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Extreme precipitations that promote flooding, salinity, and soils with low drainage and aeration are challenges
that affect food production in the Southwest of Bangladesh. After rice cultivation, most lands are kept fallow,
emphasizing the urgency of research on techniques that allow crop diversification to guarantee food security. In
this study, 2 years-trials on farmers’ plots were established in 3 locations of Khulna district-Bangladesh to test
potato cultivation under zero tillage with rice straw mulching (ZT) in comparison to conventional cultivation
(CT) after rice. A soil quality index (SQI) using the partial least squares method was run considering key soil
indicators related to crop production. ZT allowed a higher tuber yield and a lower C footprint than CT. Although
neither method significantly affected soil organic carbon stock, there was a significant increment from season 1
to 2 (29.0 & 11.3 and 45.8 + 9.4 Mg ha™’, respectively). ZT allowed potato cultivation 15-25 days earlier than
CT. Although crop modeling did not show a significant increase in potential tuber yield when simulating the
earlier planting of ZT, this advantage will be crucial in the future, considering that high-intensity rainfall events
are increasing, flooding the fields and preventing crop cultivation. Alkalinity, carbonates, and anaerobic soil
conditions drove the SQI, influencing the elements kept in the past rice cultivation with a concomitant effect in
tuber yield. ZT is a promising technology that allows crop diversification based on soil sustainability and labor
reduction in challenging agroecologies like Southwest Bangladesh. Socioeconomic studies into adoption and
scaling approaches are necessary for a proper technological transfer.

1. Introduction during the “Rabi” season (mid-November to mid-March), cropping in-
tensity decreases due to environmental hazards associated with salinity

Approximately 30 % of Bangladesh’s arable land is located in the [2]. Furthermore, other factors such as the late harvest of “Aman” rice

coastal zones [1]. About 1.7 million hectares of coastal land are affected
by varying soil salinity [2]. The intrusion of salinity due to climate
change has had a severe impact on these areas, leading to an annual loss
of about 14 million tons of food grains. This significant reduction,
amounting to an overall yield decline of 20-40 %, raises significant
concerns about food security [3]. In the coastal regions, particularly
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(rice cultivated from July to December), a shorter winter period, diffi-
culties in tillage, and a lack of fresh irrigation water, limit crop culti-
vation during this season [4]. As a result, agricultural land use in coastal
areas remains significantly lower than the national average cropping
intensity [2].

Bangladesh’s rapidly growing population and shrinking farmland
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require an urgent increase in cropping intensity to sustain food pro-
duction and farm income. Among the country’s critical food crops, po-
tatoes rank second in production and third in cultivated land area [5].
Over recent years, Bangladesh has consistently produced an average of
8.9 million metric tons of potatoes, cultivated primarily during the
winter season (mid-November to mid-February) [6]. However, in this
country the winter duration is becoming very short [7], and especially in
the Southwest Coastal, the planting in this season is delayed due to the
late harvesting of “Aman” rice, and because most of the agricultural land
is flooded during the monsoon season [8]. As a result, late-planted po-
tatoes receive very short winters, which are unsuitable for tuberization,
resulting in non-profitable yields.

On the other hand, rice-based systems dominate cropping patterns in
the coastal zones of tropical deltas in Asia [9]. In Southwest Bangladesh,
the most prevalent practice is the fallow-fallow-"Aman" rice pattern
[10], which generates a significant quantity of rice straw due to the
cultivation of tall and long-duration rice varieties. Most of this rice straw
is either left in the fields or burned openly, presenting an opportunity for
its use as mulch in subsequent cropping seasons [11,12]. Farmers adopt
various practices to manage adverse cultivation conditions during the
“Rabi” season, including mulching with water hyacinth and ash, use of
compost to reduce salinity, and rotation with “Rabi” crops such as ses-
ame, mungbean, and grass pea [10,13]. Zero tillage combined with
rice-straw mulching stands out as an innovative approach for promoting
sustainable intensification and diversification, particularly for potato
cultivation [11,14]. Although potato cultivation is uncommon in the
Southwest region due to the poor performance of traditional varieties in
saline conditions, researchers are making significant efforts to develop
high-yielding potato varieties capable of thriving in these challenging
environments [15,16]. Consequently, the combination of zero tillage,
rice-straw mulching, and improved varieties offers a promising solution
for potato cultivation in the challenging saline coastal regions [17]. This
method allows to grow potatoes immediately after rice harvest, reducing
labor costs and other farming expenses, while minimizing environ-
mental degradation risks, benefiting farmers, and increasing agricultural
productivity [11,18]. Although this technology has shown improved
productivity and profitability compared to conventional cultivation in
India’s saline areas of West Bengal [14,19], the underlying causes for
these higher yields, such as soil factors including moisture retention,
organic matter content, and nutrient availability, remain unclear and
require further investigation. Additionally, comparisons of carbon
emissions between systems have been limited [11].

In this study, 2-years trials on farmers’ fields were assessed in three
locations in Southwest Bangladesh to: i) compare tuber yield, C foot-
print, and soil carbon stocks in fields cultivated with potatoes under
conventional tillage (CT) and zero tillage with rice-straw mulch (ZT); ii)
analyze the timing and crop duration effect of both technologies through
simulation using a potato crop model; and iii) create a zone-specific soil
quality index that allows an understanding of the leading soil indicators
related to potato production. Because it is possible to establish potatoes
immediately after rice harvest using the ZT approach, we hypothesized
that higher tuber yield under ZT, with a concomitant C footprint
reduction, is caused mainly by the early cultivation that allows the
growth of potatoes under optimum conditions, taking advantage of
winter temperatures. Moreover, the high inputs of fertilizers used for
rice cultivation (before “Rabi” potatoes) in interaction with calcareous
grey floodplain soil, characteristics of dominant soils of Southwest
Bangladesh [20], will determine soil indicators associated with calcium
carbonate, anaerobic condition, salinity, and over-fertilization that
could promote tuber yield under both tillage practices.

