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Abstract

Agriculture in the coastal zone of Bangladesh is threatened by a range of abiotic stresses,
including salinity, waterlogging and drought. Rice is generally grown in the wet (kharif)
season, but soils lie fallow in the dry (rabi) season. This thesis was framed around the
opportunity to increase the intensity of cropping in this region by shortening the rice-growing
phase in the kharif (by planting short-season rice varieties) so that high-value adapted crops
can be grown in the rabi season. Prior to this research, the best methods for the timely
establishment and management of rabi crops on the poorly structured clay soils were unknown.
Common soil constraints and requirements during the rabi season in the coastal zone of
Bangladesh include the need to: rapidly decompose the mass of rice straw from the end of the
kharif season, sow as early as possible to maximise growing season duration while avoiding
extreme waterlogging effects at the end of the (rice) kharif season, and then maintain soil
moisture and high solute potentials in a drying salinity-prone soil environment. A range of field
experiments was conducted in the three rabi cropping seasons of 2016-17, 2017-18 and 2018-
19. The research was in four theme areas with experiments conducted in three of these themes
over two consecutive years. Using sunflower as a model crop, rabi cropping was possible
provided: (a) soils received appropriate tillage (theme 1), (b) soils had application of surface
mulches to maintain high soil solute potentials (theme 2), and (c) crops were sown early in the
rabi season, but after waterlogging had abated (theme 3). In experiments in theme 4, it was

shown that mulches decreased soil resistance and cracking, and improved root growth.

Experiments examined in Theme 1 showed that intensive soil disturbance such as bed planting,
double pass shallow tillage, and single pass shallow tillage maintained higher soil water
content and soil solute potential in the surface soil (0-15 cm depth) than less disturbance soil
such as zero tillage, narrow strip tillage and wide strip tillage. The highest yields (19 % and 10

% improvements in 2016-17 and 2017-18, respectively) were associated with the tillage

vii



treatments involving greatest soil disturbance, the bed planting and double pass treatments in
2016-17, and the single pass shallow tillage treatment in 2017-18. The benefits of intensive
soil disturbance were mostly due to increases in soil water content and increases in solute

potential in surface soil layers, leading to higher water uptake by plants.

Experiments in Theme 2 found that rice straw mulches and irrigation increased soil water
content, reduced soil salinity, and increased solute potentials. The substantially higher solute
potential of the soil solution with the rice straw mulch at 0-7 and 7-15 cm (-644 and -588 kPa
in 2017, and -649 and -558 kPa in 2018) than with no-mulch (-925 and -728 kPa in 2017, and
-801 and -641 kPa in 2018) was associated with increased sunflower yield (26 % and 16 % in
2017 and 2018, respectively). The rice straw mulch also increased grain and biomass water
productivity by 26-32 % in the first season and 16 % in the second season relative to the no-

mulch treatment.

Experiments in Theme 3 showed that early sowing before 15 December was associated with
larger heads, more seeds per head, heavier seed, and higher grain yields (3.5 — 4 t ha) except
in the second year when sowing on 25 November was affected by waterlogging because of
heavy rainfall. Data collected across both seasons showed that early sowing before 15
December tended to have higher soil water content, lower soil salinity, and, therefore higher
solute potential than later sowings. For late sowing after 15 December, the lower yield was also
associated with higher temperatures. However, the main driver of yield determination was

ECys and, to a lesser extent, to temperature in both years.

Experiments in Theme 4 demonstrated that rice straw mulch at 5 and 10 t ha increased mean
root dry weight, total root length, and root length density at 0-20 cm soil depth, but there was
higher total root length at 60-80 cm with the no-mulch treatment. Rice straw mulch

significantly reduced crack volume, cross-sectional area, crack length density, depth and width
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by 84-91 %, 63-69 %, 57-70 %, 42-52 %, and 42 %, respectively, relative to the no-mulch.
With increased soil water content at 0-30 cm under the straw mulch, there was decreased
average soil resistance by 77 %, 49 % and 28 % at 0-7, 7-15 and 15-30 cm depths, respectively,
compared to the no-mulch. Overall, for wet-clay saline soil, soil and crop management
treatments that enabled early sowing also enhanced the establishment and yield of sunflower
due to increased soil water availability in the upper root zone, especially by increasing soil
water solute potential. Increased soil water, in turn, decreased soil resistance and cracking. |
conclude that early establishment leads to higher yield by enabling sunflower to escape soil
surface dryness and salinity and heat stress in the later part of the growing season. Although
sunflower is a promising rabi crop for Southern Bangladesh, only few farmers grow it due to a
lack of proper agronomic practices to manage soil constraints. The current findings, therefore,
would help to expand sunflower cultivation across the salt-affected coastal region of

Bangladesh.
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Definition of Terms
A range of terms are used throughout this thesis. Their meanings are defined here.

In Bangladesh, there are two main growing seasons in which a range of crops are grown. These
are broadly classified as:

1. Khraif season: Kharif crops are grown in the summer and harvested in the late summer
or early winter (May to October).

2. Rabi season: Rabi crops are grown in winter and harvested in the spring or early
summer (November to April).

Sometimes words are used to describe both the crop and season simultaneously. Included here
are:

Boro: Boro refers to rice planted in the winter season in December/January and harvested in
April/May.

Aus: Aus refers to rice planted from the pre-kharif season in March/April and harvested in
July/August.

Aman: Aman refers to rice planted in the wet season in July/August and harvested in
November/December.

Dibbling: Dibbling is a no-tillage technique used to sow non-rice seeds in wet soil (mostly
saturated) without soil puddling. Seeds are dropped into open holes without subsequent soil
covering.

Soil salinity: The concentration of dissolved salts present in the soil solution.

Solute potential: Solute potential is a component of total water potential. Solute potential
decreases when the amount of solute increases in the soil solution. It is expressed as a negative
value.

Waterlogging: Soil saturation after rainfall or irrigation is referred to here as waterlogging.

Inundation: Standing water after rainfall or irrigation is referred to here as inundation.
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Chapter 1

General Introduction



1 General Introduction

1.1 Rationale

Among the agro-ecological zones of Bangladesh, the coastal region is the most fragile and least
productive because of cyclones, storm surges, flooding, land erosion, soil and water salinity,
and waterlogging. This area comprises ~32 % of the net cultivable land of Bangladesh
(Mainuddin et al., 2013; PDO-ICZMP, 2006), and almost 1.1 Mha of cultivable land is
compromised by different levels of soil salinity (SRDI, 2010). Topographically, the coastal area
has an elevation ~2-3 metres above sea level (Khanom, 2016), and is connected with many rivers
and canals; as a consequence, tidal flooding through these rivers and creeks inundates the soil
increasing salinity in the soil, particularly during the dry season (Haque, 2006; Khan et al., 2015).
In addition, both monsoon rain (~1,800 mm annually) and seawater surges delay flood water
drainage, which results in prolonged waterlogging during maturation and after the harvest of rice.
Large areas of land remain fallow in the dry season (January-May) because of poor drainage,
lack of freshwater for irrigation, and soil salinity (Mondal et al., 2015a), and cropping intensity

is much lower (below 150 %) than the country’s average (Mainuddin et al., 2014).

Some studies have shown that there is ~700,000-800,000 ha of land underutilized during the
dry season in Southern Bangladesh (Mainuddin et al., 2013; Schulthess et al., 2015). The land
characteristics and hydrology of the coastal zone of Bangladesh can be divided into three
categories depending on the degree of water salinity: low salinity (where water salinity (ECw)
is less than 1.0 dS m™); medium salinity (ECw values vary 2 - 10 dS m™), and high salinity
(ECw>10dS m?) (Khan et al., 2015; Mondal et al., 2015a). Agricultural production is impeded
by medium and high salinity levels depending on environmental and hydrological
circumstances. The presence of substantial amounts of soluble salts in the root zone of the crops
grown in these areas hinders plant growth and reduces yields (Mondal et al., 2001; Miah et al.,

2004; Shrivastava and Kumar, 2015). In the dry season, the highest soil salinity (ECe) varies
2



from 5 to 12 dS m™ at 0-15 cm, and pH level is 7.7-8.0, which indicates that soils are slightly
alkaline (Mondal et al., 2001). Other research has reported that delta saline soils contain very
low organic matter (1.2-2.7 %), and have widespread deficiencies of P and Zn, but the soils are

rich in K (Saleque et al., 2010).

In the medium saline area of the south-west coastal zone in Bangladesh, farmers traditionally
mostly grow low-yielding and long duration traditional rice varieties (‘aman’) in the wet season
during July to December, which may be followed by a low input, low yielding rabi (dry season)
crops such as sesame and mungbean in March to June (Mainuddin et al., 2014; Mondal et al.,
2015a). The use of late-maturing traditional rice varieties and the lack of timely drainage together
result in the late establishment of traditional rabi crops such as sesame and mungbean because
the soil is too wet to cultivate until February. Late rabi crop establishment, in turn, results in crop
damage or complete failure due to high salinity (in both the irrigation water and soil) and
waterlogging from early kharif rains prior to harvest (Mondal et al., 2015a). The inability to
achieve early crop establishment also prevents the cultivation of high yielding and high-value
rabi crops such as maize, sunflower, mustard, and wheat. River water in this salt-affected region
remains suitable for irrigation from July to January. Both water and soil salinity start to increase
from February, and this continues up to May-June. However, freshwater for strategic irrigation
for rabi crops can be stored in ponds and canals inside the polders prior to the river water

becoming too saline.

There is strong potential to increase the diversity and productivity of rabi crops in this region if
crops can be established in a timely manner to allow for the better use of residual soil water after
the monsoon season, together with a couple of supplementary irrigations (Bell et al., 2019).
Achieving this requires the growth of earlier maturing aman rice varieties and drainage shortly
prior to rice harvest (if the lands are still flooded). Reduced tillage technologies could be

applied to enable the early establishment of rabi crops into the moist soil as soon as possible
3



after the rice harvest, and the use of surface mulch could help to conserve soil moisture and
reduce salt accumulation on the surface. It is postulated here that minimum and reduced tillage,
rice straw mulch, surface residue retention and novel cropping patterns offer considerable
potential for the coastal zone that would help to enhance crop use of soil water with low salinity
and avoid the most severe effects of soil salinity and soil cracking. However, suitable
machinery is needed to assist in early crop establishment, together with appropriate agronomic
management in combination with reduced tillage and mulching. The feasibility of the early
establishment of high yielding and high-value rabi crops such as sunflower and maize into the
moist soil by dibbling have been tested during the dry season on a small scale (Mondal et al.,
2015a; Rahman et al., 2015). However, the impacts of zero tilled dibbling and mechanized crop
establishment on soil profile water and salinity, osmotic potential of soil solutions, soil
compaction and cracking, root growth and distribution have not previously been determined.
Therefore, the present study was undertaken with sunflower to test the following hypotheses

and objectives.

1.2 Underlying hypotheses

i) Establishing sunflower with zero tillage and dibbling will enable the early planting
of rabi crops into wet soils; this will maximise access to stored residual non-saline
soil water and facilitate escape from increasing salinity hazard later in the growing
season, thereby increasing crop yield.

i) Reducing soil disturbance (through the use of minimum and reduced tillage) will
decrease soil dryness and salinity, improve soil physical properties, and therefore
increase sunflower growth and yield.

iii) Application of a rice straw mulch (~ 5 t ha®) to the soil surface will increase surface
soil water availability, reduce salt accumulation in the surface soil and rootzone and

reduce soil cracking, thereby improving root growth and yield of sunflower.
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These hypotheses were tested in a sequence of four field experiments, each conducted over

two years except the fourth one.

1.3 Specific objectives

i) Determine the impacts of different tillage systems on sunflower establishment and
yield, soil water availability and salinity (Chapter -3)

i) Quantify the effects of rice straw mulch and minimum tillage on soil profile water and
salinity dynamics, and sunflower productivity under soil water depletion (Chapter-4)

iii) Effects of early sowing of sunflower establishment and subsequent growth and yield
(Chapter-5).

iv) Determine the impacts of different mulch levels and irrigation water regimes on soil

compaction and cracking and sunflower root distribution, and yield (Chapter-6).
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Chapter 2

Review of Literature



2 Review of literature

2.1 Introduction

The coastal zone environment of Bangladesh is represented geographically by river deltas,
mangrove swamps, salt marshes and estuaries, where tidal and riverine flooding and varying
salinity levels affect agriculture and livelihoods. Many coastal zones around the globe are being
impacted by reduced freshwater inflow from upstream, increased siltation, climate change and
inappropriate planning and management. For example, in Bangladesh, extensive areas of land
in the coastal zones are characterized by multiple problems such as waterlogging and flooding,
various degrees of water and soil salinity, and poorly structured soils; these lead to
unfavourable soil-water-plant relationships and growing threats to crop production. Recent
studies have found that drainage congestion and salinity are the main constraints to the growth
of crops during the dry season (Mondal et al., 2015b). However, local hydrology and climate,
land types, natural disasters (cyclones and storm surges), and the limited knowledge of
cropping and management options are also associated with low agriculture productivity. This
literature review focuses on the local hydrology and climates in the Ganges coastal zone, scope
and constraints for cropping system intensification, salt-affected soils and their classification,
the effects of salt on soil properties, the effects of shallow water tables on salinization and what
management options are available to grow crops in such adverse conditions. The review
focusses on research gaps in how to achieve success early establishment of rabi season crops
on wet soils with a shallow saline water table; this is seen as a key step to enabling sunflower
to escape from soil surface dryness, salinity and heat stress in the latter part of the growing

season



2.2 Geography and climates in the Ganges coastal zone

2.2.1 Geography

The Ganges delta, the largest river delta in the world

(www.scienceclarified.com/landforms/Basins-to-Dunes/Delta.html#b), is situated mostly in

Bangladesh but also spreads into India. The floodplain of the Ganges delta is influenced by
three great rivers: the Ganges, Brahmaputra and Meghna, which discharge (annual runoff of
1200-1500 billion m™®) into the Bay of Bengal (Khan et al., 2015; van der Most, 2009). The
total area of the Ganges river basin is ~ 09 Mha, which covers parts of Bangladesh, India,
Nepal, and Tibet (Murshed et al., 2019). The coastal zone of Bangladesh can be categorized
into three distinct areas: the western, central, and eastern areas, which cover ~27,150 km?,
12,040 km?, and 8010 km?, respectively (Ahmed et al., 2018) (Fig. 2.1). Based on exposure to
the Bay of Bengal, the coastal area can also be divided into the interior and exterior coastal
zones (PDO-1ICZMP, 2006). Agricultural land in the Ganges delta is generally protected by
earthen embankments called polders (Bell et al., 2019). In the late 1960s and early 1970s, 139
polders were built to protect agricultural land and livelihoods from tidal inundation and
seawater intrusion (Khan et al., 2015). Fig. 2.2 shows a typical polder view in the coastal zone

of Bangladesh.
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al., 2018)
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Fig. 2.2. Plan view of a typical polder in the coastal zone of Bangladesh (Yadav et al., 2019)

Polders are generally surrounded by river water, which may vary from fresh in the upper zone
(Northern coastal zone) to saline in a lower zone (close to the Bay of Bengal) (Mainuddin et
al., 2019). The water and soil salinity within low-lying polders show both seasonal and spatial

variation. Salinity remains low during the monsoon season (July-November) and high in the
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dry season (December-June). The surface water salinity in the south-east is very low <1 dS m"
! but in the south-west region, it exceeds 4 dS m™ in January, reaching a maximum of about
20 dS m in May. Fig. 2.3 shows the variation in the ECy, of river water at a typical location in
the area (Mondal et al., 2015a). This area has an elevation of ~2-3 m above sea level and has a
shallow groundwater table. Groundwater salinity in this area varies with aquifer depth. The
shallow aquifer (~30-50 m deep) has ECyw values ranging from 2.5 to 3.5 dS m™ in March to
May, while the deeper aquifer (~150 m deep) has ECw values greater than 4 dS m™ (Bell et al.,

2019).
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Fig. 2.3. River water salinity in Batiaghata, Khulna Bangladesh (Mondal et al., 2015a). The

green bars indicate the duration of the rabi season in Bangladesh.

2.2.2 Climate

This area has a subtropical monsoonal climate. The annual rainfall is ~1,800 mm, and ~ 80 %
of this occurs in the monsoon season (July to October). Although conditions are generally more
humid with higher temperatures in the summer (March-June) and drier with cooler

temperatures in the winter (December-February), long-term weather data also show significant
13



variation across the coastal zone (Yu et al., 2019). There is a decreasing trend in rainfall from
east to west in the western and south coastal regions, and from north to south in the north-east
region. More than 200 mm rainfall (monthly average) occurred in May to October, and the
amount was always higher in the east (e.g., Patuakhali) than that in the west (e.g., Khulna) (Fig.
2.4). Since the 1960s, maximum rainfall over a 5-day period has been increasing (Yu et al.,
2019). This rainfall is beneficial for overall crop production (Bell et al., 2019) as heavy rainfall
in the monsoon season dilutes and washes out the available salt in the soil, decreases water
salinity (less than 1.0 dS m™), and improves the favourability of the wet season for rice
cultivation. In the dry season, increased rainfall is useful to crop production by mitigating salt
and drought stress. However, recent studies have shown that a few heavy events of rain often
occur in the dry season (November to April), which can interfere with early crop establishment
or cause crop damage (Bell et al., 2019). In November, there can be > 20 mm rainfall events in
50 % of years and > 50 mm in 25 % of years, but in December and January, rainfall > 20 mm
is unlikely. Similarly, the probability of heavy rainfall may increase by 25-65 % and 5-30 %
for > 20 mm and > 50 mm events, respectively, from February to April. These heavy rainfall
events in the dry season can create waterlogging, which interacts with salinity in the root-zone

to jeopardise crop growth and survival (Barrett-Lennard, 2003).

