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Abstract: Agriculture in the Indian Sundarbans deltaic region primarily depends on a
rice-based monocropping system during the rainy season, with the subsequent season
often remaining fallow. To mitigate this issue, a series of experiments using zero tillage
and straw mulching (ZTSM) potato cultivation were conducted over eight consecutive
years (2017-2024) across various islands in the Sundarbans Delta, West Bengal, aimed
to intensify the cropping system and ensure the betterment of the land use pattern
using climate-smart agricultural practices. In the initial two years, the experiments
concentrated on assessing different potato cultivars and nutrient dosages under zero
tillage and paddy straw mulching conditions. During the subsequent years, the focus
shifted to field demonstrations under diverse climatic conditions. The research included
the application of different macronutrients and growth regulators, in combination with
different depths of straw mulching. In the final years of the study, the intervention was
dedicated solely to the horizontal expansion of cultivated land. These initiatives aimed
to enhance agricultural productivity and sustainable land use in the polders, promoting
climate-resilient farming practices. From the sets of experiments, we standardized the
sustainable nutrient management strategies and selection of appropriate potato cultivars
vis-a-vis depth of straw mulching and, finally, the overall best agronomic practices for the
region. The adoption of the ZTSM potato cultivation system demonstrated considerable
success, as evidenced by the remarkable increase in the number of farmers employing
this sustainable agricultural practice. The number of farmers practicing zero tillage
potato cultivation surged from 23 in the initial year to over 1100, covering an area of
more than 15 ha, highlighting the effectiveness of the technology. The analysis of the
estimated adoption also showed that more than 90% adoption is likely to be achieved
within a decade. This potential expansion underscores the benefits of the ZTSM potato
cultivation system in improving soil health, conserving water, and reducing labour
and costs. As more farmers recognize the advantages of zero tillage potato mulching,
this approach is poised to play a pivotal role in sustainable agriculture, enhancing
productivity while promoting environmental stewardship.
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1. Introduction

Crop production with traditional technologies often complicates the securing of
optimal yields and the provision of food, nutritional, and economic security to climato-
logically vulnerable areas of the coastal saline zones of the Indian subcontinent. India is
surrounded by a long coastline of 8129 km, and the Coastal Saline Zone (CSZ) in West
Bengal spreads over an area of 14 lakh hectares, covering 78 blocks across six southern
districts [1]. Despite having greater biodiversity and ample amounts of natural resources,
which are significant for farming and allied activities [2,3], the productivity of these
divisions is lower than the national average due to several constraints associated with
the soil-water—climate [4-6]. Agricultural activities in this region remain underexploited
due to several factors, while the impacts of climate change, such as recurrent cyclones,
prolonged dry spells, and seawater intrusion are some of the major factors making the
deltaic ecosystems’ climate vulnerable and unproductive [7]. Therefore, the livelihood
of the people in this region suffers from lower agricultural productivity due to the threat
of global warming and climate change [8].

The coastal saline zones of West Bengal, Sundarbans uninterruptedly face a range
of limitations that may create a barrier to intensifying the cropping systems through the
addition of one more crop in the dry Rabi season (winter), as well as in the pre-Kharif season
(summer). Many scientists have anticipated that coastal zones will emerge as the most
vulnerable regions in the future, primarily due to flooding and the invasion of seawater
into farmland [9], resulting in the scarcity of freshwater during dry seasons, coupled
with the dynamicity of soil salinity across both surface and subsurface layers [10,11],
deteriorating the soil quality and making the soil unproductive for subsequent cultivation.
Apart from the homestead upland, the crop fields of this region are often classified as
medium-up, medium-low, and lowlands, among which the latter two are usually inundated
by floods and rainwater, associated with poor drainage [12]. Except for the extremely
saline island situation, in the coastal zone of West Bengal, the climatic conditions favour
intensive cropping. It is possible to take two crops in a year under rainfed conditions
and three crops per year under irrigated conditions. In most cases, the farmers of the
coastal zone are habituated to following traditional cropping systems, satisfying their own
needs, without considering the systems’ cost-effectiveness, agroecological suitability, and
sustainability [13]. During the winter season, lands mainly remain fallow due to delays
in the harvesting of transplanted rainy-season rice and the wetness of the soil. The lands
become free, and soils reach working conditions from the end of November to the first
week of January, which is not the optimal time for sowing many winter crops. Considering
the above context, it is quite certain that it is an urgent necessity to reach the farming
community of the Indian Sundarbans with gender-neutral technologies to overcome the
present constraints.

The potato (Solanum tuberosum L.) is one of the most important crops grown in the
world’s subtropical and temperate regions. Potatoes are among the staple foods that play
a major role in dietary intake, contributing especially to the energy and nutritional needs
of the global community. Potatoes are consumed in higher quantities as compared to any
other vegetables.

Potatoes possess distinct characteristics due to their neutral flavor, making them highly
versatile for culinary applications and compatible with a wide range of food preparations
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and processing methods. Nevertheless, potatoes can be determined as nutrient-rich food
in terms of their high calorific value, fats, and carbohydrates. The potato serves as an
affordable source of many other bioactive compounds with health benefits, including
ascorbic acid, niacin (vitamin B3), pyridoxine (vitamin B6), dietary fiber, total phenolics,
high-quality protein, potassium, and phosphorus.

Next to cereals like rice, wheat, and maize, potato is the only crop that can supplement
the need for the food of the country. India now ranks second, next to China, in potato
production (45.3 million tonnes) in the world, with an average yield of 22.8 t/ha [14]. India
will need to produce approximately 124.88 million tonnes of potatoes by the year 2050,
from the current production status (2018-2019) of 53.03 million tonnes, to meet the food
demands of its expanding population [15]. Potato production is highly confined to the
Gangetic plains of India, and the major contributing states are Uttar Pradesh (32.4%), West
Bengal (26.9%), and Bihar (14.6%) [16]. Potato cultivation demands a relatively high level
of soil nutrients to provide higher yield and productivity [17]. The high rate of dry matter
production results in large amounts of nutrients removed per unit of time, which, generally,
most soils cannot supply [18]. Therefore, to optimize potato yield and enhance soil health,
the incorporation of organic manures is essential in the nutrient management strategy for
potato cultivation. According to Meena et al. [19], the use of organic manures not only
reduces the overall cost of cultivation but also improves soil quality and increases crop
yield and productivity.

However, 9.6 million hectares of land in eastern India are utilized exclusively
during the rainy season, compelling farmers to leave their land fallow during the dry
Rabi season [20]. This is primarily due to salinity and soil moisture stress, which cause
challenges such as excess moisture after rice harvest and deficits during the sowing and
growth stages. These factors hinder the timely sowing of subsequent Rabi crops and
result in poor returns from these ecosystems. Moreover, conventional potato cultivation
is hindered due not only to the saline soil, but also to the lack of sweet water and terminal
heat stress. Keeping this in mind, the integration of forms of conservation agriculture
like zero tillage [21] and mulching [11] could be cost-effective, environment-friendly,
and viable agronomic practices adapted globally to increase water use efficiency, reduce
soil salinity, ensure soil moisture conservation, and augment crop productivity [22]. In
this method, rice stubbles can be efficiently managed, which generally creates many
problems in growing the next crop, and farmers often opt for stubble burning, resulting in
air pollution and loss of organic matter [23]. Zero tillage enables the early establishment
of Rabi crops into moist soil soon after rice harvest [11] while improving soil health with
the enrichment of soil organic matter, accelerating soil physicochemical and biological
activity, and reducing soil compaction and greenhouse gas emissions [24]. Thick mulch
helps to retain enough moisture in the soil [25]. Potato cultivation under zero tillage
along with the addition of organic mulch is quite a novel and promising technology for
stress areas, which not only reduces the cost of cultivation but also helps potato crops
to withstand salinity and late-season moisture stress conditions. Therefore, the present
study focuses on the following objectives:

(i) The selection of a potato variety suitable for zero-tillage systems of manage-
ment (ZTSM).

