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Abstract

A field experiment was conducted during the spring season of 2024-25 at the Agricultural Research Farm, Lovely Professional University,
Punjab, to evaluate the optimisation of sugarcane straw biochar rate and nutrient management on spring maize (Zea mays L.). The trial was
laid out in a split-plot design (SPD) with 3 replications. The main plot received three different treatment levels of sugarcane biochar rate which
included 5 t ha' (M) and 10 t ha (M) and 15 t ha? (Ms). Similarly, 4 treatments were selected for the subplot section, consisting of S; for
absolute control, S, for 100 % recommended dose of nitrogen and phosphorus (RDNP), S; for 50 % RDNP with nano di-ammonium phosphate
(nano DAP) and S, for 50 % RDNP with liquid nutrient foliar sprays. Results revealed that, M; achieved the significantly highest plant height of
221.46 cm during harvest while also reaching the highest dry matter accumulation (DMA) of 230.06 g plant! and soil plant analysis
development (SPAD) index of 45.53 which resulted in a 31.8 % grain yield increase compared to M. The evaluation of different nutrient
conditions showed that S, and S; performed equally well for all measured characteristics when compared to S.. Under the S, treatment, both
plant height and grain yield increased by 28.1 %, while yield attributes also showed improvement. The interaction showed distinct patterns
because MsS; achieved significantly highest growth and yield of spring maize. The maximum chlorophyll index (46.80), grain yield (57.03 g ha)
and straw yield (75.03 q ha™) were found in MsS, which are statistically at par with MsS; and MsSs. The combination of reduced fertiliser
application with foliar treatment produced better crop results when biochar usage reached its peak level. Therefore, integrating sugarcane
biochar with optimised nutrient level offers a pragmatic pathway for improving growth and productivity of spring maize in Punjab.

Keywords: chlorophyll index; growth and productivity; liquid nutrient; nano di-ammonium phosphate; soil amendment; spring maize;
sugarcane straw biochar; yield attributes

with the potential to improve soil physical structure, water retention
and nutrient dynamics. The long-term field data points towards the
possible effect of biochar to improve the growth and productivity of
maize by promoting growth in height and biomass accumulation
and physiological characteristics of plants, although responses vary
considerably depending on soil type, biochar feedstock, application
rate and background fertility status (3, 4). Besides promoting short-
term growth, yield benefits of biochar have been also determined to
be sustainable over years, including through the improved retention
of moisture and nutrient and therefore long-term cereal system

Introduction

Rapid population growth, diminishing arable land, escalating input
costs and shifting climatic patterns collectively threaten global food
security. In cereal-based cropping systems, these pressures
frequently translate into yield stagnation and declining resource-use
efficiency, particularly in low-organic-matter soils where
conventional fertilisation results in substantial nutrient losses (1, 2).
Maize (Zea mays L.) is one of the major cereal crops cultivated across
diverse agro-ecologies but ensuring sustainable maize production

under increasing climatic and edaphic pressures requires
modifications to management practices that enhance soil quality,
improve nutrient-use efficiency and support the physiological
functioning of the maize (3). This challenge has generated
considerable interest in carbon-based soil amendments and
precision nutrient management strategies that work synergistically
to stabilise yields while reducing environmental footprint. Biochar is
a carbon rich, porous material commonly produced through the
pyrolysis of biomass and is regarded as a promising soil amendment

productivity has also been proposed.

Studies have demonstrated that the co-application of
biochar with mineral fertilisers enhances soil nitrogen retention and
nitrogen uptake in maize, leading to measurable yield gains and
reduced nitrogen losses (5). This is particularly relevant in intensively
managed maize systems across South Asia, where improving
nutrient-use efficiency is critical for reducing production costs and
minimising environmental externalities. Recent advances in nano-
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fertiliser technology and foliar nutrient delivery have opened new
avenues for precision nutrition management. Nano-scale products,
owing to their high surface area, facilitate enhanced leaf absorption
and timely delivery of nutrients during critical crop growth stages.
Foliar application of nano di-ammonium phosphate (nano DAP),
timed to coincide with vegetative and reproductive growth stages,
has been shown to sustain chlorophyll content, assimilate
production and grain filling. Research indicates that nano DAP
supplementation of reduced basal fertilisation can maintain maize
growth and yield attributes, suggesting that foliar nano-phosphorus
interventions hold real potential to complement conventional soil
fertility programmes (6). Rather than replacing soil-applied fertilisers,
nano-inputs serve as targeted supplements that enhance nutrient-
use efficiency in systems aiming to reduce basal input levels without
compromising crop performance (7).