The temperature in the coastal zone has shown an increasing trend over the last 40 years (0.04
°C year?) (Yu et al., 2019), although the west region tends to be warmer than the east (Mondal
et al., 2015a). Long-term temperature data showed that the maximum and minimum
temperature in the west region (e.g., Khulna) varied from 25 and 35 °C and 12 and 26 °C,
respectively, and in the east region (e.g., Patuakhali) varied from 25 and 33 °C and 13 and 26

oC, respectively (Fig. 2.5).
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2.3 Existing cropping systems and scope for cropping system
intensification

In the Ganges coastal zone, farmers mostly grow long duration low yielding traditional wet
(kharif) season rice from July/August to December/January, which gives a typical yield of
~2.0-2.5 t ha! (Mainuddin et al., 2019; Mondal et al., 2015a). A few farmers grow non-rice
crops, such as sesame and mungbean in the dry (rabi) season (Nov-April), but these are often
damaged by salinity and drought due to a lack of freshwater irrigation and waterlogging by
post and pre-monsoon rain. Although there has been a substantial increase in the number of
improved rice and non-rice varieties (short to medium duration and stress-tolerant) released
over the decades, farmers are still reluctant to use these varieties due to their lack of knowledge
and appropriate technologies to reduce the risk of changing their cropping practices. Increase
cropping system intensification is possible if short to medium duration high yielding rice can
be established early in the wet season (July). The early planting of modern rice would allow
15-30 days advance in harvesting (November), which could open up options for early
establishment of high-value rabi crops in the dry season, and facilitate avoidance of salinity,
drought and waterlogging stress during the growing season. Fig.2.6 shows the scope for dry
season crop establishment on the one hand and constraints for the implementation of this on
the other. Research is necessary to develop agronomic management technologies to overcome
these constraints and improve the crop productivity of coastal zones. The following sections of
the review focus on the constraints and research gaps that are relevant to cropping systems

intensification in the Ganges delta coastal zone.
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Fig. 2.6. Proposed conceptual diagram of opportunities for dry season crop establishment in

the coastal -zone of Bangladesh showing: (a) the calendar for traditional cropping systems, (b)

the proposed calendar for the new innovative cropping systems, (c) the constraints likely to

impact on the adoption of the new cropping systems, and (d) the priorities for research.

2.4 Abiotic constraints for rabi crop establishment

2.4.1 Waterlogging

Large areas of land in the coastal zones are flooded due to combined effects of monsoon rainfall

and tidal influence, which lead to prolonged waterlogging (saturation of the soil) and water

stagnation because of siltation in the river, low infiltration, shallow water tables and poorly
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structured soils (Ghassemi et al., 1995; Ismail and Tuong, 2009). About one and three million
ha of land are annually affected by waterlogging in Bangladesh and India, respectively (Ismail
and Tuong, 2009). In the coastal zone of Bangladesh, waterlogging is a soil condition which is
specifically selected for by farmers, and it is even enhanced in the wet (kharif) season through
soil management practices (puddling). This is done to preserve irrigation water, enhance rice
production, and reduce the impacts of weeds. The side effect is that during the dry (rabi) season
the waterlogging, which naturally occurs in these soils, can be severely detrimental to any
attempted dryland crop production. Due to the tendency to waterlogging, many of these areas
are therefore left fallow during the dry season. Waterlogging of soils is important abiotic stress
that affects plant growth and productivity (Jackson and Colmer, 2005). One of the major
concerns of waterlogged soil is element (Mn, Fe, Na, Al and B) toxicities, which cause damage
to the plant shoots (Ponnamperuma FN, 1984; Setter et al., 2009). Waterlogged soils develop
hypoxia (low concentration of oxygen) due to the low solubility of oxygen in water (0.28 mol
m at 20 °C) (Qureshi and Barrett-Lennard, 1998), low diffusivity rates of oxygen in water-
filled pores (Grable, 1966), and the rapid depletion of dissolved oxygen by the respiration of
soil bacteria and plant roots (Armstrong and Drew, 2002). In the absence of oxygen, many
elements, including plant nutrients in soils, can be chemically reduced by micro-organisms. At
successively lower redox potentials, nitrate (NO3") is reduced to nitrite (NO2’), nitrous oxide
(N20) and nitrogen gas (N2), in the process, referred to as denitrification. Other electron
acceptors are manganese oxides (MnO;) and iron (Fe*), which are reduced to Mn?* and Fe?*,
respectively, and may accumulate to toxic concentrations with prolonged waterlogging

(George et al., 2012).

Many winter crops such as vegetables, pulses, and oilseed species cannot adapt to prolonged
waterlogging and consequently suffer from plant cell injury over this period because oxygen

deficiency strongly restricts ion uptake by roots and ion transport to the shoot. Wilting,
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chlorosis and leaf senescence are common plant symptoms in flooded soils (Drew, 1990).
Numerous studies found that waterlogging reduced plant height, plant density, and yield
(Dickin and Wright, 2008; Jiang et al., 2008; Stieger and Feller, 1994). However, the overall
effects of waterlogging on crop growth and yield depend on waterlogging duration and stage

of crop development.

Studies showed that waterlogging under saline conditions can have more damaging impacts on
crop growth and yield than waterlogging alone (Singh, 2015). Barrett-Lennard (2003) reviewed
the interaction between hypoxia and salinity in relation to ion movement, growth, and survival
status of plants. He showed that plant growth is hindered by the combined effect of
waterlogging and salinity because of increased Na* and CI" concentrations in the shoot. Another
study has reported that the combined impact of waterlogging and salinity decreased wheat yield
because of reducing grain weight and spike length (Saqgib et al., 2004). A combination of
flooding and salinity is substantially more harmful to bald-cypress seedlings than the effect of
either single stress (Allen et al., 1996; Conner, 1994). When the plant roots are in waterlogged
conditions and suffer from oxygen deficiency, tolerance mechanisms to adapt to this stress
include developing aerenchyma in the root cortex, shoot elongation and the creation of
adventitious roots (George et al., 2012). In addition, plant roots under submergence situations
release ethylene into the soil, which has a positive effect on root growth and plant morphology.
Research suggests that an increase in ethylene concentration in the root tissue can enhance
aerenchyma formation through cell wall separation or cell wall collapse in the cortex, which

can help to facilitate oxygen movement from shoots to roots (George et al., 2012).

2.4.2 Salinity

2.4.2.1 Salt affected soils and constraints
Salinity of agricultural land is a serious issue for crop production in many parts of the world.

The majority of tropical coastal zone soils are affected by different degrees of salinity occurring
19



together with other abiotic stresses such as alkalinity, acidity, high organic matter content in
peat soils and nutrient imbalance, which cause low agricultural productivity in these areas
(Ismail and Tuong, 2009). The main causes of salt build-up in soils are the intrusion of seawater
or brackish water flow, the use of saline irrigation water, the accumulation of salts at the soil
surface through capillary rise from shallow groundwater, poor drainage, and changing climate
(Michael, 1978). Fig. 2.7 shows the process of salinization through seawater intrusion.

Rengasamy (2006) identified three major processes that cause saline land in the world. These
are: (i) groundwater associated salinity, (ii) non-groundwater associated salinity, and (iii)

irrigation water associated salinity (Fig. 2.8).
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Fig. 2.7. Salinization of coastal soil and aquifers due to saltwater intrusion from the sea (Greene

et al., 2016)
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Fig. 2.8. Major types of salinity in world soils based on salinization processes (Rengasamy,

2006)

2.4.2.2 Salinity hazard

Salinity causes high concentrations of soluble salts (soil salinization) in irrigation water or soil
that accumulates in the crop root zone and causes yield reduction (George et al., 2012). The
main cations in salt-affected soils are Na*, Ca*, and Mg*. The main anions are CI-, SO4%, and
HCO3", CO3s? particularly at a higher level of pH (Wallender and Tanji, 2011). Plant growth in
salt-affected soils is hindered for the three main reasons: water deficit (osmosis stress); ion
toxicity (excessive uptake mainly Na* and CI%); and nutrient imbalance in the internal
mechanism of plants (Munns and Tester, 2008; Parihar et al., 2015). Plant response to salinity
and their adaption mechanism is shown in Fig. 2.9. The dynamics of soluble salts in the soil
water are influenced by, on the one hand, root water extraction by plants for transpiration and
water, which evaporates from the soil surface, and on the other hand, soil water replenishment
by irrigation and rainfall. However, the soluble salts move freely in the soil profile because of

chemical dispersion and ion mobility (Wallender and Tanji, 1990). When the upward
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movement of salt in the soil water through the capillary rise and evaporation exceeds the
downward movement by leaching (irrigation or rainfall), then the salt will accumulate in the
root zone. Fig. 2.10 shows the typical soil processes leading to salt accumulation in the root

zones (Rengasamy, 2006).
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Fig. 2.9. Plant response to salinity effects and adaptation processes. Extracted from Munns and

Tester (2008) and Zhu (2002).

The simplest way to measure the total concentration of dissolved salts in irrigation water or
soil solution is by the determination of electrical conductivity (EC) (Richards, 1954).
Measuring EC is a convenient method for estimating total soluble salts, and it has been widely

accepted to analyse water quality with regards to salinity hazard (Wallender and Tanji, 1990).
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According to Richards (1954), the EC of a salt solution increases at the rate of around 2 percent
for each degree centigrade increases in temperature, and EC values are always expressed at a
standard temperature of 25 degree centigrade. For the purposes of this thesis, the standard unit
of EC is deciSiemens per meter (dS m™), with seawater having an EC of ~55 dS m™. With

respect to other units: 1 dS m™ is equal to 1 milliSiemens cm™ or 1 mmhos cm™ (Wallender et

al., 2011).
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Fig. 2.10. Soil processes and salt accumulation in the root zone layers (source:(Rengasamy,

2006)).

The electrical conductivity of soil saturated extracts (ECe) is widely used to measure the
concentration of salts in the soil solutions. However, this method is tedious when there are lots
of samples taken. The electrical conductivity of a 1: 5 soil: water suspension is a faster method

to measure the concentration of salt. Many conversion factors are used for converting EC1:s to
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EC.. Based on different soil texture and saturation percentage, Slavich and Petterson (1993)

proposed the conversion factors in Table 2.1 for converting EC1:5 values to ECe values.

Table 2.1. Conversion factors to estimate EC. from EC15 and saturated paste water contents

(O©sp) for soils of different texture grade classed by clay percentage (Slavich and Petterson,

1993)

Texture class Clay (%) Osr range (kg Range of Mid-range of
kg?) conversion factor  conversion
factor

Sand, Loamy sand, Clayey <10 <0.2 >17.6 22.7
sand
Sandy loam, Fine sandy 10-20 0.2-0.41 17.6-9.9 13.8
loam, Light sandy clay loam
Loam, Loam fine sandy, Silt 20-30 0.41-0.46 9.9-9.0 9.5
loam, Sandy clay loam
Clay loam, Silty clay loam, 30-45 0.46-0.53 9.0-8.2 8.6
Fine sandy clay loam,
Sandy clay, Silty clay, Light
clay, Light medium clay
Medium clay 45-55 0.53-0.72 8.2-6.7 7.5
Heavy clay >55 >0.72 <6.7 5.8

2.4.2.3 Sodicity hazard

Sodicity problems occur in soil when soluble salts are leached out of the soil, but
exchangeable sodium (Na™) is retained on soil cation exchange sites (Rengasamy, 2002). An
excessive proportion of Na* in soil relative to calcium and magnesium cause soil swelling
and dispersion when soils are wet, which may result in soil structural collapse (George et al.,
2012; Horneck et al., 2007). Dispersion of sodic soil during rain or irrigation disintegrates the
aggregates and clogs the soil pore space, which leads to reduced air and water movement

within the soil (Rengasamy and Olsson, 1991). The restricted water movement in sodic soils
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promotes waterlogging. Poor structural stability of sodic soil means that there is a narrow

range between soil being too wet or too dry (Brady et al., 2008).

There are two common methods of measuring sodicity. Firstly, sodium adsorption ratio
(SAR) describes the concentration of the Na* relative to the calcium and magnesium ions in

the soil water extract, as follows (Richards, 1954):

SAR = Na* /V (Ca?* + Mg?),
Where the values of Na, Ca, and Mg are the concentrations of sodium, calcium, and magnesium

ions in milliequivalents per litre.

Secondly, the exchangeable sodium percentage (ESP) can be used for measuring sodicity. ESP
is measured by the ratio of the amount of exchangeable Na* to the sum of all exchangeable

cations or effective cation exchange capacity (CEC) (Abrol et al., 1988):
ESP = (Exchangeable Na* / CECefr) x 100
Where CECef is the sum of exchangeable Ca?*, Mg?*, K*, and Na*.

Measuring ESP is tedious and time-consuming and subject to errors. SAR is more widely used
than ESP because of its easier measurement. However, ESP can be calculated from SAR by
the following equation (Richards, 1954).

ESP = 1.475 (SAR)/(1 + 1.0147 SAR)

2.5 Classification of salt-affected soil

A soil is considered saline (saline soil) if the ECe is over 4 dSm* at 25 °C, and ESP is less than
15 and SAR <13-15 (Richards, 1954). Most plant species are adversely affected when ECe is
greater than 4 dS m™ (George et al., 2012). However, many factors such as soil texture, water
content and formation of salts, climatic conditions and groundwater table can influence soil
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salinization. On the other hand, non-saline alkali or sodic soils are those which ESP above 15
and ECe is less than 4 dS m™ at 25 °C and SAR > 13-15 (Brady, 1990). Though the soluble
salts in non-saline alkali or sodic soil are relatively low, the composition of these soils is
different from saline and normal soils (Richards, 1954). The common anions of these soils are
mainly chloride, sulphate, bicarbonate with smaller amounts of carbonate. Plant growth in this
soil is interfered with mostly by a high level of pH and bicarbonate. Another soil type is saline-
alkali, or saline-sodic soils that have EC. above 4 dS m™ and their ESP is greater than 15 with
SAR > 13-15 (Richards, 1954). These types of soils can be formed by both salinization and
alkalization. Horneck et al. (2007) summarized the properties of the salt-affected soils,
including their soil physical condition using the criteria in Table 2.2.

Rengasamy (2010) categorized the salt-affected soil (saline, sodic and saline-sodic) based on
the possible effects of salts on plants and soil properties (Fig. 2.11). He also mentioned that the
presence of different ions in the soil solution determines whether toxicity, deficiency or ion-
imbalance due to other elements (e.g., B, K, N, P) also impede plant growth on salt-affected
soils.

Table 2.2. Classification of salt-affected soil based on soil conditions (Horneck et al., 2007).

Salt affected Electrical Sodium Exchangeable Typical soil

soil conductivity of | absorption ratio sodium physical
classification saturation pest (SAR) percentage condition (Soil

extract (ECe) (ESP) structure)

None <4 <13 <15 Flocculated

Saline >4 <13 <15 Flocculated
Sodic <4 > 13 > 15 Dispersed

Saline-sodic >4 >13 > 15 flocculated
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Fig. 2.11. Categories of salt-affected soils based on sodium adsorption ratio (SARe) and
electrical conductivity (ECe) measured in soil saturation extract and pH1:5 measured in soil

water suspension and possible mechanisms of impact on plants; source (Rengasamy, 2010).

Abrol et al. (1988) highlighted that plant responses to salt stress differ widely, and the rating
of salt tolerance of plants is determined by the yield loss in saline soil when compared with
yields on the non-saline soils. They proposed the soil salinity classes based on EC. values and

crop response in Table 2.3.
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Table 2.3. Soil salinity classes and crop growth (Abrol et al., 1988).

Soil salinity class | Electrical conductivity Effect on crop plants
of the saturation
extract (dS m™)
Non-saline 0-2 Salinity effects negligible
Slightly saline 2-4 Yields of sensitive crops may be restricted
Moderately saline 4-8 Yields of many crops are restricted
Strongly saline 8-16 Only tolerant crops yield satisfactory
Very strongly > 16 Only a few very tolerant crops yield
saline satisfactory

2.6 Effects of salts on soil properties

Irrigation water can improve or damage soil properties as irrigation water always contains a
certain quantity of dissolved salts. However, the effects depend on the type and amount of salts
and their management, soil texture, and hydrology (Warrence et al., 2002). Both concentrations
of soluble salts and exchangeable cations of soils can affect soil properties simultaneously. For
example, an excess of exchangeable Na affects the soil physical properties more than the
chemical properties (Mondal, 1997). As discussed above, an increase of ESP causes the
swelling and dispersion of clay particles, which results in clogging of soil pores, a reduction in
soil permeability, reduced hydraulic conductivity and surface crusting (Frenkel et al., 1978;
Pearson and Bauder, 2006; Rowell et al., 1969). Occasionally, a high level of salt concentration
in the soil solution can have a flocculating effect on soil, which enhances clay particle
aggregation (Warrence et al., 2002). The benefits of soil aggregation are more permeability,
higher infiltration, better soil aeration, root penetration and growth (Hanson et al., 1999;
McNeal, 1968). Soil flocculation is usually enhanced when the salinity of soil solutions was
greater than 1.5 dS m™ or irrigation water salinity was more than 0.5 dS m™* (Hanson et al.,

1999).
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2.6.1 Bulk density

Bulk density can be defined as the weight of dry soil per unit of volume (both solids and pores)
and is generally expressed in Mg cm=or g cm™. It is an important soil physical property that is
related to the water holding capacity of the soil, plant nutrient availability, and soil
microorganism activity. Higher sodium percentage in a soil solution can decrease soil structural
stability, which causes the loss of macroporosity, and increases bulk density (Rengasamy and
Olsson, 1991). High bulk density indicates low soil porosity and high soil strength, which may
cause restrictions to root penetration and proliferation. Low porosity also inhibits the
movement of air and water through the soil. However, clay-textured soils usually have a lower
bulk density than coarse-textured soils (Daddow and Warrington, 1983). Sunflower root
elongation can be stopped at a bulk density of 1.75 g cm™ and 1.46 to 1.63 g cm™ for sandy

and clay soils, respectively (Daddow and Warrington, 1983).

