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ABSTRACT

The present study evaluated the nutritional status of industrial sugarcane
(Saccharum officinarum L.) plantations managed by SOSUMO in Burundi using
the Compositional Nutrient Diagnosis (CND) method via the CNDr? index. Foliar
samples from 41 plots were analysed for seven key nutrients: Nitrogen (N),
Phosphorus (P), Potassium (K), Calcium (Ca), Magnesium (Mg), Copper (Cu) and
Zinc (Zn). A CNDr? threshold of 7.4 was established to identify significant
nutritional imbalances. Results showed that 56.1% of plots had low yields linked
to nutrient deficiencies, mainly Magnesium (27%), Nitrogen (17%), and
Potassium (15%). Zinc and Copper deficiencies affected 12—14% of plots. About
22% of plots had low yields despite balanced nutrition, highlighting non-
nutritional factors such as soil or management issues. Conversely, 9.8% of plots
achieved high yields despite imbalances, suggesting short-term compensation
through intensive practices. The CNDr? index proved a reliable tool for diagnosing
nutrient imbalances and guiding fertilisation strategies aligned with the 4R
nutrient stewardship principles. The study underscores the importance of adapting
nutrient recommendations to local soil, climate, and crop conditions while
addressing non-nutritional constraints to sustain and improve sugarcane
productivity in Burundi.
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INTRODUCTION and stimulates agro-industrial development by
expanding sugar processing industries (Dubb, 2017)
and integrating smallholder farmers into inclusive,
vertically coordinated value chains (Manda & Miti,
2024). However, the long-term sustainability and
regional competitiveness of the

threatened by substandard agronomic practices and

Sugarcane (Saccharum officinarum L.) is one of the
most economically and strategically important
industrial crops worldwide. It is cultivated on
approximately 26.3 million hectares and supplies
more than 80% of the global sugar output, with an
estimated annual production of 1.9 billion metric
tons (Martini et al., 2020). In addition to its primary

sector are

inadequate nutrient management strategies (Van

. . . . Antwerpen et al., 2022).
role in sugar manufacturing, sugarcane is a major

source of renewable energy, particularly through
bioethanol production and cogeneration from
bagasse, making it a key component of energy
diversification strategies in tropical and subtropical
regions (Balat, 2009; Bezerra et al., 2020).
Furthermore, despite ongoing trends toward
mechanisation and industrial consolidation,
sugarcane cultivation remains a critical pillar of
rural economies in many developing countries,
sustaining considerable levels of direct and indirect
employment (Moraes et al., 2015; Ruths et al.,

2023).

Although Africa contributes only about 5% of
global sugar output (Mabeta & Smutka, 2023),
sugarcane remains socio-economically significant
across numerous Sub-Saharan African countries. In
these contexts, sugarcane cultivation supports rural
livelihoods, generates foreign exchange earnings,

In East Africa, sugar production is undergoing a
notable expansion, particularly in countries such as
Uganda, Kenya, and Tanzania, where the sector
remains primarily oriented toward local and
regional markets (Mwavu et al., 2018; Mwinuka &
Mlay, 2015). This expansion is driven by the rising
demand for sugar and bioenergy. However, it
frequently occurs under conditions of agronomic
intensification that lack robust diagnostic
frameworks, particularly with regard to plant
nutritional management (Tamale et al., 2024). The
absence of a systematic evaluation of foliar nutrient
yield
long-term

hinders
the
production systems (Otieno et al., 2019). Burundi is
no exception to this broader regional trend, although

deficiencies
endangers

optimisation and
sustainability — of

its sugarcane production system presents unique
structural and agronomic characteristics.
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In Burundi, sugarcane is an essential industrial crop
cultivated exclusively in the Moso region by the
Moso Sugar Company (SOSUMO), which produces
nearly all of the country's formal sugar. The
sugarcane industry contributes significantly to rural
employment, stimulates local economic activity,
and plays a strategic role in reducing the country’s
dependence on imported sugar. However, despite its
economic and social importance, domestic
production is insufficient to meet national demand,
necessitating the importation of large quantities of
sugar at a significant economic cost (Bamber et al.,
2015).