(ii) The optimization of foliar nutrient management for enhancing the performance of
potatoes grown in the ZTSM system.

(iii) The efficacy of the application of various biostimulants on the growth, yield, and
tuber quality of potatoes grown under the ZTSM system.

(iv) The estimation of the potential adoption of the ZTSM method among the farming
community of the Indian Sundarbans delta.
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2. Materials and Methods
2.1. Origin of the Technologies

The traditional practice of potato cultivation using paddy straw mulching has
been long established and remains prevalent in this region [25]. The working mecha-
nism of the ZTSM potato production system is depicted in Figure 1. However, recent
evaluations have sought to standardize this method by identifying suitable potato
varieties, optimizing nutrient management, and determining the appropriate mulch
thickness. These refinements aim to enhance yield and productivity while maintain-
ing sustainability. The coastal saline zones of West Bengal, especially the Sundarbans
islands, have been extremely vulnerable to climatic hazards since time immemorial.
Repeated disasters in the last two decades, including multiple cyclones, increased crop
field inundation, a significant increase in soil salinity, and constrained irrigation in
dry months have destabilized traditional cropping systems in the area and forced a
substantial proportion of residents to migrate [25]. The sustainable intensification of
such lands requires adopting an enhanced package of agronomic practices that optimize
soil moisture retention, promote early crop establishment, and ensure economic viability.
The Australian Centre for International Agricultural Research (ACIAR)-funded project,
“Cropping System Intensification in the Salt Affected Coastal Zones of Bangladesh
and West Bengal, India (CSI4CZ)” (https://www.aciar.gov.au/project/lwr-2014-073,
accessed on 5 March 2024), was started in 2016 in the Gosaba islands with a range of
interventions, such as experimentation and demonstration of appropriate technology,
weather forecasting, salinity mapping, and crop modeling amongst others. One of
the important objectives of the project was to develop climate-resilient cropping sys-
tems, such as medium-duration Kharif rice followed by ZTSM potato cultivation and
then summer moong bean [26]. In 2021, the project was extended for a second phase
(https:/ /www.aciar.gov.au/project/wac-2020-126, accessed on 6 March 2024) for upscal-
ing the project benefits in adjacent islands, and in 2022, another project, “Indo-Pacific
Climate-Smart Agriculture Initiative: Project B: Ganges coastal zone climate-smart agri-
cultural production”, was introduced on two more islands to examine the effects of
recommended cropping practices identified by the CSI4CZ project. Under these projects,
with co-participation from local farmers, we started to standardize the package and
practices of ZTSM potato cultivation through series of field experiments.

2.2. Description of the Experimental Area

The experimental area is located in the coastal saline belt of Sundarbans, West
Bengal, India, measuring 4, 266 km?, extending over two districts, with 13 blocks in
South 24 Parganas and 6 blocks in North 24 Parganas [27]. The field experiments were
conducted for eight years (2017-2018 to 2022-2024) on various farmers’ fields on three
islands of Indian Coastal Sundarbans, Rangabelia, Satjelia, and Choto Mollakhali (Site-I,
Site-II, and Site-Ill respectively), situated in the district of South 24 Parganas, West Bengal,
which lies at an elevation of 2 m above mean sea level. These areas are characterized
by long tidal streams, resulting in elevated salinity levels in both water and soil. The
soil of the experimental areas was recorded as being heavy in nature, with about 45.2%
clay, 28.0% silt, and 26.8% sand, organic carbon of 0.50% (low humus content), saturated
water content of 0.42%, and bulk density of 1.53 g cm~3, with an EC (soil: water ratio of
1:5) of 0.90 dSm™!, and pH (soil: water ratio of 1:5) of the soil is 6.45 of the surface soil
(0-15 cm). Generally, the soil is sandy clay in texture.
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Figure 1. Working principle of zero-tillage potato cultivation with paddy straw mulching (image
created with https://BioRender.com; license no: BE27A0036T, accessed on 7 September 2024).

However, in the adjacent river, salinity of the water of these sites can range from
16.8 t0 49.9 dS m ™!, significantly influencing the ecosystem and soil chemistry [28]. The
agroclimatic conditions were generally related to those of the Bay of Bengal, which is
very close to these three experimental sites. The average annual rainfall varies between
1377.5 and 2484.5 mm, and it is mostly confined to June to September. The distribution
and intensity of the rainfall are likely to be high in July and, to some extent, August. A
small amount of rainfall occurs in October and November, which renders the harvesting of
the paddy on difficult time and often creates delays in the sowing of succeeding winter
crops. Rice is the main crop in this region, and it is mostly cultivated with monsoon rain
during the rainy season (June-November), wherein the cool and dry winter (December to
February) and summer months (March—April), as well as the dynamics of soil moisture and
salinity, compel farmers to leave the land fallow. Therefore, all experiments were conducted
during November-December to intensify the fallow rice areas (i.e., after the harvest of the
wet season, rice potato experiment was conducted, and the land otherwise remained fallow
during the dry season). The various meteorological data during the crop growth period
were recorded at the Automatic weather station (EM50 Data Collection System, Decagon
Inc., Miinchen, Germany), located near the study area, at 22°.1652’ N and 88°.8079" E.

2.3. Experimental Details
2.3.1. Experimental Design and Treatment Details

Over several years, extensive research has been conducted on potato cultivation
under ZTSM technologies, like the selection of suitable potato cultivars, optimizing foliar
nutrient management, and assessing the impact of seaweed sap application, to enhance the
productivity and quality of potatoes in coastal saline soils. All the research experiments
were conducted in randomized complete block design, in which the number of treatments
varied according to the experiments. However, the number of replications remained
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constant, i.e., three. The gross experimental area varied according to the experiments, with
a constant net plot size of 20 m? (4 m x 5m). The initial studies were carried out between
2016 and 2017 and focused on comparing the performances of five potato cultivars, namely
Kufri chandramukhi, Kufri jyoti, S-52, 5-6, and a local variety, under both zero tillage and
conventional ridge and furrow systems. Following this, in 2018-2019, the research shifted
toward optimizing foliar nutrient management for potatoes grown under zero tillage and
mulching, with the ‘Kufri pukhraj’ variety selected for its short duration (70-80 days), early
bulking rate, disease resistance, and suitability for low-input systems [25]. This study
involved nine different nutrient treatments tested under similar climatic conditions. The
research continued in 20212022, with two more innovative experiments. The first examined
the impact of various foliar nutrient management practices on potato productivity and
quality, using different combinations of di-ammonium phosphate (MOP), muriate of potash
(MOP), and triacontanol. The latter experiment investigated the effect of seaweed sap
application, particularly Sargassum and humic acid, on potato growth and yield. Both
studies followed a randomized block design and further refined the approaches to potato
cultivation in coastal saline soils. To demonstrate the practical benefits and horizontal
expansion of these findings, large-scale field demonstrations were conducted between 2022
and 2024 across three locations, Rangabelia, Choto Mollakhali, and Satjelia Island. These
demonstrations, involving 125 farmers in the first year and 100 in the second, effectively
showcased the improved techniques for potato cultivation under zero tillage and mulching
in the Sundarbans region.

2.3.2. Time of Sowing of Zero Tillage Potato

Since potatoes were cultivated under zero-tillage conditions, there was no need for
land preparation. This allows for immediate potato planting after paddy harvesting, even
in conditions of higher-than-optimal soil moisture. However, if the field is excessively
waterlogged, it should be drained at least two weeks before paddy harvest. In this region,
long-duration rice is typically harvested around the first week of December. Nevertheless,
introducing medium-duration rice varieties and improved drainage methods could enable
earlier harvesting, freeing up fields for subsequent crops.

