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Abstract

Sugarcane is a nutrient-exhaustive crop that demands efficient phosphorus (P) management, yet conventional mineral fertilisers often suffer
from low use efficiency due to soil fixation. Phosphatic fertilisers, produced by fortifying sugar industry byproducts such a pressmud with
mineral phosphates and inoculating them with phosphate-solubilising bacteria (PSB), offer a sustainable alternative that can improve P
availability, crop productivity and economic returns. A field study was conducted on sugarcane variety CoC 13339 under tropial conditions to
evaluate the efficiency of different enriched P formulations in comparison with conventional sources. The main objectives ofthis study were
to evaluate the effect of sources and rates of phosphorus on available P content in soil, compare the efficiency of pressmud along with
different sources of phosphatic fertilisers and evaluate the effects of enriched phosphatic fertilisers and their levels on gowth and yield of
sugarcane. Growth attributes, sugarcane yield, juice quality, nutrient uptake and soil nutrient status were monitored across crop growth
stages. The results demonstrated that integrated organic mineral fertilisers enriched with pressmud and supported by PSB consdstently
enhanced Olsen-P levels, improved yield components and increased cane productivity. These findings highlight the potential of recycling agro
-industrial residues into enriched fertilisers for sustainable nutrient management and yield enhancement in sugarcane. Futurestudies should
focus on long-term field validation across ratoon cycles, nutrient dynamics in diverse soil types and integration with climate-smart
management practices to support large-scale adoption.
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Introduction these formulations, which combine mineral phosphate sources with
organic leftovers like pressmud, filter cake, compost, or poultry waste.
In addition to increasing the ability to dissolve sparingly soluble
phosphates, the combination of organic matrix and microbial
inoculants also decreases fixation, promotes nutrient cycling and
improves soil health by adding organic carbon (2, 4, 5). Because it is
high in biological matter, calcium and other nutrients and may serve
as a medium for both beneficial microorganisms and mineral P.
Pressmud - a byproduct of the sugar industry- is especially well suited
for this function. Pressmud can function as a fertiliser that gradually
releases nutrients while concurrently boosting microbe activity and
soil biochemistry when it is enhanced with solubility or slightly
dissolving phosphate fertiliser, such as single superphosphate (SSP)
orrock phosphate (RP) and colonised with PSB (6, 7).

The sugarcane plant (Saccharum officinarum L) is generally
regarded as a nutrient-intensive crop, needing considerable inputs
of both micro and macro nutrients to sustain high output. Among
them, phosphorus (P) is essential for root formation, tillering,
enzyme activity and the metabolism of carbohydrates, which in
turn affects cane development and sucrose buildup (1). However,
the agronomic performance of standard phosphatic fertilisers
remains restricted in tropical and subtropical environments due to
significant immobilisation activities involving both aluminium and
iron oxides or via occlusion within minerals found in soil (2, 3). As a
result, a considerable proportion of supplied P becomes
inaccessible to plants, demanding increased fertiliser inputs and

generating issues over sustainability in both the economy and the
environment. The efficacy of this strategy is supported by data from past

research. For example, it was shown that filter cake inoculated with
PSB and amended with RP enhanced sugarcane production and
phosphorus utilisation efficiency (6). Similar studies reported that

To circumvent these restrictions, enhanced phosphorus
fertilisers have emerged as promising alternatives as a potential
option. Phosphate-solubilising bacteria (PSB) are often added to
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organic compost enriched with phosphate rock and plant
growth-promoting bacteria enhanced soil enzyme activity (8).
These findings align with broader efforts to recycle agro-industrial
residues into value-added inputs, contributing to a circular
bioeconomy in agriculture (9).

Building upon this background, the present investigation
hypothesises that supplying 100 % of the recommended P dose
through pressmud-based enriched fertilisers, enriched with either
SSP or RP and further inoculated with PSB, will perform on par with
or superior to conventional SSP fertilisation. The study aims to
evaluate this hypothesis by assessing soil phosphorus availability,
nutrient uptake, crop growth, juice quality, yield and economic
efficiency of sugarcane (CoC 13339) under tropical field conditions.

