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Although it is produced at only one location, Gihofi, cane sugar is a strategic product for Burundi.
However, data from recent decades have shown that expanding plantations has not been accompanied
by an increase in yields. In order to determine the limiting factors of sugarcane yield, data on soil,
pests, diseases and management practices were collected from 65 representative plots. Soil analysis
was carried out at the Laboratoire d’Analyse du Sol et des Produits Agroalimentaires (LASPA) of the
Institut des Sciences Agronomiques du Burundi (ISABU) using wet analytical method. The limiting
factors found were related to agricultural practices (Weeds > Stem borer caterpillar severity >
Compactness) and physicochemical factors. The results have shown that all diagnosed plots were
deficient in phosphorus (<50 ppm) and zinc (<20 mg kg™), 95.92% were moderately to highly deficient in
carbon (<3% C), 59.18% were deficient in nitrogen (<0.2%N), 40.83% of plots were deficient in potassium
(<0.5 cmolc kg'), 44.90% in calcium (<4 cmol kg™') and 46.94% in magnesium (<0.5 cmol kg™'). However,
the five most important physicochemical factors that most limiting sugarcane yield were:
Ca/Mg>Fe>P>CEC>Ca. To overcome these challenges, standards have been developed for the
application of each deficient element.

Key words: Limiting curves, limiting factors, physicochemical factors ,productivity, standards.

INTRODUCTION

Grown in tropical and subtropical regions, sugarcane over 70% of the world's sugar consumption (Senties-
(Saccharum officinarum) is globally important, providing Herrera et al.,, 2017; Yadav et al., 2020). As well as
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providing food, sugarcane is being promoted for its many
uses, including animal feed and as an energy source to
replace fossil fuels (McKay et al., 2016; Senties-Herrera
et al., 2017). In Burundi, sugar is used by households
and the food industry. The Gihofi area is the only
industrial sugarcane production zone, with annual
production of around 20,000 tonnes (Moso Sugar
Company [SOSUMO], 2022), enough to cover 60% of
national sugar needs (BRB, 2020).

However, sugarcane yields and sugar production in the
country are falling sharply (SOSUMO, 2017). Causes of
such trend are numerous. Soil quality and soil organisms
are negatively affected by certain sugarcane management
practices (Chi et al.. 2020). Removal of sugarcane straw/
from fields reduces nitrogen cycling and depletes carbon
stocks (Sousa Junior et al.. 2018). These soils become
poor in organic matter and unproductive, limiting soil life
and the biological activity of soil microorganisms, which
would nevertheless improve the physico-chemical
properties of the soil, while ensuring the production and
efficient use of the nutrients needed by plants (Indoria et
al., 2018). From the above, the agricultural production
function of soils is closely linked to changes in soll
physicochemical and biological properties, which in turn
are functions of organic status (quality and quantity)
(Benouadah, 2022). Soil organic carbon stocks and
macroelement availability can therefore be influenced by
the presence and management of sugarcane residues
(Behiels et al., 2023). In addition, the reduction in the rate
of water infiltration into the soil and the loss of water and
soil through erosion are detrimental consequences of the
lack of surface cover in the fields after the cane has been
harvested (Valim et al., 2016).

Other inappropriate farming practices, such as long-
term monoculture without crop rotation, excessive tillage,
and post-harvest burning of waste, are all factors that
degrade soil quality and reduce cane yields (Tabriz et al.,
2022).

Furthermore, soil acidification, reduction of C/N ratio,
hydrolysable alkaline nitrogen, total sulfur, organic matter,
soil fungal and bacterial life, and disease dissemination
are often associated with monocultural practices and
hinder the sustainability of improved sugarcane
production (Pang et al., 2021; Tayyab et al., 2021).

Fertilisation has a major impact on soil microbial
communities, which play a central role in soil
biogeochemical cycling and ecological processes (Li et
al., 2017). Sustainable agriculture depends on the
effectiveness of fertilisers, which in turn is determined by
soil microbial communities (Liu et al., 2022). Organic
fertilisation is one of the best ways to improve and restore
soil, using crop residues and animal manure as soil
improvers to encourage soil microbial life and activity
(Tayyab et al., 2018). Sugarcane straw recycling provides
a range of ecosystem services including erosion control,
nutrient recycling, soil biodiversity, water storage, carbon
sequestration, and weed control (Carvalho et al., 2019;
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Carvalho et al.,, 2017; and could be a promising
complement to mineral fertiliser for sustainable
agriculture  (Poultney, 2021). In  water-stressed
conditions, switching from a burnt cane harvesting
system to a mulch system improves yields while
increasing sugar content (De Aquino et al., 2018).
Specifically, while leaving straw on the soil surface
increases sugarcane Yyields, leaving it completely
unmulched reduces vyields by 37% under water stress
conditions (De Aquino et al., 2017). When straw is used,
80% of the nitrogen, 55% of the potassium, and 33% of
the phosphorus contained in the above-ground parts of
the sugar cane come from the straw left on the ground
(CIRAD, 2020). Inadequate weed management is also a
major handicap to plant productivity, as it competes for
the nutrients, light, and water the cane needs, thereby
reducing yields in a relatively short time (Khaliq et al.,
2020; Moreau et al., 2020) and can cause yield losses of
27-36% (Correia, 2016).