2.3.3. Land Preparation

Unlike conventional methods, zero-tillage potato cultivation obviates the need for
extensive land preparation. Immediately following the monsoon rice harvest, potato tubers
were planted without the customary deep ploughing and subsequent ridge formation.
Moreover, the synergistic effects of capillary rise of soil salinity and evaporative water
losses, exacerbated by moisture deficits in winter and summer, hinder potato cultivation
under traditional ridge-and-furrow systems. Consequently, a well-established zero-tillage
potato cultivation system incorporating paddy straw mulching emerges as the optimal
approach to maximize production in this coastal saline environment [29]. Accordingly,
in the case of land preparation, the field must be free from the stagnation of water and
to initiate the planting process, a planting line is created using a spade on the wet soil to
accommodate the germinated potato tubers.

2.3.4. Selection of Seed Tubers

Seed tubers were carefully selected for purity, health, and uniformity in shape and size.
They were either planted whole or cut into 40-50 g pieces. To facilitate early plant growth
above the paddy straw, tubers with approximately 1 cm long sprouts were preferred. At the
beginning of the study, a multi-cultivar trial was conducted during the 2017-2018 season to
identify the most suitable potato variety for the ZTSM potato cultivation technique. Em-
ploying a randomized block, five potato cultivars were evaluated: four standard varieties
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(Kufri chandramukhi, Kufri jyoti, S-52, and S-6) and a locally adapted undescribed cultivar.
Potato cultivation was compared under zero-tillage and conventional ridge-and-furrow
systems. In subsequent experiments, potato cultivar Kufri pukhraj exhibited desirable
characteristics for the coastal agroecological conditions. This early maturing (70-90 days)
variety is rich in potassium, fiber, and vitamin C. Its tolerance to drought, moderate re-
sistance to late blight, and early bulking properties have contributed to its popularity in
India, accounting for 33% of total potato cultivation [30]. The cultivar is also suitable for
low-input ecosystems. Therefore, Kufri Pukhraj was adopted for subsequent zero-tillage
potato cultivation trials.

2.3.5. Seed Treatment

Potato seed treatments are among the important pest management practices used to
maximize potato yield and obtain good-quality tuber yield. To avoid the infestation of
fungal disease, seed tubers were treated with fungicides, i.e., 0.2% mancozeb in combination
with 0.2% carbendazim per kg seed tubers.

2.3.6. Planting of Tubers

Seed tubers that possessed two to three germinating eyes for accelerated germination
were selected for planting. These tubers were placed above a layer of locally prepared
farmyard compost (10 cm thick). Immediately following planting, the tubers were covered
with an additional layer of compost [29], followed by a thick (20 & 2.5 cm) layer of paddy
straw, abundantly available in the local area.

2.3.7. Nutrient Management

The recommended dose of fertilizer for potato cultivation was 100-75-75 kg N-P,Os-
K>0 ha™!, out of which 75-74.05-73.6 kg N-P,Os-K,O ha~! was applied as basal dose,
through 10-26-26 (N-P,05-K;0), urea, single super phosphate (SSP), and muriate of potash
(MOP) [29]. The rest of the RDF npk was applied as a foliar spray. Nitrogen was applied to
all the plots through urea when the plants were 10-15 cm tall. Borax (containing 11.36% B)
and chelated Zn EDTA (containing 12% Zn) were used as sources for B and Zn, according
to the treatment combinations. As a foliar application, 2% urea, 2% DAP, 2% MOP, 0.1%
boron, 0.5% Zn, 0.1%, triacontanol (0.05% EC), Sargassum seaweed extract, and humic acid
(5%) solution were thoroughly sprayed at 30 and 50 DAP at the time of tuber initiation
and tuber developmental stage, according to the treatment combinations, by a manual
knapsack sprayer (model: AGM/001, ASPEE Sprayers and Farm Mechanised Equipment,
Mumbai, Maharashtra, India) with capacity of 16 L.

2.3.8. Irrigation

One of the significant attributes of the zero-tillage potato is its ability to conserve
moisture against evaporation loss when exposed directly to sunlight. Three light-life-
saving irrigations were given in this method. The first irrigation was given two weeks after
planting tubers, at the time of the establishment of seed tubers. The second irrigation was
given five weeks after planting, in the third conjugation with the stolon’s initiation stage,
and the last irrigation was given at the tuber formation stage. However, in this region,
during Rabi, there was occasional rain, so the irrigation scheduling was adjusted depending
on the local rainfall events.

2.3.9. De-Haulming and Harvesting

Haulms (the above-ground portions of the plant) were cut by sickle after the crop
attained maturity. Harvesting was performed 75-80 days after planting through sim-
ple removal of the paddy straw. As a result of this, the cost of cultivation was lower,
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and the tubers were not damaged by sudden heavy rain. Lifting of potato tubers was
performed manually.

2.4. Crop Measurements
2.4.1. Biometrical Measurements and Estimation of Yield

In each plot, second rows on either side were marked for destructive sampling and
for recording other crop growth observations. The middle two rows were marked for the
determination of yield. Five plants from each plot were randomly selected and tagged for
recording plant height, number of compound leaves per plant~! and leaf area index at
30, 40, and 70 days after planting. Tuber number per hectare (x 10°) and tuber yield (t/ha)
were estimated after harvesting of the potato tubers. To determine the tuber yield and
number, five rows 4 m in length in the center of each treatment plot were taken and finally
represented in t/ha.

2.4.2. Quality Parameters of Potato Tubers

After the harvesting of potato tubers, biochemical tests were performed to judge the
quality parameters. Total soluble solids (TSSs) were assessed using a digital refractometer
based on total refraction, with cloth-strained juice expressed in °Brix. Total titratable acidity
was determined through a volumetric procedure, in which a known volume of filtered
and diluted juice was titrated against standard NaOH (N/10) using phenolphthalein as an
indicator, and the results were expressed as percentage acidity in terms of citric acid [31].
Ascorbic acid content was estimated using the 2,6-dichlorophenol indophenol dye titration
method [32]. Specific gravity was measured with the hydrometer method using 3.63 kg of
tubers per sample [33]. Tuber hardness was determined using a screw-type penetrometer
(Model FT-327, Facchini, Milan, Italy), with the results expressed in kg/cm?. The pH
of the homogenized juice was measured using a pH meter (Acorn pH 6 Meter, Oakton
Instruments, Vernon Hills, IL, USA). The specific gravity of potato tubers was measured
following water displacement, using the method described by Westermann et al. [34].

2.5. Analysis of Soil Samples

Pre-sowing and post-harvest soil samples from the potato field were collected from
the experimental land and processed before analysis. Particle-size distribution of the
soils was obtained by following the Hydrometer method [35]. Textural classes of the
soils were determined from the percentage contents of sand, silt, and clay, with the help
of the triangular textural diagram [36]. Organic carbon was determined by oxidizing
soils with 1 (N) K,Cr,Oy in the presence of concentrated H,SO,4 and titrating back the
remaining K,Cr,O; with ferrous ammonium sulphate solution, using diphenylamine
indicator, following the wet digestion method of Walkley and Black [37].

Soil moisture was recorded at different soil depths (0-15, 15-30, 30-50, 50-80, and
80-120 cm) at 15-day intervals. Soil samples were collected with the help of a screw
auger. Next, the soil was taken into an aluminium moisture box. The weight of each
box was taken with an electric balance. Subsequently, the soil samples were dried at
105 °C for 72 h. Volumetric soil moisture was recorded at different soil depths at periodic
intervals, as stated by [38]. The electrical conductivity of soil suspensions (soil: water:
1:5) was measured at room temperature (28 °C) by using a direct reading conductivity
meter (model: Systronics, 363) [39].