2. Materials and methods
2.1. Study area and plant material

The experiments on farmers’ fields were conducted for two potato
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growing seasons (2021-22 and 2022-23) and established in Fultola
(22.7088° N, 89.5262° E, 1 m asl) and Hogalbunia (22.7558° N,
89.5021° E, 1 m asl) locations in Batiagatha “upazila” and Moshamari
(22.5978° N, 89.4722° E, 1 m asl) location in Dacope “upazila”
belonging to the Khulna district in Southwest Bangladesh (Fig. 1). The
climate of this region is sub-tropical, belonging to the Ganges Tidal
Floodplain Agro-ecological zone [21]. Soils are -categorized as
non-calcareous grey floodplain soil [22]. The texture of soils is silty loam
to clay, most of the topsoils are slightly acidic to moderate alkaline (pH
6.61-8.30), soils contain low to medium organic matter (0.76-3.37 %)
with slightly to strong salinity values (1.46-5.86 dS m™') (Tables S1 and
S2). The first potato growing season (December 2021-March 2022,
hereafter named “season 1) was wet (83 mm of precipitation in total),
characterized by an average temperature of 22.1 + 0.39 °C, and daily
maximum and minimum temperatures ranged between 20.6-36.5 and
12.0-26.8 °C, respectively (Fig. 2). In contrast, the second potato
growing season (December 2022-March 2023, hereafter named “season
2”) was dry, with 97.6 % less (2 mm) precipitation than the former, and
it was characterized by an average temperature of 21.4 & 0.47 °C, and
daily maximum and minimum temperatures ranged between 17.4-34.4
and 8.2-25.2 °C, respectively (Fig. 2). Two BARI (Bangladesh Agricul-
tural Research Institute) released varieties viz. BARI Alu 72 and BARI
Alu 78 were used in this study. Both varieties come out of the Interna-
tional Potato Center’s breeding program and mature early, around
85-90 days, with BARI Alu 78 yielding more than BARI Alu 72 [23].
BARI Alu 72 was released from CIP 396311.1 in 2016, and it is heat and
salt-tolerant and suitable for table purposes [23]. BARI Alu 78 was
released from CIP 380606.6 in 2017, and it is an early bulker that can
grow in saline areas [23].

2.2. Treatments and management

Two factors were tested in all the trials: tillage methods and varieties.
Potato under CT and ZT were the two treatments for the first factor.
BARI Alu 72 and BARI Alu 78 varieties were the treatments for the
second factor. Four management treatment combinations were used:
BARI Alu 72 + CT, BARI Alu 72 + ZT, BARI Alu 78 + CT, and BARI Alu
78 + ZT. The two-factor experiment was laid out in the strip plot design
with four replications (Fig. S2). The experimental field was divided into
16-unit plots (4 treatments x 4 replications) in each location, with a plot
area of 4.8 x 10 m? (Fig. S2). ZT implementation and management were
based on Kakraliya et al.’s [24] procedure. Thus, the plant density used
was 12.5 individuals m 2, and the spacing between lines and plants was
0.4 and 0.2 m, respectively. In season 1, ZT treatments were established
between 17-22 December 2021, whereas CT treatments were installed
between 10-15 January 2022. In all trial locations, after harvesting
potatoes in season 1, the land remained fallow up to July due to high soil
salinity and scarcity of quality irrigation water. In the wet season
(June-early December 2022), transplanted “Aman” rice was grown
under rainfed conditions. Plowing, transplanting of rice seedlings,
fertilization, and weeding were done according to local customs during
the rice cropping season. In season 2, ZT treatments were established
between 10-17 December 2022, and CT treatments were set between
December 28, 2022 and January 3, 2023. Potato planting under ZT was
performed just after harvesting “Aman” rice. However, in seasons 1 and
2, due to the excess soil moisture after monsoon during the “Aman” rice
season, additional time was required to drain/dry the excess water
before plowing the land to cultivate potatoes under CT. Therefore, this
treatment’s planting time was 15-25 days after ZT potato planting.

Basal fertilizers were applied during the planting of potatoes for both
tillage methods. This included 10 t ha™! of farmyard manure and N-P-K-
S-Zn-Mg-B, equivalent to 100-28.8-86.7-6-4-2-1.6 kg ha~! [24]. This
mixture contained specific nutrients: urea (46.6 % N), triple super-
phosphate (20 % P), muriate of potash (50 % K), gypsum (18.6 % S), zinc
sulphate (34.7 % Zn), magnesium sulphate (75 % Mg), and borax (11 %
B). For CT, the land was prepared through plowing and cross-plowing,
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Fig. 1. Location of the three agronomic trials in Bathiagata and Dacope “upazilas” belonging to Khulna district in Bangladesh.

furrows were created, and seeds were sown into these furrows. After-
ward, the basal fertilizers were applied, seeds were covered with soil,
and ridges were formed (first earthing up). A second earthing up took
place 40 days after planting (DAP), where 32 kg ha™! N was top-dressed
using urea. For ZT, potato tubers were planted (laid down on top of the
soil) just after rice harvesting. Farmyard manure and the basal dose of
fertilizers was placed on both sides of the potato planting line. After that,
a layer of rice straw of 15 cm thickness (9 t ha~1) was used to cover the
entire area [24]. ZT did not require any earthing or intercultural oper-
ations; however, similar to CT, 32 kg ha! N was top-dressed applied
using urea at 40 DAP. At 50 DAP, a foliar fertilizer (Vitamix, ACI Fer-
tilizer, Bangladesh) was sprayed for both tillage methods, delivering
1.25-1.67-2.29-0.68 kg ha! of N-P-K-S [24].