Climate change and variability increase the vulnerability
of the agricultural sector by affecting changing water
regimes, and agricultural production is one of the most
sensitive sectors to climate change (Lemi, 2019). As a
tropical and subtropical crop, sugarcane production is
adversely affected by extreme fluctuations in temperature
and rainfall due to climate change (Ali et al., 2021;
Namdev et al., 2023). Thus, weed growth, pest behaviour
and the spread of disease from one region to another are
greatly influenced by climate variability (Msomba et al.,
2024). Climate variability also disrupts sugarcane
metabolism, growth, and production (Mokhena et al.,
2016). Under these conditions, the sugar industry often
suffers from the proliferation of diseases and pests that
attack sugarcane, leading to reduced yields in terms of
quantity and quality and, consequently, financial losses
(Militante et al.. 2019; Elsharif and Abu-Naser. 2019).

Moreover, because of its high biomass production,
sugar cane exports large quantities of nutrients, which
accumulate in the plant and lead to soil depletion (Cheng
et al.. 2016). As sugarcane yields are affected by both
nutrient deficiency and excess (Bhatt, 2020), better
fertilisation must be based on the quantification of inputs,
considering the general state of soil fertility, soil structure,
and agro-climatic conditions (Bhatt, 2020; Cheng et al.,
2016; X. Zhang et al., 2020). This approach requires
regular monitoring of the biotic and abiotic parameters
that can affect yield. In Burundi, very little work has been
done in this area to date. It is therefore important to have
up-to-date results on the factors limiting sugarcane
productivity in Gihofi's industrial plantations and to
propose ways of correcting them.

This study aims to analyze the biotic and abiotic factors
that limit sugarcane yield in the industrial plantations of
Gihofi, managed by SOSUMO, given that no other study
has been carried out since the introduction of sugarcane
in 1986 in Burundi. Understanding these limiting factors
will allow corrections to be made to increase cane yields
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Figure 1. Map sampling location.
source: Author.

and sugar production, both in terms of quantity and
quality.

MATERIALS AND METHODS

Site description

The study was carried out on SOSUMO plantations located in the
Moso natural region in the Bukemba commune of Rutana province
and the Kayogoro commune of Makamba province in south-eastern
Burundi (Figure 1). With an altitude ranging from 1171 to 1260 m,
this region receives an average annual rainfall of 1175 mm, while
average monthly temperatures vary between 21 and 22°C, with

minimums of up to 14°C and maximums of 28°C (MPDRN, 2006;
Nzigidahera et al., 2008). The SOSUMO estate covers a total area
of 5,800 ha, of which 3,880 ha (66.9%) are used to grow
sugarcane.

Data collection and laboratory analysis

Representative plots were selected from the SOSUMO plantations.
A total of 65 plots were selected, representing 20% of the
sugarcane plots. These plots represented the diversity observed in
the plantations in terms of location, yields and soil characteristics.

A total of 65 soil profiles corresponding to 65 representative plots
were excavated and described. Describing these profiles made it
possible to identify soil types according to the INEAC (Institut



National pour I'Etude Agronomique du Congo Belge) classification
used in Burundi (Frankart and Sottiaux, 1972).

To determine the physico-chemical characteristics of the soil,
samples were taken to a depth of 30 cm. Sampling points were
selected in the two diagonals of the plot, with 20 points being
sampled by auger. For each plot, a composite sample was taken by
mixing the 20 samples and collecting 500 g of soil for laboratory
analysis. Analyses were carried out at the LASPA (Laboratoire
d'Analyse du Sol et des Produits Agro-alimentaires) of the ISABU
(Institut des Sciences Agronomiques du Burundi). LASPA is an
accredited SOAC, N°ES23010. The granulometry was determined
using LASPA's internal method which, after destroying the organic
matter, eliminates the clays by sedimentation, separates the sands
and silts by filtration and determines the different sand fractions by
sieving, while the silts are determined by decantation and filtration.

Wet method analysis was used and parameters analysed were
water pH, organic carbon (Org C), total N, plant available P,
exchangeable Ca, exchangeable Mg, exchangeable K, cation
exchange capacity (CEC) total S, Zn, Copper and total Iron. Wet pH
was determined using a pH meter in a 1:5 soil-water suspension;
method certified according to ISO 10390 (N. E. 10390. 202. I1SO,
2021). Organic C was determined using the method developed by
the Centre d'Expertise du Québec (M.A.405-C .1.1) (Ma, 2023),
which consists of sulphochromic oxidation and volumetric dosing.
CEC and exchangeable cations were determined by the Metson
method. Exchangeable cations were determined by extracting
exchangeable by percolation with 1 M ammonium acetate at pH 7
and determination by atomic absorption spectrometry (AAS/flame);
certified method NF X 31-108, and CEC was determined by the
ammonium acetate method; certified method NF X 31-130 (CIRAD,
2017). Total nitrogen was determined by the modified Kjeldahl
method and volumetric dosing; certified method 1ISO 11261 (N.
11261 1SO, 1995). Plant available phosphorus was determined by
the modified Olsen-Dabin method, consisting of extraction with
NaHCO; and determination by UV spectrophotometry; method
certified by ISO 11263 (N. 11263 1SO, 1994).

