season of four months (June to September) and one rainy season [36]. Soils of Kinshasa are among
the most desaturated tropical soils (Kaolinite rich soils). In particular, the Kimwenza area is
characterized by a mixture of Arenoferralsols and Haplic Acrisols [3,4,37,38]. The soil in the
experimental site was dominated by the sandy fraction (more than 90% sand and a maximum of 2%
clay) and its main chemical characteristics are presented in Table 1.

Table 2. Chemical characteristics of the experimental soil.

Properties Soil depths (cm)
0-20 20-40
Water-pH 5.77 5.58
KCl-pH 4.31 4.58
OM (%OC x 1.724) 1.2 1.4
Total N (mg kg) 590 620
NO>-N (mg kg?) 2.23 242
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NH4*-N (mg kg™) 45.84 38.6
Total P (mg kg 134.2 136.4
Available P (mg kg) 183 154
Total K (mg kg™) 229 250
Exchangeable K (Cmol(+) kg™) 0.06 0.02
Total Mg (mg kg™) 141 168
Exchangeable Mg (Cmol(+) kg) 0.37 0.67
Total Ca (mg kg™) 377 371
Exchangeable Ca (Cmol(+) kg) 1.30 1.63
Total S (mg kg™) 75.2 67.8
Total Fe (mg kg?) 6084 4990
Total Mn (mg kg™) 39.31 64.11
Total Zn (mg kg™) 8.36 6.16
Total Cu (mg kg™) 1.42 1.30
DCB Fe20s (mg kg™) 3475.8 3800.5
DCB ALOs (mg kg1) 984.9 1116.1
ECEC (Cmol(+) kg) 1.4 29

OM: organic matter, OC: organic carbon, DCB Fe203 and Fe2O3: total iron and aluminum oxides.

2.2. Experimental Setup

The experiment consisted of a block design with three treatments and three replicates, in essence
nine plots (9 m x 3 m each). Three treatments were applied: a control (TO) plot without any
amendments; and two other plots receiving 5 t ha' of charcoal prior to cultivation combined with
alley cropping using T. diversifolia pruned insitu at 50 cm (T1) or at 100 cm (T2) and applied as
mulching. Maize was cultivated continuously for three successive cropping cycles at the
experimental site, with the last one being ravaged by insects. The amounts of Tithonia biomass
applied as fresh mulch (without drying) during the three cropping cycles in treatments T1 and T2
were 13.15, 5.12, and 9.15 t ha™!, respectively. Concretely, for some pruning, the harvested leaves and
young stems were weighed and divided equitably among the different plots of T1 and T2. Although
the amounts of Tithonia biomass applied to plots T1 and T2 are similar, we hypothesized that the
interactions between the hedges and the crops should be affected by the difference in pruning height
[32,39,40].

A summary of the treatment composition is given in Table 3.

Table 2. Experimental Treatments.

Length of lateral branches of T.

Treatments Charcoal application rate (t ha!) diversifolia after pruning (cm)
TO (Control) 0 -

T1 5 50

T2 5 100

T. diversifolia was planted using cuttings that were 20 cm long in April 2023 at 250,000 plants ha-
1, as recommended in DR Congo. Maize was sown two weeks later, between two hedges of T.
diversifolia, with the crops separated by one meter. The maize varieties used were UPN1 for the first
crop and SC 719 Tembo for the second. Since the first maize crop was sown in the same month with
T. diversifolia, its initial fertilization came from the biomass of T. diversifolia pruned from natural
hedges. Based on observations of the growth of T. diversifolia, pruning was carried out eight times
from June 2023 to July 2024 [41,42].
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The charcoal was collected in Kinshasa, crushed and sieved. The particles measuring less than 2
mm in diameter were applied to fields at an application rate of 5 t ha'' and at a depth of 20 cm [43,44].
It was a mixture of charcoal particles originate from a carbonization site (Batéké Plateau) and two
sales sites (Mikondo and Liberté Markets) to the east of Kinshasa, where non-marketable particles
are discarded in large quantities [45,46].