Materials and Methods
Site and experimental design

The field experiment was conducted at the Sugarcane research
station, Cuddalore, Tamil Nadu, India, positioned at 11° 46'05" N,
79° 45'17" E, to evaluate the efficacy of enhanced phosphatic
fertilisers in sugarcane production. The experimental soil was
originally assessed for its physico-chemical parameters, including
pH, organic carbon and accessible nitrogen, phosphorus and
potassium concentrations, before treatment application. The study
was carried out with the sugarcane variety CoC 13339, with the first
plant crop seeded on 5 January 2023 and harvested on 24 January
2024, followed by the second plant crop sown on 26 March 2024.
The experiment was planned out in a randomised block design
(RBD) with three replications. For sugarcane, the recommended
nutritional dosage was 300:100:200 kg ha* of N, P,O5 and K0
respectively. While nitrogen and potassium were delivered in three
equal splits, with the first application occurring 45 days after
planting and the subsequent splits scheduled in accordance with
crop growth phases, phosphorus treatments were applied as basal
dosages at planting.

Measurements and Treatments

The details of the treatments, such as phosphatesolubilising
bacteria (PSB) inoculation, pressmud enrichment and phosphorus
sources, are given in Table 1. Enriched pressmud was made by
mixing the pressmud with either SSP or RP at an approximate ratio
of 10:1 (fertiliser: manure), ensuring an overall moisture content of
around 60 % to guarantee consistent nutrient uptake and
microbiological activity. Growth factors, comprising cane length,
girth, total number of internodes and single cane weight, were
measured at regular intervals. Cane and sugar yields were
determined at harvest, while quality parameters (Juice), such as
Brix, Pol and commercial cane sugar (CCS), were analysed following
standard International Commission for Uniform Methods of Sugar
Analysis (ICUMSA) procedures (10). Leaf nitrogen, phosphate and
potassium levels were determined using recognised procedures
(11). Soil readily available nitrogen (N), available phosphorus (P) and
exchangeable potassium (K) were evaluated at 90, 150 and 210 days
after planting (DAP) and post-harvest using established methods
(12, 13). To assess the effects of various treatments, an analysis of
variance (ANOVA) was applied to all experimental data. Differences
among treatment means were judged statistically significant at
p<0.05 and mean comparisons were done using the critical
differences (CD) test. Economic analysis was carried out to
determine the cost of cultivation, gross and net returns and the
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Table 1. Treatment details

Treatment Phosphorus Source / Level

T. Recommended N and K (No P)

T2 100 % P as SSP + PSB

T 100 % P as SSP enriched pressmud compost
(SSPEPMC)

T. T4 100 % P as RP-enriched pressmud compost
(RPEPMC)

Ts 75 % P as RPEPMC

Ts 100 % P as RPEPMC + PSB

T7 75 % P as RPEPMC + PSB

Ts 100 % P as RPEPMC + PSB

*N- Nitrogen, K- Potassium, P- Phosphorus, RP- Rock phosphorus,
SSP- Single Super Phosphate and PSB - Phosphorus-solubilising
Bacteria.

benefit-to-cost (B: C) ratio for each treatment, allowing assessment
of the profitability and economic viability of organic and inorganic
phosphorus fertiliser application in sugarcane production (14, 15).

Results and Discussion
Growth and yield attributes

The combined use of enriched pressmud and PSB not only
enhances phosphorus availability but also improves the overall
nutritional status of the soil. This increased nutrient environment
supports better root growth and function, leading to more efficient
absorption of other critical elements such as nitrogen and
potassium (16). Results showed that treatment Ts, consisting of
pressmud enriched with SSP combined with PSB, demonstrated
the most significant improvement in growth of vegetative tissue,
with cane length reaching around 221.0 cm, coupled with the
greatest girth, maximum number of internodes and single cane
weight (Table 2). When compared to all other treatments, these
variations were statistically significant. Treatments Ts (pressmud +
SSP) and T, (100 % P as SSP + PSB) displayed comparable
performance, whereas the control (Ty; prescribed N and K without
P) consistently recorded the lowest growth metrics, with an average
cane height of 1229 cm. The higher performance of Ts
demonstrates the synergistic effect of enhanced organic material
and PSB inoculation in boosting phosphorus availability and total
nutrient absorption, consequently encouraging strong vegetative
growth. These results are consistent with earlier research showing
that enriched phosphatic fertilisers can improve crop growth and
production characteristics, increase accessible phosphorus and
modify soil microbial activity, especially when combined with
microbial inoculants (2, 16).