2.6. Preparation of the Location Map

The location data of the potato fields were collected during the field survey and
mapped on the NDVI (Normalized Difference Vegetation Index) layer of the corresponding
years. The MODIS (Moderate Resolution Imaging Spectroradiometer) NDVI data were
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collected from the open access cloud computing platform Google Earth Engine (GEE) for
the month of February in each year and mapped using the open source QGIS 3.16 (Quantum
Geographic Information System) software.

2.7. Estimation of Potential Adoption

The Adoption and Diffusion Outcome Prediction Tool (ADOPT) was used to estimate
the adoption potential of ZTSM in the trial and adjacent locations. The underlying frame-
work guiding ADOPT is factor combinations related to the innovation (i.e., ZTSM) and
potential adopters vs. learning and relative advantage of the innovation [40]. ADOPT
predicts the peak level (percentage) and time to adoption and identifies the most sensitive
factors affecting them. Input data for the ADOPT were collected through focus group
discussions with ZTSM farmers and other stakeholders associated with the trials and
demonstration of the ZTSM technology.

2.8. Statistical Analysis

Statistical assessment was performed by the analysis of variance (ANOVA) for ran-
domized block design (RBD) based on the guidelines given by Gomez and Gomez [41].
The significance of the difference in source of variance was tested by mean squared error
by Fisher Snedecor’s ‘F’ test at a probability level of 0.05. For comparison of ‘F’ values
and computation of critical difference (CD) at 5% level of significance, Fisher and Yates’
table was consulted. Excel software (version 2018, Microsoft Inc., Redmond, WA, USA) and
Origin Pro (2024) were used to draw graphs and figures. The details of each experiment,
along with the experimental design used, are given in Supplementary Table S1.

3. Results
3.1. Growth Parameters of Potato

Different potato growth parameters, such as plant height, plant and tuber dry
weight, and the number of main branches/plants, were analyzed at different growth
stages to compare the performances among the different treatments in various experi-
ments. Significant variations in different growth parameters were observed. Amongst
the different potato cultivars, throughout the growth period, the maximum plant heights
were recorded for Kurfi. Jyoti (42.1 cm, 57.1 cm, and 59.7 cm at 50, 70, and 90 days after
sowing), followed by Kufri chandramukhi and S-6. The lowest plant heights were recorded
in local cultivars throughout the growth period (Figure 2a). The maximum number of
main branches/plants was recorded from Kufri chandramukhi, which was closely fol-
lowed by Kufri jyoti (Figure 2b). On the other hand, the local cultivars produced the
minimum main branch/plant throughout the growth period. In harmony with the plant
height, the maximum average dry matter accumulation was greater for the improved
potato cultivars than for the local cultivars. Amongst different potato cultivars, the
hybrid potato cultivar 5-6 produced the maximum plant dry weight, and S-52 closely
followed it, throughout the observation period (Figure 2¢,d). However, Kufri jyoti was
used for the subsequent experiments as a crop cultivar because of its short duration
(70-90 days) and higher bulking rate.

The different foliar nutrient application treatments had a significant effect on the
plant height, number of compound leaves per plant, LAI, and total biomass of potato cv
Kufri pukhraj (Figure 3). The highest plant height was achieved due to the application of
2% urea at 30 and 50 days after planting, along with 0.1% boron applied 30 days after
planting in the ZTSM potato cultivation. At 50 days after planting, the maximum values
for the number of compound leaves/plant (63 compound leaves/plant) observed from
the plots received 2% urea at 30 and 50 days after planting and 0.1% boron applied at
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30 days after planting. The highest LAI and total dry matter accumulation were also
observed in the same treatment.
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Figure 3. Effect of foliar nutrient management on (a) plant height, (b) number of compound
leaves/plant, (c) leaf area index, and (d) total biomass per plant of ZTSM system of potato (T1: Con-
trol; T2: RDFNPK fb Urea 2% fs 30 DAP/ T3: RDFNPK fb Urea 2% fs 30 & 50 DAP- T4: RDFNPK fb MOP
2% fs 30 DAP/ T5: RDFNPK fb Urea 2% fs 30 & 50 DAP + MOP 2% fs 30 DAP Té: RDFNPK fb Boron
0.1% fs 30 DAP/ T7: RDFNPK fb Urea 2% fs 30 & 50 DAP + Boron 0.1% fs 30 DAP/ T8: RDFNPK fb Zinc
0.5% fs 30 DAP/ T9: RDFNPK fb Urea 2% fs 30 & 50 DAP + Zinc 0.5% fs 30 DAP)-
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The biostimulants in the form of seaweed extracts and plant growth regulators were
found to have exerted significant effects on the growth parameters of the zero-tillage
potato (Figure 4). The plant height of the potato gradually increased as the age of the crop
progressed up to 50 days after planting. Thereafter, the rate of growth slightly declined
towards maturity (70 days after planting). The highest plant height was recorded with the
foliar application of 5% Sargassum-based seaweed extract and humic acid at 30 and 50 days
after planting. A similar result was observed in the case of the number of compound leaves
per plant and leaf area index of potato. The total biomass/plant was seen to increase till
the harvest of the crop. The highest values were seen with the foliar application with 5%
Sargassum-based seaweed extract and humic acid at 30 and 50 days after planting.
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Figure 4. Effects of biostimulants on (a) plant height; (b) number of compound leaves/plant; (c) leaf
area index; and (d) total biomass/plant of ZTSM potato (where T1: Control, T2: RDFnpk fb Sargassum
5% fs 30 DAP- T3: RDFNpK fb Sargassum 5% fs 30 DAP & 50 DAP- T4: RDFNPK fb Sargassum + humic
acid 5% fs 390 pap; T5: RDFnpk fb Sargassum + humic acid 5% fs 30 pap & 50 pap; T6: RDFnpk b
Triacontanol 0.05% fs 39 pap; T7: RDFEnpk fb Triacontanol 0.05% fs 30 pap & 50 DAP; T8: Water).

The application of foliar nutrients and growth regulators affected the growth param-
eters of the potatoes grown under the zero-tillage system. As the crop became older, the
potato plant became taller and grew more compound leaves until it was 60 days after
planting. The highest plant height and number of compound leaves were recorded due to
the combined application of 2% days after planting, 2% MOP, and 0.1% triacontanol 0.05%
EC at 30 and 50 days after planting. The lowest values of the aforementioned parameters
were seen in the control. The highest values of the total biomass/plant were also recorded
from the treatment mentioned above (Figure 5).
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Figure 5. Effects of foliar nutrient and growth regulators on (a) plant height; (b) the number of
compound leaves; (c) leaf area index; and (d) total biomass/plant (where T1: Water Spray; T2: 2%
DAP at 30 DAP; T3: 2% DAP at 30 And 50 DAP; T4: 2% MOP at 30 DAP; T5: 2% MOP at 30 and
50 DAP; T6: 2% DAP and 2% MOP at 30 DAP; T7: 2% DAP and 2% MOP At 30 and 50 DAP; T8: 2%
DAP + 2% MOP + 0.1% Triacontanol 0.05% EC (Miraculan) at 30 and 50 DAP).

3.2. Yield Components and Yield of Potatoes

The yield components and yield of the potatoes grown in the zero-tillage mulch system
were found to have been influenced significantly by various sets of treatments in different
research experiments throughout the period.

The varietal difference had a significant positive effect on the tuber number, as well
as the yield of the potatoes (Table 1). The maximum tuber number was recorded for the
hybrid potato cultivar, 5-52 (2.30 x 105/ha), which was statistically on par with the rest of
the potato cultivars, except the local cultivar (1.65 x 105/ha). For the tuber number, the
maximum tuber yield (22.4 t/ha) was obtained from the S-6 hybrid potato cultivar, which
was statistically on par with Kufri chandramukhi, Kufri jyoti, and a private sector hybrid
cultivar, 5-52.