Moreover, sugarcane cultivation in Burundi faces
significant nutritional constraints. Deficiencies in
essential nutrients, such as Nitrogen (N),
Phosphorus (P), Potassium (K), Calcium (Ca),
Magnesium (Mg), and Zinc (Zn), have been
identified in sugarcane plantations (Kameya et al.,
2025). These deficiencies are often underdiagnosed
and negatively affect vegetative growth, the
technological quality of the cane, and the overall
industrial performance of the sugar sector (Bhatt &
Oliveira, 2022; L. C. da Silva et al., 2021; Kihara et
al., 2020). In a context where sustainable
intensification is imperative, the absence of an
integrated nutritional diagnostic system poses a
significant challenge to the development, resilience,
and long-term sustainability of the national sugar
industry (Ranjan, 2019)

In light of these challenges, the Compositional
Nutrient Diagnosis (CND) approach provides a
scientifically  robust and methodologically
innovative framework for accurately assessing

guides
strategies
adapted to the country's agroecological conditions
(Calheiros et al., 2018; Neisi et al., 2025; Parent &
Dafir, 1992; Pereira da Silva & Justino Chiaia,
2021). As a nutrient management tool, the CND
method has significant potential to enhance
agricultural productivity, preserve soil fertility, and

foliar nutrient imbalances. It also
sustainable, site-specific fertilisation

strengthen the economic resilience of the sugarcane

S5

Volume 9, Issue 1, 2026

sector under variable environmental conditions
(Fernandes et al., 2023; Kumar et al., 2023).

Against this backdrop, the present study aims to
assess the nutritional status of sugarcane cultivated
in the Moso region of Burundi using the
Compositional Nutritional Diagnostic (CND)
approach. The overall objective is to establish
context-specific nutritional standards adapted to the
local  agroecological  environment. More
specifically, the study aims to: (i) assess the current
nutritional balance of sugarcane crops through the
analysis of leaf tissue, (ii) identify nutritional
deficiencies or excesses that affect crop growth and
productivity by applying the CND method, (iii)
develop nutritional standards and diagnostic
thresholds based on CND and adapted to the Moso
context, and (iv) provide evidence-based
recommendations  for  improving  nutrient
management practices to increase sugarcane yields,
optimize fertilizer use efficiency, and promote
sustainable soil fertility management in the region.

MATERIALS AND METHODS
Study Area

This study was in the
sugarcane plantations of the Moso Sugar Company
(SOSUMO) in the Rutana commune of Burunga
province in southeastern Burundi (Figure 1). This
area is located in the Moso agroecological zone,

conducted industrial

which is characterised by significant climatic
variability.

The region has an average annual precipitation of
approximately 1,175 mm, with the majority
occurring during a seven-month rainy season and a
five-month dry season. Ambient temperatures
generally fluctuate between 14°C and 28°C
(MPDRN, 2006). Diurnal temperature amplitudes
range from 16°C to 20°C (Nzigidahera &

Nindorera, 2009).

The region exhibits significant soil heterogeneity.
As Nshinyabakobeje (1987) described, the
predominant soil types include hygroxeroferrisols,
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relatively young soils derived from dolomitic in lower slope positions; and hygroxeroferralisols,
limestone; hygroxeroferralsols, formed on schistose  originating from schisto-quartzitic parent materials
substrates with basic influence; ferrisols, occurring

(Gahungu, 2012).

Figure 1: Sampling Area Map

4.020°5
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Leaf Sampling Methodology

The collection of leaf samples was carried out
across 41 sugarcane plots managed by SOSUMO,
with the first fully expanded leaf counted from the
top of the stalk (Dos Santos et al., 2019). In each
plot, 32 leaves were sampled following an
imaginary "V-shaped" pattern, ensuring sampling
occurred at least 10 meters inside the plot
boundaries to minimise edge effects (McCray et al.,
2019).

Samples were collected from 4- to 6-month-old
ratoon crops during the rainy season, a critical
period for sugarcane nutrient uptake and vegetative
growth (L. C. da Silva et al., 2021).

Sample Analysis Methods
Laboratory Analyses

The samples were analysed at the Soil and Agro-
food Products Analysis Laboratory (LASPA) at the
Burundi Institute of Agronomic Sciences (ISABU).
AOAC International official methods of analysis
were used to determine the nutrient concentrations
in the leaves. All samples were initially pretreated
according to the AOAC method 922.02, 21st edition
(AOAC, 2019). AOAC 2001.11 was used to
determine the Nitrogen content using the Kjeldahl
method, which involves digesting organic Nitrogen
with sulfuric acid and catalysts to convert it into
ammonium sulfate (Thiex, 2009). Phosphorus
concentration was measured using a colorimetric
method assay based on the formation of a yellow
phospho-vanado-molybdate complex with an
absorbance reading of 470 nm (Theodore &
Ikechukwu, 2024). Cations (K, Ca, Mg, Cu, and Zn)
were  quantified by  atomic  absorption
spectrophotometry (AAS) using the AOAC method
975.03 (AOAC, 2019).