Cane and sugar yield

The enrichment of pressmud with SSP enhances the rapid
availability of phosphorus. By solubilising inorganic phosphorus
through the synthesis of organic acids and phosphatases, the
addition of PSB further increases P availability by transforming
insoluble compounds into plant-available ones (17). Thus, the
treatment Ts (pressmud enhanced with SSP + PSB) generated the
greatest cane yield (99.5 t ha?) and the greatest amount of sugar
(12.85 t ha?), considerably outperforming all other treatments
(p<0.05) (Fig. 1). The increased phosphorus availability from
enriched pressmud and the solubilising action of PSB, which
enhances nutrient absorption efficacy and photosynthesis
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Table 2. Effect of enriched phosphatic fertiliser on yield and yield attributes

Treatment details Can?ctr:-:)ight Ca?cerﬁ;‘ ith  No. of inter-node a’i:igglﬁtc(akge) IL?‘tgetrt? ?cdr§) Ca(:;:.l:;ld
T1: Recommended N and K (No P) 122.9 2.00 22.89 1.78 7.90 85.7
T»:100 % P as SSP + PSB 196.0 2.77 29.35 2.26 9.56 94.6
Ig;g%s"{"(gg“;ES;ﬁé””Ched pressmud 202.5 2.98 30.27 232 9.84 97.5
Igr%g%s?(ggéqm&?mkhed pressmud 179.0 2.68 28.00 2.16 9.34 92.8
Ts: 75 % P as RPEPMC 159.5 2.20 25.95 2.06 9.15 90.5
Te: 100 % P as RPEPMC + PSB 186.9 2.76 29.27 2.23 9.46 94.0
T7: 75 % P as RPEPMC + PSB 172.3 2.52 27.03 2.04 8.77 91.8
Ts: 100 % P as RPEPMC + PSB 221.0 3.03 31.69 2.51 10.66 99.5
Mean 180.0 2.62 28.06 2.17 9.33 93.3
SEd 4.79 0.06 0.66 0.04 0.24 1.76
CD (p=0.05) 10.29 0.12 1.43 0.09 0.51 3.78

N- Nitrogen, K- Potassium, P- Phosphorus, RP- Rock phosphorus, SSP- Single super phosphate, PSB- Phosphorus-solubilising bacteria,

CD- Critical difference.

allocation to cane biomass and sucrose buildup, work in concert to
produce the higher yields in Ts (18). Treatments Ts (pressmud + SSP)
and T, (100 % P as SSP + PSB) performed quantitatively equivalent,
yielding 97.5 t ha! and 12.20 t ha, respectively, but the control (T:-
prescribed N and K without P) reported the lowest yields (85.7 t ha*
cane). These results complement past studies demonstrating that
the combination of inorganic as well as organic fertilisers with
microbial inoculants may preserve high sugarcane yields while
lowering reliance on traditional mineral P sources (4, 5).

Soil nutrient dynamics

The coupling of organic amendments like pressmud with PSB
inoculation can greatly boost nutrient availability and absorption in
sugarcane. For instance, studies have found higher phosphorus
content in sugarcane tissues and enhanced growth metrics when
PSB were treated in conjunction with organic fertilisers (19). Soil
accessible nitrogen (KMnO,N), phosphorus (Olsen-P) and
potassium (NH,OAc-K) were consistently greater in Ts through the
crops’ life cycle (90, 150, 210 days after planting and post-harvest)
compared to other treatments (Fig. 2). Olsen-P values varied from
10.4 to 16.2 kg ha™ at 90 DAP, with Ts retaining better availability at
all development stages. Treatments T and T, also boosted
nutritional availability relative to the control, albeit to a lesser extent.

The slow-release properties of pressmud, better nutrient retention
in the rhizosphere and greater solubilisation of otherwise fixed
phosphorus by PSB are all reflected in the preservation of higher soil
nutrient concentrations in organic plus inorganic fertiliser along
with PSB treatments (20). According to studies, the combination of
organic and inorganic fertilisers can improve phosphorus cycling,
alter soil microbial populations and increase nutrient-use efficiency
in sugarcane systems (2). This prolonged nutrient availability also
promotes optimal vegetative and reproductive development. On
the other hand, the decrease in soil N, P and K in the control group
emphasises the danger of nutrient depletion in intensive cropping
systems in the absence of sufficient phosphorus supplementation
(21).