Disease and pest severity were measured on 10 clumps selected
diagonally. The severity was determined for each stem in the clump
and the average of all the stems was taken as the average for the
clump. The compactness of the B horizon was measured at the
centre of the plot using a penetrometer. The percentage of weeds
was obtained by estimating the percentage covered on a square
meter, repeated 5 times in 5 randomly chosen locations in the plot
in the direction of the diagonal, and the average constituted the
data for the plot (Marnotte et al., 2018).

Determination of the limiting factor for sugarcane yield

The relationships between cane yield and soil characteristics, on
one hand, and management and biotic factors, on the other, have
been developed using usable cane yield in megagram per hectare
(Mg kg™). The method used is that of determining boundary curves,
which has previously been used to describe relationships between
two biological variables (Webb, 1972). A Spearman test was used
to determine the correlations between various factors and yield.
Relationships were sought for factors with a significant Spearman
test (p = 0.05) or those that showed the existence of a functional
relationship for the limit points (Fermont et al., 2009; Shatar and
Mcbratney, 2004; Wairegi et al., 2010; D. Zhang et al., 2019; D.
Zhang et al., 2020). Three models were used: (i) the logistic
function for increasing functions with storage

Ymax

= @+ Rexp(—Rx) ”

where YI: the cane yield; Ymax: the maximum cane yield obtained;
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X the nth independent variable; K and R: coefficients. The target
yield in this study is 121.03 Mg. ha™' of usable cane ha”, that is
95% of the maximum achievable yield of 127.4 Mg. ha™

(i) For factors with a negative or no significant correlation with yield,
a quadratic or (iii) linear model was fitted to the limit points.

VI=ax“+bx+c @)

Yi=ax+b 3)

After determining the coefficients of the equations for the different
soil or management parameters, the cane yield was calculated for
each plot using the functions developed from the limit curve. For
each plot, there are as many yield values calculated as there are
factors taken into account. Ymin (minimum vyield) was then
determined by taking into account the cane yields calculated with all
the factors.

Ymin = Min(¥,,.Y.,. ... ¥,.,,) @)

gy

with Yx,: yield calculated with factor x,. This is the yield predicted
by von Liebig's minimum law (Shatar and Mcbratney, 2004). The
factor corresponding to this minimum yield was identified as the
limiting factor.

RESULTS
Soil types

The soil survey of all SOSUMO sugarcane plantations
showed that SOSUMO plantations located in swamps
and valleys were dominated by humic regogley and
typical regogley (Figure 2). The dominant soils on the
hills and slopes were typical ferralsols and silty ferrisols.

Relationship between abiotic and biotic factors and
yield

Table 1 shows the mean, standard deviation, minimum,
and maximum values of sugarcane management
parameters and physicochemical values obtained by wet
and dry analysis methods. Factors associated with
management practices were weed percentage (MH),
penetration/penetrometer resistance (PN) and stem
boring caterpillar severity (SCF), with mean and max
values of (25.48; 100%) for MH, (6.34; 10.30 cm) for PN
and (206.12; 1800 stem boring caterpillars) for SCF. The
physico-chemical parameters had mean and maximum
values of (6.09; 7.33) for pHuzo, (2.24; 4.76 %) for
organic carbon (C org), (0.20; 0. 39 %) for nitrogen (N),
(10.93; 34.80 mg kg™') for phosphorus (P), (20.14; 30.40
cmolc kg') for cation exchange capacity (CEC), (0.04;
0.10 mg kg™ for sulphur (S), (4. 99 ; 12.37 cmolc kg™') for
calcium (Ca), (0.58; 1.11 cmolc kg™') for magnesium
(Mg), (0.66; 1.49 cmolc kg') for potassium (K), (3.22;
9.40 mg kg') for zinc (Zn), (7.89; 12. 60 mg kg™") for
copper (Cu), (84.57;121.60 g kg™) for iron (Fe), (8.39
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Table 1. Values of minimum, maximum, mean, and standard deviation of management practices and physicochemical parameters.

Variable Parameter Min Max Mean Standard deviation
MH (%) 0.00 100.00 25.48 22.13

Parameters related to management practices PN (cm) 0.70 10.30 6.34 2.26
SCF (Number) 0.00 1800.00 206.12 351.43
Soil pHH20 4.69 7.33 6.09 0.58
Organic C (%) 0.98 4.76 2.24 0.71
N (%) 0.09 0.39 0.20 0.06
P (mg kg™") 1.40 34.80 10.93 8.27
CEC (cmolc kg™) 8.40 30.40 20.14 6.59
S (mg kg™) 0.01 0.10 0.04 0.02
Ca (cmolc kg™) 0.94 12.37 4.99 2.80

Physicochemical parameters Mg (cmolc kg™') 0.18 1.1 0.58 0.26
K (cmolc kg™') 0.03 1.49 0.66 0.36
Ca/Mg 1.65 17.61 8.39 2.48
Mg/K 0.17 21.70 1.57 3.03
(Ca+Mg)/K 1.13 31.92 10.91 7.29
Zinc (mg kg™) 0.30 9.40 3.22 1.71
Copper (mg kg™") 3.80 12.60 7.89 2.16
Iron (g kg™ 23.50 121.60 84.57 25.77

Source: Author.
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Figure 2. Sampled plot locations and soil types by plot.
source: Author.
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Table 2. Analysis of yield as a function of physicochemical and management practices parameters.