During weeding, the weeds consisting mainly of Chromolaena odorata species, were left in place
as mulch in the different plots after being cut. These weeds were more abundant in the TO plots.

2.3. Laboratory Analyses

Analyses were carried out at the Bioresource Recovery Laboratory of the Department of Green
Chemistry and Technology of Bioscience Engineering at Ghent University, Belgium. For T. diversifolia,
it should be noted that this was a composite sample of young leaves and young stems. Measurement
of quasi-total elements in the soil samples was carried out after digestion in aqua regia using a hot
plate and ICP-OES (Thermo Scientific ICAP PRO) [47]. For the plant samples and charcoal, ICP-OES
measurements were carried out after microwave-assisted digestion (Milestone Connect device) using
concentrated HNO; and aqua regia, respectively [48,49]. In all samples, the total N and total carbon
(TC) were measured using the CN analyzer (Primacs100 Analyzer series), while inorganic carbon
(IC) determination was carried out by acidification. The total OC content was calculated by
subtracting the IC from the TC content [50,51].

The pH of the soil and charcoal was measured using a pH electrode meter (Thermo
Scientific/Orion Star A211). NOs-N and NHs+N concentrations in soil and charcoal samples were
measured using a segmented flow analyzer (Seal Analytical VVI15156R) after extraction with 1 M
KCl [52]. The effective cation exchange capacity (ECEC) and the content of exchangeable bases (Mg,
Ca, K and Na) in soil and charcoal samples were measured using cobalt hexamine trichloride (Cohex)
for extraction and measurement by ICP-OES [53].

For soil samples specifically, the available P content was determined using a Bray 2 solution
(0.03 M NH,F +0.025 M HCI) [54]. This method was slightly modified for analysis by ICP-OES instead
of spectrophotometry using molybdenum blue, which is commonly done [55]. Additionally, DCB
(dithionite-citrate-bicarbonate) was employed for the extraction of free Fe and Al oxides [56]. This
method was also modified in view of the ICP-OES measurement instead of spectrophotometry
(colorimetry) or atomic absorption spectrophotometry. Soil texture was evaluated using the
hydrometer method [57]. Available P content of charcoal was evaluated using 2% citric acid [52,58]
and ICP-OES.

2.4. Statistical Analysis and Other Calculations

All data were analyzed under ANOVA system. Regarding T. diversifolia biomass, the comparison
involved the sum of the quantities obtained in 2023 (April to December) versus those from 2024
(January to July), according to the two pruning heights (50 or 100 cm). For the maize crops, grain and
straw yields for the first two seasons were compared for the different treatments within the same
season and for the same treatment between the two seasons. Data on the chemical composition of
charcoal and Tithonia, as well as data relating to Tithonia biomass production and the application rates
of Tithonia and charcoal applied in the soil were used to evaluate the quantities of nutrients (N, P and
K) supplied to maize crops.

3. Results

3.1. Production of Dry Biomass of T. diversifolia from April 2023 to July 2024

Pruning height had no effect on T. diversifolia biomass production during the 16-month period,
regardless of when measurements were taken. The Tithonia production obtained over 16 months was
125.56 t ha! for T1 (48.3 t ha! from April to December 2023 and 77.26 t ha! from January to July 2024)
and 98.71 t ha'' for T2 (38.49 t ha' from April to December 2023 and 60.22 t ha! from January to July

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202606.1052.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2026

2024). The production values for the two treatments and periods are not significantly different at the
5% probability threshold (p-value=0.39). However, the values obtained suggest an increasing
production trend over the two periods (Figure 1), that is 59.94% for T1 and 56.41% for T2.
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Figure 2. Biomass production of Tithonia according to pruning heights and periods.