However, two knowledge gaps regarding biochar remain.
Firstly, its agronomic behaviour is highly contextual; findings from
one soil-climatic situation may not necessarily be applicable to
another and, therefore, require local field validation. Secondly,
integrated field results comparing different biochar application rates
with alternative nutrient management strategies, particularly
reduced basal nutrient doses combined with foliar supplements
administered to improve nutrient-use efficiency, are limited.
Addressing these gaps is especially important in maize-based
systems of Punjab, where ensuring yield stability under increasing
climatic variability demands soil amendment strategies that
simultaneously improve moisture buffering and nutrient retention
while supporting the overall physiological health of the crop.

The present study was, therefore, designed to evaluate the
optimum rate of sugarcane straw biochar in combination with
different nutrient management strategies and to assess their
interactive effects on the growth, agro-physiological performance
and productivity of spring maize. The findings are intended to
provide field-validated recommendations for biochar-integrated
nutrient management in spring maize and to contribute to
sustainable intensification goals, particularly in agro-ecological
zones where improved nutrient-use efficiency, yield stability and
climate resilience are increasingly necessary.

Materials and Methods

The field experiment was conducted at the Agricultural Research
Farm of Lovely Professional University (LPU), Punjab, India, during
the spring season of 2024-25 under open-field conditions. This field

Table 1. Details of all the treatment combinations

2

has an average elevation of 252 m mean sea level and is located at
31°22'31.81" North latitude and 75°23'03.02" East longitude. The
experimental site in Punjab (central plain/trans-Gangetic agro-
climatic region) experienced a typical springseason climate,
characterised by rapidly rising temperatures, high pre-monsoon
heat and limited erratic rainfall. Weekly weather data (rainfall,
temperature, relative humidity and pan evaporation) were recorded
at the automated weather station of LPU, Phagwara, throughout the
cropping period (8, 9). The experimental soil was sandy loam in
texture (sand 75.0 %, silt 10.3 %, clay 14.7 %), derived from Indo-
Gangetic alluvium. Pre-sowing soil analysis (0-30 cm depth) revealed
a slightly alkaline reaction (pH 7.92), normal electrical conductivity
(EC0.32 dS m™), low organic carbon (0.31 %), low available nitrogen
(185 kg ha?), medium available phosphorus (22.7 kg ha?) and
medium available potassium (175.2 kg ha?). The gross plot size was
5x4m (20.0 m? and the net plot size was 4.4 x 3.4 m (14.96 m?). The
experiment was carried out in split-plot design (SPD) replicated
thrice with sugarcane straw biochar at 5 t ha' (My), 10 t ha' (M,) and
15 t ha! (Ms) formed the main-plot factor (M). The subplot factor (S)
was nutrient-management strategies: Sy, control (zero nutrient); S,,
100 % recommended dose of nitrogen and phosphorus (RDNP); S;,
50 % RDNP, two foliar sprays of liquid nutrient at 20 and 50 days after
sowing (DAS); and S4, 50 % RDNP, two foliar sprays of liquid organic
nutrient at 20 and 50 DAS (Table 1). The recommended dose of
nutrients was 120 : 60 : 0 kg N : P,0; : K;0 ha™. In S,, nitrogen was
applied in two equal splits: the first half (60 kg N ha') as basal
application at sowing and the remaining half as top-dressing at the
knee-height stage; the entire recommended dose of phosphorus (60
kg P,05 ha) was applied basally. In S;and S,, 50 % RDNP (60 kg N ha
1+ 30 kg P,05 ha') was applied as basal dose. S; received two foliar
sprays of nano DAP (TAG Nano NPK, Sunantha Organic Farms,
Karnataka, India) at the recommended concentration, while S,
received two foliar sprays of liquid organic nutrient at 10 mL L* of
water. Potassium was not applied, as the experimental soil had a
medium potassium status. The test crop was spring maize (Z mays),
variety DKC 9208 and the crop was established on flatbeds using a
spacing of 60 cm x 20 cm (row-to-row x plant-to-plant). Seeds were
treated with Bavistin (carbendazim) at 4 g kg' before sowing to
protect against soil-borne fungal diseases. Irrigation was applied
uniformly to all plots at critical growth stages (sowing, establishment,
knee-height, tasseling and grain-filling), with subsequent irrigations at
approximately 10-15-day intervals based on prevailing soil moisture
conditions. Sugarcane straw biochar was produced through pyrolysis
of sugarcane straw under limited oxygen conditions at a temperature
of 400-600 °C. Prior to application, the biochar was ground and sieved