Table 1. Yield component and yield of different potato cultivars under zero-tillage mulch system.

Potato Cultivars Tuber Number/ha (x10°) Tuber Yield (t/ha)
K. Chandramukhi 223 a 19.6 ab
K. Jyoti 2.07 a 19.3 ab
5-52 230 a 18.0 ab
S-6 229 a 224 a
Local 1.65b 119b

Means followed by different letters are significantly different at p < 0.05, according to Duncan’s multiple range
test (DMRT).
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The highest value for total tuber/ha was found in the potatoes that were foliar-
fertilized with 2% urea at 30 and 50 days after planting and 0.1% boron at 30 days after
planting. The foliar application of different macro and micronutrients on the potatoes grown
under ZT + M significantly (p < 0.05) influenced the total tuber yields of the potatoes (cv.
Kufri pukhraj) (Table 2). The highest tuber yield (26.3 t/ha) was obtained from the plants
that received 2% urea at 30 and 50 DAP, along with 0.1% boron at 30 days after planting.
The lowest value for the total tuber yield was found in the case of the control, where no
nutrients were added.

Table 2. Effects of foliar nutrient management on yield components and yield parameters of zero-
tillage mulch potato cv. Kufri pukhraj.

Foliar Nutrient Treatments Tuber Number/ha (x10°) Tuber Yield (t/ha)
Control 2.05 21.3
RDFNPK fb Urea 2% fs 30 DAP 2.23 23.3
RDFnpk fb Urea 2% fs 30 & 50 DAP 2.29 24.1
RDFnpk fb MOP 2% fs 30 pap 2.30 224
RDFypx fb Urea 2% fs 30 & 50 pap + MOP 2% fs 30 pap 2.39 22.8
RDFNPK fb Boron 0.1% fs 30 DAP 2.80 24.5
RDFNPK fb Urea 2% fs 30 & 50 DAP + Boron 0.1% fs 30 DAP 2.92 26.3
RDFnpk fb Zinc 0.5% fs 30 pap 2.27 225
RDFypx fb Urea 2% fs 30 & 50 AP + Zinc 0.5% fs 30 pap 2.69 24.1
SEm+ 0.14 0.26
CD (p £0.05) 0.42 0.79

RDEF: recommended dose of fertilizers; fb: followed by; fs: foliar spray; DAP: days after planting.

Biostimulants in the form of seaweed extracts and humic acid were found to have
exerted significant effects on the yield of the potatoes. The application of Sargassum-based
seaweed extract (5%) along with humic twice, at 30 and 50 days after sowing, resulted in
the highest tuber/ha and tuber yield, with a yield advantage of 36.8% over the control, to
which no biostimulants were added (Table 3).

Table 3. Effects of biostimulants on yield components and yield parameters of zero-tillage mulch
potato cv. Kufri pukhraj.

Bio Stimulants Treatments Tuber Number/ha (x10%) Tuber Yield (t/ha)
Control 441 20.1
RDFNPK fb Sargassum 5% fs 30 DAP 5.77 244
RDFNPK fb Sargassum 5% fs 30 DAP & 50 DAP 6.93 24.6
RDFnpk fb Sargassum + humic acid 5% fs 390 pap 6.32 25.1
RDFNPK fb Sargassurn + humic acid 5% fs 30 DAP & 50 DAP 7.76 27.5
RDFypk fb Triacontanol (0.05% EC) 0.1% fs 39 pap 5.06 22.3
RDFNPK fb Triacontanol (0.050/0 EC) 0.1% fs 30 DAP & 50 DAP 5.54 23.8
RDFynpk + Water 4.57 21.0
SEm+ 0.22 0.52
CD (p <0.05) 0.64 1.51

RDEF: recommended dose of fertilizers; fb: followed by; fs: foliar spray; DAP: days after planting.

The total number of tubers and the tuber yield of the potatoes varied significantly
with the application of different foliar nutrients and growth regulators. The highest values
for tuber number per plant (6.67 x 10°/ha) and tuber yield /ha (26.2 t/ha) were recorded
from the potatoes in which 2% DAP, 2% MOP, and 0.1% triacontanol 0.05% EC at 30 and
50 DAP were foliar-applied (Table 4).



Land 2025, 14, 563

14 of 29

Table 4. Effects of foliar nutrients and growth regulators on yield components and yield parameters
of zero-tillage mulch potato cv. Kufri pukhraj.

Bio Stimulants Treatments

Tuber Number/ha (x105) Tuber Yield (t/ha)

Water Spray 528 21.6
RDF NPK fb DAP 2% fs 30 DAP 5.55 25.1
RDF npk tb DAP 2% £8 30 & 50 DAP 6.11 25.4
RDF npk fb MOP 2% fs 39 pap 5.28 24.0
RDF npk tb MOP 2% fs 30 & 50 DAP 5.55 243
RDF np b DAP 2% & MOP 2% fs 30 pap 5.83 25.2
RDF npx fb DAP 2% & MOP 2% £s 30 and 50 DAP 6.39 259
RDF npk fb DAP 2% + MOP 2% & Triacontanol (0.05% EC)

6.67 26.2
0.1% £5 30 and 50 DAP
SEm+ 0.29 0.30
CD (p < 0.05) 0.89 0.91

RDEF: recommended dose of fertilizers; fb: followed by; fs: foliar spray; DAP: days after planting.

3.3. Quality Parameters of Potatoes

The values for the tuber quality in terms of tuber hardness (kg/cm?), specific gravity
(g/cm?), TSS (°Brix), juice pH, total acidity of juice (%), and vitamin C content (mg/100 g
of fresh weight) were judged to compare among the various sets of treatments.

The application of 2% urea at 30 and 50 days after planting along with 0.1% boron
at 30 days after planting resulted in the highest values for tuber hardness (9.50 kg/cm?),
vitamin C content (15.9 mg/100 g of fresh weight), and total soluble solids (5.56 °Brix) in the
potatoes, whereas the maximum acidity (2.27) and specific gravity of the tuber (1.08) were
recorded due to the application of 0.1% boron at 30 days after planting. The pH value of
juice (6.67) nearest to neutral pH was found in the potatoes when 2% urea at 30 and 50 days
after planting was applied along with 0.1% boron at 30 days after planting (Figure 6).

The highest values for tuber hardness (9.50 kg/cm?), specific gravity (1.08 g/cc),
Vitamin C (15.2 mg/100 g), and TSS (5.53 °Brix) were recorded for the potatoes receiving
Sargassum-based seaweed extract (5%) along with humic twice, at 30 and 50 days after
sowing. Tubers whose juice pH has a neutral value are good for consumption and
storage purposes, and this was found in the potatoes receiving 5% Sargassum extract
and humic acid at 30 and 50 DAP. The different foliar applications of biostimulants on
potatoes grown under ZTSM significantly (p < 0.05) influenced the acidity (%) of the
potato tubers (cv. Kufri Pukhraj) (Figure 7). The lowest acidity (%) was obtained with
the application of Sargassum with humic acid 5% at 30 and 50 DAP, whereas the highest
value for acidity (%) was found in the case of the control. Lower acidity in the harvested
product is considered superior for longer storage and consumption.