2.6.2 Infiltration

The movement of water from the soil surface into the soil is called infiltration, and the depth
of water entering the soil profile per unit of time is called the infiltration rate. Infiltration can
be affected by both the salinity and the SAR of water. High SAR of irrigation water may clog
soil pores and impede water flow into the soil due to swelling and dispersion of clay particles
(Ayers and Westcot, 1985; Hanson et al., 1999). However, the infiltration rate can be
influenced by soil texture and the capacity of salt leached into the soil. The disruption of
infiltration may hamper crop establishment and can restrict water availability for seedling
growth (Bauder and Brock, 2001). Agassi et al. (1981) evaluated the effect of water with
different levels of EC and varying soil ESP on infiltration rates, and they found that the
infiltration rate was 16 mm h* when EC of applied water was 5.6 dS m™ with soil ESP of 10
but decreased to 10 mm h* when EC of water was 5.6 dS m™* with soil ESP of 13.6. They also

reported that increasing EC of water may favour higher infiltration and improve soil
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aggregation because of flocculating effects, but reverse results may occur if ESP of soil solution

is increased.

2.6.3 Hydraulic conductivity

Hydraulic conductivity which is a measure of the rate at which water flows through the soil is
important in the management of irrigated agriculture and especially on saline-alkali soil due to
loss of soil structure (dispersion and coagulation) when these soils are wet (Levy et al., 1999;
McNeal, 1968). Usually, a well-structured soil contains an abundance of macropores and
possibly additional fine cracks and fissures that maintain continuous water flow through the
soil profile (Warrence et al., 2002). Soil with high Na percentage can disperse soil colloids,
and the subsequent loss of soil structure can decrease the rate of water movement through the
soil. However, the degree of soil dispersion will depend on soil type and clay mineralogy.
Water with a low concentration of Na either increases hydraulic conductivity, or there is no
significant effect, whereas a high proportion of Na in water can reduce hydraulic conductivity
significantly (Shalhevet, 1994). The detrimental effect of higher sodium percentage can be
reduced with increasing total soluble salts. Singh et al. (2011) mentioned that the soil, which
had a higher concentration of sodium, reduced the hydraulic conductivity of the soil during
leaching. Rao and Mathew (1995) also pointed out that the influence of exchangeable cations

on hydraulic conductivity was related to dispersion and deflocculation of clay particles.

2.6.4 Crust and crack formation

The factors responsible for surface crusting are: (i) physical slaking due to raindrops and
irrigation, and puddling and wetting the soil at zero tension, and (ii) chemical dispersion caused
by high exchangeable Na™ and EC of water (Agassi et al., 1981; Hardy et al., 1983). A surface
crust causes poor infiltration and crop establishment because it forms a strong barrier to
germination and emergence of seedlings, and it seals the soil surface and slows water

movement into the soil. In salt-affected areas, rainfed paddy fields often have substantial
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amounts of salt accumulate in the dry season, which can develop into salt crusts on the soil

surface through evaporation processes (Griinberger et al., 2008).

Heavy clay soils become soft, muddy and swell when they wet, but soils tend to shrink and for
vertical cracks if they dry. Cracking is an issue for soil and water management in heavy clay-
textured soil in the salt-affected coastal region of Bangladesh. In the dry period, the high clay
content of soils associated with widespread cracking leads to soil shrinkage because of the
rapid movement of water through macropores (Harris and Catt, 1999). This shrinkage
phenomenon limits seedling emergence and root elongation. Crack development in the soils
decrease water and fertilizer use efficiency because of irrigation water movement through these
cracks down the soil profile (Tuong et al., 1996). Cracking may increase the leaching of nitrate,
phosphorus, and pesticides, which increase the risk of contamination of surface and
groundwater (Harris and Catt, 1999; Smaling and Bouma, 1992). Proper soil and agronomic
management practices such as tillage, drainage, mulching, and crop rotation can improve soil
leading to successful crop cultivation. A study conducted by Bandyopadhyay et al. (2003)
reported that sub-soiling (30 cm deep by chisel plough) in the soybean - linseed cropping
system significantly decreased crack parameters such as the width, depth, length and surface
area by 12.5, 10, 5 and 12%, respectively, relative to the conventional tillage, while crack
width, depth and volume increased with no-tillage in the soybean - wheat system relative to the

conventional tillage.

2.7 Soil moisture retention and movement

Soil water retention and movement are determined by soil pore space and pore-size
distribution, which are controlled by soil texture and structure (Nimmo, 2004). Water moves
in both saturated and unsaturated soil due to hydraulic and water potential gradients,

respectively. In the saturated condition, all pore spaces are filled with water, where water
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movement is predominantly in the horizontal direction. In the unsaturated condition, soil pore
spaces are filled with both air and water, and water flow is mainly in a vertical direction (Hillel,
2008). In the field, many activities such as the transport of water, solutes and nutrients to roots,
and the drainage of water from the root zone occur through soil-water interactions under
unsaturated conditions. The amount of water retained in the soil and its uptake by plants is
controlled by soil water potential. Total soil water potential has four components (Kirkham,

2014):

\Pt:ng+lPO+\Pp+\Pm

Where W = total water potential (in a unit of bar or MPa)

Wy = gravitational potential

Yo = osmotic or solute potential

Wy = pressure potential

Wm = matric or capillary potential

Soil water content is at field capacity after drainage of gravitational water, which usually occurs
two to three days after the soil has been wetted through irrigation or rainfall (Jabro et al., 2009).
Field capacity is widely recognized as the upper limit of soil water, which optimise available
for plant use, with adequate aeration. At field capacity, soil water is retained in the soil against
gravitational force by matric potential (Jabro et al., 2009). Plants can take up water from the
soil (10-50 %) at water content above the field capacity (de Jong van Lier, 2017). There is a
convention that the soil water tension (matric potential) at field capacity is -33 kPa or -1/3 bars
(Hanks and Ashcroft, 1980; Jabro et al., 2009; Jury et al., 1991). However, this value can be
influenced by soil texture and structure, clay percentage, and organic matter (Jabro et al., 2009).

A permanent wilting point occurs when the soil water potential is below root water potential
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so that the water flow for transpiration is stopped. At the wilting point, water is tightly held by
soil particles at a matric potential of about -15 bars or 1500 kPa (Li et al., 2019). Plant available
water is usually considered to be the soil water content between field capacity and permanent

wilting point. Table 2.4 shows the range of soil water holding capacity in different soil types.

Table 2.4. Range of available water holding capacity in different soil types

(http://eagri.org/eagri50/AGRO103/lec03.pdf; verified 28 March 2020).

Soil type Soil water content (%, w/w) Depth of available
water

Field capacity Permanent wilting cm per meter depth
point of soil

Find sand 3-5 1-3 2-4

Sandy loam 5-15 3-8 4-11
Silt loam 12-18 6-10 6-13
Clay loam 15-30 7-16 10-18
Clay 25-40 12-20 16-30

The presence of solutes in the soil solution determines the solute potential. Increasing salts in
the soil decrease the solute potential of the soil solutions (osmotic stress), which limits water
uptake by plants, resulting in reduced growth and yield (Chowdhury et al., 2011; Setia and
Marschner, 2013; Steppuhn et al., 2005). The solute potential can be calculated by its

relationship to the electrical conductivity of soil using the following formula (Richards, 1954).
Po=-0.36 ECe

Where Wo = osmotic potential in bars,
EC. = electric conductivity of saturated soil in dS m*

Lower osmotic potential in the soil solution decreases the availability of water to plants because

of the decrease in total soil water potential. Thus, as the soil dries, the salt concentration in the
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solution rises, which further reduces both the matric and the osmotic potential. As a result, to
maintain water uptake from saline soil, plants must osmotically adjust. “This is done either by
taking up salts and compartmentalizing them within plant tissue or synthesizing organic
solutes” (Sheldon et al., 2017). The capacity for osmotic adjustment varies among plant species
and cultivars. Halophytes (highly salt tolerance plants) osmotically adjust by storing salt in
plant tissue, while glycophytes (tolerate only low salinity) exclude salt from the root but may

synthesise organic solute for an osmotic adjustment (Sheldon et al., 2017).

2.8 Shallow groundwater table and salinization

In general, higher concentrations of soluble salts are found in groundwater than in surface
water. Groundwater can contain salt concentrations ranging from less than 25 mg L to greater
than 300,000 mg L depending on the source of groundwater, its movement, and hydrologic
cycles (Todd and Mays, 2005). Shallow saline groundwater is a primary cause of soil salinity.
In coastal areas, the water table is often very high (Mondal et al., 2015a), and water moves up
by capillary rise and soil water loss by evaporation can cause salts to accumulate at or near the
soil surface and/or in the crop root zone (Rasheed et al., 1989; Salama et al., 1999). The rate of
evaporation is controlled by soil texture, the presence of salt in the soil, depth of the water
table, and climatic conditions (Hanson et al., 1999; Li et al., 2013). Ibrakhimov et al. (2007)
mentioned that the presence of shallow saline groundwater can deposit around 3.5 - 14 t of salts
hat in the upper soil layer annually. According to Michael (1978), when the water table is 1.5
m or greater below the soil surface, salt accumulation in the soil profile due to capillary rise is
minimal. Hanson et al. (1999) stated that from a water table below 0.76 m, the upward flow is
at 0.01 m per day in clay loam soil, and the rate of upward flow can be minimized if the water
table is lower. In the south-west of Western Australia in a Mediterranean climate, the critical

depth of shallow water at which salinity can restrict plant development varied from 1.5 -2 m
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depending on plant species (Nulsen, 1981). In this report, he also indicated that the critical
depth to saline groundwater is shallower in dryland conditions than for irrigated land where it

varied between 1.0 and 6.0 m.

2.9 Management options to alleviate soil constraints in the coastal

Z0Nes

The coastal region of Bangladesh is highly vulnerable to waterlogging, salinity, tidal effects,
and in addition, natural calamity (cyclones and storm surges) can reduce or even curtail the
ability of the land to produce high yielding crops. Soil and water salinity are reported to be the
main constraints to the intensification of crop production in this area (Haque, 2006), and the
spread of salinity in this region is growing each year because of poor soil and water
management. Some techniques like soil reclamation and amendments are not cost-effective
(Abrol et al., 1988). In the following section, | review alternative techniques such as tillage
practices, agronomic management and more efficient water use that could be appropriate to
reduce the adverse impacts of salinity for crop production. Increasing drainage, salt leaching
and the use of more salt-tolerant plants can be effective to avoid the adverse impacts of long
term salt accumulation, but other cultural practices such as land levelling, method of irrigation,
planting and fertilizer application could be significant as means of dealing with possible short

term or interim increases in salinity (Ayers and Westcot, 1985; Mandal et al., 2019).

2.9.1 Drainage

In the low-lying salt-affected coastal zones, drainage congestion is a serious problem because
of land topography, intensive rainfall, shallow groundwater, faulty irrigation systems, and poor
cultivation practices. In the salt-affected Ganges delta, slow drainage, intense rainfall events
and the presence of groundwater close to the surface can cause waterlogging during the dry

season, which impedes normal crop cultivation. Surface water stagnation in saline soil reduces
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aeration around the root zone, decreases nutrient availability, and increases the movement of
Na* and CI to plant leaves, resulting in lower crop yields (Barrett-Lennard, 1986; Barrett-
Lennard, 2003). One of the key approaches to remove excess water from the land is drainage
(Manik et al., 2019; Singh, 2018). Drainage is used in many parts of the world to alleviate the
adverse effects of waterlogging and control salinity (Valipour, 2014). One effective and simple
way to mitigate waterlogging is surface drainage (Valipour, 2014). Land grading to flatten the
soil surface and achieve a shallow slope can eliminate surplus water from the field. Abrol et al.
(1988) mentioned that in clay-textured soil, a VV-shaped open field ditch (30-45 cm deep) can
discharge field water very quickly after heavy rainfall. Another solution to reclaim areas
affected by waterlogging and salinity on a long-term basis is to install sub-surface drainage.
The many types of sub-surface drainage include open ditches, the use of the buried perforated
pipe, the use of mole or buried tile drainage, and groundwater pumping. In many countries,
sub-surface drainage is implemented to control root zone waterlogging and salinity and
improving crop yields (Nijland et al., 2005; Ritzema et al., 2008; Sharma et al., 2000). Jha and
Koga (1995) found that the implementation of mole drainage under clay soil in Thailand
improved infiltration, hydraulic conductivity, aeration, and lowered the EC. Tiwari and Goel
(2017) reviewed and summarized the guidelines for sub-surface drainage to ameliorate the
problems from waterlogging and saline soil in many climatic conditions. They mentioned that
depending on the soil texture, drainage spacing should be 100-150 m for light-textured soils,
50-100 m for medium-textured soils, and 30-50 m for heavy-textured soils when drainage depth

was greater than 1.2 m.

2.9.2 Tillage

Tillage plays a major role in agricultural crop production. Over the years, different types of
tilling, including deep plowing with mouldboard disk and sub-soil plow, have been used to

alter the soil and improve adverse soil conditions. The benefits of tillage are: it can loosen a
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compact soil and prepare a seedbed for germination or seedling placement at the proper depth,
it can increase the availability of soil nutrients and water, and it can incorporate crop residues,
which controls weeds and maintain soil organic matter levels (Hobbs et al., 2008). Loosening
soils by tillage surrounding the seed decreases the soil resistance and improves seed soil-
contact and movement of air and water, which increases initial root and shoot growth (Mohanty
et al., 2006; Schjenning and Rasmussen, 2000; Tapela and Colvin, 2002). Since the 1970s,
conventional tillage practice involving intensive soil disturbance has been changing to the
minimum or reduced tillage in global agriculture practice (Derpsch et al., 2010). The benefits
and disadvantages of conventional tillage, minimum tillage, and reduced tillage have been
recorded in many studies in different environments and soil conditions (Triplett and Dick,
2008). Intensive tillage can decrease soil strength and bulk density and increase soil porosity
and infiltration and soil water content (Minhas, 1996; Xue et al., 2018). Other studies reported
that intensive tillage of soil is usually related to inefficient irrigation practice and removal of
soil residue. It can disperse soil aggregates and increase the groundwater level, which may
cause higher evaporation and soil salinization (Devkota et al., 2015). On the other hand,
minimum tillage can improve aggregate stability and improve water holding capacity, optimize
seed and fertilizer placement while decreasing fuel and labour requirement, and advancing the
sowing time for rabi crops (Haque et al., 2017; Hobbs et al., 2008). Even for smallholder farms,
planters are now available for minimum disturbance of soil by practicing zero tillage, strip
tillage, bed planting, and single pass shallow tillage, which are suitable for both dry and wet

soils (Haque et al., 2017).

Many scientists across the world have recommended the use of deep plowing and sub-soiling
to reduce salinity hazard (Ayers and Westcot, 1985; Hamdy, 2005). Deep cultivation helps to
break surface crusts and hardpans reduces soil compaction and improves soil physical

condition, all of which are likely to increase soil water storage capacity and control salt
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accumulation in the soil (Ayers and Westcot, 1985; Gajri et al., 1997; Hartmann et al., 2008).
However, Devkota et al. (2015) showed that soil salinity was reduced by 32 and 22 % in the
top 10 cm and 90 cm of the soil profile under reduced tillage (permanent bed planting) with
crop residue retained compared to conventional tillage. Bakker et al. (2010) conducted an
experiment in the waterlogging and saline areas in the Mediterranean climate of Western
Australia, and they found that waterlogging was significantly reduced in the top-soil with a

permanent raised bed, whereas there was a little change of salinity of the subsoil clay.

2.9.3 Soil cover or mulch

Different mulching techniques such as rice straw, crop residues, and live crops (growing
cowpea or grass pea) can be used to cover the soil, which is an effective technology for
conserving soil moisture, improving soil quality, decreasing soil bulk density, and boosting
crop productivity (Balwinder et al., 2011; Hobbs et al., 2007; Ji and Unger, 2001; Zhao et al.,
2014). In the late 1960°s, Benz et al. (1967) found that using rice straw mulch in bare soil was
an effective means of reducing soil evaporation and root zone salinity. In saline soil, mulching
can improve salt leaching and reduce ESP, resulting in an increase in land productivity
(Hamdy, 2005). Kumar and Goh (1999) showed that residues from cultivated crops have
substantial positive effects on soil physical properties, nitrogen dynamics, soil water and crop
yield. Pang et al. (2010) evaluated the effect of brackish water irrigation and straw mulching
on soil salinity and crop yield, and the result showed that salt content in 100 cm depth of soil
was decreased with mulch treatment relative to non-mulch treatment. Bezborodov et al. (2010)
conducted an experiment on the effect of mulching and different level of saline water on soil
salinity and sodicity dynamics as well as yield and crop water productivity. They found that
salinity decreased significantly in the upper 0.15 m depth of soil with mulching, and the

combination of mulching and water quality enhanced crop yield and water productivity.
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Numerous studies on the effects of various types of mulches on the soil physical and chemical

properties are summarized in Table 2.5.

Table 2.5. Effects of mulch on soil physical and chemical properties.