Sl. No. Treatment Details

M1S: Sugarcane straw biochar at 5 t ha* + control (zero nutrient) ~ Spring maize (DKC 9208) was grown on flatbed with a spacing of 60
M:S; Sugarcane straw biochar at 5t ha™ + 100 % RDNP Spring maize was grown at 60 x 20 cm spacing on flatbed
MiS;  Sugarcane straw biochar at 5t ha® + 50 % RDNP + nano DAP foliar Spring maize was grown at 60 x 20 cm spacing on flatbed
M:Ss  Sugarcane straw biochar at 5t ha + 50 % RDNP + liquid nutrient Spring maize was grown at 60 x 20 cm spacing on flatbed
M2S; Sugarcane straw biochar at 10 t ha™ + control (zero nutrient) Spring maize was grown on flatbed at 60 x 20 cm spacing
M.S, Sugarcane straw biochar at 10 t ha® + 100 % RDNP Spring maize was grown on flatbed at 60 x 20 cm spacing
M.,Ss Sugarcane straw biochar at 10 t ha* + 50 % RDNP + nano DAP  Spring maize was grown at 60 x 20 cm spacing. Sugarcane straw
M.S:  Sugarcane straw biochar at 10 t ha™® + 50 % RDNP + liquid nutrient Spring maize was grown at 60 x 20 cm spacing. Sugarcane straw
MsS; Sugarcane straw biochar at 15t ha™ + control (zero nutrient) Spring maize was grown on flatbed at 60 x 20 cm spacing
MsS, Sugarcane straw biochar at 15t ha* + 100 % RDNP Spring maize was grown at 60 x 20 cm spacing on flatbed
MsSs Sugarcane straw biochar at 15t ha® + 50 % RDNP + nano DAP  Spring maize was grown at 60 x 20 cm spacing. Sugarcane straw
MsS,  Sugarcane straw biochar at 15t ha™ + 50 % RDNP + liquid nutrient Spring maize was grown at 60 x 20 cm spacing. Sugarcane straw

RDNP: recommended dose of nitrogen and phosphorus; DAS: days after sowing.
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to obtain particles of uniform size and characterised for pH, EC, total
carbon content and surface area. Biochar was broadcast uniformly
over respective main plots one week before sowing and incorporated
into the surface soil (0-15 cm depth) by light harrowing, following
standard agronomic practice for soil amendment application. To
determine the relative chlorophyll status and assess the relative
status of nitrogen nutrition and canopy vigour, the soil plant analysis
development (SPAD) chlorophyll index was measured using fully
expanded representative leaves with a SPAD metre (10, 11). Dry
matter accumulation (DMA; g plant?) was calculated by weighing
sampled plant material after oven drying until a constant mass was
attained (12).

Statistical analysis

Data analysis and interpretation were conducted using Fisher’s
analysis of variance (ANOVA), as described by Gomez and Gomez
(13). The least significant difference (LSD) test at a significance level of
a<0.05, using OP STAT statistical software (13, 14).