Variable Parameter Yied P
MH (%) -0.489 0.003**

Parameters related to management practices PN (cm) 0.115 0.286
SCF(Number) -0.004 0.873
Soil pHH20 0.133 0.85
C org (%) 0.133 0.402
N (%) 0.349 0.014*
P(mg kg™) -0.131 0.344
CEC (cmolc kg™) 0.397 0.001**

-1

Physicochemical parameters (S'J;T(?mkcﬂc)kgﬂ gg;g 000%13*
Mg (cmolc kg™") 0.332 0.013*
K (cmolc kg™) -0.034 0.463
Ca/Mg 0.250 0.015*
Mg/K 0.200 0.645
(Ca+Mg)/K 0.219 0.981

Source: Author.

;17.61) for the Ca/Mg ratio, (1.57 ;21.70) for the Mg/K
ratio and (10.91 ;31.92) for the (Ca+Mg)/K ratio.

The correlations between cane yield, management and
biotic factors on one hand and physicochemical
parameters on the other are shown in Table 2. The
management factors and physicochemical parameters
that showed significant correlations (p <0.05) according
to Spearman's test were weeds (MH: r= -0.489, p = 0.
003), nitrogen (N: r= 0.349, p= 0.014), cation exchange
capacity (CEC: r= 0.397, p = 0.001), calcium (Ca: r=
0.335, p=0.004), magnesium (Mg: r= 0.332, p= 0.013)
and Ca/ Mg ratio (r= 0.250, p= 0.015).

Linear, polynomial, and logistic relationships between
sugarcane yield, management parameters, and
physicochemical parameters are as shown in Figure 3.

Ranking of limiting factors

The factors limiting usable cane vyield in order of
importance of the percentage of plots affected were
compactness with 15% of plots affected, followed by CEC
(14%), S (11%), Ca, the ratio (Ca+Mg)/K, Cu and Fe
each affecting 8% of plots, pH, weeds and stem-boring
caterpillars each affecting 6% of plots, P 5%, K 3%, N
and the Ca/Mg ratio 1% of plots (Figure 4).

Limiting factors with the lowest average usable cane
yield were the Ca/Mg ratio with a minimum average yield
of 26.4 Mg ha™, followed by Fe (34 Mg ha'), P (52.8 Mg
ha'), CEC (62.9 Mg ha'), Ca (64.4 Mg ha'), weeds (65.
9 Mg ha'), K (68 Mg ha'), S (72.9 Mg ha™), ratio
(Ca+Mg)/K (74.3 Mg ha™), pH (79.3 Mg ha'), stem-
boring caterpillar severity (80 Mg ha'), N (81.8 Mg ha™),

Cu (85.5 Mg ha') and compactness with an average
minimum yield of 93.8 Mg ha' (Figure 5).

Explained and unexplained yield gaps

The maximum observed machinable cane yield used was
127.38 Mg ha'. The coefficient of determination of the
linear regression between the minimum predicted yield
and the actual observed yield R? is 0.42 (Figure 6). Note
that Ymax=127.38 Mg ha' and the diagonal represents
the function (Y=X). For each point above the diagonal,
the difference (Ymax-Ymin) shows the explained yield
and is indicated by the arrow above Ymin (minimum
predicted yield), while the arrow below Ymin shows the
difference in unexplained yield (Ymin-Y observed).

Proposed standards for interpreting soil analyses
and sugarcane management factors

Table 3 show the different equations used and the
proposed interpretation standards for the physicochemical
factors obtained and for the cultivation practices. The
limiting physicochemical factors identified are limiting if
they are outside the norms obtained after solving the
equations for each element. From the above, organic
carbon becomes limiting when it is less than 2%, nitrogen
when it is less than 0.2%, cation exchange capacity
concentration less than 21.6 cmolc kg, calcium
concentration less than 5.1 cmolc kg', magnesium
concentration less than 0.6 cmolc kg, potassium
concentration less than 0.6 cmolc kg-1, Ca/Mg ratio less
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Figure 3. Relationships between yield, management parameters
Source: Author.

than 5.2 and plant available phosphorus less than 4.2 mg
kg™'. In addition, the pH becomes a limiting factor if it is
less than 5.7 or greater than 6.5, the Mg/K ratio if it is
less than 1.3 or greater than 2.2, the (Ca+Mg)/K ratio if it
is less than 10.9 or greater than 21.5 and, finally, sulphur
becomes a limiting factor if it is less than 0.03 or greater
than 0.1.

As for the cultivation practices, the same table shows

, and soil physicochemical parameters.

that weeds are limiting factors for % of soil weed
occupancy greater than 13, the penetrometry value for
values greater than 1.3 cm and the severity of stem-
boring caterpillars for values greater than 171. The
standards proposed for SOSUMO plantations are higher
than those found in the literature for organic C, N, CEC,
Ca and K, while they are lower than those found in the
literature for Mg, available P and S. The standards
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Table 3. Proposed formulae and standards for soil physicochemical factors and cultivation practices.