3.2. Chemical Composition of Charcoal Used

The chemical composition of the charcoal used is presented in Table 4. The charcoal used is
slightly acidic. The concentration of available N (NOs-N content + NH4+*-N content) would equal 0.045
g kg. Moreover, the available K content, which on average is equivalent to 38.13% (11.43 to 58.82%)
of total K according to the literature [59], would be 0.82 g kg for the charcoal tested. Furthermore,
considering this chemical composition, the application rate of 5t ha' during the experiment would
add 0.225 kg of available N, 2.029 kg of available P and 4.1 kg of available K to the soil.

Table 5. The chemical composition of the charcoal added to the experimental soil.

NHs*-N NOs-N Available TotalK Total Mg TotalCa  Total S ECEC ocC

Water-pH
(g kg?) (g kg Pgkg) (gkg) (gkg) (gkg)  (gkg?) P2 (Cmol+ kg (%)

0.013 £0.0007 0.028 £0.0025 0.41+0.017 2.34+0.11 0.94+0.03 524+0.18 035+0.02 6.71+0.05 95+095 42.03+1.73

Available P: P extracted with 2% citric acid.

3.3. Chemical Composition and Mineral Exports of T.diversifolia

The dry matter content was 25% for T.diversifolia leaves, 33% for green stems, and 28.7% for the
entire trimmed biomass. Moreover, the proportion of leaves and stems in the dry weight of Tithonia
was 46% and 54%, respectively. Information on the chemical composition of Tithonia is presented in

Table 6.
Table 7. Chemical composition of T. diversifolia.
N P K Mg Ca S Fe Zn B Mn Total C
Organs
(%) gkg?) (gkg) (gkg") (gkg) (gkgh (gkg") (gkgh (gkg") (gkg") (%)
Young ~ 296° 2592+ 34773+ 3.06°+ 1495+ 2620+ 0522+ 0.0720.00 0.012+ 0242+ 39.84b+
.072+ 0.
leaves  +0.11 0.06 1.77 0.06 0.06 0.04 0.02 0.00 0.00 0.85
0.99b+  0.82b+ 124b+ 14bx by 059b+ 0.03b+ 0012+  0.06*+ 42523+
Young 2.690 + 0,025 £ 0.00
stems 0.02 0.02 0.26 0.03 0.06 0.02 0.00 0.00 0.00 0.19

Means followed by different letters are significantly different at p <0.05.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Apart from bore (B) and TC, Tithonia leaves contained significantly higher quantities of mineral
elements than the stems. In addition to elemental concentrations, leaves and stems are also
differentiated by the order of importance of these elements.

Considering the proportion of leaves and stems in the Tithonia biomass mentioned above, the
concentrations of the main nutrients in the biomass are 1.904% N, 0.1639% P and 2.278% K. Based on
these concentrations, the exports are 2,390.66 kg N ha, 205.79 kg P ha! and 2,860.26 kg K ha! for T1,
according to the quantities of Tithonia biomass harvested (see Appendix A).

3.4. Amount of Nutrients Supplied to Crops by Tithonia and Charcoal

The quantities of nutrients supplied to crops depend on the application rates of charcoal and
Tithonia, their chemical compositions, and the recovery rates of each nutrient by crops. For the three
main nutrients, the recovery rates by maize crops have been estimated at 25% for the first crop and
10% for the second crop in the case of their supply via Tithonia biomass, according to [14]. Thus,
considering the Tithonia application rates, the amounts of nutrients supplied were calculated for the
first (62.59 kg N, 5.4 kg P, 74.9 kg K ha™), second (49.4 kg N, 4.21 kg P, 59.05 kg K ha™') and third
maize crops (53.25 kg N, 4.57 kg P, 63.7 kg K ha™) (see Appendix B).

Regarding charcoal, we have assumed that the first crop absorbs the entirety of the soluble forms
of N, P and K whose quantities were calculated previously (0.225 kg of available N, 2.029 kg of
available P and 4.1 kg of available K). Therefore, we considered that the amounts of N, P and K
potentially absorbed by the first maize crop were equal to the sum of those supplied by charcoal and
Tithonia biomass.