Diagnosis of Nutrient Composition (CND) of
Sugarcane Leaves

To assess the nutritional status of sugarcane, the
compositional nutrient diagnosis (CND) approach
was employed as a multivariate diagnostic tool to

S5
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distinguish between high- and low-yielding sub-
populations. The main objectives were to determine
the minimum yield threshold associated with
optimal performance and to identify the
corresponding critical index of nutritional
imbalance (Khiari et al., 2001; Parent & Dafir,
1992).

As established by Parent and Dafir (1992), plant
tissue composition can be represented as a d-
dimensional nutritional arrangement, expressed as a
compositional simplex S¢, which includes d
nutrients and a residual component R; Thus,
sugarcane S°, or the eighth dimension (d+1),
includes seven nutrients: N, P, K, Ca, Mg, Cu, and
Zn, as well as the residual value Rs, which accounts
for all other nutrients not included in this analysis.
A total of 41 samples were used for the CND
computation. Data were first sorted in descending
order of sugarcane yield, and the following
calculations were performed (Equation 1) :

Sd

= [(N,P,K,Ca,Mg,Cu,Zn,R;):N >0,P > 0,K
>0,la>0,Mg>0,Cu>0,Zn>0,R,
>0N+P+K+Ca+Mg+Cu+Zn+ Ry

= 100] [1]

Where N, P, K, Ca, Mg, Cu, and Zn are nutrient
ratios contained in the dry matter, 100 represents the
dry matter concentration in percent, and Ry is a
filling value calculated as the difference between
100% and the sum of the proportions of the d-
determined nutrients (Equation 2) :

Rq
= [100
- (N+P+K+Ca+Mg+Cu

+ Zn)] (2]

Aitchison (1986) states that the geometric mean
allows for a symmetrical treatment of all d
components and that by dividing each component
by the geometric mean (G) of the d+1 components,
including Rd, the nutrient proportions become
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invariant (Khiari et al.,, 2001; Rozane et al.,
2020) (Equation 3):

G
=[N*P*xKxCa*Mgx*CuxZn

* Rd]d+-1

Subsequently, nutrient concentrations obtained
from sugarcane leaf analyses were converted into
centred log-ratios (V) for element X (Aitchison &
Egozcue, 2005). These log-ratios were calculated as
follows (Equations 4 & 5) :

Ww=mn(Y),ve=tn(2) Vi =tn(%) Vea

=In (CG—a),VMg =In (%),ch =In (CG—u)

Vin =10 (2), Vig

()

With : Vy + Vo + Vi + Vea + Vg + Veu + Vin +
Ve, =0 [5]

The separation of high-yielding subpopulations
from low-yielding subpopulations was achieved
using a yield threshold value obtained at the most
significant inflection point among the eight cubic
functions (Khiari et al., 2001).

The means and standard deviations of V; for the
high-yield Vi *,Vp %, Vi %, Vg %, Viyg *
Veuw % Van *, VRd * SDy *,5Dp *,SDg *
,SDcq *,SDpg *,SDcy *,SDzp *, SDRd * were used
to determine the compositional nutrient diagnosis
(CND) The Ix
deviations from these standards. Thus, the centred

samples

and

standards. indices represent
log-ratios of the independent sample lines were

standardised using Equation 6.

S5
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Vy — Vy * Vp —Vp *

Iv=—"gp —1lp=—5p, I«

Vg — Vi * Vea = Vea *
T SDg rfea SDcq Tug
_ Vmg = Vg *
BT SDy,

I = VCu - VCu * — VZn VZn * I

Cu SDCu »1Zn SDZn »1Rg

_ Vra ~Vra* (6]
SDg,

Where Iy, Ip, Ik, ..., Ig, are the CND indices

A measure of nutrient imbalance in a sample, called
the nutrient imbalance index CNDr2, was calculated
as the sum of the squared CND indices of the
individual nutrients and the residual component
(Ec[ltﬁtion 7).