Results and Discussion

Growth parameters of spring maize
Sugarcane straw biochar level

The growth parameters revealed that sugarcane biochar levels
significantly influenced spring maize growth and physiological
functioning (Table 2). At harvest, the tallest plants were recorded in
the M; treatment (15 t ha?) (221.46 cm), followed by M, (10 t ha!)
(212.62 cm), whereas the lowest plant height was observed in M;
(198.25 c¢m). A similar trend was observed for chlorophyll status,
where the maximum SPAD index occurred under Ms (45.53) and M,
(4450) and the minimum under M; (41.18). Importantly, DMA
increased markedly with biochar rate, reaching 230.06 g plant™ in Ms,
followed by 22343 g plant’ in M,, while the lowest DMA was
recorded in M, (200.84 g plant"). The concurrent increase in plant
height, SPAD and DMA under higher biochar rates can be attributed
to dose-dependent improvements in soil physico-chemical
conditions. Higher biochar rates (15 t ha?) progressively increase soil
cation exchange capacity (CEC) and water-holding capacity, creating
a more stable, nutrient-rich rhizosphere that enhances root activity,
chlorophyll synthesis and sustained photosynthetic efficiency across
growth stages. These improvements in root-zone buffering
translated into stronger assimilate production and biomass
partitioning (15), consistent with evidence that biochar at higher
incorporation rates proportionally improves soil structure, nutrient
retention and crop physiological activity in maize. The observation
that Ms consistently outperformed M; and M, across all growth traits
aligns with the dose-dependent CEC response documented for
sugarcane straw biochar in alluvial soils. These responses are
consistent with earlier evidence that biochar improves soil physical
properties, increases nutrient retention and supports improved crop
physiological activity, ultimately translating into higher biomass and
growth in maize.

Nutrient management

Nutrient management practices significantly enhanced growth
attributes compared with the control (Table 2). The highest plant
height was recorded under S, (21590 cm), which remained
statistically comparable with S; (21544 cm) and S (214.94 cm),
whereas the lowest height occurred under S, (196.82 cm). A similar
response was observed in SPAD values, with the maximum indices
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recorded under S, (44.94) and S; (44.71), while S; remained lowest
(41.00). Dry matter accumulation also followed the same trend,
being highest in S, (225.19 g plant?) and statistically at par with S
(22461 g plant?), whereas S; recorded the minimum biomass
(198.70 g plant?). These findings indicate that adequate nutrient
availability, particularly when supported by foliar supplementation,
maintains leaf chlorophyll content and strengthens photosynthetic
activity, resulting in improved biomass accumulation and canopy
vigour (16).

Interaction

The interaction between sugarcane straw biochar levels and
nutrient management significantly influenced maize growth and the
most pronounced responses occurred when higher sugarcane straw
biochar was combined with improved nutrient supply (Table 2). The
maximum plant height and DMA were recorded under MsS; (227.03
c¢m and 236.90 g plant?), which remained closely comparable with
M:S; (226.47 cm and 236.53 g plant™) and MsS4 (226.27 cm and 235.90
g plant?), indicating that at high sugarcane straw biochar rates,
reduced basal fertilisation supplemented by foliar nutrients could
sustain vegetative growth and biomass formation nearly equal to full
RDNP. Similarly, SPAD index peaked in MsS, (46.80) and was
statistically comparable with MsS; (46.40), reflecting improved
chlorophyll maintenance under enhanced nutrient availability and
retention. Conversely, MiS; recorded the lowest plant height (187.43
cm), SPAD (39.20) and DMA (186.63 g plant?), confirming that low
sugarcane straw biochar coupled with nutrient omission restricts
chlorophyll formation, assimilate supply and biomass production.
Overall, the interaction pattern supports the explanation that
sugarcane straw biochar strengthens fertiliser response by
improving nutrient retention and root uptake, while foliar nutrient
supplementation enhances nutrient-use efficiency, thereby
sustaining chlorophyll status and dry matter production even under
reduced basal fertilisation (17, 18).

100-grain weight, grain and straw yield
Sugarcane straw biochar levels

Sugarcane straw biochar levels significantly affected yield attributes
and grain productivity of spring maize (Table 2). Ms (37.44 g), M;
(34.92 g) and M, (32.24 g) recorded the highest, middle and lowest
test weight respectively (Table 2). Similarly, the number of grains per
row was also increase steadily with the rate of sugarcane straw
biochar, with M; (36.42) yielding the highest value, the next (34.42)
followed by the lowest (30.00) in M, and M; respectively. These
improvements in yield components translated into significantly
higher productivity, with Ms recorded a significantly higher grain yield
of 54.05 g ha?, followed by M, (50.78 g ha) and M; (41.01 g ha). The
same trend was observed for straw yield, which was highest in Ms
(74.05 g ha?), followed by M, (72.07 g ha™) and lowest in M; (69.14 q
ha). The yield advantage at higher biochar rates can be attributed to
improved soil nutrient retention, increased water-holding capacity
and enhanced assimilate supply to the sink, which collectively
supported superior grain filling and biomass partitioning, Similar
yield responses to biochar application in combination with fertiliser
inputs have been consistently reported in maize production systems
(19, 20).