Juice quality

Phosphorus  affects several metabolic activities, including
photosynthesis and sugar production and is essential for the
transport and storage of energy in plants. It has been demonstrated
that adequate phosphorus supply increases the activity of enzymes
involved in the production of sucrose, increasing the amount of
sugar in sugarcane juice (22). The pressmud supplemented with
SSP and inoculated with PSB revealed higher juice quality metrics,
including Brix (20.63 %), Pol (18.53 %) and commercial cane sugar
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Fig. 1. Effect of enriched phosphatic fertiliser on sugar yield.
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*Panel A - Available N (kg ha-1), Displays nitrogen dynamics by stage. Panel B - Available P (kg ha-1), Illustrates phosphorus availability over time.
Panel C - Available K (kg ha-1), Shows potassium levels across crop stages (90 DAS - harvest). Panel D - N, P, K content ( %), Final tissue nutrient
percentages. Together these panels provide a concise visual comparison of nutrient availability and plant nutrient content acoss all treatments

(T1-T8).

Fig. 2. Effect of enriched phosphatic fertiliser on available nutrients and total nutrient content in the leaf with the midrib. A. Available N (kg ha),
Displays nitrogen dynamics by stage. B. Available P (kg ha?), illustrates phosphorus availability over time, C. Available K (kg ha?), Shows
potassium levels across crop stages (90 DAS - harvest), D. N, P and K content (%), Final tissue nutrient percentages. Together, these panels
provide a concise visual comparison of nutrient availability and plant nutrient content across all treatments (T;-Ts).

(CCS) (12.91 %) as well as elevated leaf nutritional content (N, P, K),
as shown in Table 3. These increases are attributable to the
combined effects of enhanced phosphorus availability and
microbial activity, which, combined, stimulate sugar synthesis and
accumulation in sugarcane (23). Furthermore, the presence of PSB
improves phosphorus availability by solubilising inorganic
phosphates, thereby enhancing nutrient uptake and utilisation
efficiency (24).

Conclusion

Under tropical conditions, the use of enriched phosphatic fertilisers,
pressmud supplemented with single SSP and inoculated with PSB,
significantly improved sugarcane growth, yield, juice quality and soil
nutrient availability. This integrated strategy enhanced phosphorus
availability, preserved soil fertility over the crop cycle and
contributed to efficient nutrient absorption, ultimately enabling

better crop yield and profitability. The results demonstrate that a
sustainable nutrient management approach that reduces reliance
on traditional mineral fertilisers while maintaining crop
performance may be achieved by mixing organic wastes, mineral
fertilisers and microbial inoculants. Future research should focus on
long-term field validation and improvement of enrichment
procedures to further boost the effectiveness of biomineral
fertilisers in sugarcane production.
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Table 3. Effect of enriched phosphatic fertiliser on the quality of sugarcane juice

Treatment details Brix (%) Pol (%) Purity (%) CCS (%)
T1: Recommended N and K (No P) 16.57 14.95 90.22 10.44
T,:100 % P as SSP + PSB 18.66 16.87 90.41 11.79
Ts: 100 % P as SSP enriched pressmud compost (SSPEPMC) 19.07 17.69 92.76 12.51
T4:100 % P as RP-enriched pressmud compost (RPEPMC) 18.79 17.11 91.06 12.00
Ts: 75 % P as RPEPMC 17.13 15.50 90.48 10.84
Te: 100 % P as RPEPMC + PSB 19.33 17.63 91.21 12.37
T7: 75 % P as RPEPMC + PSB 18.13 16.48 90.90 11.55
Ts: 100 % P as RPEPMC + PSB 20.63 18.53 89.82 12.91
Mean 18.54 16.85 90.91 11.80
SEd 0.47 0.31 NS 0.32
CD (p=0.05) 1.02 0.66 NS 0.69

*N- Nitrogen, K- Potassium, P- Phosphorus, RP- Rock phosphorus, SSP-
Non-significant, CD- Critical difference.

Single super phosphate, PSB- Phosphorus-solubilising bacteria, NS-
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