7,.2

= IR+ 13+ 1R+ 18 + Iy + 15, + 12,

+ 13, [7]
To characterise each sample based on overall
nutrient imbalance, CNDr2, the radius was

calculated from the CND nutritional index. The
minimum CNDr2 required to reach the high-yield
target, referred to as the critical imbalance index,
was derived by assigning the proportion of the low-
yield subpopulation as an exact probability in the
cumulative yield distribution function with eight
degrees of freedom (Khiari et al., 2001).

The CND nutrient sufficiency ranges define
concentrations of nutrients that are deficient and/or
excessive in low-yielding subpopulations. These
ranges were obtained by converting individual
critical nutrient indices into concentration ranges
with lower and upper limits. The resulting ranges
were then compared to the values reported by
(Guimaraes et al., 2015). The advantage of using
sufficiency ranges over critical values lies in the fact
that they provide a range of values when a nutrient
is not limiting.
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Nutrient deficiencies in each plot were determined
by comparing the CND index of each sample with
the nutrient sufficiency ranges. Specifically, a
nutrient with a CND index (IX) below the lower
limit of the sufficiency range was considered
deficient. In each plot, nutrients were ranked based
on increasing CND index values, assuming that the
nutrient with the lowest CND index was the most
limiting for sugarcane production. Finally, these
limiting nutrients were ranked according to the
average ranking across all sugarcane plots to
identify the most limiting nutrient overall.

RESULTS

Yield Thresholds and Nutrient Concentrations
in High- and Low-Yielding Subpopulations

The fitting of cubic functions to the centred log-ratio
values enabled the identification of characteristic
inflection points (—b/3a) for each nutrient,

S5
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corresponding to critical yield thresholds (in Mg
ha™') (Table 1). These inflection points reflect
significant shifts in the relationship between foliar
nutrient concentration and yield, serving as key
indicators for defining nutrient thresholds specific
to the studied population.

Among the macronutrients, Nitrogen (N) showed a
threshold at 145.3 Mg ha™', Phosphorus (P) at 23.3
Mg ha™!, while Calcium (Ca) and Magnesium (Mg)
had inflection points at 121.3 and 97.5.7 Mg ha™,
respectively. In contrast, Potassium (K) exhibited a
negative inflection point of —3.3 Mg ha™. For the
micronutrients, Copper (Cu) showed a negative
inflection point at -0.45 Mg ha™' while Zinc (Zn)
exhibited a threshold at 58.3 Mg ha™'. Overall, all
models demonstrated very high coefficients of
determination (R?>0.95), supporting the robustness
of the cubic fits.

Table 1: Determination of Inflection Points (-b/3a) for Each Centred Log-Ratio in the Studied

Population
(Vy) Fi (Vy)=aY3+ bY2+cY+d -b/3a (Mg ha™) R?
Macronutrient
VN -1E-04x> + 0.0436x* - 6.4213x + 317.89 145,333 0,9844
Vp 3E-05x* - 0.0021x? - 1.6398x + 180.59 23,333 0,9867
Vk 5E-05x3 + 0.0005x% - 2.5148x +211.78 -3,333 0,9901
Vea -0.0002x* + 0.0728x? - 8.9413x + 380.03 121,333 0,9605
VMg -0.0006x> + 0.1755x> - 17.638x + 588.18 97,5 0,9514
Micronutrient
Veu 0.0622x>+0.0849x%-17.591x+107.34 —0.4549 0,998
Vzn 8E-05x* - 0.014x? - 0.4991x + 145.64 58,333 0,9867
Residual
Vrv -1E-05x> + 0.0103x2 - 2.484x + 192.78 343,333 0,9907

With Fi°(Vy): functions of the cumulative variance
ratio; Vi centred log-ratio for each nutrient
element; R? coefficient of determination; —b/3a:
inflection point for each nutrient X.