Between 4-6 and 6-7 agrochemical applications to prevent pests and
diseases were done during seasons 1 and 2, respectively (see details in
Table S3). Irrigations were done every 7-20 days using a water pump for
both tillage treatments. The amount of water irrigated was calculated

Flow rate (m® min™") * Irrigation time (min) * 1000 L

gravimetrically based on soil moisture at a depth of 0.30 m. For CT,
irrigation was performed by pumping water from water reservoirs (lake
and pond) to the furrows with 0.30 m? min~! flow and 20.1-30.2 mm
per irrigation. Early in the season, irrigation water was fresh to slightly
saline (0-1 dS m_l), but salinity increased to 2-3.5 dS m~! towards the
end of the season in March. For ZT, splash irrigation was applied with
0.23 m® min~! of flow and 10.1-15 mm per irrigation. The distances
from the water sources to the experimental plots of Hogalbunia, Fultola,
and Moshamari were 90, 180, and 230 m, respectively. A diesel engine 1
hp water pump (RFL Motors Ltd., Bangladesh) was used to supply water
at the Hogalbunia and Fultola locations. For the Moshamari location,
another diesel engine water 2 hp pump (ACI Motors Ltd., Bangladesh)
was used. For CT, 38.3-75.0 and 105-165 mm of irrigation was applied
in seasons 1 and 2, respectively, at the 3 locations. For ZT, 35.5-63.7 and
75-110 mm irrigation was applied in seasons 1 and 2, respectively. In
both tillage methods, the amount of irrigation was calculated by the
following formula:

Amount of irrigation (mm) = 483

@



D.A. Ramirez et al.

Journal of Agriculture and Food Research 19 (2025) 101603

35
~ 30 - =
=]
5 g
R
L 25 =
g - R
= =
2 2
g 5
g 2
=15 &
10 |
35 4
= 30 =
=]
g E
p—
g 25 g
L 20 A =
. &
u 2
=15 &
10 |

Dec Jan

Feb Mar
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Web version of this article.)

2.3. Yield assessment, C footprint calculation, economic analysis and crop
modeling simulation

Potato harvest took place when 80 % of the plants achieved senes-
cence, as defined by the phenological stage 650 of Jefferies and Law-
son’s [25] categories, i.e., “half leaves yellow.” Harvest was carried out
on the same dates for both treatments: March 27, 2022 for season 1 and
March 16, 2023 for season 2. Each plot’s total fresh tuber yield (FTY)
was determined by weighting tubers from four randomly selected spots
(1 m x 0.8 m), and the mean value was converted to t ha . Healthy
tubers (without damages) with a weight >20 g each were used for
marketable tuber yield (MTY) calculation [26]. Carbon footprint (CF, kg
COz-eq t1 of tuber fresh) was estimated using the “Cool Farm
Tool-Potato” platform (CFT-Potato; version 2.11; [27]). CFT-Potato is
based on crop management information (yield, number of seeds,
planting and harvest date, fertilizer and irrigation water applied, and
chemical pesticides), soil characteristics, and energy used [28]. The
economic analysis was done by local prices in Taka and converted to US
dollars (1 USD = 104 Taka), were set at 55 Taka per kg for tuber seed, 2
Taka per kg for straw, 500 Taka for labor operations and 40 Taka per kg
for marketable potato. Gross return was calculated by multiplying the
FTY with market price of tubers (USD t’l). The benefit-cost rate (BCR)
was calculated by dividing the gross return by the cost of cultivation,
and the net return was determined by the difference between the cost of
cultivation and the gross return [14]. The cost of cultivation was
calculated using the costs of tuber seeds, fertilizers, pesticides, straw,
machinery, irrigation, and labor operations.

To assess the effect of different planting dates used in both man-
agement treatments (see section 2.2) on potential potato yield, a simu-
lation exercise was run using the SOLANUM model [29], for the planting
dates of ZT and CT in seasons 1 and 2 (four cases) for both potato va-
rieties. This model assumes that potential potato yield is determined
solely by crop traits and climate, while other constraints (water avail-
ability, soil nutrients, pests, etc.) are controlled [30]. The SOLANUM’s
Parameter Estimator, a routine that translates expert knowledge of crop
phenology into the model parameters [31], was used to calibrate the
model for both varieties. For this purpose, a consultation with experts in
the study area and literature revision [16,32] was carried out to collect
the data required by the Parameter Estimator routine (planting and
harvest dates, day of emergence, day of the maximum canopy cover,
maximum canopy cover index, and day of physiological maturity and
tuber initiation onset) for BARI Alu 72 and BARI Alu 78. Daily data of
minimum and maximum temperatures and solar radiation for ZT and CT
growing season (November—April) for 20 years (2000-2020) were ob-
tained from NASA Prediction Of Worldwide Energy Resources (NASA
POWER) project using the R package "nasapower" [33]. Since the three
locations have similar climatic conditions as they belong to the same
Koppen'’s climatic classification [34] and are in the same NASA POWER
data grid, data were retrieved only for the Fultola location. Finally, the
simulation exercise was run in R software v 4.2.3 [35]. Differences be-
tween potential yield simulated were analyzed using the Kruskal-Wallis
rank sum test [35].

2.4. Soil quality index and C stocks calculation

Ninety-six composite soil samples were collected from the three lo-
cations per each season. The samples were collected from 3 spots of each



D.A. Ramirez et al.

plot in a zigzag pattern using a regular auger in two fixed depths soil
profiles: 0-0.15 m and 0.15-0.30 m. Then, the soil samples were mixed
into one composite sample to represent each plot. At the same time,
undisturbed soil samples were extracted with a soil core, which was
dried in an oven and weighed to determine dry bulk density (Bd) by core
method [36]. Soil organic carbon concentration (SOC), soil pH, elec-
trical conductivity (ECe), total nitrogen content, total equivalent car-
bonates, available phosphorus, and soluble nitrate were determined at
the Laboratory of Soil Resource and Development Institute (see protocol
details followed by the lab in Table S1).