Parameters Indicator Mulch types References
Soil  physical Increased soil water Rice straw (4 t hal), (Montenegro et al., 2013),(Gicheru et al.,
properties content maize stover (3t ha 2004),(Xiukang et al., 2015),(Chakraborty et
1), Plastic film, rice al., 2008)
husk
Improved Elephant grass, (Adekaluetal.,2007),(Mannering and Meyer,
Infiltration wheat straw 1963)
Reduced Runoff Hardwood compost, (Bakr et al., 2015),(Findeling et al., 2003)
corn residue
Enhanced water use  Plastic mulch, wheat (Mahajan et al., 2007), (Wang et al.,
efficiency straw, farmyard 2015a),(Abd EI-Mageed et al., 2016)
manure and rice
straw
Improved soil Wheat straw (0,8 and  (Blanco-Canqui and Lal, 2007)
structure 16 t hat)
Stabled soil  Straw mulch (Tindall et al., 1991)
aggregates
Soil  chemical Decreased Polythene, farmyard (Abd El-Mageed et al., 2016), (Bezborodov et
properties electrical manure and rice al., 2010), (Haque et al., 2018)

conductivity

Increased soil

organic carbon

straw, wheat straw.
Plastic mulch
Plastic mulch, rice

straw mulch

(Luo et al., 2015), (Wang et al., 2015b)

2.9.4 Cultural practice

2.9.4.1 Crop establishment

Many dryland crops are sensitive to salinity at germination and early seedling stages

(Bernstein, 1975; Yadav et al., 2011), and become more salinity tolerant with development

through the vegetative, reproductive, and grain-filling stages (Katerji et al., 1994). By contrast,

rice can be strongly affected by salinity stress during flowering (Leland and Eugene, 1999).
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Failure to achieve an acceptable plant population is a serious problem in a saline environment.
Application of pre-sowing irrigation with fresh water can remove surface salts through
leaching, which will help to improve germination and crop establishment (Minhas et al., 1998).
Seed priming is another strategy to enhance germination and emergence rate as well as improve
seedling vigour and crop development and yield in the saline soils (Ashraf and Foolad, 2005;
Paparella et al., 2015). Seed priming involves a pre-sowing hydration treatment that keeps the
seeds in a specific solution for a certain period; there is then a dehydration process. Ibrahim
(2016) reviewed the different seed priming technologies to alleviate salinity hazard in
germinating seeds. Using polyethylene glycol 6000 (—2 bar) and hydro-priming for sunflower
(Moghanibashi et al., 2013), choline chloride (0, 5 and 10 mM) for 24 h for wheat (Salama et
al., 2011) and salicylic acid (25 ppm) and NaCl (—10 bar) for maize (Tabatabaei, 2014) all
improved germination rate and seedling growth. Mondal et al. (2015a) showed that the early
establishment of rabi crops avoided salinity in the seedbed and improved germination rate
because the seedlings escaped initial salt injury. Rashid et al. (2014) found that early dibbled
sunflowers in the coastal zone of Bangladesh avoided the risk of pre-monsoon rainfall and gave
significantly higher yield. Planting on a raised bed can improve crop stands by mitigating
waterlogging and salinity. However, planting the seeds at the centre of the single row raised
bed can result in poor germination because of the influencing from two wetting fronts from the
furrows, which deposits more salt in the centre of the bed (Leland and Eugene, 1999).
Modification of the shape of the seed beds and double-row raised bed (alternative furrows)
could be effective to avoid salt accumulation (Hamdy, 2005). Another technique involves the
placement of seeds at the bottom of the ridges on both edges of the furrows where the zone is
less saline and saline water irrigation in alternative rows can improve crop establishment
(Minhas et al., 1998). Lower plant density and wide row spacing often causes lower yields in
saline areas. Keren et al. (1983) conducted an experiment in saline conditions and found that

cotton vyield increased significantly when increasing the number of plants per unit area by
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decreasing the row spacing. Minhas et al. (1998) recommended using 20-30 % extra seed to

achieve a higher plant density and higher yield under saline irrigation conditions.

2.9.4.2 Crop cultivars

The selection of crop species is an important consideration in saline agriculture. Within most
species, some crop cultivars have a greater ability to withstand the effects of root zone salinity.
However, there is a negative correlation between crop yield and salinity. The desirable
characteristics of selecting salt-tolerant cultivars are: (i) high economic value, (ii) tolerance to
salinity, (iii) ability to tolerate saline irrigation water, and (iv) a good fit in the crop rotation
(Hamdy, 2005). Plant's response to salinity can be influenced by environmental factors. Leland
and Eugene (1999) reported that many crops produced higher yields in cool and humid coastal
environments compared to the same crops in hot or dry environments (desert climate). Crop
responses to salinity differ over a wide range from highly tolerant to extremely sensitive. Barley
and cotton are considered highly salt-tolerant crops (Leland and Eugene, 1999), while wheat
and sunflower are considered moderately salt-tolerant (Katerji et al., 2003). Based on the
threshold level of salinity and yield slope parameters associated with an increase in EC., Maas
and Hoffman (1977) categorized crops as sensitive, moderately sensitive, moderately tolerant

and tolerant (see Fig. 2.12).
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Fig. 2.12. Division for classifying crop tolerance to salinity (Maas and Hoffman, 1977).

Katerji et al. (2003) mentioned that crop behaviour under saline conditions differs with salinity
level, soil type and climatic conditions. A recent study in the salt-affected Ganges delta showed
that with proper soil and agronomic management, some cultivars such as sunflower, maize,
wheat, and potato could be grown with satisfactory yield in the dry season (Bell et al., 2019;

Mainuddin et al., 2019; Mondal et al., 2015a).

In this thesis, sunflower was used as a model crop for the salt-affected coastal zone of
Bangladesh. Sunflower is cultivated on around 21 Mha of land across 60 countries (Seiler and
Gulya Jr, 2010), and it is the fifth-largest oilseed crop in the world after soybean, rapeseed,
cottonseeds and groundnuts (FAOSTAT, 2018). It can be grown widely and is considered a
well-adapted crop in temperate and subtropical climates (De La Vega and Hall, 2002). Major

growing areas of sunflower are Ukraine, the Russian Federation, Argentina, Europe and Turkey
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(FAOSTAT, 2018). Its importance and growing area are increasing because it is a valuable
source of edible vegetable oil with high polyunsaturated fatty acid content (about 90% linoleic
and oleic acids) and no cholesterol (Gonzélez-Pérez and Vereijken, 2007). With an advanced
breeding progress, sunflower has been made into a highly adaptable, efficient crop in different
stress conditions. It is considered to be a drought-tolerant crop because of its efficient use of
soil water through a deep root system (up to 2 m) (Rauf, 2008; Sadras et al., 1989; Seiler, 1994).
It is also classed as a moderately salt-tolerant crop based on water stress day index classification
(Katerji et al., 2003) and its tolerance to salinity (Francois, 1996). Sunflower is also often
considered as an eco-friendly and diversified crop as it needs a lower amount of nitrogen (56
kg ha), a small quantity of irrigation water (~ 50 mm), small amounts of pesticide and
insecticide (Debaeke et al., 2017), and it can be grown with minimum soil disturbance and with
other cereal crops in inter-cropping systems (Jones and Sieving, 2006). Temperature may
influence sunflower emergence, growth and yield (Chimenti et al., 2001). It can be tolerant to
both low and high temperatures (ranges 10 -26 °C) (Harris et al., 1978) but is more favoured
by low temperature (GRDC, 2017). Low temperatures (< 25 °C) may delay and reduce
germination and emergence (Gay et al., 1991), while high temperatures ( > 30 °C) during bud
formation and flowering depress seed number, grain size and yield (Chimenti et al., 2001;

Rondanini et al., 2006).

Minhas et al. (2020) reviewed the tolerance to salinity of common agricultural crops (Table
2.6) based on the equation developed by Maas and Hoffman (1977) (linear equation 1) and van

Genuchten et al. (1984) (non-linear equation 2).

Yr =100-b (ECe — ECe threshold) (1)
100

Y= ——————— 2

T ?
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Where Y, is relative yield (ratio of the actual and maximum yield), ECe is the time averaged of
soil saturated paste extract, ECe threshold is the threshold salinity (dS m™), b is the yield reduction
rate per unit increase in ECe ( % per dS m™), Py, is the empirical parameters and ECeso is the

ECe at which the yield is reduced by 50%.

Table 2.6. Salt tolerance of selected agricultural crops grown in Southern Bangladesh (after

Minhas et.al., 2020).

ECe threshold  ECe 0 B Rating
Crop (dSm?t) WS m (%/dSm
) )
Small vegetables
Cabbage Brassica oleracea L. (Capitata 1.0-1.8 7.0 9.8-14.0 MS
group)
Cauliflower Brassica oleracea L. (Botrytis 1.5-1.8 - 6.2-14.4 MS
group)
Lettuce Lactuca sativa L. 1.3-1.7 5.1 12.0-13.0 MS
Onion Allium cepa L 1.2 4.3 16.0 S
Radish Raphanus sativus L 1.2-2.0 5.0 7.6-13.0 MS
Vegetables - Solanum Family (Solanaceae)
Eqg Plant Solanum melongena L. 1.1 - 6.9 MS
Pepper Capsicum annuum L 1.5-1.7 5.1 12.0-14.0 MS
Tomato Lycopersicon esculentum L. 0.9-25 7.6 9.0-9.9 MS
Vegetables Cucumber Family (Cucurbitaceae)
Cucumber Cucumis sativus L. 1.1-25 6.3 7.0-13.0 MS
Melon Cucumis melo L. 1.0 - 8.4 MS
Pumpkin, winter Cucurbita moschata Poir 1.2 - 13.0 MS
Squash, Zucchini Cucurbita pepo L.var melopepo 4.7-4.9 10.0 10.0-10.5 MT
(L.) Alef.
Squash (scallop) Cucurbita pepo L.var melopepo 3.2 6.3 16.0 MS
(L.) Alef
Watermelon Citrullus lanatus (Thunb.) Matsum. - - - MS
& Nakai
Roots and tuber
Carrot Daucus carota L. 1.0 4.6 14.0 S
Garlic Allium sativum L. 3.9 - 143 MS
Potato Solanum tuberosum L. 1.7 59 12.0 MS
Sweet potato Ipomoea batatas (L.) Lam 1.5-25 6.0 10.0-11.0 MS
Legumes (Leguminosae)
Bean Phaseolus vulgaris L. 1.0 3.6 19.0 S
Bean, mung Vigna radiata (L.) R. Wilcz. 1.8 - 20.7 S
Cowpea Vigna unguiculata (L.) Walp. 4.9 9.1 12.0 MT
Groundnut (Peanut)  Arachis hypogaea L. 3.2 4.9 29.0 MS
Pea Pisum sativum L. 1.5-34 - 10.6-14.0 S/MS
Soybean Glycine max (L.) Merrill 5.0 7.5 20.0 MT
Qil crops
Rapeseed Brassica sp.L. 9.7-11.0 - 13-14 T
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Safflower Carthamus tinctorius L. - - - MT

Sunflower Helianthus annuus L. 4.8 - 5.0 MT
Cereals

Barley Hordeum vulgare L. 8.0 18.0 5.0 T
Maize Zea mays L. 1.7 59 12.0 MS
Maize, sweet Zea mays L. 1.7 5.9 12.0 MS
Millet Setaria italica (L.) Beauvois - MS
Rice Oryza sativa L. 3.0 7.2 12.0 S
Wheat riticum aestivum L. 6.0 13.0 7.1 MT
Wheat, semidwarf Triticum aestivum L. 6.0 8.6 3.0 T
Tropical Fruits and Trees

Banana Musa acuminata Colla - - - MS
Coconut Cocos nucifera L. - - - MT
Pineapple Ananas comosus (L.) Merrill - - -

Fruit trees

Avocado Persea americana Mill. - - - S
Citrus (Orange) Citrus sinensis (L.) Osbeck 1.3-1.7 4.8 13.1-16.0 S
Citrus (Lemon) Citrus limon (L.) Burm. f. 15 - 12.8 S
Citrus (Lime) Citrus aurantiifolia (Christm.) - - - S
Citrus (Pummelo) Citrus maxima (Burm.) - - - S
Pomegranate Punica granatum L. - - - MT
Guava Psidium guajava L. 4.7 - 9.8 MT

EC. threshold is the EC. value above which yield begins to decrease; EC. 50 is the EC. value at which crop yield
is reduced by 50%; B is the rate of reduction in yield per unit increase in ECe; S-sensitive; MS-moderately
sensitive; T-tolerant; MT- moderately tolerant.

2.10 Water management

In salt-affected areas of Bangladesh, the availability of freshwater during the dry season is
limited by the high river and groundwater salinity. Therefore, proper water and crop
management are vital to minimise the effects of salt stress on crop growth and development.
Irrigation with saline water can cause salt accumulation in the soil, which results in lower crop
yield than the non-saline condition. Therefore, some strategies are needed for crop cultivation
with saline water. Irrigation water that is high in carbonates and bi-carbonates (alkali water)
results in precipitation of Ca and Mg, and thus tends to increase soil pH and the sodium
saturation of soils (Minhas et al., 1998; Sharma and Minhas, 2005). One way to control root
zone salinity while using saline irrigation water is the conjunctive use of saline with freshwater
(Murad et al., 2018). Blending and cyclic modes of application are commonly used for the

multi-quality irrigation water to improve agricultural productivity in many parts of the world
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(Gawad et al., 2005; Oster, 1994; Qadir and Oster, 2004). Blending can be used by mixing two
or more water sources to obtain a certain level of salinity for a specific crop. The effectiveness
of this method depends on crop types, salinity level, soil type, climate, and the relative volumes
of the two water supplies (Grattan et al., 2009; Minhas et al., 2020; Sharma and Minhas, 2005).
Experiments have been conducted by Flowers et al. (2005) in Egypt and Syria with blended
(fresh and saline water at different ratios) and cyclic water (freshwater at a sensitive stage and
saline water at the tolerant stage) application for tomato cultivation; they found that tomato
yield was higher with fresh and saline water blended, but fruits were heaviest when grown with
100 % fresh water application. Shalhevet (1994) reviewed that the used of blended water (saline
drainage water: 9 dS m™ and canal water: 0.75 dS m™) in cotton cultivation and reported it
reduced the yield by 36 % compared to the yield with freshwater applied but applying fresh
water at the seedling stage with blended water for the remainder of the season resulted in only
a 20 % yield reduction. He concluded that the mixing of highly saline water with non-saline
water is a questionable practice because using blended water has a significant negative effect
on yield. Ayers and Westcot (1985) claimed that this method usually does not minimize total
salt load but can offer an alternative to the cultivation of crops. They also suggested that good
quality of water should be applied at the early stage of the growing season, and mixing blended
water may be supplied at a later stage when the crop is less sensitive to salinity. Rhoades (1992)
and (Hanson et al., 1999) suggested that the irrigation practice of cycling has many advantages
over the blending method. Numerous studies have shown that yields were higher in different
cyclic modes than the yields with blended water (Minhas et al., 1998). For the cyclic strategy,
it has been advocated that low salinity (<1.0 dS m™) water should be applied in early growth,
particularly at germination and early seedling growth (most crops are sensitive at these stages),
with more saline water being applied at later stages when plants can tolerant higher salinity
(Naresh et al., 1993; Rhoades, 1992). Mondal (1997) highlighted that application of one

irrigation with saline water followed by two irrigations with fresh canal water increased the
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crop yield significantly when compared to yield after saline water alone. The benefits of cyclic
water use is also provided by many experiments (Chauhan et al., 2007; Minhas et al., 2007). In
these experiments, it was concluded that if two water sources are available, the preferred option
is to use non-saline water during the initial and sensitive stage and the use of saline water

should be delayed to the later stages of growth when the plants are often more tolerant to salt.

2.11 Utilization of rainwater

In many salt-affected areas, agricultural production is hampered due to freshwater scarcity. For
example, in the Ganges coastal region of Bangladesh, river water salinity is < 1 dS m™ during
the monsoon (June-November), but during the dry season, salinity starts to increase from
December and reaches at the peak in April-May (> 20 dS m™) when late-sown rabi crops are
flowering or close to maturity stage. The high water salinity during the later part of the growing
season restricts water availability for plants, which may reduce the final yield of a crop.
Therefore, rainwater harvesting or freshwater storage can be an alternative option for
maintaining satisfactory water quality to irrigate crops according to water demand. Utilization
of rainwater could have potential in the management of saline water and soil used for long term
crop productivity and sustainability. In many areas, rainwater utilization efficiency is at about
20-30 %, but if this efficiency increases by only 10 %, many water shortage areas can be
alleviated (Gupta, 2002). In the south-west coastal region of Bangladesh, there are many
internal canals and creeks connected with the river. There is potential to harvest rainwater for
irrigation in this area as monsoon season rainfall is over 1,500 mm, and natural reservoirs are
suitable to store this water. Irrigation in the dry season can contribute to the removal of soluble
salts from the crop root zone by leaching, which can help for the reclamation of agricultural
land and increase the cropping area. The rainwater stored in small reservoirs or mini ponds or

natural canals could be used to profitably irrigate dry season crops in the coastal saline area,
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thereby increasing crop yield (Molla et al., 2010). A mini pond covering 3-5 % of farmland
surface area can be used to store run-off or flood water during monsoon for irrigating dry season

crops and increasing yield (Bruins et al., 1986; Velasco-Mufioz et al., 2019).