Factor Formula Standard Literature Standard  Author
Physico-chemical factors
121 127.38 1
Organic C (%) = 22 >0.15
((1+ (2.88exp(—2.02x))
N (%) 121 127.38 0.2 0.15 1
% = 20. >0.
((1+ (9.26 exp(—25.56x))
CEC (cmolc kg™ 121 127.38 2215 10 1
cmolc kg = >21. >
((1+4+ (14.24 exp(—0.26x))
Ca (cmolc kg') 121 127.38 >5.1 4.5 1
a (cmolc kg = > 5. >4,
((1+ (2.87 exp(—0.78x))
Mg (cmolc kg 121 12738 20.6 2.2 1
g (cmolc kg = 2 0. >2.
((1+ (3.46 exp(—7.24x%))
K (cmolc kg™) 121 127.38 206 0.4 1
cmolc kg" = = 0. >0.
((1+ (1.26 exp(—5.63x))
127 .38
Cal Mg 121 = 252 -

((1+ (27.6exp(—1.2x))
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P assimilable (mg kg™!) 121 127.38 242 80 1
assimilable (mg Kg- = 24, >

((1+ (25.6exp (—1.48x))
pHeau 121 = —33x% + 408.7x — 1121 5.7-6.5 >5.50 1
Mg/K 121 = —17.16x" + 59.33x + 73.53 1.3-2.2 -
(Ca+Mg)/K 121 = —0.284x> + 9.217x + 54.16 10.9-21.5 .
S (mg kg™) 121 = —27917x% + 2748x + 61.66 0.03-0.07 >15 2
Farming practice
Weeds (%) 121 = —0.959x+ 133.6 <13 -
Penetrometer value _
(compactness) (cm) 121 = —4.145x+ 126.4 <13 -
Stem boring caterpillar _ <171 Stems
severity 121 =—0.038x+ 1275 drilled ha' ]

'Standards established by Fillols and Chabalier (2006) ; 2 Standards established by Schroeder et al. (2007).

Source: Author.

established for pH are close to those found in the
literature, since the values found are in the same order of
magnitude.

DISCUSSION

Effect of soil physicochemical parameters on
sugarcane yield

pH

Quantitative assessment of soil physicochemical
parameters is essential to reduce yield variation

(Khechba et al., 2021). The results of the analyses (Table
1) showed that the local soils were very acidic to neutral
(Tessens and Gourdin, 1993; Kaboneka et al., 2020).
From the above, the results obtained showed that 2.04%
of the SOSUMO plots diagnosed were very acidic
(pH<5), 16.33% strongly acidic (5<pH<5.5), 28.57%
moderately acidic (5.6<pH<6) and 53.06% weakly acidic
to neutral (6.1<pH<7.5).

In Burundi, more than a quarter of cultivated soils are
acidic, with a pH below 5, and very few soils have an
optimal pH and it is not easy to find basic soils
(Nduwimana et al., 2013). Recent studies have shown
that 61% of the soils in the eastern depressions are very
highly acidic or highly acidic (IFDC, 2022). However,
even though the SOSUMO plantations are located in the
eastern depressions, the results show that only 18.37%
of the soils are very acidic to acidic (pH<5.5). Therefore,

local acidity is not a major problem in the study area. This
may be because more than 80% of SOSUMO's
sugarcane plantations are located in low-lying areas with
high organic matter content, and acidity problems are
more prevalent in hilly plantations, which are often
eroded, and the study was conducted in a small part of
the eastern depression with fewer hills.

On one hand, this acidification is thought to be due to
the excessive use of acidifying mineral fertilisers, which
are sources of nitrogen, phosphorus, and potassium in
plantations (Konkobo et al., 2018), and on the other
hand, low levels of organic matter, which can lead to
rapid soil degradation (Amonmide et al., 2019).
Moreover, in the part of the soil with high acidity, there is
a risk of aluminium toxicity and excess of Cu, Fe, Zn, Co,
and Mn, as well as deficiencies of Ca, K, N, Mg, Mo, P,
and S, leading to nutrient imbalance and limited plant
development, resulting in yield losses (Kouadio et al.,
2018; Landon, 1991; Rajeshwar et al., 2018).

Adequate liming of acid soils can raise pH to 6.6-7.5,
allowing plants to use nutrients efficiently. Conservation
agriculture practices that leave straw on fields can help
combat soil degradation and nutrient loss while
maintaining good soil characteristics, improving soil
fertility and increasing sugarcane yield quantity and
quality (Arcoverde et al., 2023; Cherubin et al., 2021).

Primary macro-elements

To grow better and ensure the quantity and quality of
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crop yields, macronutrients must be present in sufficient
quantities as they are the main essential nutrients
required by the plant (Konkobo et al., 2018). However,
using the interpretation standards established by
Tessens and Gourdin (1993), 95.92% were moderately to
highly deficient in organic carbon (<3% C), all the plots
diagnosed (100%) had a low availability phosphorus (<
50 mg kg™'), 59.18% of the plots have a low level of
nitrogen (<0.2%), 8.16% of the diagnosed plots were
poor in potassium (<0.2 cmolc kg-1) and 32.65% of the
plots had average values (0.2-0.5 cmolc kg™).