A soil quality index (SQI) was calculated using the weighted additive
approach [37] to determine the most important soil indicators related to
potato production. All the eight measured target soil variables (TSV; Bd,
SOC, pH, Ece, N, CaCOs3, P, and NO,) were considered for SQI formu-
lation. Outlier values were handled by a random forest-based multi-
variate method using the "outForest" package [38]. To estimate the
weights of each TSV (WTSV) related to FTY, the Partial Least Squares
(PLS) regression [39] using both seasons’ values was used to predict FTY
eliminating the effect of both tillage methods (CT and ZT). The number
of components used for the PLS regression was determined by leaving
one out cross-validation and the lowest root mean square error. Then,
wTSV for a specific TSV was calculated by dividing the absolute value of
its PLS regression coefficient by the total sum of all PLS regression co-
efficients. This analysis was implemented using the “pls” package [40]
and then run in R language 4.3.1 [35]. Later, each TSV was scaled from
0 to 1 to homogenize the different magnitudes using the "min-max"
scaling method with the “caret” package [41]. For each TSV whose PLS
regression coefficient had a negative sign, its scaled value was replaced
by its complement (1 - scaled value) because its interpretation must be
considered inversely. Finally, the SQI was calculated as the total sum of
each wTSV multiplied by its corresponding scaled value of TSV (sTSV) as
follows:

SQI= ") wTSV*sTSV 2

SOC stock (SOCstock, Mg ha™1) was calculated to quantify carbon
storage between the cropping seasons 1 and 2. SOCgock for season 1
(SOCstock season 1) and season 2 (SOCsock season 2) Was calculated as the
SOC concentration (%) multiplied by Bd and by soil volume (1 m? at a
fixed depth of 0.15 and 0.30 m). Changes in Bd over time require
SOCstock correction using the concept of equivalent soil mass [42]
instead of soil mass by fixed depth. This correction was made for SOC-
stock_season_2 (S/&:‘ stock_season_z) using the simplified method proposed by
Fowler et al. [43]. Thus, soc stock season 2 Was calculated by multiplying
SOC stock season_2 Dy a factor depending on both seasons’ values of Bd and
SOC and a constant k (k = 1.724), which assumes that organic matter is
58 % carbon, as follows [44]:

‘..Bdseasonl *1 - k*SOCseaxonl

Socstock,seusan,Z = SOCswck,sea.son,Z I\Bdseasonz 1— k*SOCsea.sonz (3)

2.5. Statistical analysis

All field data for both seasons collected and processed are available
in the Dataverse repository [45,46]. The data were analyzed using R
language 4.3.1 [35]. To assess changes in SOCgockx between seasons 2

and 1 (SOC stock season_2 — SOCstock season_1), @ paired t-test was applied
between experimental units. The effect of treatments on SOCgick

changes (S/O\C stock season 2 — SOGCstock season 1) Was compared by a mixed
effect analysis of variances using the “lmerTest” package [47]. To
evaluate the response of FTY, MTY, and CF to location, varieties, man-
agement factors, and their interactions, a General Analysis of Deviance
was conducted using a generalized linear mixed model with the “GAD”
package [48]. This model accounted for location, variety, and man-
agement as fixed factors and replications (blocks) as random factors
along with their interactions. Then, a post hoc multicomparison for FTY
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and CF was performed using the Least Significant Difference test with
the “Agricolae” package [49].

3. Results

3.1. Tuber yield, C footprint, economic benefit and potential yield
simulation

In season 1, MTY and FTY ranged between 6.7-24.4 and 10.3-34.3,
and 0-10.5 and 0-14.5 t ha~! under ZT and CT treatments, respectively
(Fig. 3-A, C, E). MTY and FTY were significantly affected by locations,
management, and potato varieties. MTY showed significant differences
for all factor interactions, whereas FTY was significantly affected by
location x management and management X variety interactions
(Table 1). FTY and MTY were 342.5 and 481.7 %, 267.6 and 213.2 %,
653.4 and 2110.5 % higher under ZT than CT for Hogalbunia, Mosha-
mari and Fultola, respectively, for BARI Alu 72 (Fig. 3-A, C, E). For BARI
Alu 78, FTY and MTY were 266.8 and 340.3 %, 381.4 and 239.8 %,
873.8 and 3750.0 % higher under ZT than CT for Hogalbunia, Mosha-
mari, and Fultola, respectively (Fig. 3-A, C, E). In season 2, MTY and FTY
ranged between 3.1-22.8 and 6.4-29.5, and 2.5-19.2 and 5.0-21.5 t
ha~! under ZT and CT treatments, respectively (Fig. 3-B, D, F). Man-
agement and variety significantly affected MTY and FTY, as the in-
teractions between management x variety and location x management
were significant for MTY and FTY, respectively (Table 1). FTY and MTY
were 184.5 and 221.0 %, 344.3 and 498.6 %, 300.6 and 491.5 % higher
under ZT than CT for Hogalbunia, Moshamari and Fultola, respectively,
for Alu BARI 72 (Fig. 3-B, D, F). For Alu BARI 78, FTY and MTY were
239.7 and 281.8 %, 274.0 and 448.4 %, 304.9 and 353.9 % higher under
ZT than CT for Hogalbunia, Moshamari and Fultola, respectively (Fig. 3-
B, D, F).