3.5. Changes in Soil Properties

The properties of the experimental soil at the end of the test are presented in Table 8. The K
content in the 0-20 cm layer (T1 = T2 > T0, p-value < 0.05) and the NH4*-N content in the 20-40 cm
layer (T1 = T2 > TO, p-value < 0.05) are higher in the soils of the two treatments amended compared
to the control. The increase in K content in the topsoil layer of the amended soils was 50.47% and
52.08% for T1 and T2, respectively. As for the increase in NH4*-N concentration in the 20-40 cm layer
of the amended soils, it is 128.38% for T1 and 113.33% for T2 compared to the control.

For certain properties, the changes observed in the soils of treatments T1 and T2 followed
different trajectories. Indeed, compared to T0, the available P content in the 20—40 cm layer is higher
for T1, whereas it is lower for T2. Conversely, the OM contents for the 20-40 cm layer are similar for
T0 and T2, whereas the value obtained for T1 is lower. This suggests an effect of the pruning height
of the associated Tithonia hedges, 50 cm for T1 and 100 cm for T2.

The properties for which no significant difference was observed among the three treatments
include, notably, ECEC and water pH. This is likely due to the chemical composition and application
rates of the soil amendments used.

Table 9. Properties of the experimental soil at the end of the test.

Properties 0-20 cm 20-40 cm
T0 T1 T2 TO T1 T2
5.352 + 5.722 + 5.812 + 4.96 + 4942+ 4842+
Water-pH
0.18 0.26 0.29 0.24 0.13 0.1
OM (%OC x 1482+ 1.592+ 1.552+ 1.27 %+ 0.81°+ 1.372+
1.724) 0.12 0.21 0.19 0.22 0.09 0.13
600.002 + 676.672 + 666.672 + 366.67° + 430.0° 646.67 2 +
Total N (mg kg™)
45.8 60.28 98.66 55.08 +70.00 15.28
NOs-N (mg kg) 1.69° + 5.192+ 3.704b + 4.06° + 5702+ 3.37b +

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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0.06 1.29 0.49 0.16 0.61 0.55
NHq#*-N (mg kg 34200 + 52.922 + 33.16° + 17.48% + 39.922+ 37.292+
1) 5.05 3.42 1.6 3.39 2.94 3.94
130.93° + 222152+ 150.39b + 109.453 + 12892+ 97.72a %
Total P (mg kg)
15.57 29.40 9.90 10.89 17.01 8.74
Available P (mg 40.54b + 71.022+ 40.78° + 16.81° + 43.362+ 5.78 <+
kg1) 4.7 7.31 6.38 1.53 5.19 0.95
170.98° + 257.292 + 260.042 + 197.784 + 2175 177.252 +
Total K (mg kg)
18.23 32.61 4137 23.21 26.92 21.75
118.324b & 159.932+ 113.42b + 122,502 + 132222+ 75.19% +
Mg (mg kg™)
14.23 24.60 10.94 12.00 7.59 9.60
318.76b + 555.172 + 362110+ 159.412 + 167.552 130.412+
Ca (mg kg™)
25.27 34.82 10.7 22,57 +16.49 15.54
64.63b + 82.962 + 76.43% + 59.572+ 53.792 55.972 +
S (mg kg™)
7.54 5.61 5.59 8.62 4.87 6.15
ECEC 2492+ 3.012+ 2532+ 2.49a+ 2492+ 1.932+
(Cmol(+)kg™) 0.35 0.34 0.33 0.18 0.39 0.27

For each depth, means followed by different letters are significantly different at p <0.05.

3.6. Maize Grain Yields and Straw Yields for Both Seasons

Figures 3 (a) and 4 (b) present maize grain and straw yields for the first season. Amended soils
(T1 and T2) had the better grain yields (2.7 to 2.9 t ha!) than the control (1.6 t ha!, p-value = 0.025).
Similarly, the straw yield of T1 (5.19 t ha') was higher than that of the control plot (3.34 t ha, p-
value= 0.038). In the second growing season, grain yields were similar between treatments (p-value=
0.26), while TO and T1 had different straw yields (p = 0.045) (Figures 5 (a) and 6 (b)).