As soil organic carbon, 95.92% were moderately to
highly deficient in organic carbon (<3% C). However, soil
organic carbon plays an essential role in soil fertility and
soil health. Soils with low organic carbon levels lead to
biological degradation (reduction in fauna) and physico-
chemical degradation (structure, porosity, aeration, soail
retention, nutrient recycling and availability). The low
levels of organic carbon observed in SOSUMO area can
be attributed to the high temperatures in the Moso region,
which accelerate the mineralisation of organic matter.
The results confirm those of previous studies, which
found that in Burundi, organic carbon levels are low at
low altitudes (Imbo region) and in the eastern depressions
(Moso region) as a result of rapid mineralisation of
organic matter under the influence of temperature (IFDC,
2022). Land management and use affect soil organic
carbon and nutrient availability to plants. In the top 20 cm
of soil, straw burial significantly increases soil organic
carbon, soil available nitrogen, phosphorus and
potassium, and total soil nitrogen, phosphorus and
potassium (Huang et al., 2021). Soil organic carbon, and
therefore soil biological, physical and chemical functions,
could be restored by burying organic matter, compost or
crop residues.

The results show that all the plots diagnosed (100%)
had a low availability phosphorus (< 50 mg kg™). Indeed,
the results from the study area complement those of
previous studies, which found that almost all Burundian
soils (85%) are poor in assimilable phosphorus
(Nduwimana et al, 2013). The unavailability of
phosphorus is thought to be related to soil texture,
acidity, low organic matter content, inadequate P inputs
and losses through erosion (Niyungeko et al., 2023). In
tropical environments, in addition to the export of P by
sugar cane (from 30 to over 100 kg P ha™" per year), most
tropical soils have an exceptional capacity to
retainphosphate ions, which limits the agricultural
production potential, despite the high levels in this region
of the world (COMIFER, 2023). Cultivation practices that
promote adequate phosphorus inputs in mineral form
according to the needs of the environment, liming and the
application of organic matter (farmyard manure, compost)
or crop residues could be a way to overcome phosphorus
deficiencies.Through its decomposition products, organic
matter can influence the availabilty and forms of
phosphorus in the soil by acting on the soil pH to keep it

within the range of 6.5-7.5, which is the optimum pH for
phosphorus uptake by plants (Dahane and Abid, 2022).

As far as nitrogen is concerned, the results obtained
show that 59.18% of the plots have a low level (<0.2%),
while 40.82% of the plots have an average level of
nitrogen (0.2 to 0.5%). Our results confirm those of recent
studies showing that Burundian soils have low or average
levels of nitrogen (IFDC, 2022). Although nitrogen is the
main nutrient required by plants, it is the most commonly
deficient nutrient in agriculture, and the low levels
observed are due to volatilisation losses as ammonia
(NHs) or leaching losses as nitrate (NOs) (Poultney,
2021), emissions of nitrous oxides (N20), nitrous gases
(NO and NO2), nitrous gases (N2), nitrogen bound to
organic matter by water and wind erosion (Pal et al.,
2020), and harvest crop exports. In sugarcane cultivation,
burning practice and excessive removal of straw from
fields at harvest leads to depletion of soil organic matter
and reduction of carbon stocks, which play a role in
nutrient recycling (Carvalho et al., 2019; Gmach et al.,
2021; Morais et al., 2020; Tenelli et al., 2021), reducing
total and available soil nitrogen (Huang et al., 2021) and
also affects physical conditions, soil health, biodiversity
and sugarcane yield (Gmach et al.,, 2019; Melo et al,,
2020). Using mineral nitrogen fertilisers that the crop
actually needs, as well as using organic matter and/or
recycling sugarcane crop residues, are recommended to
address local nitrogen deficiencies. In fact, nitrogen
fertilisation of sugarcane needs to be controlled to avoid
degradation of sugarcane quality, as excessive nitrogen
inputs reduce fibre content (Kumar et al.,, 2020).
Furthermore, adding organic matter to the soil and
recycling crop residues helps to control erosion, increase
and maintain soil organic matter levels (Guedegbe et al.,
2020) , providing ecosystem services and improving soil
health through the release of elements beyond fertiliser
(Sarkar et al.. 2020).

For exchangeable potassium, 8.16% of the diagnosed
plots were poor in potassium (<0.2 cmolc kg-1), 32.65%
of the plots had average values (0.2 to 0.5 cmolc kg'),
while 59.18% of the plots had sufficient amounts (>0.5
cmolc kg™). Although potassium is not a major problem
on most of the plots in the SOSUMO plantations, it is
important to maintain soil fertility in terms of potassium on
all plots, because if nothing is done, pronounced
deficiencies may occur in the near future. The study
carried out in 2013 showed that the majority of Burundian
soils have optimal potassium levels, with the exception of
a few localities in the communes of Vyanda, Bururi,
Songa, Giheta, Bisoro and Gihogazi (Nduwimana et al.,
2013). Recent studies have shown that more than half of
the soils in Burundi are poor in potassium and that only
25 to 30 per cent of the soils in the Imbo and northern
depressions are rich in potassium (IFDC, 2022). These
results show that soil potassium levels have deteriorated
significantly in 9 years. In sugarcane plantations,
potassium deficiency disrupts the metabolism of the



plant, adversely affecting its growth and development and
consequently reducing the yield of usable sugarcane
(Jaiswal et al., 2020). It is therefore important to maintain
the potassium fertility of the soils of the eastern
depressions in general, and of the SOSUMO plantations
in particular, at an optimum level by providing sufficient
amounts of potassium in mineral or organo-mineral form,
or by adding organic matter (manure, compost or
biomass).