In season 1, CF ranged between 109.0-426.0 and 357.1-6197.7 kg
COz-eq t ! of FTY under ZT and CT, respectively (Fig. 4-A, C, E). CF was
significantly affected by location, management, and location x man-
agement interaction (Table 1). For both varieties, ZT reduced CF by 79.7
+1.79,79.2 + 2.42, and 92.2 + 1.88 % compared to CT for Hogalbunia,
Moshamari, and Fultola, respectively (Fig. 4-A, C, E). In season 2, CF
ranged between 141.4-353.4 and 575.9-1962.3 kg COz-eq t~! of FTY
under ZT and CT, respectively (Fig. 4-B, D, F). CF was significantly
affected by location, variety, management, and all the interactions
(Table 1). For both varieties, ZT reduced CF by 70.6 + 2.22, 84.2 +
1.54, and 82.6 + 0.57 % compared to CT for Hogalbunia, Moshamari,
and Fultola, respectively (Fig. 4-B, D, F). Regarding CF sources, emis-
sion, seed production (37.2 + 7.37 %), followed by soil/fertilizer (25.4
+ 4.04 %) and energy use (field operations, 20.9 &+ 0.71 %), were the
most important during season 1. Whereas during season 2, seed pro-
duction (33.9 £+ 5.76 %), followed by energy use (field operations, 29.8
+ 0.72 %) and soil/fertilizer (22.3 + 3.23 %) were the most important
CF source emissions (Fig. 4, Table S4). In a combined analysis of both
seasons, seed production (48.4 + 3.46 %) and soil/fertilizer (31.04 +
0.94 %) were the most important sources of CF for CT and ZT, respec-
tively. On the other hand, due to the high cost of cultivation in all
treatments (3240 + 37.8 USD ha 1) and the fluctuating gross return,
BCR and net return ranges of 0.36-2.79 and -2073-5454 USD ha !,
0.33-2.48 and -2351-4703 USD hafl, and 0.08-2.25 and -2980-4085
USD ha~! were achieved for Hogalbunia, Moshamari and Fultola,
respectively for both seasons. Furthermore, for both varieties, ZT
increased BCR by 243.51 + 21.85 %, 313.53 + 23.45 % and 1038.75 +
229.01 % in comparison to CT for Hogalbunia, Moshamari and Fultola
respectively (see Table S5).

In yield simulations, the relative errors resulting from the SOLANUM
model calibration were 3.7 and 3.2 % for BARI Alu 72 and 78, respec-
tively. The potential yield simulated using ZT planting dates ranged
between 33.7 and 46.6 t ha~! and 29.3-41.0 t ha~! for BARI Alu 72 and
78, respectively, for both seasons (Fig. 5). The potential yield simulated
with CT planting dates ranged between 33.4-43.2 and 29.9-38.7 for
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(CT) and zero tillage with rice-straw mulching (ZT) using BARI Alu 72 (BA72) and BARI Alu 78 (BA78) varieties during 2021-22 (season 1; A, C, and E) and 2022-23
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Table 1

F-values of Analysis of Variance using the linear mixed-effect model to test the effect of locations (LO), management (MAG), varieties (VAR) and their interactions on
marketable tuber yield (MTY), total fresh tuber yield (FTY), and C footprint (CF) during 2021-22 (season 1) and 2022-23 (season 2) seasons. ***p < 0.001, **p < 0.01,

*p < 0.05.

Factor Season 1 Season 2
MTY FTY CF MTY FTY CF

LO 34.32%** 93.36%** 18.84%** 11.73** 21.5%** 4.32%*
MAG 328.13%** 453.4%%* 43.25%%* 85.15%** 109.26%** 354.1%**
VAR 307.78%** 33.57%** 1.81 7.48* 6.46* 58.77%%*
LO x MAG 3.64 5.41* 14.9%* 0.96 2.84 6.1*
LO x VAR 9.02%* 2.21 0.2 0.39 0.17 7.1*
MAG x VAR 121.57%** 10.7%* 0.74 3.04 1.69 31.8%**
LO x MAG x VAR 10.34%* 3.1 0.31 0.96 1.63 4.32%*

BARI Alu 72 and 78, respectively, for both seasons (Fig. 5). No signifi-
cant differences (p-value >0.05) were detected between potential yield
under ZT and CT planting dates for BARI Alu 72 in season 1 and BARI
Alu 78 in both seasons (Fig. 5).

3.2. Soil organic carbon stocks and soil quality index

SOC;tock Was not significantly affected by management, variety, and

interaction for any of the locations, but it showed significant differences
in the time factor (seasons) (Table 2). The global average SOCgtock in
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significant differences assessed by the Least Significant Difference test (p < 0.05).

seasons 1 and 2 were 29.0 4 11.3 and 45.8 + 9.4 Mg ha™?, respectively.
The differences between years for each experimental unit vary from
—29.96 to 36.41 Mg ha! (Fig. 6A). The global average of SOCsoi for ZT
and CT was 38.7 + 14.3 and 36.1 + 12.3 Mg ha™!, respectively
(Fig. 6B). No significant differences in SQI could be observed as affected
by any factor or interaction except for time (season) (Table 2). The
global average of SQI was 0.61 + 0.010 and 0.64 + 0.009 in seasons 1
and 2, respectively (Fig. 6C), whereas in ZT and CT, the global average
of SQI was 0.62 + 0.010 and 0.63 + 0.010, respectively (Fig. 6D). P,
CaCOg, Bd, and pH were the soil variables with higher influence in SQI,
representing 77.4 % of the total weights (Table S4). During season 1,
CaCO3 was higher, and ECe was lower in ZT than in CT (Figs. S1-A).
During season 2, SOC and N were higher under ZT, whereas CaCO3 and P
were higher under CT (Figs. S1-B). Compared to season 1, SOC and Bd
increased, whereas CaCOg3 decreased for season 2 (Fig. S1).