Each treatment was also compared in terms of grain and straw yields obtained during two
consecutive seasons. When comparing the grain yields of the same treatments in both seasons, it is
evident that the decrease is not significant for the amended treatments T1 and T2 (p-values of 0.2 and
0.06, respectively), whereas the opposite is observed for the control treatment (a p-value of 0.025).
This indicates a relative stabilization of maize grain yields from one season to the next following the
addition of charcoal and T. diversifolia.

Although there were no plots treated exclusively with Tithonia or charcoal to isolate the effects
of these two amendments, the stabilization of yields in the treated plots could suggest synergistic
effects of the added organic matter, given their potential complementarity.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202606.1052.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2026

[N}
Straw yield (T/ha)
'S

~

Corn grain vield (T/ha)

a
a
b
b
0 .
70 Tt 7

Treatment 10 n T2
Treatment
(a) (b)

Figure 7. (a) Maize grain yields for the first crop; (b) Maize straw yields for the first crop.
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Figure 8. (a) Maize grain yields for the second crop; (b) Maize straw yields for the second crop.
3.7. Mineral Contents of the Grains from the First Maize Crop

Similar values were observed across the three treatments for the concentrations of NPK in maize
grains: approximately 16 g kg for N, 3.9 g kg for P and 4.5 g kg™ for K (Table 10).

Table 11. Concentrations of NPK in the grains of the first maize crop.

Treatments N content (mg kg?) P content (mg kg?) K content (mg kg?)
TO (Control) 16.32 3.930 4.40°

T1 15.72 3.982 4.522

T2 15.82 3.942 4412

Means followed by different letters are significantly different at p <0.05.
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4. Discussion
4.1. Initial Soil Conditions

This soil is a variable soil charge (water-pH - KCl-pH > 0), which resulted in the weak available
P values (15 to 18 ppm). The values of other parameters (total N, total P, OM, etc. See Table 12) are
like those of other desaturated tropical soils [4,60-62]. The low NOs-N and NHs*-N content in
comparison to total N, shows that most of the N in this soil is supplied by OM. Therefore, the relative
higher level of NH4+-N than NOs-N could be due to the low nitrification capacity of these soils or
NOs-N losses through leaching [63].

4.2. Production of Tithonia diversifolia Biomass

Regarding T. diversifolia biomass, the fact that the pruning height applied did not significantly
influence the amount of dry matter harvested is consistent with the observations of [41] in Ghana.
This author observed that biomass production induced by pruning heights of 50 and 100 cm was
higher than that observed for the 25 cm height. In contrast, yields associated with the 50 and 100 cm
heights were not significantly different. These results suggest that 50-100 cm represents the pruning
height threshold below which biomass yield may decrease. Moreover, the trend of increasing
production over time is similar to the observations of [42] in Sri Lanka, suggesting that pruning
activities will not limit biomass production in the long term. But the dry matter production observed
in this study (around 100 t DM ha year™) is by far higher than that observed in other works (less
than 15 t ha' year). This is due to the density of Tithonia plants in this study (120,000 versus 30,000
plants ha-1 commonly) and the relatively high dry matter content in this trial (28.7%) than in the other
tests (15-25%) [41,42,64,65].

4.3. Nutrient Contents of T. diversifolia Biomass

The nutrient contents of T. diversifolia (Table 13) are like those in previous studies and known for
natural hedgerows. As in those studies, the nutrient content is comparatively higher in the leaves
than in the stems [12,14,31]. Moreover, stems exhibited higher boron (B) and carbon (C)
concentrations than leaves. While the trend holds true for C [66], the results for B contradict previous
works on the Asteraceae family [67,68] and should be analyzed in future studies.