Analysing sugarcane subpopulations based on a
yield threshold of 97.5 Mg ha™! (the inflection points

of the fitted Magnesium function) revealed two
groups: a high-yield subpopulation (HP) with a
mean yield of 116.03 Mg ha™ and a low-yield
subpopulation (LP) with a mean yield of 67.83 Mg
ha™. The difference between the two groups was
highly significant (p = 0.0001) (see Table 2).
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Foliar nutrient concentrations also varied between
the groups. For macronutrients, the
concentrations observed in HP compared to LP
were 1.02% versus 1.01% for Nitrogen (N), 0.15%
versus 0.16% for Phosphorus (P), 0.91% versus
0.90% for Potassium (K), 0.27% versus 0.26% for
Calcium (Ca), and 0.22% versus 0.17% for
Magnesium (Mg).

two

S5
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Regarding micronutrients, Copper (Cu)
concentrations were 27.01 mg kg™ in HP and 26.28
mg kg in LP, while Zinc (Zn) levels were 11.51
mg kg™ in HP versus 14.20 mg kg™ in LP. All
concentration  differences
significant (p < 0.05).

were  statistically

Table 2: Average Sugarcane Yield and Leaf Nutrient Concentrations in High- and Low-Yielding

Subpopulations

. 1 HP LP p-value
Sugarcane yield (Mg ha™) 116,03 67.83 0.0001
Macronutrient (%)
N 1,02 1,01 0,0001
P 0,16 0,17 0,0001
K 0,91 0,90 0,0413
Ca 0,27 0,26 0,0001
Mg 0,22 0,17 0,0001
Micronutrient (mg kg ™)
Cu 27,01 26,28 0,0001
Zn 11,51 14,20 0,0001

Where p < 0.05 indicates a significant difference
between nutrient concentrations in the sugarcane
leaves between the high-yield and low-yield
subpopulations, HP: High-yield subpopulation, LP:
Low-yield subpopulation

Determining CND Standards

The CND standards (V*y), which were derived from
high-yield sugarcane plots, are presented in Table 3.
It highlights the mean values and standard
deviations of the for

nutritional indices

macronutrients, micronutrients, and the residual
component (Fy).

Indeed, Nitrogen, Potassium, calcium, and the
residual exhibited positive mean values of 1.63,
1.51, 0.32, and 6.21, respectively. In contrast,
Phosphorus (-0.23), Magnesium (0.06), Zinc (-
5.17), and Copper (-4.33) had negative or nearly
zero mean values. However, the standard deviations
ranged between 0.10 and 0.31.

Table 3: Compositional Nutrient Diagnosis (CND) Standards (V*,) Derived from the High-Yield

Subpopulation

CND Macronutrient Micronutrient Residual
Standard vy V*p Vi V*a  V*g V¥ Vi V¥
Mean 1.63 -0.23 1.51 0.32 0.06 -5.17 -4.33 6.21

SD 0.16 0.17 0.23 0.18 0.31 0.27 0.26 0.10

With V*,: CND standard for nutrient X (means of
nutrient ratios obtained from the high-yield
subpopulation), SD: Standard deviation of the

nutrient ratios obtained from the

subpopulation.

high-yield
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Determination of the Critical Nutritional

Imbalance Index (CNDr?)

Based on the nutritional balance indices, sugarcane
yield allowed for the distinction between high-yield
subpopulations and low-yield ones. The
determination of the critical CNDr? threshold
indicated that 80% of the low-yield subpopulation
corresponded to a value of 7.4 (Figure 2). This was
therefore the essential CNDr? nutritional imbalance
index to classify a sample within the high-yield
subpopulation.

Thus, four groups were distinguished according to
yield and nutritional status:

S5
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HB (12.2%), which are plots with high yield
and balanced nutrition, corresponding to the
ideal situation to optimise production;

e LB (21.95%), which are plots with low yield
despite good nutritional balance, suggesting
non-nutritional limiting factors;

e HI (9.76%), which are plots with high yield and
unbalanced nutrition, are in a fragile situation
that could lead to decreased performance if the
imbalance persists;

e LI (56.1%), which are plots with low yield and
imbalanced nutrition, represent the majority and
indicate a significant constraint.

Figure 2: Distribution of Sugarcane Subpopulations According to Their Nutritional Balance Index

160 -

N | Inflection point =97.5 Mg ha-1 S
. nflection point =97. a-
= wo{ 8 ! p g ©
© N | o
N T A A A =
o)) 120 - m AA ! I
= T :
100 1. Ay A .
o A +* A A A
2 A | A A
> 80 - A 4 A
[} 1 A A
c A AA 1 A
© i A ' A A A
o 060 —~ . A vy A
S o e
© x A N
o)) e 1 A =)
= 40 ~ D a , A A
77 S . S
20 T m A ~
- | ~
0 T ! T T T T 1
0 5 10 15 20 25 30
CNDr2=7.4 CNDr?2
With HB: High and balanced yield, LB: low and according to the Cate-Nelson procedure

balanced yield, LI: low and unbalanced yield, HI:
High and unbalanced yield, CNDr?: Critical CND
balance index.