2.12 Fertilizer management

Adding optimum amounts of essential minerals to soils improves crop growth and ensures long
term fertility management of soils. In the salt-affected soils, the common problems are
excessive salinity and sodicity, poor soil structure, high soil pH and low organic matter, which
cause nutrient imbalance and reduce nutrient uptake for plants and decrease fertilizer use
efficiency (Ismail and Tuong, 2009). Alternatively, growing and incorporating green manure
crops (Dhaincha: Sesbania aculeata) into the soil has many benefits (MacRae and Mehuys,
1985; Mandal et al., 2003). It increases soil organic matter and soil permeability, and it releases
carbon dioxide and organic acids during decomposition (Hamdy, 2005). In addition, by
lowering the soil pH and liberating Ca by solubilisation of CaCO3, exchangeable Na is replaced
by Ca and Mg, which helps to reduce the ESP (Mondal, 1997). In many saline soils, the
elements K and Ca are deficient, and fertiliser supplements of these may be required (Saleque
et al., 2010). Minhas et al. (1998) suggested that using phosphorus fertilizer above the
recommended level can reduce the adverse effects of salinity, particularly if saline water is
dominated by chlorides compared to sulphates. Abrol et al. (1988) remarked that the
application of high P-fertilizer in saline soil alleviates salt injury symptoms on crops and
increases yields. Many studies have recommended the use of gypsum (CaS0O4.2H20) into the
soil, which could eliminate the adverse effects of saline water and ameliorate the sodic-saline
soils. Gypsum is usually low in cost, available, easy to apply and appropriate for agronomic
purposes (Ayers and Westcot, 1985; Qadir et al., 2006). The application of gypsum to sodic-

saline soils helps to increase the electrolyte concentration of soil solution and exchangeable
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Ca?" on the cation exchange, which helps to remove Na* from the root zone, thereby increasing
soil infiltration and hydraulic conductivity and reducing soil swelling and dispersion (Oster,

1982; Qadir et al., 2001; Shainberg et al., 1989).

2.13 Conclusions

The major constraints for agricultural development in the coastal areas are high soil and water
salinity, as the coastal zone is the interface between freshwater and saline water environments.
In addition, the coastal zone experiences waterlogging and water stress from drought, scarcity
of freshwater for irrigation, poorly structured soil, shallow groundwater, climatic and natural
disasters. Successful crop production during the rabi (dry) season will need to minimise the
impacts of residual waterlogging from the preceding kharif season, overcome the tendency of
these soils to waterlog during the rabi season, and enhance tolerance or avoidance of high
salinity which occurs from February onwards. The above review of literature has identified
several promising approaches such as surface drainage, crop establishment by dibbling, straw
mulch application, practicing deep tillage, and using salt-tolerant cultivars. Soil covered by
straw mulch has performed well in maintaining soil water availability, salinity reduction, and
improved crop yield, but for dry season crop establishment in wet soil, its role remains unclear.
Similarly, the performance of mechanized tillage (a range of soil disturbance) in wet, clay-
textured soil needs to be investigated. Finally, it is not clear whether the early establishment of
sunflowers in the coastal zone of the Ganges delta will achieve the highest yield potential.
Overall, there are still limited information on the environmental constraints of waterlogging,
salinity and/or drought-related to crop production in the Ganges coastal zone. Therefore, it is
imperative to initiate a research program for developing new technologies and management

practices for dry (rabi) season cropping in this unfavourable area.
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3.1 Abstract

Intensification of crop production in the coastal zones of the mega-deltas of Asia by dry season
cropping requires timely crop establishment to mitigate the adverse effects of waterlogging,
drought, salinity and poor soil structure. In the salt-affected coastal zone of the Ganges Delta,
the best method of mechanized cultivation for the timely establishment of non-rice dry season
crops on poorly structured, wet clay soils is unknown. Two field experiments were conducted
to evaluate the effects of tillage systems with different levels of soil disturbance on the
establishment, growth and yield of sunflower, and on soil physical and chemical properties. In
2016-17, five tillage treatments were tested: zero tillage (ZT), narrow strip tillage (NST), bed
planting (BP), single pass shallow tillage (SPST) and double pass shallow tillage (DP); in 2017-
18, four tillage types were tested: NST, wide strip tillage (WST), BP and SPST. Intensive soil
disturbance (BP, DP and SPST) maintained higher soil water content in the surface soil (0-15
cm depth) than less disturbance (ZT, NST and WST) in both years. Tillage treatments had no

effect on soil salinity (ECy:s) in 2016-17, but in 2017-18 BP significantly reduced the soil
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salinity relative to NST throughout the season. Highest yields (19% and 10% improvements in
2016-17 and 2017-18 respectively) were associated with tillage treatments with greatest soil
disturbance, the BP and DP treatments in 2016-17, and the SPST treatment in 2017-18. These
effects were mostly due to increases in soil water content and solute potential in surface soil
layers. We conclude that for a wet-clay soil, heavy soil disturbance, such as with BP has the
potential to increase the yield of sunflower by increasing soil water supply, decreasing soil

salinity and maintaining a higher solute potential in the upper soil layers.

Keywords: Bulk density, relative water content, soil salinity, soil water content, stomatal

conductance.

3.2 Introduction

The south-west Ganges Coastal Zone in Bangladesh is characterized by low-lying land which
is influenced by tidal effects since the elevation is around 2-3 metres above mean sea level. In
this environment, most farmers grow only late-planted wet season (‘aman’) rice using tall
seedlings of long duration and photoperiod sensitive varieties (Mondal et al., 2015a). The late-
planted varieties usually mature in December or January but have low yield. Therefore, the
establishment of dry season crops (rabi crops) is delayed because the soil is too wet to cultivate
until January, and with this delay in establishment, the rabi crops are forced to ripen during a
period of acute water deficiency in May and rising soil salinity (Mondal et al., 2015b).

Conventional tillage, especially puddling soil for transplanted rice in the wet season creates
adverse physical conditions for dry season crop establishment (Kirby and Ringrose-Voase,
2000). The common practice of sowing rabi crops is through cultivation by 3-4 tillage passes by
rotary tillage that is possible only when the surface soil has drained but often occurs in wet soil
with water content at or above field capacity. However, if growers wait for drying of the soil
surface, valuable soil moisture can be lost, and the soil becomes harder which results in the poor

germination and emergence of seeds. Moreover, the late established rabi crops are often damaged
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or completely fail due to exposure to drought and soil salinity at the end of the growing season,
and the risk of inundation or lodging from early monsoon rains prior to the harvest (Mondal et
al., 2015b). A possible solution to these constraints is the early sowing of rabi crops in November
and December after drainage of excess water, so that crop’s avoid soil salinity constraints and
pre-monsoon rains.

Reduced tillage technologies could be applied to enable early establishment of rabi crops into
the moist soil as soon as possible after rice harvest, and the use of mulch would help to conserve
soil moisture and reduce surface salinization due to the capillary rise of soil pore water
(Bezborodov et al., 2010; Pang et al., 2010). However, suitable methods are needed to assist
early crop establishment, together with appropriate agronomic management in combination
with reduced tillage and mulching (Paul et al., 2016). The advantages and disadvantages of
minimum tillage, reduced tillage and conventional tillage have been documented in many
studies in different environment and soil conditions (Triplett and Dick, 2008). In the Ganges
Delta, conventional tillage (2-5 passes) is the most common practice for the establishment of
non-rice crops (Bell et al., 2018; Johansen et al., 2008). This practice substantially disturbs soil
structure which can be harmful to root penetration (Johansen et al., 2012; Rahmianna et al.,
2000). On the other hand, minimum tillage might help to conserve water in the soil profile,
optimize seed and fertilizer placement while decreasing fuel and labour requirement and
advancing the sowing time for rabi crops (Haque et al., 2017; Hobbs et al., 2007). However,
the negative effects of minimum tillage on soil properties and crops yields have been
highlighted by some studies. Minimum tillage in some studies decreased soil profile water
(Kovac et al., 2011), crop yields (Alvarez and Steinbach, 2009), and increased soil bulk density
(Klute, 1982), soil salinity and evaporation (Gholami et al., 2014). By contrast, bed planting
can store soil moisture, alleviate waterlogging and decrease exposure to salt caused by capillary

rise (Devkota et al., 2015).
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In the coastal area of the Ganges delta, early establishment of high-value crops such as
sunflower can be achieved by dibbling into the moist soil (Mondal et al., 2015b). However,
minimum (zero and strip tillage) and reduced tillage (bed planting and single pass rather than
3-4 passes) have not been tested in this salt-affected coastal zone. The present study was
therefore undertaken to evaluate the effects of decreasing levels of soil surface disturbance on
a saline-clay soil for sunflower establishment, and subsequent growth and development. The
objectives of our study were to determine the effects of different tillage treatments on: (i) plant
establishment, (ii) soil water availability, bulk density, salinity and solute potential, and (iii)

grain yield of sunflower.

3.3 Materials and methods

3.3.1 Location and experimental setup

Replicated field experiments were established in 2016-17 and 2017-18 with different tillage
systems in a farmer's field at Pankhali, Dacope Khulna Bangladesh (22° 37" 55" N and 89° 30°
10" E at an elevation of 2-3 m above mean sea level). The climate is sub-tropical monsoonal
with high summer temperatures (March-June), dry and cool winters (November-February), and
a rainy monsoon period (June to October) with an average annual rainfall of 1800 mm (Mondal
et al., 2015b) . The experimental site belongs to the Ganges Tidal Floodplain agro-ecological
zone (known as AEZ 13) (BARC, 2012). The soil texture ranged from a silty clay at 0-30 cm

depth to clay at 30-60 cm (Supplementary Materials, Table 3S1).

3.3.2 Experimental details and crop management

A medium maturity high-yielding aman rice variety was grown in the wet season and harvested
in the last week of November. The land was cleaned by removing the rice straw at ground level

to allow excess water to evaporate from the soil surface. Sunflower was established at the start
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of the dry season using a variety of tillage systems. In 2016-17, the tillage treatments were: ZT
(zero tillage), NST (narrow strip tillage), BP (bed planting), SPST (single pass shallow tillage)
and DP (double pass shallow tillage). In 2017-18, tillage treatments were: NST, WST (wide
strip tillage), BP and SPST. In both years, all tillage systems were tested using the Versatile
Multi-crop Planter (VMP) powered with a two-wheel tractor (Haque et al., 2017) in the same
field. The field was sown to rice under flooded puddled soil conditions between the two rabi
cropping seasons. The treatments were re-randomised in each season. The details of tillage
treatments and field performance are described in Table 3.1 and photographic evidence of the
effects of the different tillage operations are given in the Supplementary Material (Fig. 3S1).

Table 3.1. Tillage types and associated soil physical constraints for sunflower establishment

Tillage types Tillage techniques Disturbance Observations #
width and depth
Zero tillage (ZT) A single tine furrow  Width: 2-4 cm Wheel slip, high draft requirement,
opener only Depth: 2-3 cm compaction and smearing on bottom

and side walls of the furrow

Narrow strip tillage Four rotary blades Width: 4-5cm Some wheel slip, compaction and
(NST) with furrow opener Depth: 3-5 cm smearing on bottom and side walls of
the strip

Wide strip tillage (WST) Four rotary blades Width: 8-10cm  Some smearing and compaction of the
(Modified tine width)  Depth: 6-8 cm bottom and side walls of the strip
with furrow opener

Bed planting (BP) One pass full rotary Width: 35-40cm  Large clods and poor seed-soil contact
tillage (Fixed 32 Depth:12-15¢cm
tines) arranged to
form shallow raised

bed

Single pass shallow One pass full rotary Depth:9-12cm  Large  clods, machine traffic

tillage (SPST) tillage (Fixed 28 compaction and poor seed-soil contact
tines)

Double pass tillage (DP) Two pass full rotary Depth: 12-15cm Large  clods, machine traffic
tillage (Fixed 28 compaction and poor seed-soil contact
tines)

A: See also photographs of the soil conditions Fig. 3S1.

Each experiment was set-up in a randomized complete block design with four replications in
plots 7 m long and 3.5 m wide. Sunflower seeds (cv. Hysun-33, hybrid) were sown on 18
December 2016 and 9 January in 2018 with a plant to plant spacing of 40 cm and a row to row
spacing of 60 cm. Before sowing, soil samples were collected at 15 cm increments to a depth

of 60 cm to measure soil physical and chemical properties following standard procedures. The
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collected soils were air-dried and crushed to pass a 2-mm sieve. Analysis of soil
physicochemical properties (see Supplementary Material Table 3S3) showed that the soil was
slightly alkaline, highly sodic and deficient in some mineral nutrients. These deficiencies were
overcome by fertiliser application. Fertilizer (urea-triple super phosphate-muriate of potash-
gypsum-zinc sulphate-boric acid) was applied at 200-200-170-170-10-12 kg ha* based on the
recommendation of the Bangladesh Agricultural Research Institute (Mondal et al., 2011).
Fertilizers including 25% of urea were applied at sowing; the rest of the urea was topdressed
in three splits at 22, 36 and 51 days after sowing (DAS) in 2016-17 and 28, 50 and 60 DAS in
2017-18. Glyphosate (2.5 L ha) was applied seven days before sowing to control weeds.
Preventive spraying with the insecticide Nitro (Cypermethrin Chlorpyriphos) occurred three
times to control pests. Light irrigation water was applied by hose pipe from a nearby canal at
22, 36, 51 and 65 DAS in 2016-17 and at 16, 28, 50 and 60 DAS in 2017-18. Irrigation water
was measured volumetrically, and the amounts applied in 2016-17 and 2017-18 were 70 mm
and 80 mm respectively, split across four times of application. Dates of sunflower emergence,
flower bud initiation, first flowering, 80% flowering and physiological maturity were recorded
for both seasons. During harvest, yield and yield related parameters such as average plant
height, head diameter, number of seeds per head, and thousand seed weight were calculated
from 10 randomly selected plants in each plot. Seeds were threshed manually from heads and
air-dried for 1-2 days to calculate the final yield (t hat) at an adjusted moisture content of 9%
(Wiw).

3.3.3 Soil water content and bulk density measurement

Soil water content was measured gravimetrically at 0-7, 7-15,15-30, 30-45 and 45-60 cm
depths at 15-30 days intervals between sowing and harvest for all tillage treatments. Before
sowing, undisturbed soil at these depths was collected to measure soil water content at field

capacity and wilting point by using pressure plate apparatus (Eijkelkamp pF set). Soil bulk
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density was measured at 0-7, 7-15,15-30, 30-45 and 45-60 cm depths before sowing and after
the harvesting of the crops. Intact soil cores (5 cm height and 4.8 to 5 cm in diameter) were
extracted from the soil. The initial weight of the samples was measured, and then soils were
dried in an oven at 105° C for about 48 hours. After removing from the oven, soils were

weighed again, and bulk density was calculated (Cresswell and Hamilton, 2002).

3.3.4 Soil electrical conductivity (ECi:s) and the calculation of soil solute

potential

The ECy:5 of soil was measured for soil from 0-7, 7-15, 15-30, 30-45 and 45-60 cm depth at
different stages of plant growth. Measurements were made in EC1:5 (dS m™) extracts (a 1:5
soil: water suspension) using a portable EC meter. The solute potential of the soil solutions was
calculated by the following equation:

Ws = -22580 x EC1:5/W

where, s is the solute potential (kPa), EC1:s is the electrical conductivity (dS m™) of the 1:5
soil: water extract and W is the soil water content (% w/w). This formula is based on that of
Rengasamy (2010), with the additional considerations that the mix of salts in the soils of
Ganges-Bramaputra Delta is ~2/3 NaCl and ~1/3 MgSOs (Bandyopadhyay et al., 2003), and
that the slopes of the lines between EC and solute potential for these two salts were as reported

by Wolf et al., (1986).

3.3.5 Measurement of leaf relative water content

Relative water content (RWC) of the leaves was measured at different stages of the growing
season in 2017-18 (4 March, 14 March and 24 March). In each replication, the 3-4 top-most
fully expanded leaves were sampled and placed into a plastic pre-weighed sealed jar. The fresh

weight (FW) of the leaf was measured immediately, and the sample was then placed in a cool
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box before 20 mL of water was added to the jar. The samples were placed in a refrigerator to
chill overnight before the samples were taken from the jar and the external moisture was
removed with a paper towel before measuring the turgid leaf weight (TW). After that, the
samples were oven dried at 70°C for 24 hours before dry weight (DW) of the samples were
measured. The RWC (%) was then calculated using the following equation (Pask et al., 2012).

RWC (%) = [(FW-DW)/(TW-DW)] x 100

3.3.6 Stomatal conductance

Stomatal conductance of sunflower leaves was measured with a leaf porometer (SC-1 Leaf
Porometer, Decagon Devices) in 2017-18. Weekly measurements were made from maximum
vegetative to flowering stage. In each replication, three readings were taken from three fully
expanded leaves. The readings were made between noon and 2 pm to avoid morning dew and
reduced light in the later afternoon. Measurements were also taken before irrigation and after

irrigation to monitor the effect of water stress on plant transpiration.

3.3.7 Statistical analysis

The effects of tillage on grain yield and yield components (Table 3.2) were determined using
an one-way analysis of variance (ANOVA) (STAR Version 2.0.1). The significance of effects
of tillage on soil water content, EC1:5 and solute potential (Figs. 3.1, 3.2 and 3.3) were
determined using three-way factorial ANOVA model that also took account of the effects of
tillage treatments, soil depth and date after sowing (time) as repeated measures (STAR). The
differences between means were tested using the least significance difference (LSD) at the 95%

confidence level. Microsoft Office 365 was used to prepare the graphs.
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3.4 Results

3.4.1 Weather

In 2016-17, total rainfall throughout the cropping season (December to April) was 173 mm,
but two-thirds of this fell in March during the flowering stage. However, in the 2017-18 season,
51 mm of rain in December delayed the sowing, while no rain fell in the following months
except 64 mm of rain in the second week of April (Supplementary Materials; Fig. 3S2).
Monthly mean pan evaporation in each season was similar from November to April but slightly
lower in the early growing season (December to February) than the later part of the growing
season (March-April). Daily maximum temperature was similar in both seasons apart from
higher values in March and April in 2017-18. The winter spell (December-February) in 2017-

18 was warmer than in 2016-17 (Supplementary Materials; Fig. 3S3).

3.4.2 Emergence and growth observations

In 2016-17, most emergence occurred in the ZT and NST treatments after 5-7 days, whereas it
was delayed 6-8 days for SPST and DP, and 7-10 days for the BP (Supplemental Materials;
Table S2). In 2017-18, emergence was delayed relative to 2016-17 by 3-7 days in NST, WST
and SPST and 2-9 days in BP. The reason for the delayed emergence in the BP, SPST, and DP
treatments was poor seed-soil contact, because intensive tillage in the wet soil produced large
clods. In addition, emergence was later in 2017-18 because the soil water content was slightly
lower than in 2016-17 which increased surface dryness and soil shrinkage.