Foliar application of 2% DAP, 2% MOP, and 0.1% triacontanol 0.05% EC at 30 and
50 DAP resulted in the highest value for tuber hardness (9.45 kg/cm?), TSS (5.74 °Brix).
The specific gravity and Vitamin C content of the tuber were found to be non-significant
among the treatments. Nearer-to-neutral pH of the juice was also recorded from the same
treatment (Figure 8).
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Figure 6. Effect of foliar nutrient management on (a) tuber hardness; (b) specific gravity; (c) pH;
(d) vitamin C; (e) TSS; and (f) acidity of potatoes. T1: Control; T2: RDFnpk fb Urea 2% fs 39 pap;
T3: RDFNPK fb Urea 2% fs 30 & 50 DAP~ T4: RDFNPK fb MOP 2% fs 30 DAP/ T5: RDFNPK fb Urea 2%
fs 30 & 50 DAP + MOP 2% fs 30 DAP/ Té: RDFNPK fb Boron 0.1% fs 30 DAP/ T7: RDFNPK fb Urea 2% fs
30 & 50 DAP + Boron 0.1% fs 30 DAP~ T8: RDFNPK fb Zinc 0.5% fs 30 DAP~ TO9: RDFNPK fb Urea 2% fs

30 & 50 DAP T Zinc 0.5% fs 30 DAP-
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Figure 7. Effect of biostimulants on (a) acidity; (b) tuber hardness; (c) specific gravity; (d) pH;
(e) vitamin C; (f) TSS of potatoes (where T1: Control, T2: RDFypx fb Sargassum 5% fs 30 pap; T3:
RDFnpk fb Sargassum 5% fs 30 pap & 50 pap; T4: RDFnpx fb Sargassum + humic acid 5% fs 39 pap;
T5: RDFnpk fb Sargassum + humic acid 5% fs 30 pap & 50 pap; T6: RDFnpk fb Triacontanol 0.05% fs
30 DAP; 17: RDEnpk fb Triacontanol 0.05% fs 30 pap & 50 Dap; 18: Water).
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Figure 8. Effect of foliar nutrient and growth regulators on (a) tuber hardness; (b) specific gravity;
(c) pH (d) vitamin C; (e) TSS; (f) pH of potatoes (where, T1: Water Spray; T2: 2% DAP at 30 DAP; T3:
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Triacontanol 0.05% EC (Miraculan) at 30 and 50 DAP).
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3.4. Effect on Soil Moisture and Salinity

The depth-wise periodic soil moisture and salinity in the ZTSM potato fields and
adjacent fallow rice fields are presented in Figures 9 and 10, respectively. The periodic
moisture depletion at different growth stages from the ZTSM field is significantly slower
than that of the bare fallow rice field (Figure 10). On the other hand, the reduction in soil
moisture is more significant in the top layer of soil (0-30 cm) than in the lower soil layer.
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Figure 9. Comparison of soil moisture (%) between (a) zero-tilled-mulched potato fields and adjacent
(b) fallow rice fields (vertical bars indicate the standard deviation of the mean).
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Figure 10. Comparison of soil salinity between (a) zero-tilled—mulched potato fields and adjacent
(b) fallow rice fields (vertical bars indicate the standard deviation of the mean).

From the results, it was observed that salinity development in the fallow rice fields
was significantly faster than in the ZTSM potato fields (Figure 10). So, due to the low
salinity in the zero-tilled—mulched fields, the potato crop was able to withstand the salinity
and, ultimately, showed sustained growth and yield performances.

3.5. Field Demonstration

The large-scale field demonstration of potato cultivation under ZTSM in different
villages of Indian Sundarbans to conserve soil and water, limit evaporation losses, and
eventually reduce salinity buildup in the topsoil was conducted. In the initial years, the
farmers encountered several studies for evaluating the suitability of the ZTSM system
in the coastal agroecosystem, followed by its demonstration, with various aspects in
numerous areas in the polders (Figure 11). Later, in the experimental research, various field
demonstration programs were conducted with several farmers to validate the technology.



Land 2025, 14, 563

19 of 29

The field demonstration of the zero-tillage and straw mulching potato cultivation system
was conducted for 1026 farmers in Gosaba block from 2022 to 2024, covering an area of
more than 15 ha (Table 5). Apart from all the technical support, each farmer was provided
with true-type potato seeds (Kufri Pukhraj) for ZTSM potato cultivation, and other nutrient
and plant protection inputs.
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Figure 11. Location and spatial distribution of ZTSM potato field across the various experimental
sites of Indian Sundarbans (Site-I: Rangabelia, Site-II: Choto Mollakhali, and Site-III: Satjelia).

Table 5. Field demonstration of zero-tillage potato.

v Demonstration Farmers Involved
. arie A h
SI. No Year v Location rea (ha) Male Female Total
1 2020-2021 Kufri pukhraj Rangabelia (Site-I) 42 95 76 171
. ) Rangabelia (Site-I)
2 2021-2022 Kufri pukhraj Satielia (Site-1I) 3.06 142 88 230
Rangabelia (Site-I)
3 2022-2023 Kufri pukhraj Satjelia (Site-II) 4.33 195 130 325
Choto Mollakhali (Site-IIT)
Rangabelia (Site-I)
4 2023-2024 Kufri pukhraj Satjelia (Site-II) 4.00 195 105 300

Choto Mollakhali (Site-III)

Zero-tillage potato cultivation technology has emerged as one of the most promising
soil and water conservation techniques for cultivating potatoes in coastal saline zones. The
first demonstration trial was conducted with 171 farmers in an area measuring 4.2 ha in
three different locations in the Indian Sundarbans Delta, in 2020-2021. Later, 230 farmers
in an area measuring 3.06 ha, in 2021-2022, 325 farmers in an area measuring 4.33 ha, and
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300 farmers in an area measuring 4.00 ha were included in the demonstration trials. The
yield and economics of zero-tillage potatoes under straw mulch conditions showed very
close performance at both the demonstration sites. However, the yield was still below the
yield potential demonstrated in the experimental field at Site-I, for the three consecutive
seasons (19.6 t/ha, 20.7 t/ha, and 14.0 t/ha in 2021, 2022, and 2023, respectively). This is
most probably due to the inexperience of the farmers, a portion of whom were women
who had previously received little training in crop cultivation. However, there were large
variations in crop management practices, which was reflected in the higher variability in
yield and economics in the last years (especially at Site-III).

The probability exceedance analysis shows that in 2022, there was hardly any differ-
ence between Site-1I and Site-III (Figure 12a), where the demonstrations were primarily
organized. However, in 2023, Site-III showed a higher probability of securing a higher yield
(Figure 12b). It also showed higher stability in yield than Site-1I. This is probably due to the
assured water source at Site-IIl and a higher level of rodent infestation at Site-II.

b)
Rabi 2023

Rabi 2022
—Satjelia

0.50 4 ——Satjelia — Chotomollakhali

Chotomollakhali ——Rangabelia

Probability of Exceedance (0-1)
o
N
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Probability of Exceedance (0-1)

0.00 \ 0.00

0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000
Tuber Yield (kg/ha) Tuber Yield (kg/ha)

Figure 12. Probability of exceedance (0-1) of potato tuber yield (kg/ha) across different locations in
(a) Rabi, 2022, and (b) Rabi, 2023.

However, in the season of 2023-2024, the yield (7.2 t/ha, 8.7 t/ha, and 9.9 t/ha) of the
zero-tillage potatoes at Site-I, Site-II, and Site-III decreased significantly compared to the
yield for the 2022-2023 cropping season (14.0 t/ha, 12.2 t/ha, and 12.8 t/ha, respectively)
(Table 6). The significant decline in yield in Rabi for 2023-2024, was due to a massive
rat attack in the crop field and a lack of proper rodent management practices (100% of
the farmers reported the rodent attack in the crop field). Two spells of rain in the late
crop growth stage led to infestation by fungal diseases like late blight. However, both the
(notional) gross and net return marginally increased at Site-II and Site-III because of a stable
potato price in the market and the reduced cost of cultivation. There were no significant

differences between the sites in different years of field demonstration (Supplementary
Table S2).

Table 6. Yield and economics of zero-tillage potato cultivation (2022-2023 and 2023-2024).