Secondary macro-elements

Based on the standards established by Jones 1972 and
adapted by (Landon, 1991), 6.12% of the plots diagnosed
had high calcium levels (>10 cmolc kg™), 48.98% had
average levels (4-10 cmolc kg') and 44.90% were
deficient (<4 cmolc kg™') in this element. For magnesium,
46.94% of the plots were deficient (<0.5 cmolc kg™') and
53.06% of the plots had average magnesium levels (0.5
to 1.5 cmolc kg™). Aimost half of the plots were deficient
in sulphur. Ca and Mg are closely linked and their supply
requires special attention to maintain the Ca/Mg ratio at
an optimal level (3-4). This can lead to serious nutrient
imbalances. In tropical areas, in addition to potassium,
calcium, magnesium and sulphur are the main factors
limiting sugarcane production and yield, while also
affecting juice quality (Bhatt et al., 2021). In Burundi,
unlike the other two elements (Ca and Mg), sulphur is
very little considered in plant fertilisation, although it is an
important secondary nutrient that plays a role in the
primary metabolism and growth of the plant, while also
providing the plant with antioxidant and abiotic stress
resistance functions (Ranjendra and Janardhan, 2020;
Zenda et al., 2021). To improve agricultural production
and the quality of local sugar cane in calcium-deficient
conditions, calcium amendments are one of the possible
solutions to raise the pH to the optimum (6.5-7.5) and
facilitate better nutrient uptake. The same applies to

magnesium  deficient  soils, where  magnesium
amendments are recommended to maintain a balanced
Ca/Mg ratio.

In the case of sulphur, mineral sulphur must be added
to compensate for the deficiencies observed and care
must be taken to ensure that only what the plant really
needs is applied. In all cases, organic matter is essential
to deal with secondary mineral deficiencies.

Oligoelements

Although oligoelements are nutrients that plants need in
small amounts, their deficiency can cause physiological
disorders. Using the standards established by Jones
1972 and adapted by (Landon, 1991), 2.04% of the plots
were deficient in copper, while 97.96% of the plots were
adequate and all plots were deficient in zinc (<20 mg kg
). An imbalance of micronutrients in the soil affects the
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efficient use of nutrients by plants, disrupts the
environment and agro-ecological systems, and
consequently reduces agricultural production (Majeed et
al., 2022).

Zinc is an essential element for sugarcane growth and
tillering, and any deficiency of this element results in a
reduction in yield and in the production cycle of regrowth
(Silva et al., 2022). As well as its nutritive role, zinc is
important for plant defence and reduces the severity of
diseases; therefore, any lack of zinc makes the plant
susceptible to disease, while excess zinc slows plant
growth due to toxicity (Bastakoti, 2023). Application of
zinc sulphate (ZnSO4) with optimum NPK fertiliser supply
improves sugarcane production and sucrose content
(Majeed et al., 2022).

As for Iron, 85% of the plots surveyed had adequate
iron levels, and these ferralitic soils have a high capacity
to fix phosphorus (Solvar et al., 2021). In acid soils, iron
becomes soluble and unavailable to plants; the presence
of iron oxides and hydroxides inhibits phosphorus uptake
by forming insoluble phosphates (Esther, 2019; Tahraoui,
2024).

Impact of management practices on sugarcane yields
Weeds

The results show that 65.3% of the plots diagnosed had a
weed cover of more than 15%. Based on the standards
established in this study (Table 3a), weeds pose an
immediate threat to the SOSUMO plantations. A major
factor in the loss of sugarcane productivity is weed
infestation (Vergosa et al., 2022). Under these conditions,
weeds cause a variety of nuisances, resulting in reduced
yields because they compete with sugarcane for the
nutrients it needs, as well as for water and moisture,
further reducing its production (De et al., 2016; Jayanthi
et al.,, 2023). As sugarcane is a slow-growing crop,
competition from weeds occurs early in the growth cycle
and ineffective management during critical growth
periods can result in yield losses of up to 10 to 70%
(Rathika et al., 2023). Growth retardation and yield losses
depend on the type of weed species and the duration of
infestation (Bassey et al., 2023). To improve management
practices for better sugarcane production in the tropics,
weed control is essential as weeds are themain pests in
the sector (Mansuy et al., 2019). Manual and mechanical
weeding is used to reduce weed pressure in sugarcane
fields.

Given that there are large areas and localities that are
inaccessible to tractors during the rainy season, it is
recommended to use selective herbicides, avoiding
excessive use which could pollute the environment.

Pests

Stalk-boring caterpillars, which cause losses in quantity
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and quality, are among the biotic constraints on
sugarcane recorded in the study area. The pests
observed on young sugarcane regrowth were borer
caterpillars (Eldana saccharina) and fall armyworm
(CLA), Spodoptera frugiperda. The total incidence varies
between 0.01 and 0.02%.