4. Discussion

4.1. Zero tillage and mulching enabled productive potato cultivation in
southwest Bangladesh

Crop cultivation in the coastal saline area of Bangladesh during the
“Rabi” season is limited due to the late harvest of “Aman” rice, a short
winter period, heavy soil structure, difficulty in tillage, high soil salinity,
lack of fresh irrigation water and water stagnation in the early “Rabi”
season [4]. These factors combined make profitable potato cultivation in
Southwest Bangladesh nearly impossible [4]. To overcome these issues,
this study utilized salt-tolerant varieties well-adapted to the region, such
as BARI Alu 72 and BARI Alu 78, to evaluate the potential of ZT tech-
nique. Consistent with the results of previous studies [15,16], BARI Alu
72 demonstrates higher yields under saline soil conditions compared to
other saline-tolerant BARI Alu varieties, indicating that it is the most
suitable variety for potato production in Southwest of Bangladesh.
Despite the challenging saline conditions, the potato yield obtained
under ZT (19.8-25.5 t ha™ ) presented in this study was similar to the
average national yield (21.9 t ha’l; [50]), and was in the range of the
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Table 2

Analysis of Variance with Satterthwaite’s method assessing the effect of management (MAG), varieties (VAR), and seasons for soil organic carbon stocks and soil
quality index in each location. Mean of Squares (MS), Denominator of the degree of freedom (DDF), Calculated F (F). ***p < 0.001, **p < 0.01, *p < 0.05.

Location Factor Soil Organic C Stocks Soil Quality Index
MS DDF F MS DDF F
Hogalbunia MAG 176.6 27 3.03 9.65 x 1073 6 0.899
VAR 8.75 27 0.15 0.0158 53 1.470
MAG x VAR 79.8 27 41.7 4.67 x 1074 53 0.044
season 79.8 27 1.37%* 0.073 53 6.802*
Fultola MAG 46.0 21 0.63 2.05 x 107* 6 0.029
VAR 142.4 21 1.98 3.94 x 1074 53 0.057
MAG x VAR 3.1 21 0.04 5.65 x 1073 53 0.816
season 3469.9 21 48.19** 0.0917 53 13.24%**
Moshamari MAG 12.4 27 0.12 0.0142 59 2.88
VAR 35.4 27 0.34 7.0 x 107 59 0.001
MAG x VAR 119.1 27 1.14 0.0004 59 0.087
season 1151.9 27 10.9%* 0.049 59 9.86**

values (17.08-29.6 t ha™') obtained by Sarangi et al. [14,19,51] under
the same management condition (15 cm of rice straw thickness) in the
coastal region of the Ganges Delta. This method even allowed to endure
floodings caused by heavy rainfall events as occurred in season 1
(Fig. 2), which compromised tuber yield under CT, especially in the
Fultola site (Fig. 3), it also allows to reduce soil salinity as reported by
Sarangi et al. [14,19,51] in the same study region. These findings
highlight the potential of ZT for sustainable agricultural intensification
and climate adaptation in Bangladesh, where potatoes are generally not
a crop, provided that the availability of freshly harvested rice straw,
quality tuber seed and labor for planting is ensured. Conversely, the
overall values of cost of cultivation of this study exceed the values re-
ported by other studies such as Sarangi et al. [14,51] under ZT. Simi-
larly, the increased profitability of ZT compared to CT expressed in BCR
(1.89 + 0.20) and net return (2800.08 + 621.26 USD ha™!) in both
seasons due to savings in the labor (human and machinery) and irriga-
tion cost, coincides with previous reports in a similar agroecology [14,
19,511.

In this study, the two tillage methods were planted at different times.
ZT was planted immediately after the “Aman” rice harvest, while CT was
delayed 15-25 days. The delay in CT is due to monsoon flooding, which
recedes from October to late December [8], delaying drainage and
“Rabi” crop cultivation. Additionally, the heavy silty clay soils in the
region retain moisture [13], preventing optimal field preparation and
planting times and thus delaying potato crop establishment under CT.
Furthermore, these soil characteristics are extremely hard when dry,
creating unfavorable conditions for field preparation and crop growth. It
has been reported that delayed planting dates can cause potato yield
reduction [52,53], especially in Bangladesh, where the winter (end of
November to end of January) is very short [7] and compromising the
tuberization process. In this context, potatoes planted under ZT achieved
better conditions for crop growth because they allowed planting
immediately after the rice harvest and maintained good soil moisture
levels, avoiding the formation of hard soil layers. In addition, it can
enable a more appropriate growing season if high-intensity rainfall in-
creases in the future owing to climate change [54]. The simulation



D.A. Ramirez et al.

Journal of Agriculture and Food Research 19 (2025) 101603

Season 1 Season 2 CT ZT
| | | |

> g
' 70 — 70 'm
= =]
Q @}
o0 50 — — 50 o)
= =
SN N
% 30 - — 30 |
j= 2
Q Q
@) 10 — 10 O
75 73}

0.90 — — 0.90

0.75 — — 0.75
—_— L)
< 0.60 — — 060 ¢
wn 15

045 — — 045

0.30 — — 0.30

Season 1 Season 2

T T
CT T

Fig. 6. Soil organic carbon stock (SOCsecq) and soil quality index (SQI) showing temporal changes from the 2021-22 (season 1) and 2022-23 (season 2) potato
growing seasons (A and C), and comparison between conventional (CT) and zero tillage with rice-straw (ZT) managements (B and D). Symbols in red and blue color
represent BARI Alu 72 and BARI Alu 78 varieties, respectively. Square and circle symbols represent CT and ZT management, respectively, in subfigures A and C,
whereas those symbols represent season 1 and season 2, respectively, in subfigures B and D. Each value integrates soil samples assessed in 0-0.15 and 0.15-0.30 m
depth profiles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

exercise using the SOLANUM crop model in this study showed that the
different timings of potato cultivation used by both methods in this
study did not primarily affect the potential yield (Fig. 5), suggesting that
this factor could not have contributed significantly to the differences in
the yield performance observed and thus did not support the initial
hypothesis. A potential factor that could influence the reduced yield of
CT compared to ZT is seed deterioration. Cold storage facilities are
closed in early November, and because of the delayed planting of CT,
seeds were stored at room temperature for a longer time, which could
have affected their quality.