Nutrient management

Nutrient management significantly influenced 100 seed weight,
grains per row and yield (Table 2). The maximum 100 seed weight
was recorded under $; (36.10 g), which was statistically comparable
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Table 2. Effect of sugarcane straw biochar and nutrient management on growth and productivity of maize

Treatment Plan(tcmlght DMA (g plant?) SPAD index Nupn;:):a;xf(ﬁr;a‘l)ns (11;)%5: ::f;sg)h(tg) Grain yield (q ha) Straw yield (q ha)
Sugarcane straw biochar (M)
M, 198.25¢ 200.84¢ 41.18° 30.00¢ 32.24¢ 41.01¢ 69.14¢
M, 212.62° 223.43° 44.452 34.42° 34.92° 50.78° 72.07°
M3 221.46° 230.06° 45.532 36.42° 37.44° 54.05° 74.052
SEm (+) 0.15 0.34 0.14 0.13 0.17 0.15 0.07
C.D(p=0.05) 0.60 1.36 0.56 0.51 0.67 0.61 0.29
Nutrient management (S)
S 196.82¢ 198.70¢ 41.00¢ 29.89¢ 32.03¢ 40.43¢ 68.64¢
Sz 215.90° 225.19° 44.88° 35.44° 36.10° 51.79° 73.092
Ss 215.44%b 224.61° 44712 35.00° 35.83% 51.36° 72.82%°
S4 214.94° 223.94° 44.29b 34.11° 35.50° 50.89° 72.475¢
SEm (%) 0.24 0.32 0.14 0.21 0.15 0.21 0.12
CD (p=0.05) 0.72 0.96 0.43 0.62 0.46 0.63 0.37
Interaction (M x S)
Mi1S: 187.43f 186.63f 39.208 27.338 30.07¢ 35.67° 65.58!
M:1S; 202.30¢ 206.00¢ 42.23% 31.67% 33.10¢ 43.37¢ 70.67"
M:Ss 202.00¢ 205.83¢ 41.83¢ 31.33¢ 32.93¢ 42.70¢ 70.37"
Mi1Ss4 201.27¢ 204.90¢ 41.47¢ 29.67 32.87¢ 42.30¢ 69.931
M2S1 196.93¢ 198.57¢ 40.83f 29.67 31.67¢ 39.57¢ 68.67%
M.S; 218.37° 232.67° 45.80b¢ 36.67° 36.37° 54.97° 73.57¢
M,S; 217.87° 231.47° 45,90 36.00 36.03° 54.60° 73.23%
M2S4 217.30° 231.03° 45.47¢ 35.33¢ 35.60° 54.00° 72.80°
MsS: 206.10¢ 210.90¢ 42.97¢ 32.67¢ 34.37° 46.05¢ 71.678
MsS; 227.03° 236.90° 46.80? 38.00? 38.83° 57.03° 75.032
MsS3 226.47° 236.53° 46.40%° 37.67° 38.53° 56.77° 74.85%°
M3sS, 226.27° 235.90° 45.93b¢ 37.332 38.03° 56.37° 74.672b¢

Means within a column followed by the same letters are not significantly different at p < 0.05 (LSD test). SPAD: soil plant analysis development;
DMA: dry matter accumulation; SEm: standard error of mean; CD: critical difference.

with S; (35.83 g) and superior to the control S; (32.03 g). Similarly, the
number of grains per row was greatest under S; (35.44) and Sz (35.00),
whereas the control remained the lowest (29.89). The highest grain
yield was recorded in S; (51.79 q ha?), which was statistically at par
with Sz (51.36 g ha), while the control produced the minimum grain
yield (40.43 g ha?). A similar trend was observed for straw yield, with
the highest values under S, (73.09 q ha?) and S; (72.82 g ha?)
compared with the control (68.64 g ha). These results demonstrate
that both S, and S; effectively sustained yield formation, indicating
that 100 % RDNP and 50 % RDNP supplemented with foliar nano DAP
performed equally well. This underscoring the ability of nano-nutrient
foliar application to maintain nutrient availability during reproductive
growth and improve overall nutrient-use efficiency (21, 22).