Determination of Optimal CND Values for
Different Nutrients

The critical CND indices Ix* were related to

sugarcane yield for population partitioning

(Mangiafico, 2013). According to the control
procedure (Khiari et al., 2001), the squared
individual nutrient indices should summarise the
critical CNDr?, which was 7.4 in this case. The
critical CND index ranges were then assigned as
sufficient nutrient ranges obtained from the square
root of the critical CND Ix? indices (Table 4).
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However, a comparison of the optimal CND values
obtained for sugarcane revealed notable
discrepancies compared to the reference ranges
found in the literature. For Nitrogen (N), the optimal
values observed (0.98 to 1.20%) were considerably
lower than the concentrations commonly reported
(2.0 to 2.6%). Regarding Phosphorus (P) and
Potassium (K), the optimal values (0.17 to 0.20%
for P and 0.94 to 1.15% for K, respectively) were
slightly below the reference ranges (0.22 to 0.30%
for P and 1.0 to 1.6% for K). However, these values
remained close to the critical thresholds associated
with moderate yield losses, indicating overall
consistency. Conversely, the optimal calcium
values (0.28 to 0.35%) fell within the reported range
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(0.20 to 0.45%)), reflecting good agreement between
local observations and published standards.
Magnesium showed slightly higher optimal values
than those reported in the literature (0.27 to 0.33%
versus 0.15 to 0.32%), which could indicate a higher
nutritional demand under local conditions or strong
magnesium availability in the soil.

For micronutrients, the trend was more contrasted.
Zinc displayed optimal values (14 to 17 mg kg™) at
the lower limit of the literature range (17 to 32 mg
kg™"). Copper, on the other hand, showed optimal
values (29 to 35 mg kg™) that were substantially
higher than the reference ranges (4 to 8 mg kg™).

Table 4. Comparison of Obtained Optimal CND Values for Sugarcane with Literature Values

CND REFERENCE'#?

Nutrient Lower Upper  Lower  Upper Est. 5-10% loss Est. 25% loss
(Critical value)

Macronutrient (%)
N 0.98 1.20 2.0 2.6 1.8 1.6
P 0.17 0.20 0.22 0.3 0.19 0.17
K 0.94 1.15 1 1.6 0.9 0.8
Ca 0.28 0.35 0.2 0.45 0.20 0.18
Mg 0.27 0.33 0.15 0.32 0.13 0.11
Micronutrient (mg kg™)
Zn 14 17 17 32 15 13
Cu 29 35 4 8 3 2

Where % and mg kg are units for nutrient
concentration ranges;

!(Guimardes et al., 2015). Nutrients optimum range
(NOR) based on the IDRIS method to assess the
nutritional status of first ratoon sugarcane;

McCray & Mylavarapu, 2010).

nutrients management using leaf analysis.

Sugarcane

Proportion of Sugarcane Plots Showing Nutrient
Deficiencies

The assessment of leaf nutrient concentrations,
compared to critical standards derived from CND
analysis, enabled the determination of the
proportion of plots affected by nutrient deficiencies.
This analysis was essential for guiding targeted and
efficient fertilisation strategies. Across all sampled
plots, a classification was carried out by comparing
observed concentrations to the critical CND value

for each nutrient, which is defined as the
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concentration below which yield drops by more
than 10% relative to the optimal potential.

Based on the optimal values identified in Table 4,
significant differences in nutrient deficiencies were
observed across the diagnosed sugarcane plots
(Figure 3).

Indeed, the results showed that magnesium (Mg)
was the most deficient element, affecting 27% of the

, Volume 9, Issue 1, 2026

plots. Nitrogen (N) showed a deficiency rate of
17%, followed by Potassium (K) and Copper (Cu),
each accounting for 15% of cases. Zinc (Zn) and
calcium (Ca) presented deficiency rates of 12% and
10%, respectively. Phosphorus (P) appeared to be
the least deficient element, with only 7% of the plots
affected.