The harvest in this study was established when plants were in the
senescence stage (see section 2.3), which co-occurred under CT and ZT
during both seasons. Because plants were sown 15-25 days later under
CT, potatoes under CT reached the senescence stage earlier (74 and 76
days in seasons 1 and 2) than plants under ZT (97 and 92 days in seasons
1 and 2). The time to senescence for the varieties used in this study is
normally around 90 days. Thus, senescence was significantly acceler-
ated under CT at these locations, whereas it could be considered normal
to slightly delayed under ZT. Senescence is intricately regulated by both
internal (aging and phytohormones) and external (environmental stress)
factors [55,56]. Gayler et al. [57] found that high temperatures and N
shortage can accelerate leaf senescence in potatoes. In contrast, ZT has
been reported to effectively reduce N leaching and regulate soil tem-
perature [14,58,59], which can promote delayed senescence. Evidence
of this interaction (delayed senescence under ZT) has been observed in
crops such as wheat [60], tomatoes [61], and potatoes [62]; however,
the underlying mechanisms are still not fully understood. In ecophysi-
ological studies, it has been reported that delayed senescence (measured
as the slope of chlorophyll reduction) in potatoes is related to a higher
yield [63-65], because there is a more extended period for photo-
synthesizing with a concomitant C translocation to tubers [66,67]. A
higher parameter duration related to a higher permanence of canopy
cover in modeling exercises also supports the hypothesis of higher yield
under delayed senescence in potatoes [28]. Delayed senescence pro-
moted by ZT could explain the higher yield, but this hypothesis must be
addressed in future studies.

Potato cultivation under ZT resulted in a significant 62.6-96.9 %
decrease of CF compared to CT. The lower yield of potatoes in CT was

found to be mainly due to C emissions from “seed production” (Fig. 4),
which is directly related to the amount of tuber biomass generated
compared to the initial biomass of seed tubers planted [26]. Assuming
that tuber seeds have the same carbon emission charges as the potato
crop, the lower yield is attributed to an inefficient process, leading to a
higher energy consumption to achieve similar production levels [26].
Adverse conditions can also increase carbon release through root
respiration [68,69]. This suggests that potatoes under CT may have
experienced these adverse conditions, resulting in carbon losses that are
not compensated by carbon assimilation through photosynthesis. On the
other hand, the primary source of C emissions for ZT is the interaction
between soil and fertilizer (Fig. 4). This is mainly due to poor soil
drainage, clay soil, high compaction, and a high-water table, which can
create anaerobic conditions that reduce soil nitrification [70,71]. These
conditions may indirectly lead to carbon emissions [72].

4.2. Alkalinity, calcium carbonates, and clay conditions promoted soil
quality index behavior in the study area

Based on the PLS method, this study proposes a SQI adapted to local
conditions (calcareous, clay, and alkaline soil). This method ranks the
soil indicators based on their relationship with tuber yield, eliminating
the effect of tillage methods (see section 2.4). P and CaCO3 were the soil
variables with higher weights and negatively influenced this index
(Table S4). The apparent paradox of why increased P has a negative
effect on the index, and thus an inverse relationship with yield, can be
explained by specific soil conditions. In anaerobic soils (promoted by
clay quantity) under reducing conditions, P becomes more soluble and
therefore more available to plants [73]. This increase in availability
should improve crop yields. However, in alkaline soils (such as the study
area, average pH = 7.7) and the high presence of CaCOs, P combines
with Ca, reducing its availability and crop yield [74]. On the other hand,
in flooded soil conditions, Fe3* is reduced to Fe2+, whose mobility is
reduced in the high presence of P [75]. A high deficiency of Fe promoted
by P competition could also explain the reduced yield under a high
quantity of P. The increase in carbonates decrease the potato yield [76],
which is consistent with the negative influence of CaCO3 on SQI. On the
other hand, the high presence of uncharged CaCOs in the clay structure
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decreases the soil’s capacity to retain and supply essential nutrients
[77]. This could explain the low cation exchange capacity in clay soils of
the study area (12.5-25.7 cmolc kg’l, data not shown). The reductions
in P (especially under ZT) and CaCOs in season 2 (Fig. S1) were the main
reasons for the significant temporal increase in the SQI (Fig. 6C).
Zero-tillage causes soil compaction, which affects the Bd rise in the first
years [78]. Its coefficient in SQI was 0.92 (Table S4), which means that
the maximum detected increment (Bd maximum — Bd minimum = 0.41
Mg ha~!, Table S2) could cause an increment of 0.37 t ha™! of tuber
yield. Although Bd positively influenced the SQI and explained 19 % of
this, this variable had a low impact on yield prediction. The increase in
salinity (using ECe as an indicator) reduced the SQI; however, similar to
Bd, its effect on yield prediction was low (ECe explained only 12 % of the
SQI, Table S4). Contrary to the report by Sarangi et al. [14,19], ZT did
not cause salinity reduction compared to CT in some zones of the Ganges
Delta (Fig. S1). Clay soils with poor aeration have a low nitrification rate
[69], causing ammonium to remain in the soil and be absorbed by
plants. The alkaline and reducing conditions of the evaluated locations
(calcareous grey floodplain soil) caused urea to be hydrolyzed as
ammonium and not transformed into NO,. The positive SQI coefficient
for N (+0.04) and negative SQI coefficient for NO, (—0.27) suggested
that ammonium was the predominant N form in the studied soils.
Anaerobic conditions also drive slow decomposition of organic matter
[79]. This phenomenon could be exacerbated under ZT in the clay study
soil because this management trend increases anaerobic micro-sites in
the soil [80] and reduces soil respiration. The increment in SOC in
season 2 (especially under ZT; see Fig. S1) can explain the temporal rise
in N because the main source of ammonium comes from organic matter
and is associated with SOC.