4.4. Nutrient Contents of Charcoal

For most of the considered properties, the observed values are within the range of those known
for biochar. The exception concerns the pH value (6.71), which is lower than the known limits in
previous studies (7.28) [52,69]. This would be related to the nature of the trees used for combustion
as well as the conditions of charcoal production and storage [70].

4.5. Evolution of Soil Properties

The results of soil analysis after the experiment (Table 14) revealed that the K content in the 0-
20 cm layer and the NH«*-N content in the 2040 cm layer, were higher in the plots with amended
soils (T1 and T2) compared to the control. This is consistent with the results obtained in a previous
study on the combined application of Tithonia and charcoals [26]. Considering physicochemical
characteristics of each amendment, we assume that the mechanisms involved are the mineralization
of T. diversifolia biomass and the labile fraction of the charcoals, the positive priming effect of
charcoals as well as the protection of nutrients (K* and NHa") from various forms of loss, by the mulch
of T.diversifolin and charcoals which could retain them through new exchange sites or in the
micropores [27,40]. This would also indicate that the amounts of N and K supplied through the
biomass of T. diversifolia and the labile fraction of the charcoals (more than 165 kg N ha! and more
than 200 kg K ha™) were high enough to meet crop needs and build up reserves in the soil [21,28].
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However, for certain properties, the changes observed in the soils of the T1 and T2 treatments
followed different trajectories. This is the case for available P content in the 20—40 cm layer, which is
higher for T1 compared to TO, whereas it is lower for T2. Similarly, OM contents in the 20-40 cm layer
are equivalent for TO and T2, whereas the value obtained for T1 is lower. According to the results of
a previous study, we hypothesized that the modification in available P content depended more on
the application of Tithonia, which is relatively more concentrated in P than charcoals [26,59]. But the
change related to OM is more linked to charcoals application, since the effect of the biomass of T.
diversifolia on soil OM is known to be generally negligible [21].

Contradictory results between T1 (maize intercropped with Tithonia pruned at 50 cm) and T2
(maize intercropped with Tithonia pruned at 100 cm) indicate that pruning height might influence
soil’s properties. Possible mechanisms include the effect on evaporation from the soil surface and the
rate of organic matter mineralization, through the shading that the hedges provide over the soils of
the associated crops [71]. Another factor could be the underground competition between T. diversifolia
hedgerows and crops, particularly in relation to the P uptake from the soil, through phosphatase
activity [34]. However, the only study conducted on this topic in the Sahel-Sudan zone using the
species Albizia harveyi and Albizia versicolor showed that pruning had no significant effect on soil
properties in Tanzania [40]. These observations suggest that additional trials are warranted to clarify
this point. Differences in soil properties between T1 and T2 may also reflect differential retention of
Chromolaena biomass after weeding, as biomass inputs were not necessarily equivalent across
amended plots.

Furthermore, no significant differences were observed among the three treatments for several
other properties, including ECEC and soil pH. In the case of combining T. diversifolia and charcoals,
the change in soil pH should linked more with their interaction and with the charcoals which have
the liming effect, than T. diversifolia alone [21]. The finding that soil pH did not improve in this study
could be explained by the low pH of the charcoals used and that of the amended soil [72]. Change in
ECEC values is also more related to charcoals compared to T. diversifolia [26]. The fact that the soil
ECEC value has not improved suggests that these charcoals are deficient in functional groups capable
of adsorbing cations in the soil [73].