Figure 3: Frequency of Plots Showing a Specific Nutrient Deficiency
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DISCUSSION

The comparison between the cubic functions of the
CND model (Table 1) and the observed deficiency
frequencies (Figure 3) revealed strong consistency,
confirming the effectiveness of this method for
diagnosing plant nutrition (Passos et al., 2024).
Nitrogen (N), Phosphorus (P), Calcium (Ca) and
Zinc (Zn) exhibited well-defined optimal ranges and
balanced concentrations, indicating favourable
plant nutrition that supports growth and
productivity (Lisboa et al., 2024). Moreover, the
CNDr? index proved to be a robust and integrative
indicator for evaluating the overall nutritional

n Cu

balance of sugarcane crops. The critical threshold
identified in this study (Figure 2) is consistent with

Ca [

Nutrients

values reported using the CND approach, which are
widely employed to detect and rank nutritional
limitations and distinguish between nutritionally
balanced plots and those exhibiting significant
imbalances, thereby enabling more targeted and
rational fertilisation strategies (de Paula et al., 2020;
Pereira da Silva & Justino Chiaia, 2021). Such
diagnostic systems are particularly valuable for
large-scale crops, such as where
maintaining multifactorial nutrient balance 1is

sugarcane,

essential to ensure optimal plant growth, high
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productivity and improved harvest
(Calheiros et al., 2018).

quality

Analysis of plot categories (Figure 2) revealed that
a large proportion of plots showed low yields
associated with nutritional imbalances (LI),
confirming the negative impact of nutrient
deficiencies on sugarcane productivity (Ishfaq et al.,
2022; Khan et al., 2024). Magnesium (Mg) and Zinc
(Zn) deficiencies were particularly limiting, as both
nutrients are vital for chlorophyll synthesis,
photosynthesis, and stress tolerance (Vera-
Maldonado et al., 2024). Magnesium deficiency
further disrupts carbon and energy metabolism,
reducing growth and resistance (Wang et al., 2022).

However, some balanced plots still had low yield,
indicating that soil structure, climate, planting
density, and microbial diversity also influence
productivity (Navarrete et al., 2018; Singh et al.,
2019). Conversely, certain imbalanced plots (HI)
achieved high yields through intensive management
practices such as irrigation, improved cultivars, or
organo-mineral inputs (Bhatt et al., 2021; Martins et
al., 2024). Nevertheless, such practices only offer
short-term compensation, as persistent nutrient
imbalance eventually undermines yield stability
(Dengia et al., 2022; Pradhan et al., 2023)

Magnesium (Mg) emerged as the most limiting
nutrient, suggesting restricted soil availability
despite good overall model performance. This
observation agrees with recent findings that
highlight the essential role of Mg in photosynthesis,
enzyme activation and antioxidant regulation
(Hauer-Jakli & Trankner, 2019; Z. Wang et al.,
2020). The variability observed in Potassium (K)
and Copper (Cu) responses may result from nutrient
accumulation or dilution effects, which complicate
field-level nutrient management (Mir et al., 2021).
These results confirm the diagnostic reliability of
the CND approach while emphasising the need for
specific monitoring of Mg and Cu to maintain
nutritional balance.

S5
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While the importance of micronutrients such as
Zinc (Zn) and Magnesium (Mg) in sugarcane
productivity has been confirmed, the Central role of
macronutrients, particularly Nitrogen (N) and
Phosphorus (P), remains fundamental. Nitrogen
regulates enzymatic activity, drives photosynthesis
efficiency and promotes leaf expansion, with its
effects depending on the genotype and directly
influencing biomass accumulation and overall crop
vigour (Yang et al., 2019). Phosphorus, on the other
hand, is indispensable for root system development,
energy transfer, and nutrient uptake efficiency,
especially under resource-limiting conditions,
where it interacts closely with the genetic potential
of cultivars (Zambrosi et al., 2014).

These findings collectively underscore the necessity
of an integrated nutritional management strategy
that harmonises both macro- and micronutrient
supply to optimise agronomic performance and
long-term  productivity.  Observed
deficiencies in Mg, N, and K confirm previous
reports that both macronutrient (N, P, K, Ca, Mg)
and micronutrient (Zn, Cu) balance are critical for
optimal performance (Castro et al., 2023;
Montanarella et al., 2015; Rodrigues da Silva &
Ferreira de Lima Cruz, 2021). Deficiencies in Zn
and Cu further affect synthesis,
vegetative growth, and sucrose accumulation, while

sustain

enzymatic

improving Nitrogen use efficiency when corrected
(Mellis et al., 2022; M. de A. Silva et al., 2022).
Consequently, precise diagnosis combined with
integrated fertility management and regular
monitoring is essential for sustaining sugarcane

productivity and soil fertility (Yadav et al., 2019).