At 25 days after emergence, there were more plants per square metre in the NST and fewer in
the BP treatment in both years. Flower bud initiation was earlier in 2017-18 (59-61 DAS) than
in 2016-17 (60-63 DAS). The first flowering in both seasons started at 72-74 days while 80%
flowering was completed 3-5 days earlier in 2017-18 than in 2016-17. The physiological

maturity took 2-3 days longer (112 days) in the ZT and NST than the BP and DP treatments
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(109 days) in 2016-17, whereas physiological maturity was longer in the BP (107 days) than

the NST treatments (105 days) in 2017-18 (Supplementary Materials; Table 3S2).

3.4.3 Yield and yield attributes under different tillage types

Analysis of variance showed significant effects of tillage treatment on seed yield in both years
(Table 3.2). In 2016-17, seed yield was highest with the greatest soil disturbance (BP, SPST
and DP), it was lower with the NST treatment (8% less than BP) and lowest with the ZT
treatment (19% less than BP). The number of seeds per head was highest with the BP and DP
treatment and was lowest (14% lower than BP) with the ZT treatment. Plant height in the BP
and SPST treatments was significantly higher than with ZT and NST treatments but not
different to DP. However, tillage treatments did not affect thousand seed weight. Head diameter
was highest with the BP, DP and SPST treatments and was lowest (8% lower) with the ZT
treatment. The higher grain yields were correlated with increased number of seeds per head (r?
= 0.49; P < 0.001) and with increased plant height (r? = 0.46; P < 0.001). Differences in plant
yields were not correlated with differences in head diameter (where tillage had significant
effects, but overall, these were uncorrelated with yield) or thousand grain weight (where there
were no significant effects on yield).

In 2017-18, the highest grain yield was also with the greatest soil disturbance( SPST and BP)
and lowest with the NST and WST treatments. Bed planting produced significantly more
seeds per head than NST and WST, whereas there was no difference between the BP and SPST
treatmetns. Thousand seed weight with BP was significantly higher than with the NST and
WST treatments. The higher grain yields were correlated with increased numbers of seeds per
head (r? = 0.86; P < 0.001) and increased thousand seed weight (r> = 0.81; P < 0.001) but not

with plant height or head diameter.
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Table 3.2. Yield and growth attributes of sunflower under different tillage treatments in

Pankhali, Dacope, Bangladesh in 2016-17 and 2017-18.

Number of Head
Seed yield Plant height 1000 seed
Treatments seeds per diameter
(tha?) (cm) weight (g)
head (cm)

Year 2016-17

ZT 2.9 1229 119 84.5 22

NST 3.3 1257 119 85.2 23

BP 3.6 1422 128 90.5 24

SPST 3.5 1349 129 85.3 24

DP 3.6 1373 125 85.5 24
P-value 0.001 0.04 0.04 0.22 0.01
LSD at P <0.05 0.32 132 7.6 NS 0.8

Year 2017-18

NST 2.8 1160 135 82 17.8
WST 2.7 1140 133 81 16.8

BP 2.9 1233 138 83 18.8

SPST 3.1 1201 141 83 18.2
P-value 0.02 0.007 0.23 0.01 0.08
LSD at P <0.05 0.21 66.8 NS 1.31 NS

NS indicates not significant. LSD indicates least significant difference. Abbreviations: ZT-zero tillage, NST-
narrow strip tillage, WST-Wide strip tillage, BP-bed planting, SPST-single pass shallow tillage, DP-double pass
shallow tillage.

3.4.4 Changes in soil water content at different soil depths and over time

In both growing seasons, soil water content (SWC) was significantly affected by tillage
treatments (P < 0.001), soil depth (P < 0.001), date after sowing (Time) (P < 0.001), and there
were significant interaction between treatments and Time (P < 0.001), treatments and soil depth
(P < 0.01), and Time and soil depth (P < 0.001) (for ANOVA see Supplementary Materials
Table 3S4; and for effects see Fig. 3.1). In 2016-17, after crop establishment on 18 December,
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SWC decreased gradually at all depths until 17 March when it increased after heavy rainfall in
the second week of March (Fig. 3.1A). The least SWC was at bud formation stage (17 Feb)
where SWC decreased by 10.8% (w/w), 9%, 7.2%, 9% and 8.3% under ZT, NST, BP, SPST
and DP treatments compared to the sowing time (Fig. 3.1A). During the season, tillage altered
SWC mostly in the topsoil (0-15 cm) and the effect of tillage on SWC decreased with increasing
soil depth (Fig. 3.1B). Most of the time during the growing season, SWC was higher at 0-7 cm
than at 7-15 cm depth, and it was most responsive at 0-7 cm to the five tillage treatments. By
contrast, at 45-60 cm depth, there was a higher SWC compared to other depths and the level
changed only slightly between sowing and harvest (Fig. 3.1C).

In 2017-18 during crop establishment, the SWC was about 9-15% lower at all depth intervals
between 0 and 60 cm depth than in 2016-17 (Fig. 3.1D-F). Compared to the sowing time, there
was a substantial decrease in SWC at flowering (25 March) where SWC were lower by 11.9%
(W/w), 9.2%, 8.8% and 9.6% under NST, WST, BP and SPST tillage treatments respectively
(Fig. 3.1D). Throughout the growing season, SWC was consistently higher with BP than with
NST and WST treatment (Fig. 3.1D). The effect of tillage treatments was more pronounced at
0-7 and 7-15 cm and less noticeable at greater depths (Fig. 3.1E). During the season, SWC was
significantly lower at 0-15 cm than at 45-60 cm, and SWC at 0-7 cm depth was most altered

by tillage treatments.
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Fig. 3.1. Effects on soil water content in 2016-17 (A, B and C) and in 2017-18 (D, E and F). A
and D show effects of tillage treatments and Time, B and E show effects of tillage treatments
and soil depth, and C and F show effects of Time and soil depth. Abbreviations: ZT = Zero
tillage, NST = Narrow strip tillage, WST = Wide strip tillage, BP = Bed planting, SPST =
Single pass shallow tillage and DP = Double pass tillage. Bars represent standard error. LSD
is the least significant difference of treatment and Time (A and D), treatment and depth (B and
E), and Time and depth (C and F).
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3.4.5 Changes in ECy:5 at different soil depths during the growing season

In both seasons, EC1:5 values were significantly affected by soil depth (P < 0.001) and Time (P
< 0.001), but not tillage treatments (P > 0.05) in 2016-17 (for ANOVA see Supplementary
Materials Table 3S4; and for effects see Fig. 3.2). There was no interaction between treatments
and soil depth, and treatments and time on ECu:s in both years. With the progress of the dry
season in 2016-17, the ECy:5 values increased until 17 March when they decreased sharply after
heavy rainfall (Fig. 3.2A). ECus values at 0-7 cm and 45-60 cm were significantly higher than
15-30 cm, and the greatest ECy:5 variation was at 0-7 cm (Fig. 3.2C). Similar trends were
observed in the 2017-18 season, although EC:s values were generally lower (Fig. 3.2D, E and
F). Over the entire season, there were larger changes in ECy1:5 at 0-7 cm than lower depths up
to 60 cm. By the end of the growing season, EC1s (0.77 dS m™) at 0-7 cm was 37% higher

compared to EC1:5(0.48 dS m™) at the sowing time (Fig. 3.2F).
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Fig. 3.2. Effects on ECy:5 values in 2016-17 (A, B and C) and in 2017-18 (D, E and F). A and

D show effects of tillage treatments and Time, B and E show effects of tillage treatments and

soil depth, and C and F show effects of Time and soil depth. Abbreviations: ZT = Zero tillage,

NST = Narrow strip tillage, WST = Wide strip tillage, BP = Bed planting, SPST = Single pass

shallow tillage and DP = Double pass tillage. Bars represent standard error. LSD is the least

significant difference of Time and soil depth (C and F).
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3.4.6 Changes in solute potential (SP)at different soil depths during the

growing season

In both growing seasons, solute potential (SP) were significantly affected by tillage treatments
(P <0.001), soil depth (P <0.001), and Time (P < 0.001), and there were significant interaction
between treatments and Time (P < 0.001), treatments and soil depth (P < 0.01), and Time and
soil depth (P < 0.001) (for ANOVA see Supplementary Materials Table 3S4; and for effects
see Fig. 3.3). In both years, the SP of the soil solution decreased (i.e., became more negative)
with the progress of the dry season due to the combined effects of increasing soil salinity and
declining soil moisture (Fig. 3.3A and 3.3D). This was avoided to some degree on 17 March
in the 2016-17 cropping season and 24 April in the 2017-18 cropping season because of the
hydrating effects of rainfall. In 2016-17, tillage treatments affected the SP at 0-15 cm but not
at deeper depths (Fig. 3.3B), while in 2017-18, there was an effect at all depths to 60 cm (Fig.
3.3E). In all cases where there were significant effects of tillage on SP, BP had the highest
(least negative) potentials and ZT (2016-17 growing season) or NST (2017-18 growing season)
had the lowest (most negative) potentials. Over the period, the differences in the SP due to
tillage were greatest at 0-7 cm depth on 17 February for the 2016-17 growing season and on

25 March for the 2017-18 growing season (Fig. 3.3C and 3.3F).
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Fig. 3.3. Effects of solute potential in 2016-17 (A, B and C) and in 2017-18 (D, E and F). A
and D show effects tillage treatments and Time, B and E show effects of tillage treatments and
soil depth, and C and F show effects of Time and soil depth. Abbreviations: ZT = Zero tillage,
NST = Narrow strip tillage, WST = Wide strip tillage, BP = Bed planting, SPST = Single pass
shallow tillage and DP = Double pass tillage. Bars represent standard error. LSD is the least
significant difference of treatment and Time (A and D), treatment and soil depth (B and E),

and Time and soil depth (C and F).
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3.4.7 Changes in bulk density at different soil depth

Before sowing in 2016-17, the soil bulk density (BD) was lowest (1.4 Mg m) at 0-7 cm and
45-60 cm depths compared to 1.6-1.7 Mg m= at 15-30 cm and 30-45 cm (Fig. 3.4a). Bulk
density after harvest was strongly influenced by tillage (Fig. 3.4b). With the BP treatment, the
BD was significantly lower than the ZT and NST at depths up to 60 cm. However, there was
no difference in BD between the ZT and NST or SPST and DP at 0-7 cm and 7-15 cm depths.
Before sowing in 2017-18, the BD at 0-7 cm was ~ 1.4 Mg m™ increasing to 1.6 Mg m™ at
greater depth (Fig. 3.4c). After harvest, the BD had increased at 0-7 cm depth, but there was
little change at the greater depths (Fig. 3.4d). The bulk density in the BP was significantly
lower than that of the NST and WST, but there was no difference between NST and WST, and
BP and SPST. The BD density at 0-7 cm significantly lower than bottom depth up to 60 cm.
Grain yields were correlated with bulk density in 2016-17 (P < 0.02) but were not correlated

in 2017-18.
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LSD is the least significant difference of treatment by depth.

3.4.8 Effect of tillage treatments on plant water relations

Plant water relations data are only available for the second growing season. The relative water
content (RWC) and stomatal conductance (SC) were higher on 4 March than on 14 March and
24 March (Supplementary Materials; Fig. S4). There was no difference of RWC in four tillage
treatments on 4 March. The RWC in BP was significantly higher than NST and WST on 24
March but no different to SPST. At 44 DAS, stomatal conductance (SC) in WST and SPST

were significantly greater (P < 0.05) than NST but not different to BP (Supplementary
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Materials; Fig. 3S5). The SC was increased in all tillage treatments at 50 DAS after applied
irrigation. The SC was higher by about 9-6% and 12-9% in BP and SPST over NST and WST,
respectively, at 50 DAS. At 61 DAS, SC did not differ among NST, WST and BP but the

value was considerably higher in SPST.

3.4.9 Plant response to solute potential (SP) of soil solutions

In general, sunflower yield decreased with decreasing SP (increasingly negative) (Fig. 3.5 for
the 2016-17 season and Fig. 3.6 for the 2017-18 season). In 2016-17, the SP at 0-7, 7-15 and
15-30 cm were corelated with yield on eight date x depth combinations with r? values between
0.38 and 0.68, and P values <0.01 and <0.001 (Fig. 3.5). There was no correlation between
yield and SP at 30-45 cm or 45-60 cm depth.

In a similar manner in 2017-18, the SP at 0-7, 7-15 and 15-30 cm depth were correlated with
sunflower yield on eight date x depth combinations with r? values between 0.22 and 0.57, and
P values < 0.05, < 0.01 and < 0.001 (Fig. 3.6). In each growing season, the strongest
relationship between SP and grain yield (highest r> and lowest P-values) was in the mid-season
(17 February in the 2016-17; 7 Feb in the 2017-18) at either 7-15 cm or 0-7 cm, respectively
(Fig. 3.5 and 6). Moreover, in both years, SP had a better fit with yield at 0-7 cm depth than

ECy:5 (Fig. 3.7).
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Fig. 3.5. Relationship between sunflower yield and solute potential of soil solutions at different

growth stages of sunflower and at different depths of soil in the 2016-17 growing season.

Abbreviations: ZT-zero tillage, NST-narrow strip tillage, BP-bed planting, SPST-single pass

shallow tillage, DP-Double pass tillage.
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Fig. 3.6. Relationship between sunflower yield and solute potential of soil solutions at different

growth stages of sunflower at different depth of soil in the 2017-18 growing season.

Abbrebations: Legend: NST-narrow strip tillage, WST-Wide strip tillage, BP-bed planting,

SPST-single pass shallow tillage.
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Fig. 3.7. Sunflower yield as a function of: (a) soil EC1:5 and (b) solute potential in 2016-17 and

(c) soil ECy:5 and (d) solute potential of the soil solution in 2017-18 at 0-7 cm depth.

3.5 Discussion

Numerous studies worldwide have pointed to the value to crop production and soil management
of zero or minimum tillage. However, the present work presents a contrary case. In our studies,
in a heavy textured moderately saline soil, in both years, it was the tillage methods which
substantially disturbed the soil (BP, SPST and DP) that increased crop yield; this was attributed
to increased soil water content (SWC), decreased soil salinity, and therefore higher solute
potential in surface soil layers. These conclusions were contrary to the expectations that we
had at the outset of the work. The responses to tillage systems were related to changes in bulk
density, increased penetration of root systems and improved plant water status. The following

text focuses on the impacts of tillage on crop establishment, growth and yield. We then discuss
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in more detail the effects of tillage on soil water content, soil salinity and solute potential, and

soil bulk density.

3.5.1 Crop emergence, growth and yield

Across all tillage treatments, there were no relationships between crop emergence and later
growth and grain yield. In fact, the tillage systems that showed the least crop emergence were
not those that had the highest subsequent growth and grain yield. The fastest emergence with
more plants per square metre occurred with the tillage treatments that caused least soil
disturbance (i.e. ZT, NST and WST), but subsequent crop growth and development was less
vigorous than with plants established with greater soil disturbance. In 2016-17, the BP and DP
treatments had more seeds per head which led to greater yield (3.6 t ha™) than the ZT (2.9 t ha”
1y and NST (3.3 t hal) treatments. In 2018, the SPST had a 10% higher yield than NST and
WST, but there was no difference among NST, WST and BP treatments. Similar yields of
sunflower (3.5 t ha') were found in the coastal zone of Bangladesh, where tillage was
performed by rotary tractor (3-4 passes) (Mondal et al., 2015b) and by dibbling in low salinity
soils (Bhattacharya et al., 2019). The plausible reasons for the better yield in the BP, DP, and
SPST (intensive soil disturbance) were greater soil water content and lower soil salinity which
together resulted in higher (less negative) solute potential in soil water. Across all tillage
treatments, we found significant linear relationships between sunflower grain yield and SP for
eight combinations of time and depth in the soil profile (Figs. 3.5 and 3.6). In each year, the
most compelling of these relationships (P < 0.001) were at 0-7 cm and 7-15 cm. In this study,
sunflower growth was most closely related to the SP in the surface layers (Fig. 3.7) suggesting
that the plant availability of this pore water was more important to critical stages of sunflower

growth than water deeper in the profile.
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3.5.2 Soil water content

Sunflower yield is generally more sensitive to water stress at flowering than seedling and bud
initiation stages (Unger, 1983). However, the effects of water stress in the present experiments
may have not been most severe at flowering. In both years, from 30 DAS onwards, soil water
content with the ZT and ST (strip tillage) treatments was lower than with the BP, SPST, and
DP treatments. The lowest gravimetric SWC was at bud formation and flowering stage in the
first and second year; this was 20% (w/w) and 25% in ZT and BP in the first year and 19% and
22% in NST and BP in the second year (Fig. 3.1). The gravimetric soil water content at field
capacity and wilting point in the heavy clays soil were 35-37% (w/w) and 25-28%,
respectively. Therefore, in the minimum tillage treatments, SWC dropped below the wilting
point at 0-7 cm, whereas for the more disruptive tillage SWC was close to or above the wilting
point. Water stress with minimum tillage mainly appeared at the bud initiation stage but there
was higher soil water content at flowering and maturity stages due to rainfall. At the time when
SWC was close to or below the wilting point in the surface soil layers, there were higher SWCs
at depths up to 60 cm (Fig. 3.1) which suggests that sunflower could have extracted water from
15-60 cm depth to avoid severe water stress. Cox and Jolliff (1986) reported that under dry-
land conditions sunflower can extract water from depths to 1.8 m during the reproductive stage.
Other studies such as Xue et al. (2018) have also reported that intensive tillage (deep ploughing)
increased SWC at 0-50 cm depth compared to no-tillage on the Loess Plateau for dry land
winter wheat. Kovac et al. (2011) showed that SWC under conventional tillage (mouldboard
ploughing to 30 cm depth) was significantly higher than with no-tillage under maize-spring-
barely and maize-peas crop rotations. Studies in Scandinavian countries and the Argentine
Pampas have shown that minimum tillage treatments like ZT and ST in wet-clay saline soils
increase soil densification (Rasmussen, 1999), decrease soil structural stability (Alvarez and

Steinbach, 2009), and promote the formation of large vertical voids deep cracks (Strudley et
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al., 2008) which accelerate water loss from the soil by evaporation. In addition, surface dryness,
plus compaction and smearing on the wall of furrow and strips in zero and strip tillage may

inhibit root elongation and growth of sunflower plants

3.5.3 Soil salinity and soil solute potential

In the present study, EC1:5 was affected by tillage, soil depth and rainfall. In the first season,
the EC1:5 was slightly higher with the ZT and NST treatments than with the BP during the
period from emergence to bud initiation. Later, the EC1:5 decreased at the flowering and grain
filling stages because of rainfall in 2017 (Fig. 3.2A). By contrast, in the second growing season,
in the absence of rain, the EC1:5 increased from emergence to flowering (Fig. 3.2D) and the
NST had a significantly higher salinity than the BP treatment. A range of studies have focused
on the effects of tillage on soil salinity. In the arid region, Gholami et al. (2014) found higher
EC. in no-tillage than conventional tillage. In addition, raised beds have been regarded an
effective option for reducing waterlogging and soil salinity in landscapes with shallow saline
groundwater (Bakker et al., 2010; Slavich, 2006). Devkota et al. (2015) reported that soil
salinity was significantly lower in the permanent bed planting compared to conventional tillage.
The higher level of soil salinity with the ZT and NST treatments could be related to the reduced
soil disturbance after puddled soil in wet season rice which leads to greater soil drying and
cracking thereby increasing evaporation and salt accumulation at the surface. In addition, the
lower soil salinity in the upper soil layers with the BP treatment may be associated with the
increased production of coarse soil clods with capillary breaks that slow down evaporation and

decrease the upward movement of salt to the surface (So and Ringrose-Voase, 2000).