4.6. Evolution of Maize Grain and Straw Yields, and Grain Mineral Concentrations

Maize grain yields in the first growing season (Figure 9 (a)) were higher in the amended plots
(2.7 to 2.9 t ha™!) compared to those in the control (1.6 t ha™!, p-value = 0.0251). Similarly, yields over
two consecutive seasons remained stable in the amended plots (p-values of 0.199 and 0.064,
respectively, for T1 and T2), whereas they declined from the first to the second season in the control
(p-value of 0.025) (Figure 10 (a)). Thus, in this study, the synergistic effect between Tithonia and
charcoal appears to have improved or stabilized certain soil properties, led to better absorption of
certain nutrients in amended plots, and would explain the yield difference between the control and
the amended plots. In fact, the amounts of nutrients provided by the charcoal were so low (0.225 kg
of available N, 2.029 kg of available P, and 4.1 kg of available K) that they could not sustain stable
maize grain and straw yields over two consecutive seasons without the addition of Tithonia. This
shrub would also have created, through its hedges, a microclimate favorable to crops and protected
the soil as mulching. Oxalic acid and other organic acids commonly released during Tithonia
mineralization could improve the phytoavailability of charcoal-supplied N and P, which is often very
low [74,75]. Furthermore, without the addition of charcoal, the mineral elements released following
the rapid mineralization of Tithonia biomass could be subject to various losses. The assumption
regarding the synergistic effects is consistent with the findings of previous studies between Tithonia
or other labile organic matters and charcoals [26,76].

In contrast, the concentrations of N, P, and K in the grains did not differ between TO and the
amended plots (Table 15). Since the accumulation of these three nutrients in the grains is governed
by the plant’s uptake of N, these results suggest that N uptake in amended plots was not high, despite
the large amounts supplied, notably by Tithonia biomass. Furthermore, since the accumulation of N
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and P in the grains has a major influence on yields [77], the low uptake of these nutrients would be
one of the factors limiting crop yields [78]. Low N uptake can be explained by a lack of nutrient
synchrony between the time of nutrient release and crop nutrient demand or by the dominance of
the NH4* form compared to the NO;~ form. However, maize generally prefers NOs™ in acidic soils
rather than NH,*, especially at the seedling stage [26,79]. As for P, its low availability in the soil could
be the cause of limited uptake by crops [80]. Furthermore, the N, P, and K concentrations obtained
correspond to those reported in the literature in several studies, although the grain yields in those
studies were higher than those observed in this study. This suggests that the efficiency of nutrient
use, including N, may be low [77].

Thus, the grain yields obtained from amended soils were below the expected yield in SSA, which
is in average 4.45 t ha™ [5]. To achieve this, these authors recommend applying 91.0 kg of N, 10.7 kg
of P, and 57.1 kg of K ha"'. Thus, considering the results obtained in this study, it would be necessary
to increase the quantities of amendments used, primarily T. diversifolia, whose main role in this
system is to supply nutrients. This is feasible, given the biomass production of Tithonia over 16
months (up to 125.56 t ha' for 16 months). Using this biomass and considering the nutrient recovery
rates by maize crops from the mineralization of Tithonia (25% for the first crop and 10% for the second)
[14], and its chemical composition (N 1.904%, P 0.1639%, K 2.278%), enough nutrients could be
provided to crops. Moreover, maize straw can be valorized to provide nutrients or OM [78,81]. Also,
it is useful to remedy the low N absorption by maize [82] and increase the planting density from
26,667 in our trial to 53,333 plants ha! as commonly suggested, and to use varieties with yields around
5 t ha' and high N-use efficiency [83].

Furthermore, this alley cropping system guarantees the availability of sufficient Tithonia biomass
for long term fertilization of soils. In fact, sufficient Tithonia production is primarily limited by its P
nutrition [84]. While the P stock in the 0-30 cm layer in Africa is 1,641 kg ha! [85] and P exports via
Tithonia biomass reached up to 205.79 kg ha in this study, the hedges would be sustainable for nearly
a decade.