4.3. Agriculture diversification can promote the increase of soil C stocks in
challenging soils

Soil salinity significantly hampers soil health, agricultural produc-
tivity, and local livelihoods in the coastal region of Southwest
Bangladesh [81]. Farmers in these areas typically cultivate only a single
“Aman” rice crop during the monsoon season [82]. The soil health and
production of "Rabi” crops remain limited. Sarangi et al. [14,19,51]
reported that potato cultivation under ZT can reduce soil salinity in
these areas. ZT practices can also significantly enhance soil health by
increasing SOC levels depending on crop type (perennials exhibit more
notable increases, [83]), soil profile [84]), and duration after ZT
implementation [85]. Dewil et al. [86] and Acir et al. [87] detected
substantial SOCgkx increments over 8 and 11 years, respectively.
Long-term zero tillage on marginal agricultural lands increases the
organic carbon content by approximately 0.35 Mg ha™! year™! [88]. In
temperate climates, changes in SOCgk due to zero-tillage can be
observed after 6 years of adoption [89]. In tropical climates, zero tillage
increases SOCgiock by altering the chemical composition of stored
organic carbon and reducing the susceptibility to mineralization over
15-30 years [90]. Although some studies in the Ganges Delta have re-
ported an SOC increase promoted by ZT [14,19], the lack of a significant
increase in SOCgock under different potato management regimes in this
study is likely due to the short-term nature of our trials. This practice
would require a long-term continuation to improve soil C sequestration.

Intensive agricultural practices, characterized by high input usage
and exhaustive tillage, significantly contribute to global land degrada-
tion, resulting in reduced organic matter [91]. This issue is particularly
acute in regions facing environmental constraints, such as the coastal
areas of Bangladesh, where salinity stress is escalating [92]. In response,
crop diversification incorporating sustainable practices such as regen-
erative and conservation agriculture has emerged as a sustainable so-
lution [93]. These practices enhance farmers’ incomes [94,95] and
improve soil health [96]. Recent studies [51] have highlighted that
diversifying rice systems with potatoes under ZT and green gram in the
Ganges Delta region can lead to improved rice equivalent yield (>10 t
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ha™D), nearly double the net return, and a reduction in soil salinity, C
footprint, and water usage. While this study did not initially observe a
notable increase in SOCgockx from practices such as ZT, the subsequent
potato cropping season revealed a positive trend (Fig. 6-A). This un-
derscores the significance of rice diversification using potatoes for po-
tential soil carbon sequestration, suggesting that agricultural
diversification in challenging environments (like Southwest
Bangladesh) can contribute to climate change mitigation efforts.

4.4. Future directions for scaling and adoption of potato under zero tillage
and mulching technology

Community Nutrition Scholars (CNS) are individuals from local
communities trained to promote nutritional awareness and support
health and hygiene practices in Southwest Bangladesh [97]. In the
Khulna district, CNS has promoted potato cultivation under ZT in co-
ordination with local partners. During the 2021-22 “Rabi” season, a
group of trained young women from the CNS provided courtyard
training to community women farmers on ZT, health, hygiene, and
nutrition, reaching 428 households [98]. Subsequently, 56 % of the
participants adopted ZT without any subsidies or funding support, and
1295 households newly tested this technology through peer learning,
demonstrating the effectiveness of on-farm demonstrations for scaling.
Potato seed accessibility, availability and price of straw mulch, lack of
fresh irrigation water during the production period, and severity of ro-
dent pest infestation were recognized as the main constraints for
adopting ZT [98]. Overcoming the above-mentioned constraints
through local and regional governmental efforts could allow the scale of
this technology to approximately 0.37 Mha, which is the approximate
area of rice fields [99] growing very slightly (<2 dS m™!) and slightly
(3-7dS m’l) saline zones in Bangladesh (0.79 Mha) defined by Rahman
and Uddin [100].

5. Conclusion

The cultivation of potatoes under ZT in the Southwest of Bangladesh
mitigated the limitations of potato production under CT, allowing a
stable and good yield (22.1 + 0.89t ha’l), C footprint reduction (—1246
+ 295 kg CO4-eq t fresh tuber™!), and more resilience to extreme rainfall
events, which will be crucial for climate change adaptation. Saline-
tolerant improved potato varieties are essential in this region, with
BARI Alu 72 proving to be a particularly suitable option. In addition,
reducing labor and dependence on external inputs allows farmers to save
production costs owing to less use of labor by avoiding tillage and
earthing up and less use of irrigation application. Although our crop
modeling exercise did not provide evidence that early cultivation of
potatoes provided an advantage of ZT over CT, this factor will be crucial
in the future, considering that monsoons become stronger and less
predictable in the area. A potentially delayed senescence promoted by
ZT is a phenomenon that requires more attention in future research. This
could allow more time for C assimilation with a concomitant increase in
yield. SOCstock did not significantly increase under ZT. However, this
variable increased in the second season, highlighting the potential for
the diversification of rice systems with potatoes. Long-term studies
(5-10 years) are recommended to visualize SOCgocx increments pro-
moted by potatoes under ZT.

Alkalinity, calcium carbonates, and anaerobic conditions (driven by
high clay content and flooding) were the main factors that promoted the
behavior of the proposed site-specific SQI. P and CaCO3 were the prin-
cipal soil indicators that negatively influenced SQI, likely affecting Fe
uptake and retention of other nutrients, respectively. The findings of this
study suggest that iron-containing fertilizers may be necessary to correct
this deficiency and improve crop yields. In addition, it is crucial to
consider the interactions between nutrients and soil physical properties
in agronomic management plans. Understanding soil mineralogical
composition is crucial for improving nutrient management strategies



D.A. Ramirez et al.

and suggests the need for amendments that increase cation exchange
capacity and improve soil fertility.

Research activities may be conducted in other low-lying regions
where only a single crop ("Aman" rice) is grown to broaden the
dissemination of ZT for potato production in rice systems. Promoting
these sustainable practices requires the government to promote policies
and extension services for ZT adoption and scaling through more field
demonstrations, CNS reinforcement, and close coordination with local
partners/agencies. However, there is a need to address potential limi-
tations related to potato seed access, straw mulch availability, lack of
fresh irrigation water, and rodent pest infestation to guarantee future
adoption and scaling of this promising technology.
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