Water uptake by plants is governed by the total water potential of the root zone soil which is
determined by both the soil matric potential and the solute potential (SP) of the soil solutions
(Campbell, 1988; Rengasamy, 2006). The SP is proportional to the salt concertation in the soil

and inversely related to the soil water content (Chi, 2014; Rengasamy, 2006). Osmotic stress,
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with its adverse effects on growth, can therefore increase with cultural practices which either
elevate salt concentrations or decrease soil water content (Benlloch-Gonzélez et al., 2005; Chen
and Jiang, 2010) or both. In our study, the combination of greater SWC, lower soil salinity and
higher SP with BP and SPST treatments maintained the higher RWC and SC at vegetative and

flowering stages than with NST treatments.

In the present work, the SP varied with soil depth, tillage and rainfall. The main effects of
tillage occurred at 0-7 and 7-15 cm in both seasons. In the first year, the SP became more
negative with the ZT (-1264 kPa) and NST (-1137 kPa) treatments and was close to permanent
wilting point (-1500 kPa) at 0-7 cm at the bud formation stage; however, there were increases
in SP with rainfall at flowering in mid-March (Fig. 3.3A). By contrast, in the second rabi season
(a season without rain up to flowering) the lowest SP was with the NST and WST treatments
(-1007 kPa and -941 kPa) and occurred at flowering; these were less limiting to plant water
uptake than in 2017. In both seasons, the SP with the BP treatment was significantly higher
than with the ZT and NST treatments. The lower SP with the ZT and ST treatments appeared
to be due to the increased soil salinity and decreased SWC caused by higher evaporation rate
because of reduced soil disturbance. On the other hand, the higher SP with the BP and DP
treatments demonstrated the effect of increased soil disturbance in decreasing soil salinity and
increasing soil water storage in the upper soil layers which we attribute to reduced evaporation

caused by increased clods at the soil surface and the breakdown of capillary connectedness.

One of the issues that has come sharply into focus in our study is the best method of reporting
salinity in field experiments. There has been a tradition of reporting soil salinities as
concentrations of salinity in the soil (of which the EC1:5 or ECe are estimates) (Katerji et al.,
2000; Maas and Hoffman, 1977; Steppuhn et al., 2005). In our study, the response of sunflower
yield to salt stress was more closely related to SP of soil solutions than to EC1:5 (Fig. 3.7a-d).

When soil water content varies together with EC, SP would be more beneficial to the
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interpretation and evaluation of salt effects on plants growth and yield than EC (Ben-Gal et al.,

2009).

3.5.4 Soil bulk density

One way in which tillage may impact on crop growth is through effects on soil bulk density,
although, the effects of tillage on soil bulk density are not consistent. Bulk density is influenced
by soil texture, compaction and organic matter; values greater than 1.47 Mg m™ are said to
restrict root growth (Hunt et al., 1992). In some cases, under zero tillage there have been reports
of decreased bulk density (Alam et al., 2018; Kahlon et al., 2013; Shaver et al., 2002) and in
other cases there have been reports of increased bulk density (Celik, 2011; Grant and Lafond,
1993; Klute, 1982) under ZT. In the present work, in the first growing season, the bulk densities
for the BP and DP treatments (1.46 and 1.47 Mg m= respectively) were borderline for root
growth while with the ZT treatment the BD was high enough to limit root growth (1.54 Mg m"
%). That the BP treatment had lower a BD in the surface soil compared to the others tillage
treatments can be attributed to the intensive soil disturbance required to form a bed including
the incorporation of loosened soil. By contrast, with the reduced tillage treatments (ZT and ST)
in wet clay-soil, the elevation in bulk density was presumably caused by the many sequences

of swelling and shrinkage over many prior years of rice-fallow rotation.

3.6 Conclusions

On wet-clay soil in the salt-affected coastal zone of the Ganges delta, tillage techniques that
reduced soil disturbance (ZT and ST) enhanced the emergence and density of sunflower, but
subsequent shoot growth and development was depressed. The reduced soil disturbance
increased soil dryness, soil bulk density and salinity and decreased the solute potential in soil
surface layers. Tillage techniques that increased soil disturbance (BP, SPST and DP) decreased

soil salinity and increased water storage in the surface layers of soil profile. Bed planting,
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SPST, and DP improved soil water uptake by the plant due to increased solute potential and
produced maximum Yyield. Therefore, increasing surface disturbance was most effective for
achieving maximum yield in the salt-affected area. We attribute this as being largely due to the

increased solute potential in the surface soil.
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3.8 Supplementary materials

Supplementary Table

Table 3S1. Average particle size distribution in soil at Pankhali, Dacope, Khulna
Bangladesh.

Depth Particle size Textural Class
(cm) .
Sand (%) Silt (%) Clay (%)

0-15 8 43 49 Silty clay
15-30 8 41 51 Silty clay
30-45 8 37 55 Clay
45-60 10 35 55 Clay

Table 3S2. Phenological development of sunflower at Pankhali, Dacope, Khulna Bangladesh
in the 2016-17 and 2017-18 rabi seasons.

Tillage types Emergence  Plants m™ Bud First 80% Physiologic
(DAS)” after initiation  flowerin  flowering  al maturity
emergence  (DAS)” g (DAS)” (DAS)”
(DAS)”
2016-17
ZT 5-7 3.39 61 72 82 113
NST S5-7 3.71 63 74 84 113
BP 7-10 3.34 60 73 81 110
SPST 6-8 3.47 62 74 81 110
DP 6-8 3.37 61 73 81 110
P-value NS™ NS NS 0.02 NS
2017-18
NST 8-14 3.90 59 72 78 105
WST 8-14 3.87 59 72 76 105
BP 9-19 3.21 61 74 79 107
SPST 8-14 3.82 61 72 77 105
P-value 0.002 0.004 NS NS NS

* Days after sowing
**NS = Not significant
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Table 3S3. Physicochemical properties of the soil in Pankhali, Dacope, Khulna, Bangladesh
in 2016-17*

Depth pH Organic Total Extractable Exchangeable
(cm) C N (g

kg?) P S B Zn Na K Ca Mg

(9 kg?) (mg kg™) (cmol kg )

0-15 7.0 12 13 3.0 81 1.5 0.85 4.4 0.9 159 1.08
15-30 75 7 13 2.0 61 1.2 0.85 5.2 1.0 145 1.22
30-45 7.6 8 11 2.7 62 1.2 0.85 6.2 1.0 13.0 1.32
45-60 7.5 7 12 2.6 73 1.4 0.83 7.0 1.0 13.0 1.02

* The collected soils were air-dried and crushed to pass a 2-mm sieve. Part of each sampled
soil was analysed at the Soil Science laboratory of Bangladesh Rice Research Institute (BRRI)
for: (i) soil texture by the hydrometer method (Bouyoucos, 1962), (ii) soil pH by the glass
electrode method at a soil-water ratio of 1:2.5 (Peech, 1965), (iii) organic carbon by a wet
oxidation method (Walkley, 1935), (iv) total nitrogen by Micro-Kjeldahl method (Bremner and
Mulvaney, 1982), (v) extractable phosphorus by the Olsen method (Olsen, 1954), and (vi)
extractable sulfur by the Turbidimetric method (Black et al., 1965). The rest of each sampled
soil was used to prepare saturated soil extracts to obtain Na*, K*, Ca?*, Mg?*, CI;, SO4* and
HCOs concentrations as described by Richards (1954). Sodium ions and K* were determined
by flame spectrophotometry, and Ca?" and Mg?* were measured by atomic absorption
spectrophotometry. The titration method with standard silver nitrate solution was used to
estimate CI- and the turbidimetric method was followed to determine SO4?* (Jackson, 1967).
The exchangeable cations, Na*, K*, Ca?*, Mg?* were extracted with 1 N NH4OAc to calculate
the exchangeable sodium percentage (ESP).
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Table 3S4. Significance (P-values) of effects of tillage on soil water content, EC1:5 and solute
potential in 2016-17 and 2017-18. These were determined using three-way factorial ANOVA
model that also took account of the effects of tillage treatments, soil depth and date after sowing
(time) as repeated measures using Statistical Tool for Agricultural Research (STAR) software
(Version 2.0.1).

Soil water content Solute potential
Year/Factors df (SWC) ECis (SP)
2016-17 growing season P-value
Tillage treatment (T) 4 <0.001 NS <0.001
Soil depth (D) 4 <0.001 <0.001 <0.001
Date after sowing (Time) 4 <0.001 <0.001 <0.001
T:D 16 <0.01 NS <0.01
T: Time 16 <0.001 NS <0.001
Time: D 16 <0.001 <0.001 <0.001
T:D: Time 64 NS NS NS
2017-18 growing season
Tillage treatment (T) 3 <0.001 <0.01 <0.001
Soil depth (D) 4 <0.001 <0.001 <0.001
Date after sowing (Time) 6 <0.001 <0.001 <0.001
T:D 12 <0.001 NS <0.01
T: Time 18 <0.001 NS <0.001
Time: D 24 <0.001 <0.001 <0.001
T:D: Time 72 NS NS NS

*NS = Not significant
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Fig. 3S1. The surface conditions of soil under different tillage systems for sunflower
establishment (a) ZT, (b) BP, (c) NST, (d) WST, (e) smeared furrow wall of ZT and (f)
smeared furrow wall of NST. Row spacing was 60 cm in all tillage treatments.
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Fig. 3S2. Monthly mean total rainfall and evaporation during (a) 2016-17 and (b) 2017-18 at
Pankhali, Dacope, Khulna Bangladesh. The dotted line indicates the duration of crop growth.
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Fig. 3S3. Daily maximum and minimum temperature during (a) 2016-17 and (b) 2017-18 at
Pankkali, Dacope, Khulna Bangladesh. The dotted line indicates the duration of crop growth.
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Fig. 354. The mean of leaf relative water content (RWC) (%) of the sunflower crop under four
tillage treatments in 2017-18. Legend: NST = narrow strip tillage, WST = wide strip tillage,
BP = bed planting, and SPST = single pass tillage. Values are means of four replicates. Vertical
bars on each data point indicate standard error of the means. Means with identical letters are
not significantly different at P < 0.05. ns indicates not significant.
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Fig. 3S5. The mean stomatal conductance (mmol m2s?) in four tillage treatments in 2017-18.
Legend: NST = narrow strip tillage, WST = wide strip tillage, BP = bed planting, and SPST =
single pass tillage. VValues are means of four replicates. Vertical bars on each data point indicate
standard error of the means. Same lowercase in each measurement do not differ at P < 0.05 in
four tillage treatments.
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Chapter 4

Straw mulch and irrigation affect solute potential and
sunflower yield in a heavy textured soil in the Ganges
Delta

This chapter was accepted in ‘Agricultural Water Management’ and is currently in press.

In Chapter 3, we explored the effects of different tillage treatments on sunflower growth and
yield in clay-textured saline soil. Tillage techniques that increased soil disturbance (BP, SPST
and DP) decreased soil salinity and increased water storage and solute potential in the surface
soil, which was related to higher yield. By contrast, minimum soil disturbance (ZT and ST)
depressed sunflower yield because of increased soil surface dryness and soil salinity and

created soil smearing and compaction.

In the present Chapter, the hypothesis is that applying rice straw mulch on the soil surface
would offset the negative effect of strip tillage on sunflower yield by increasing soil water

storage, decreasing soil salinity, and increasing soil solute potential.
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4.1 Abstract

Since soil water depletion and salinity are major constraints for crop production, rice straw
mulch could be beneficial for increasing yield and water productivity due to its role in
conserving soil water and decreasing soil salinity. Two field experiments were conducted on a
saline, silty clay soil to determine the effects of mulch and irrigation on the dynamics of soil
water content and soil salinity, and on the growth and yield of sunflower sown by strip planting.
In 2017, the mulching treatments were: no mulch (NM), rice straw mulch (RS) and retaining
15-20 % of the crop residue of the previous rice crop (RR). In 2018 three irrigation treatments:
one (ly), two (I2) and three irrigation events (I3), and two mulching treatments (NM and RS)
were tested. In both years, the average gravimetric soil water content (SWC) was higher and
topsoil salinity (EC1:5) was lower under RS treatment at 0-7 and 7-15 cm depth than with the
NM treatment. The substantially higher solute potential of the soil solution in the surface soil

with the RS treatment at 0-7 and 7-15 cm (-644 and -588 kPa in 2017, and -649 and -558 kPa
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in 2018) than with NM treatment (-925 and -728 kPa in 2017, and -801 and -641 kPa in 2018)
was associated with increased grain yield (2.7 and 2.5 t ha™ in 2017 and 2018, respectively).
In the second year, the increasing number of irrigation events also increased yield, but the
effects were additive to those of mulch. We conclude that the application of a rice straw mulch
to the surface of saline-clay soils under strip planting can increase the solute potential of the
soil solution, thereby improving the growth and yield of sunflower.

Keywords: Soil salinity, soil water content, straw mulch, water productivity

4.2 Introduction

Soil water deficit and salinity stresses are the major limits to crop production in many parts of
the world (Keesstra et al., 2018) and hamper efforts to achieve United Nations Sustainable
Development Goals, particularly those related to global food security (Keesstra et al., 2016).
The Ganges coastal zone consists of low-lying lands in a tidal floodplain and river delta (Paul
et al., 2020). In this area, the growth of dry season (rabi) crops is hampered by the depletion of
residual soil water and increases in soil salinity, both exacerbated by the late harvesting of the
preceding traditional wet season rice. In addition, in the dry season, river water is generally
unsuitable for irrigation because of its high salinity (ECw values of 4-20 dS m™). However,
there are some canals and homestead ponds that contain non-saline water, which can be used
as sources for irrigation (Mondal et al., 2015b; Paul et al., 2016).

Recently, sunflower in the south-west coastal region of Bangladesh has been identified as a
promising oilseed crop (Rashid et al., 2014). It has moderate drought tolerance because of its
deep branched root system (Rauf, 2008). However, delays in the sowing time and a lack of
proper management of residual soil moisture and salinity has hampered sunflower production
in this region. Appropriate agronomic management technology is, therefore, needed to

overcome these problems and improve yields.
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One of the strategies to overcome the above-mentioned soil problems is to increase soil cover
through mulching. Mulching has been used as an agronomic practice in many parts of the world
to conserve soil moisture, increase water use efficiency, mitigate soil salinity and boost crop
yields (Ji and Unger, 2001; Zhao et al., 2014). However, the type of mulching materials used
vary due to availability, land suitability and the economic cost (Cerda et al., 2017). Rice straw
mulch is an organic biodegradable material that is suitable for use as a mulch in many climatic
areas and benefits from its use have been reported (Kader et al., 2017). In India, rice straw
mulch on clay loam soils reduced soil evaporation by 35 and 40 mm in high and low rainfall
areas, respectively, and increased soil water storage in the 0-40 cm soil layer (Balwinder et al.,
2011). In terms of soil health, rice straw mulch was more effective than plastic mulch as it was
more easily decomposed (Reddy and Yang, 2006). Straw mulch has been reported to improve
soil aeration on compacted soils in the dry season, increase soil organic matter, increase
infiltration, improve soil structure (Atreya et al., 2008; Jordan et al., 2010), decrease soil
salinity (Kitou and Yoshida, 1994) and improve soil hydrological properties and crop yields
(Ning and Hu, 1990; Yang et al., 2006).

While the use of rice straw mulch for improving crop production has been reported elsewhere,
there are over 1 million hectares of clay-textured, saline soil in the Ganges coastal zone where
the effects of rice straw mulch for rabi season crop production have not been determined. In
previous experiments examining the effects of different tillage methods on sunflower yield,
Paul et al. (2020) found that solute potential was a better estimate of abiotic stress than either
soil water content or soil salinity (ECy1:s values) alone. It was shown that minimum tillage (zero
tillage and strip planting) increased soil surface dryness and soil salinity, thereby decreasing
the solute potential of the soil solution and decreasing sunflower growth and yield. In this
paper, we hypothesized that the application of a rice straw mulch (~ 5 t ha) on the soil surface

after strip planting would also maintain soil moisture and decrease soil salinity, thereby
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increasing the solute potential of the soil solution and improving the growth and yield of

sunflower.