5. Conclusions

Maize grain yields are weak and unstable in cases of continuous cultivation in SSA, particularly
due to inadequate mineral nutrition. A trial was conducted in Kinshasa to test the effectiveness of
charcoal application combined with an agroforestry system based on Tithonia diversifolia for
increasing maize yields in SSA. The results show that Tithonia production in one year was seven times
higher than reported in the literature and its biomass was rich in nutrients. Applying Tithonia biomass
combined with charcoals enabled higher grain yields for amended plots than the control in the first
season. However, these yields dropped in the second season, albeit not significantly for the amended
plots. These yields were mostly influenced by the maize varieties and quantities of N absorbed.
Therefore, prior to implementing this system in SSA, it is necessary to optimize the inputs of N, P
and K, targeting the recommended rates (91.0 kg of N, 10.7 kg of P and 57.1 kg of K ha™) for the
optimum yields in SSA (4.45 t ha™!). For this, the following measures should be implemented: planting
Tithonia at a high density; regular pruning at the height of 50-100 cm; incorporation of biomass in the
form of mulch; use of maize varieties whose yield is close to the target; maintenance of the same
nutrient provision each season; sowing of maize at a high density; increased availability of N and P
for maize crops; and utilization of maize straw as mulch and charcoal. Future works can test various
techniques to increase nitrogen absorption and N-use efficiency by maize crops, and the combination
of Tithonia with low doses of mineral fertilizers and high charcoal rate.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA  Analysis of variance

Cohex Cobalt hexamine trichloride

DCB Dithionite-citrate-bicarbonate

DM Dry matter

DR.Congo Democratic republic of Congo
ECEC Effective cation exchange capacity
IC Inorganic Carbon

ICP-OES  Inductively Coupled Plasma Optical Emission Spectroscopy
ocC Organic Carbon

OM Organic matter

SSA sub-Saharan Africa

TC Total Carbon

Appendix A. Mineral Exports of Tithonia diversifolia

NPK exports by the biomass of Tithonia diversifolia were calculated by multiplying the NPK
concentrations in the Tithonia biomass by the dry biomass quantities obtained for each of the two
treatments. The concentrations considered include those of the leaves and stems, and the proportion
of each of these organs in the total biomass (1.904% N, 0.1639% P, and 2.278% K). The results are
presented in Appendix C.

Appendix D. Mineral exports of Tithonia diversifolia from April 2023 to July 2024

Tithonia Dry biomass N exports P exports K exports
Treatments
(t ha-1) (kg ha-1) (kg ha-1) (kg ha-1)
T1 125.56 2390.66 205.79 2860.25
T2 98.71 1879.43 161.78 2248.61

Appendix B. Potential Nutrient Quantities Available for the Three Successive
Maize Crops

These nutrients are assumed to come from both the Tithonia biomass and the charcoal. With
regard to Tithonia, we took into account the amounts applied during each of the three maize crops
(13.15 tha™, 5.12 t ha'!, and 9.15 t ha™!, respectively), the nutrient concentrations in the total biomass
(1.904% N, 0.1639% P, and 2.278% K), and the nutrient recovery rates by the crops (25% for the first
crop and 10% for the second). Thus:

o for the first maize crop, the total amount of nitrogen supplied using Tithonia is: 13.15 t
ha1 x1.904% N =250.376 kg N ha™'.

Since the recovery rate is 25% for the first crop, the amount of available nitrogen is: 25.0376 kg
N ha1x 0.25=62.59 kg N ha!
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o the second maize crop is assumed to benefit from 10% of the N supplied by 13.15 t ha™! of
Tithonia (25.036 kg N ha™), and 25% of the N from 5.12 t ha™ of Tithonia (24.371 kg N ha'). The total
amount of N that the second maize crop would benefit from is equivalent to 49.4 kg N ha.

The results related to the potential nutrients quantities available for maize plants are presented
in Appendix E. For the first maize crop, the quantities shown are obtained by summing the inputs of
Tithonia and charcoals.

Appendix F. Potential nutrient quantities available for the three successive maize crops from
Tithonia biomass and charcoals

Crops N supplied (kg ha-1) P supplied (kg ha-1) K supplied (kg ha-1)
First maize crop 62.59 7.43 86.28
Second maize crop 494 421 59.05
Third maize crop 53.25 4.57 63.7
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