Interaction effect (Mx S)

The interaction analysis revealed that yield benefits were
maximised when high biochar rates were combined with
adequate nutrient supply (Table 2). Under MsS,, the maximum
test weight (38.83 g), grains per row (38.00) and grain yield (57.03
g ha?) were recorded, outperforming all other treatment
combinations. Straw yield also peaked in M nutrient supported
treatments, with MsS; producing 75.03 g ha™, followed closely by
MsS; (74.85 q hal) and MsS, (74.67 g ha?). In contrast, the
minimum performance was consistently recorded under M;S;,
with the lowest grains per row (27.33), lowest test weight (30.07
g) and lowest grain yield (35.67 q ha™). These results indicate a
clear synergy, whereby biochar-mediated improvements in soil
nutrient retention enhanced the response to applied fertilisers,
resulting in stronger sink formation and improved grain filling,
Notably, the highest rate of sugarcane straw biochar (Ms)
supplemented with foliar nano DAP (S;) were still very
competitive to the full RDNP (S;), indicating that higher nutrient-

use efficiency can be achieved without significant yield loss
through optimised soilamendment and nutrient supply (23, 24).

Relationship between growth and yield attributes with grain
and straw yield of maize

Theinfluence of sugarcane straw biochar and nutrient levels showed
significant correlations with crop growth and development, yield
attributes and productivity of maize during 2024-25 (Fig. 1). Growth
parameters such as plant height (-=0.988 and 0.980), DMA (r=0.998
and 0.970), SPAD (r=0.997 and 0.970) as well as yield attributes such
as number of grains per row (r = 0.991 and 0.975) and test weight
(r=0.972 and 0.977) showed significant positive correlations (p<0.01
and p < 0.05) with grain and straw yield of maize respectively (25).
The uniformly strong correlations reflect the welkstructured
treatment gradient, where progressively increasing biochar rates
consistently improved root-zone conditions and nutrient availability,
resulting in proportional improvements across all measured growth
andyield parameters.

Conclusion

Both sugarcane straw biochar rate and nutrient management
strategy significantly influenced the growth, agro-physiological
performance and yield of spring maize under trans-Gangetic plain
conditions. Among the biochar rates, the application of 15 t ha'
sugarcane straw biochar consistently produced the best crop
performance, as reflected in superior plant height, leaf chlorophyll
status and dry matter accumulation (DMA). Among the nutrient
management treatments, 100 % recommended dose of nitrogen and
phosphorus (RDNP) recorded the highest overall performance;
however, it was statistically comparable to 50 % RDNP supplemented
with two foliar sprays of nano di-ammonium phosphate (nano DAP),
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a b c d e f [s]
= - — 1.00
ad 0.989%* 0.984** 0.988* 0.993# 0.988** 0.980**
r0.75
b 4 0.996** 0.988%* 0.969+* 0.998+** 0.970**
- 0.50
A 0.992+* 0.970** 0.997%* 0.970%*
0.25
d- 0.980* 0.991%* 0.975%* 0.00
e- 0.972%* 0.977** ~0.25
=0.50
- 0.966%*
-0.75
-
-1.00

Fig. 1. Relationship between growth and yield attributes with grain and straw yield of spring maize. *Significant at p < 0.05; **significant at
p = 0.01. (a) plant height; (b) dry matter accumulation (DMA); (c) soil plant analysis development (SPAD); (d) No. of grains per row; (e) test

weight; (f) grain yield; (g) straw yield.

indicating that nano-nutrient foliar application can sustain crop
productivity at reduced basal fertiliser levels, thereby improving
nutrient-use efficiency and lowering input costs. The combination of
15 t ha' sugarcane straw biochar and 100 % RDNP vyielded the
highest values for key characteristics such as test weight, number of
grains per row, grain yield and straw yield and treatments of 15 t ha
sugarcane straw biochar combined with 50 % RDNP and foliar nano
DAP sprays were closely competitive, confirming the agronomic
viability of this reduced-input strategy. The study therefore
recommends integrating sugarcane straw biochar at 15t ha* with 50
% RDNP and two nano DAP foliar sprays as a practically viable and
environmentally sound approach for enhancing spring maize
productivity across the trans-Gangetic plains of Punjab. Future
research should examine the long-term residual effects of biochar
across successive crop cycles, its performance across contrasting soil
types and water regimes and conduct farm-level economic
evaluations to support farmer adoption.
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