The small number of plots combining high yield and
balanced nutrition (HB) highlights the difficulty of
achieving optimal fertilisation under heterogeneous
conditions (Castro et al., 2023). Therefore, regular
leaf diagnosis and fertilisation based on the 4R
principles (right source, right rate, right time, right
method) is crucial to optimise nutrient use
efficiency (Kamboj et al., 2022). In addition,
integrated fertilisation combining phosphate and
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organo-mineral amendments can further improve
plant  nutritional status, productivity and
sustainability (Vasconcelos et al., 2020; Zhao et al.,
2024). Practices must be adapted to local soils and
climate as nutrient needs vary across systems
(Calheiros et al., 2018). The norms defined for
SOSUMO should thus be locally validated before
application elsewhere.

Globally, similar strategies exist in Brazil
(Calheiros et al., 2018; de Paula et al.,2020), India
(Kumar et al., 2023; Singh et al.,2019), Thailand
(Chansiri et al.,2021), and South Africa (Moodley
et al., 2019), confirming that site-specific nutrient
management is key to sustainable sugarcane
productivity. The comparison of the optimal CND
values obtained from the high-yield subpopulation
with literature-reported nutrient ranges highlights
important site-specific deviations. The observed
concentrations of N, P and K were generally lower
than the commonly reported ranges, although they
remained close to the critical thresholds associated
with moderate yield losses (Andrade et al., 2024;
Jalal et al., 2024). Calcium and Magnesium fell
within or slightly above the literature ranges,
reflecting sufficient or slightly elevated availability
under local conditions. Zn was at the lower limit of
the reported range, suggesting a potential risk of
Cu
substantially exceeded literature norms, indicating
potential excess (Majeed et al., 2022; Martinez-Rios
et al., 2024). These comparisons confirm that CND
standards derived from the high-yield plots provide

deficiency if not monitored, whereas

arobust framework for identifying both deficiencies
and excess, offering a locally adapted tool to guide
precise fertilisation interventions and optimise
nutrient management in the SOSUMO sugarcane
System.

Finally, foliar nutrient imbalance identified through
CND analysis was found to be consistent with the
soil fertility profile reported by Kameya et al.
(2025), who found relatively low levels of available
Nitrogen and Phosphorus in the surface soils of
SOSUMO sugarcane fields, along with substantial

S5

Volume 9, Issue 1, 2026

variation in available Potassium. These are limited
to moderate soil nutrient pools likely contribute to
the sub-optimal foliar concentrations of N, P, and K,
highlighting that the observed nutritional
constraints are primarily driven by soil nutrient
availability (Kameya et al., 2025). Additionally,
discrepancies between soil and foliar Zn and Cu
levels suggest limitations in nutrient uptake or
internal translocation rather than simple deficiency
(Guwela et al., 2024; Zevallos et al., 2024). Taken
together, these findings support the reliability of the
CND diagnostics and underscore the importance of
integrating both soil and foliar assessments to guide
precise and site-specific fertilisation strategies.

CONCLUSION

The study demonstrated that the CNDr? index is a
robust and effective diagnostic tool for identifying
nutritional imbalances in SOSUMO's industrial
sugarcane plantations. Specifically, deficiencies in
Magnesium, Nitrogen and Potassium, as well as
occasional zinc shortages, were found to directly
affect both the productivity and quality of the
harvests. These results highlight the importance of
integrated fertility management, based on regular
and accurate nutritional diagnostics combined with
rational fertilisation guided by the 4R principles.

Moreover, the local adaptation of nutritional
standards is essential. Accounting for specific soil
and climate conditions, crop varieties and
agronomic practices helps optimise nutrient use
efficiency and ensures the sustainability of
production systems. In addition, simultaneously
considering non-nutritional factors, such as edaphic
conditions and cultivation practices, is crucial for
improving overall crop performance and achieving

stable long-term yields.

Overall, this integrated approach provides a
practical framework to enhance the competitiveness
and sustainability of the sugarcane sector in the
region. By combining precise diagnostics, tailored
fertilisation,  and

consideration of local

environmental conditions, stakeholders can secure
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both productivity and long-term resilience of the
plantations.
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