Gross Return (INR Net Return (INR

Location N Year Yield (t/ha)
per ha) per ha)

B:C Ratio

57 202223 1228 (+5.31) 147,321 (£63,694) 94,701 (£47,386) 2.88 (£0.71)

Satjelia 104,400
50  2023-24 8.7 (£4.32) 157,324 (£51,858) (+51,919)

2.97 (£0.99)
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Table 6. Cont.
Location N Year Yield (t/ha) Gross Return (INR Net Return (INR B:C Ratio
per ha) per ha)
Choto 58 2022-23 12.85 (4+5.93) 154,153 (£71,215) 89,830 (£60,615) 2.73 (£1.17)
Mollakhali 36 2023-24 9.9 (+4.70) 205,461 (+66,220) 131,833 (£65,652) 2.79 (£0.88)
205,411 117,447
10 2022-23 14.00 (£1.00) (+18,216) (+13,309) 2.68 (+£0.19)
Rangabelia 161,228 87,576 2.18
14 2023-24 7.2 (£1.96) (£24,313) (£24,112) (£0.32)

3.6. Potential Adoption of the Innovation

The ZTSM was demonstrated for a large number of farms in three islands of the Indian
Sundarbans during 2022-23 to 2023-24, which created a spillover effect on the neighboring
farmers and islands. An estimation of the potential adoption of the innovation in the
project locations using the ADOPT tool suggests that a peak adoption level of 98% by
the eighth year is likely to be achieved (Figure 13). While achieving this peak adoption
level, ADOPT identified “enterprise scale” (Question 4, meaning, “what proportion of the
target households depend highly for their livelihood on ZTSM that could benefit from the
innovation”) as the most sensitive factor to shape the “peak adoption level”. Similarly,
“relevant existing skills and knowledge” (Question 12, meaning “What proportion of
the target households will need to develop substantial new skills and knowledge to use
ZTSM?”) was identified as the most sensitive factor influencing the “time to peak adoption
level”. Reducing the input in the ADOPT model by one level of the response scale for
Question 4 (conservative scenario) and Questions 4 and 12 together (pessimistic scenario)
showed a lowered, but impressive technology adoption. In the conservative and pessimistic
scenarios, ZTSM is likely to be adopted by 95% and 98% of the target population by the
eighth and ninth year, respectively. However, in a pessimistic scenario, the adoption in the
first five years will be less (69%) than in the other two scenarios (80% and 83%).

Cumulative adoption (%) - Optimistic
== Cumulative adoption (%) - Conservative

Cumulative adoption (%) - Pessimistic

__ 100

S 83%
c 80 8
2
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S 60

©
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.g 40
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Figure 13. Peak adoption level (%) and peak time to adoption (year) for zero tillage and straw
mulching (ZTSM) potato cultivation for three scenarios. Scenarios are defined by the perceived
“step-up” and “step-down” options of the ADOPT model. The figures on the right of the dotted
vertical line suggest the likely rate of adoption in the first five years.



Land 2025, 14, 563

22 of 29

4. Discussions
4.1. Zero-Tillage Potato as Low-Cost Intensification Technology

The cultivation of potatoes in the zero-tillage mulch system has proven to be a sus-
tainable agronomic strategy for cropping system intensification in the Indian Sundarbans
Delta. This technology is not new to the farming community of the Delta, but it lacks a
scientific rationale. However, with robust field research, farmers have been made aware of
the effectiveness of this low-cost technology for enhancing the area’s food and nutritional
security [42]. Generally, the cultivation of potatoes requires a significant amount of man-
power and energy to perform various intercultural operations, like the earthing up and
harvesting of tubers, which limits the entry of women into the production system. With the
implementation of this low-energy-intensiveness technology, more women have shown
an interest in engaging with potato farming, making it a gender-neutral technology [43].
Generally, after the harvest of rainy season rice, due to the wetness of the soil, it takes much
time to return the soil to working conditions for land preparation [44]. The ZTSM potato
cultivation system promotes the early establishment of potatoes with less rigorous tillage
and with better utilization of the sowing window and the prevalent weather conditions.
Seed tubers can be directly planted after rice harvest without compromising the optimal
sowing time [29]. Additionally, part of the significant quantity of straw generated from
rice harvesting (around 17 Mt in West Bengal alone) may be recycled as mulch material
for the upcoming winter season, as well as reducing the emerging problem of stubble
burning [45]. The addition of on-farm inputs, such as mulching materials, including paddy
straw, increases resource use efficiency and allows them to decompose over the soil [11].
Since the decomposition of organic material takes place, it enhances the water-holding
capacity by the addition of organic matter into the soil, which is also imperative for im-
proving soil health, both physiochemically and biologically. Organic mulching is a critical
agronomic practice that conserves moisture by protecting the soil from direct sunlight,
thereby reducing evaporation [46]. Simultaneously, it provides nutrients as the organic ma-
terial decomposes and suppresses weed growth through a protective soil barrier [44]. The
residual soil moisture from the preceding Kharif rice crop is efficiently utilized to accelerate
tuber germination under zero-tillage conditions. This enhances soil moisture retention
and ensures the prevention of upward soil salinity movement, contributing to superior
growth and development compared to conventional potato cultivation. As potato tubers
develop beneath the straw mulch, maintaining adequate mulch coverage is imperative to
prevent solanine accumulation and tuber greening. Several studies conducted over the
different regions of the country determined that potato tuber yields under zero-tillage
system management were enhanced by 20% or more compared with potatoes cultivated
under non-mulch conditions [47,48].

Additionally, this method significantly decreases the need for irrigation (2-3 irriga-
tions for zero-tillage potatoes and 6-7 irrigations for conventional cultivation) and labor
compared to conventional tillage, which necessitates thorough soil preparation, including
ridge and furrow formation, which is only possible after rice harvest and soil moisture
reduction [29]. The potato, being a heavy feeder crop, requires a huge number of fertiliz-
ers to fulfil its nutrient demand. However, in this technology, the essential nutrients are
foliar-applied during the critical stages, apart from the organic manure used during sowing,
which acts as a continuous nutrient supply [49]. Hence, this sustainable technology has
inspired many farmers across the Delta to implement it and to intensify the fallow areas that
were earlier shown as gray, and now turning green year after year under satellite and NDVI
imagery (Figure 11). In general, the net return from conventional-tillage potato cultivation
is higher than that of the ZTSM (zero tillage and straw mulching) potato production system
due to its higher yield. However, owing to the significantly lower cost of cultivation, the
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BCR is higher in the ZTSM system. A detailed economic analysis comparing ZTSM and
conventional tillage methods is provided in Supplementary Table S2.

4.2. Performance of ZTSM POTATO

The performance of potatoes under the ZTSM system, in terms of crop growth, yield,
and tuber quality, was improved by applying various foliar nutrients and biostimulants
throughout the research experiments (Figures 2-10 and Tables 1-4). All these treatments
make potato cultivation profitable under zero-tillage system management. Despite the
various constraints, a potato yield of 11-26 t/ha was obtained throughout the experiments.
This result was similar to the study conducted by Ramirez et al. [50].

The combined application of chemical fertilizers and organic amendments supply
nutrients efficiently to the plant for their growth and development [51]. The application of
nutritional inputs during the critical growth stages, such as establishment, tuber formation,
and tuber bulking, increases the crop nutritional uptake [52]. Due to the constraint of
applying fertilizers directly in the soil, the crop performance was found to be sub-optimal,
and it was enhanced due to the supplementation of various nutrients through the foliar
application of nutrients to meet the nutrient demands of the crop [49].