Damage caused by E. saccharina includes galleries
with holes in the stem, while CLA causes irregular holes
in the leaves, particularly in the whorl. The incidence of
both pests was low, around 0.02%. Severe infestations of
E. saccharina lead to the death of young shoots. Large
infestations of sugarcane by stalk-boring caterpillars
cause significant production losses (Rutherford et al..
2019). Majumder (2020) points out that these insects can
cause yield losses of 15-20% in addition to reducing
product quality (Mishra et al., 2023). Chemical and
mechanical control measures should be considered to
reduce the level of infestation as soon as these pests
appear. Good agricultural practices (weed control,
disease, and pest management) can increase sugarcane
yields by an average of 23.1 to 29.2% (Khaoma et al.,
2022).

Compactness

When herbicides are not available, SOSUMO uses
machines to remove weeds from plantations. The same
applies to the loading and transport of sugar cane at
harvest time. The results show that penetrometry ranges
from 0.70 to 10.30 cm (Table 1) and that 15% of the plots
are affected by compaction (Figure 4), although it does
not significantly affect sugarcane yield (Figure 5). The
use of these heavy machines leads to physical solil
degradation through compaction and reduced soil
porosity (Lokossou et al.. 2018), resulting in high bulk
density and resistance to soil penetration (Esteban et al..
2019). Compaction thus affects the physical fertility of the
soil (storage and supply of water and nutrients) and leads
to changes in the plant physiology of sugarcane, which in
the long term can reduce its productivity in terms of
quantity and quality, especially in fine-textured soils (silty
clay) (Geneti, 2021). This leads to a lack of aeration and
a reduction in the water-holding capacity of the sail,
resulting in chemical and biological disturbances that lead
to soil degradation and lower yields (Mebarki. 2022).
Swinford and Boevey (1984) found that compaction
reduced sugarcane yields by 24-47% and sucrose yields
by 29 to 48% (Van and Stranack, 2021). Unfortunately,
the use of tractors is unavoidable in the agricultural
intensification system. A possible solution to improve
compacted soils is no-tilling/direct seeding of sugarcane
or mechanical chiseling (Awe et al., 2023).

Limiting factors identified by limit curves

In the diagnosed plots, the limiting factors and their

proportions vary from plot to plot (Figure 4). The limiting
factors that affect the most plots are not necessarily
those that reduce sugarcane yield the most (Figure 5).
Exponential, logistic, and linear relationships allowed us
to determine the standards at which these factors
become limiting and differ according to the method of
analysis used (Table 3).

Based on established standards (Fillols and Chabalier,
2006; Schroeder et al.,, 2007), limiting factors in
sugarcane production for the wet method are higher than
those reported in the literature for organic C, N, CEC, Ca,
K, and pHeau; while the standards established are lower
than those reported in the literature for Mg, plant
available P and S. In addition, the standards established
for the dry method are within the range of the standards
set by the SoilCare Ilaboratory for the following
parameters: organic C, N, CEC and Fe. However, the
standards set are outside the SoilCare standards for Ca,
Mg, K, Zn, total P, Cu, and pHk.

In fact, any input that does not provide a concentration
of these elements within the range defined by the
standards will not enable the predicted yield of 121 t ha-1
to be achieved, while any input that exceeds the defined
standards will lead to luxury consumption and risks of
toxicity without increasing yield. For the same limiting
factors, the standards established using the dry method
are higher than those established using the wet method.

Conclusion

The soil analyses carried out in the SOSUMO sugar cane
plantations have made it possible to identify the soil
types, the current state of soil fertility, and the various
factors limiting sugarcane production in the area. Thus,
the factors that most limit and negatively influence the
yield of usable cane are related, on one hand, to
agricultural practices (weeds, stem-boring caterpillars,
compactness) and, on the other, to physical and chemical
factors.

Control of weeds and stem-boring caterpillars is
essential to improve yields, otherwise there can be huge
losses. Another major handicap is the compaction
caused by tractors when weeding, loading, and
transporting the crop. This distorts the soil structure.
Unfortunately, there is currently no solution in sight to
alleviate this problem, since the intensification of
agriculture and the expansion of plantations (around
4,000 ha of sugar cane), as well as the distance to be
covered to transport the sugar cane to the factory, are all
factors that require the use of tractors.

As far as the physicochemical factors are concerned,
moderate to neutral acidity was found in most of the
plots, which is not an obstacle at the moment, except for
a few plots with a pH below 5.5, which will have to be
monitored regularly to raise the pH by liming. All the plots
are deficient in phosphorus, an essential element for the
life and production of any plant. Deficiencies in other



macro-elements (N, K, S, Ca, Mg), and trace elements
(Zn, B) were also found in some of the plots. Soil fertility
management, with the use of suitable organic mineral
inputs to replace missing elements, is essential to
increase and ensure sustainable sugar cane production.
In addition, it is essential to keep the cane stalks in the
fields in order to increase the level of organic matter in
the soil, which is essential for the development of
biological activity in the soil, and to improve the physical
and chemical conditions of the soil, such as porosity,
moisture and temperature.
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