The present experiments revealed that the foliar application of macro and micronutri-
ents, along with various growth stimulators, improved the nutrient use efficiency because
of the better absorption of nutrients by the leaf surface, owing to its reduced particle size
and increased surface area, thereby increasing the leaf chlorophyll content, as well as
metabolic and biochemical activities like photosynthesis, hormonal balance, and enzymatic
regulation [43]. The increase in plant growth characteristics like plant height, dry matter
accumulation, number of compound leaves, and leaf area index, might be due to the in-
creased uptake of nitrogen, phosphorous, potassium, and micronutrients through the foliar
application of urea, MOP, and DAP, along with micronutrients [49]. The application of
biostimulants like seaweed extracts and humic acid enhanced the overall physiology of the
plant, leading to better uptake of essential plant nutrients and improving the plant immune
system. As a result, foliar fertilization with different sources of macro and micronutrients,
as well as other biostimulants, enhanced the yield components and yield, which could
be attributed to its role in energy metabolism and enzyme activation, which increases the
exchange rate and nitrogen activity in the plant body [53]. This result agrees with the
findings of Sarangi et al. [23]. Moreover, the application of the recommended amount of
mulching material for potato cultivation not only enhances crop growth and development,
but also has a significant impact on tuber quality, more specifically, the fiber content.

Foliar-applied potassium contributed to improved stomatal activity, reduced transpi-
ration, and increased cellular water retention, all supporting higher yield. Nitrogen foliar
sprays further boosted photosynthesis and nutrient reallocation, directly benefiting tuber
production [54]. In our studies, different sources of nutrients and biostimulants applied
with foliar spray at different stages increased several of the tuber quality parameters of the
potatoes, including tuber hardness (kg/cm?), specific gravity (g/cm?), TSS (°Brix), juice
pH, total acidity of juice (%), and vitamin C content (mg/100 g of fresh weight). A similar
result was indicated by Sarangi et al. [29]. As foliar sprays, various biostimulants were
applied during the early vegetative and tuber initiation stages. These included humic acid,
triacontanol, and sargassum-based seaweed extract, serving as sources of N-P,05-K,O and
plant growth stimulators, which may have influenced the tuber quality parameters. The
application of triacontanol significantly enhanced the dry matter accumulation and leaf
area index (LAI), accelerated the tuber bulking rate, and promoted the formation of larger
tubers, collectively leading to an increase in overall potato yield [55]. The application of
seaweed extract demonstrated significant effects on the growth and yield of the potato tu-
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bers. Seaweed extract enhances tuber development by promoting root biomass, increasing
nutrient assimilation, and enhancing abiotic stress resilience, accelerating the tuber bulking
rate and improving tuber size. Rich in bioactive compounds such as phytohormones
(auxins, cytokinins, gibberellins), minerals, and antioxidants, seaweed extract facilitates
physiological and biochemical processes that optimize tuber yield and quality [56].

4.3. Soil Salinity and Soil Moisture Retention

The straw mulching used in zero-tillage technology conserves soil moisture and
restricts the buildup of salinity in the top layers of soil [29]. In our present research, the
soil salinity was observed to increase with the increasing depth of the sampling. Surface
mulching has a significant and positive impact on regulating soil salinity by reducing
evapotranspiration. Zero tillage and mulching act as barriers to diminish the evaporation
from the top layer of soil by reducing the capillary rising of soil water [44], as well as
the soluble salts from the groundwater, resulting in the retention of moisture in soil and
preventing salinity upsurge during the dry period of winter [57]. Apart from the mechanism
of mulching in moisture rendition and low salinity buildup, the application of a huge load
of organic manure during seed tuber sowing could be a possible reason for this. Organic
manure is known to increase the water-holding capacity of the soil by improving the soil’s
physical properties, like its structure, bulk density, porosity, etc. [58], and also to ameliorate
soil salinity to some extent [59].

4.4. Adoption of the Innovation

The implementation of the Zero-Tillage System of Management (ZTSM) in the Indian
Sundarbans (2022-2024) generated significant spillover effects, promoting widespread
adoption among neighboring farmers. The projected peak adoption rate of 98% by the
eighth year demonstrates ZTSM’s high scalability and adaptability in the region. The
salience of the “enterprise scale” highlights the importance of aligning ZTSM with the
economic needs of farming households, perhaps by enhancing its area and income share
for practicing farmers. The critical importance of the enterprise scale has been reported
in old [60] and recent [61] studies, although reports from South Asian countries are not
common. Even in conservative and pessimistic projections, adoption rates remained robust,
reaffirming ZTSM’s economic relevance. “Existing skills and knowledge” influence the
rate of adoption and could slow early adoption, which could be addressed by making the
training modules available with the grassroots-level extension. This observation was made
even in the local context [62], and the critical importance of advisory support is supreme
in ensuring direct and spillover effects on farming communities [63]. Although initial
adoption may be slower under certain conditions, near-universal adoption is anticipated by
the ninth year. To maintain this momentum, targeted interventions, such as the provision
of advice for farmers and increased acreage at the individual and landscape levels, are
essential for reinforcing the practical benefits of the ZTSM.

4.5. Limitation and Future Strategies

The ZTSM potato production technology is emerging as a sustainable alternative
for potato cultivation in the resource-challenged Indo-Gangetic deltas of India and
Bangladesh [29,50,64—68] (Supplementary Table S3). This method significantly reduces
land preparation costs and environmental degradation compared to conventional prac-
tices [64]. Research indicates that zero tillage combined with mulching can enhance soil
organic matter and improve productivity in saline regions. However, this method still
presents certain limitations that require further research, including suboptimal yield levels
compared to conventional potato production, higher susceptibility to rodent damage, and
crop loss due to winter rainfall. Additionally, the standardization of seed tuber supply
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chains in remote coastal regions remains a crucial challenge. Despite these constraints,
ZTSM potato cultivation has the potential to increase cropping intensity and farm income
while contributing to environmental sustainability in fragile agro-ecosystems.

5. Conclusions

e  The results revealed that Kufri Chandramukhi performed the best among all the tested
potato varieties. However, Kufri Pukhraj was selected for the upcoming experiment
due to its short duration and early bulking rate. The highest growth, yield, and
quality of potato was achieved with the application of 2% urea at 30 and 50 days after
planting, along with 0.1% boron applied 30 days after planting in the ZTSM potato
cultivation. Among the biostimulant treatments, the foliar application of 5% Sargassum-
based seaweed extract and humic acid at 30 and 50 days after planting recorded the
highest growth, yield, and quality parameters of potatoes under zero-tillage systems
of management and, in the case of various foliar nutrients and growth regulators,
the combined application of 2% days after planting, 2% MOP, and 0.1% triacontanol
0.05% EC at 30 and 50 days after planting led to the recording of the highest of all
the growth, yield and quality parameters. The technology was widely accepted and
adapted by the farming community, with an increase in practicing farmers from 23 to
1100, covering an area measuring 15 ha.

e  The Zero-Tillage System of Management (ZTSM) for potato cultivation offers a low-
cost, sustainable intensification strategy in the Indian Sundarbans, enhancing food
and nutritional security for a large number of smallholder farmers in the region.

e ZTSM optimizes sowing windows and resource utilization and manages risks for
smallholders. It results in positive ecosystem services by saving water, improving soil
health, and preventing weed growth and salinity buildup.

e ZTSM accommodates the greater participation of women, without adding to their
workload, thus offsetting labor crises in the region, which has a historically high
incidence of male outmigration.

e  The significant greening of previously fallow lands in the region demonstrates ZTSM's
role in landscape-scale agricultural transformation. The innovation presents a trans-
formative opportunity for sustainable agriculture in the Indian Sundarbans. However,
realizing its full potential requires strategic investments in farmer education, targeted
advisory, and economic integration to achieve widespread, enduring impact. The
widespread adoption of ZTSM requires supportive policies emphasizing resource
efficiency, gender inclusion, and sustainable farming practices.
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