4.3 Materials and methods

4.3.1 Description of the study site

Field experiments were undertaken in 2017 and 2018 on a farmer’s field in Pankhali, Dacope,
Khulna district of Bangladesh (22° 37" 55" N and 89° 30" 10" E, ~ 2-3 m above sea level). At
this site, a hot and humid summer occurs between March and June, and a cooler dry winter
occurs between November and February. In this sub-tropical monsoonal climate, about 1,800
mm of rain falls annually (Mondal et al., 2015a), mostly between July and October. During
the study, the lowest daily temperatures occurred in January (ranging between 8-10 °C and 28-
29 °C), and the highest daily temperatures occurred in April (ranging between 19-21 °C and
37-38 °C). Total rainfall during the growing season was 173 and 66 mm in the first and second
years, respectively (Fig. 4.1). Mean pan evaporation during the season (Nov-Apr) varied from
82-107 mm per month (Paul et al., 2020). The soil texture of the site was silty clay (0-30 cm)
overlying clay (30-60 cm). The initial soil physicochemical properties at 0-15 cm are presented
in Table 4.1.

Table 4.1. Soil physicochemical properties (0-15 cm) at the experimental site

Bulk pH ECis  Organic total Extract- Extract- Soil texture
density (dSm?) carbon nitrogen able P able K
(Mg m*) (9kg?) (gkg?) (mgkg®) (mgkg®) Sand Silt Clay

(%) (%) (%)

1.56 7.5 0.45 12 13 3 338 8 43 49
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4.3.2 Experimental design

In 2017, the experiment consisted of strip-planted plots with three mulching treatments: no-
mulch (NM), rice straw mulch at ~ 5 t ha* (RS), and retaining 15-20 % of the residue from the
previous rice crop which was less than 1 t ha™* (RR). The same amount of irrigation water was
applied at each time in all treatments (Fig. 4.1). In 2018, the experiment had two mulching
treatments (NM and RS) and three irrigation treatments: one irrigation (I1) at 28 days after
sowing (DAS), two irrigations (I2) at 28 and 50 DAS, and three irrigations (I3) at 28, 50 and 67
DAS. The total cumulative water supplied as rain and irrigation over each of the two growing
seasons is presented in Fig. 4.1. In 2017, the experiment had a randomized complete block
design with three replications and each plot was 11 x 4 m in size. In 2018, the experiment had
a split-plot design with irrigation treatments in the main plots and mulch treatments in the sub-
plots; there were three replications and each plot was 6 x 3 m in size. Sunflower seeds (cv.
Hysun-33, hybrid) were sown on 8 January in both years with a plant to plant spacing of 40 cm
and a row to row spacing of 60 cm. The fertilizers applied were urea (200 kg ha?), triple
superphosphate (200 kg ha), muriate of potash (170 kg ha™), gypsum (170 kg hal), zinc
sulphate (10 kg ha) and boric acid (12 kg ha?). In both seasons, all fertilizers except 75 % of
the urea were applied at sowing; the rest of the urea was top-dressed in three splits with
irrigation at 32, 44 and 60 DAS in 2016-17 and at 28, 50 and 67 DAS in 2017-18. Rice straw
mulch was applied at 5 t hatat 4 DAS in 2017 and at 16 DAS in 2018. To control pests, the

insecticide Nitro (Cypermethrin chlorpyriphos) was sprayed three times throughout the season.
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Fig. 4.1. Effects of daily rainfall, and irrigations on cumulative seasonal water supply in the

2017 (A) and 2018 (B) growing seasons. The horizontal arrows indicate the sunflower growth

period; the vertical arrows indicate the periods of soil sampling.

4.3.3 Sampling and measurements

4.3.3.1 Measurement of soil water content, EC1:5 and solute potential

Gravimetric soil water content (SWC) was measured at 0-7, 7-15, 15-30, 30-45 and 45-60 cm
depth at 15-30 day intervals between sowing and harvest in both seasons (dates indicated in
Fig. 4.1). A hand-held auger was used to collect soil samples from each depth, and these were
kept in sealed polyethylene bags. The wet weight of the samples was measured immediately,
and they were then oven-dried to constant weight. Gravimetric SWC was calculated from the
difference between soil wet and dry weight. The volumetric soil water content was calculated

by multiplying the gravimetric SWC by the bulk density for each respective soil layer. Typical
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SWC at field capacity (- 0.03 MPa) and permanent wilting point (-1.5 MPa) was determined
using the pressure plate apparatus. The gravimetric SWC over the upper 60 cm of the soil
profile ranged between 25-28 % (at wilting point) and 35-37 % (at field capacity).

The electrical conductivities of 1:5 soil: water extracts (EC1:5) were measured in the same soil
samples. The EC1:5 was measured in 1:5 soil: water suspension using a portable EC meter. The
solute potential (SP) of the soil solutions was calculated, according to Paul et al. (2020) from

the equation:

EC (1:5)
w

WYs = —22580

1)
where s is the solute potential (kPa), EC1:s is the electrical conductivity (dS m™) of the 1:5

soil: water extract and W is the gravimetric SWC (%).

4.3.3.2 Total water use and crop water productivity

The irrigation schedule for sunflower followed Bangladesh Agricultural Research Institute
guidelines (Mondal et al., 2011). Irrigation water (EC between 1.8 and 2.5 dS m™) was applied
through a plastic hose pipe from a nearby canal at initial, maximum vegetative and flowering
stages. A USA class “A” pan evaporimeter was set-up near the experimental plots. The
irrigation water requirement was calculated based on the following equation.

ETerop = Ep X Ky X K, (2)
Where ETcrop is the crop water requirement (mm), Ep is the cumulative pan evaporation (mm),
Kp is the pan coefficient considered to be 0.7 (Michael, 1978), and; Kc is the average crop
factor for sunflower, considered to be 0.6 (Allen et al., 1998).

Total water use (TWU) was measured by the following equation:

TWU=I1+P+AW —-R-D (3)
where [ is the irrigation, P is the rainfall, AW is the change in soil moisture between sowing

and harvest, R is the runoff and D is the drainage (runoff was zero since plots were enclosed
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by an earthen bud and drainage were considered to be negligible as there was no evidence of
increases in SWC at 45- 60 cm depth following irrigation events).

The water productivity (WP) was calculated as the grain yield divided by the total water used
for the entire period and expressed as crop production per unit volume of water applied (kg

hat mm).

4.3.3.3 Sunflower growth

Records were taken of sunflower seedling emergence, and the times of flower bud initiation,
flowering, and physiological maturity. Yield related parameters such as plant height, head
diameter, the number of seeds per head, and thousand seed weight were measured at harvest.
Threshed seeds of sunflower were air-dried, and grain yield was calculated at 9 % moisture

content (w/w).

4.4 Statistical analysis

Statistical analyses were conducted using STAR software version 2.0.1. The effects of mulch
and irrigation on grain yield and yield components were determined using one-way and two-
way analysis of variance (ANOVA) for 2017 and 2018, respectively. The significance of
effects of mulch and irrigation on SWC, ECy:5 and SP were determined using three-way and
four-way factorial ANOVA models that in addition to the effects of mulch in 2017 and of
mulch and irrigation in 2018 also took account of soil depth and date after sowing (time) or
soil depth and date after sowing (time) as repeated measures. The comparison of means was

tested using the least significant difference (LSD) at the 95 % confidence level.

119



4.5 Results
4.5.1 Sunflower growth and yield

Mulch had significant effects on grain yield in both years (Table 4.2). In 2017, the RS treatment
had a 0.5-0.7 t ha'* higher yield (P = 0.01) than the NM and RR treatments (Table 4.2A). Also,
the 1000-seed weight and number of seeds per head were significantly higher in the RS
treatment (both P = 0.04) than the RR and NM treatments (Table 4.2A). In 2018 (Table 4.2B),
the RS treatment increased grain yield by 16 %, increased thousand seed weight by 6 % and
increased the number of seeds per head by 11 % (Table 4.2B). In 2018, there was also a strong
effect of irrigation on grain yield. Averaged across mulch treatments, the I3 treatment increased
grain yields (relative to the 11 treatment) by 28 %, increased thousand seed weight by 16 % and

increased the number of seeds per head by 27 % (Table 4.2B).
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Table 4.2 Yield and yield attributes of sunflower under mulch and irrigation treatments in

Pankhali, Dacope, Khulna Bangladesh in 2017 and 2018".

A. 2017.
Treatments Grain yield Thousand seed weight Number of seeds per
(tha?) (9) head
RS 2.7 73 1243
RR 2.2 67 1152
NM 2.0 65 1128
P value 0.01 0.04 0.04
LSDo.0s 0.37 5.2 87
B. 2018
Treatment Grain yield Thou§and seed Number of seeds
(tha?) Weight () per head
Irrigation NM RS NM RS NM RS
I3 21 2.5 61 68 1067 1156
I2 2.0 2.2 57 60 978 1114
Iy 1.7 1.9 55 56 839 918
P-values
Mulch 0.001 0.002 0.012
Irrigation 0.04 0.006 0.013
Irrigation x Mulch NS 0.005 NS
LSDo.0s
Mulch 0.11 1.89 70
Irrigation 0.37 3.6 121
Irrigation x Mulch - 1.8 -

* NS indicates not significant. LSD indicates the least significant difference at P < 0.05. NM = no-mulch, RS = rice straw
and RR = rice residue; I = One irrigation, I, = two irrigations and |5 = three irrigations.
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4.5.2 Impacts of SWC, ECi:s and SP on yield at different times during the

growing season

The SWC, ECy5 and SP were measured at five depths and 5-6 times during each growing
season. Table 4.3 summarizes the significance of these measures (as single factors) in simple
correlations with grain yield. This table shows that SP (the variable that integrated the effects
of SWC and EC1:5) had more significant effects on yield than SWC or ECy:5s alone. There were
no significant effects of SWC, EC1:5 and SP on yield in the early growing season in either year,
but the significance of these impacts increased with time and was greater in the shallow than
the deeper soil (Table 4.3A and 4.3B). In 2017, the most significant impacts of SWC, EC1s
and SP on yield were at 99 DAS at 0-30 cm depth (Table 4.3A). In 2018, the most significant
impacts were at 75 DAS (at bud formation and flowering) and the effects (especially on SWC
and SP) were evident at a greater range of depths (Table 4.3B). Fig. 4.2 shows Xx:y plots of the
most significant relationships, those between SP and yield at 99 and 75 DAS for 2017 and
2018, respectively. The best linear regression between sunflower yield and SP accounted for
97 % and 82 % of the variation in 2017 and 2018, respectively (Fig. 4.2A and 4.2C). By
contrast, the best relationship between SWC or EC1:5 and grain yield only accounted for 87-91

% in 2017 and 65-89 % of the variation in 2018 (Table 4.3A and 4.3B).

Table 4.3. Significance of effects of soil water content (SWC), electrical conductivity (EC1:5)

and solute potential (SP) on grain yield at different times during the growing season at depths

to 60 cm in (A) 2017 and (B) 2018.
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A. 2017

Time-1 Time-2 Time-3 Time-4 Time-5
Factor/depth (0 DAS) (34 DAS) (56 DAS) (83 DAS) (99 DAS)
SWC (%) Significance level with R? values in brackets
0-7 - *(0.52) **(0.66) **(0.68) **%(0.87)
7-15 - - *(0.58) **(0.62) **%(0.87)
15-30 - - - - **(0.62)
30-45 - - - - *(0.52)
45-60 - - - *(0.52) *(0.49)
ECis (dSm™?)
0-7 - **(0.74) **(0.59) **%(0.68) ***(0.91)
7-15 - *(0.49) **(0.73)
15-30 - - - - **(0.69)
30-45 - - - - -
45-60 - - - - -
SP (kPa)
0-7 - ***(0.83) **%(0.81) ***(0.85) ***(0.97)
7-15 - **(0.72) **(0.61) *(0.43) **%(0.92)
15-30 - - - - **(0.85)
30-45 - - - - **(0.65)
45-60 - - - - -
B. 2018
Time-1 Time-2 (30 Time-3 (45 Time-4 (60 Time-5(75 Time-6 (95
Factor/Depth (0 DAS) DAS) DAS) DAS) DAS DAS)
SWC (%)
0-7 - - *(0.27) **(0.39) **(0.44) -
7-15 - - *(0.26) **(0.43) ***(0.63) -
15-30 ) ) ) **(0.30) ***(0.60) )
30-45 - ) ) **(0.38) ***(0.65) )
45-60 ) ) ) **(0.32) ***(0.50) )
ECys (dS m?)
0-7 ) ) **(0.34) **%(0.89)  ***(0.68) *(0.22)
7-15 - - } **(0.44) **%(0.64) *(0.25)
15-30 ) ) ) - ) )
30-45 - ) *(0.27) - ) -
45-60 ) ) *(0.24) - - -
SP (kPa)
0-7 ) ) **%(0.57)  ***(0.63) ***(0.73) -
7-15 ) - *(0.25) ***%(0.64)  ***(0.82) **(0.40)
15-30 ) - - - ***(0.54) -
30-45 ) ) **(0.37) **(0.34) **(0.52) )
45-60 ) ) *(0.29) *(0.29) **(0.45) )
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Fig. 4.2. Relationship between sunflower yield and solute potential of the soil solutions at 99
DAS in 2017 at (A) 0-7 and (B) 7-15 cm depth and 75 DAS in 2018 at (C) 0-7 and (D) 7-15
cm. Values plotted are means of the mulch (NM, RS, and RR) and irrigation (11, 12, and 13)

treatments.

4.5.3 Variation in solute potential

Changes in SP with time and soil depth are summarized in Fig. 4.3. In 2017, SP was
significantly affected by the interaction between mulch and time (Fig. 4.3A) and mulch and
depth (Fig. 4.3B). Compared to the sowing time, SP was more negative at flowering under the
NM (-600 to -830 kPa) than the RR (-581 to -692 kPa), and RS (-590 to -777 kPa) treatments.
From sowing to harvest, the SP became more negative at 0-7 and 7-15 cm than at lower depths
to 60 cm (Fig. 4.3B). In 2018, SP was significantly affected by the interaction between mulch
and time (Fig. 4.3C), mulch and depth (Fig. 4.3D), irrigation and time (Fig. 4.3E) and irrigation
and depth (Fig. 4.3F). During the growing season, the RS treatment had a higher SP than the

NM treatment (Fig. 4.3C), and the difference was highest at flowering (25 March) when SP
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was -914 kPa and -1118 kPa for RS and NM treatments. While mulch altered the SP at all
depths until 60 cm (Fig. 4.3D). Until 50 DAS, irrigation treatments had little effect on SP (Fig.
4.3E). At flowering (25 Mar), the SP was lower with less irrigation (11 and I, treatments: -1167
and -990 kPa) than with the 13 treatments (-896 kPa) (Fig. 4.3E). With all irrigation treatments,
the SP was lower at 0-7 cm depth than at greater depths (Fig. 4.3F), but increasing irrigation

water (I3) increased the SP at 0-7 cm depth relative to supplying less irrigation (11 and 1,).
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Fig. 4.3. Effects on solute potential of mulch (A and B) in 2017 and (C and D) in 2018, and
irrigation (E and F) in 2018, with time (A, C and E) and with soil depth (B, D and F). NM =
no-mulch, RS =rice straw, RR = rice residue; 1= One irrigation, I, = two irrigation, I3 = three
irrigation. LSDo s is the least significant difference of the interaction between mulch and time
(A), mulch and depth (B) in 2017, and mulch and time (C), mulch and depth (D) in 2018, and

irrigation and time (E) and irrigation and depth (F) in 2018.
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45.4 Variation in soil water content

The effects of mulch and irrigation on SWC and their interaction with time and soil depth are
presented in Fig. 4.4. In 2017, during the early growing season (35 days after sowing), there
was little variation in SWC between mulch treatments as light irrigation water was applied on
21 January, 29 January and 7 February. The SWC, thereafter significantly decreased until
harvest except on 2 April (at flowering), when there was an increase in SWC because of the
109 mm of rain that fell in March (Fig. 4.4A). From early vegetative growth (12 Feb) to
maturity (14 Apr), the RS treatment had significantly (P < 0.05) higher SWC than the NM and
RR treatments (Fig. 4.4A). Among the mulch treatments, the greatest difference in SWC was
at 0-15 cm where the RS treatment had a 3-4 % and 2-3 % (w/w) higher SWC than the NM
and RR treatments at 0-7 and 7-15 cm depth, respectively (Fig. 4.4B). In 2018, throughout the
growing season, SWC decreased gradually at all depths down to 60 cm, but the surface soil at
0-7 cm and 7-15 cm dried faster than the soil at the lowest depth (45-60 cm) (Fig. 4.4C and D).
The average SWC was about 4 % (w/w) and 2.5 % higher with RS treatment at 0-7 and 7-15
cm, respectively than with the NM treatment. Among the irrigation treatments, the difference
of SWC was more pronounced after second and third irrigations at 50 and 67 DAS, respectively
(Fig. 4.4E) when SWC was significantly higher with the I3 (three irrigations) treatment
compared to the 11 and I treatments. In all irrigation treatments, the upper soil at 0-7 and 7-15

cm depth had a lower SWC than at 45-60 cm (Fig. 4.4F).
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Fig. 4.4. Effects on soil water content of mulch (A and B) in 2017 and (C and D) in 2018, and

irrigation (E and F) in 2018, with time (A, C and E) and with soil depth (B, D and F). NM =

no-mulch, RS = rice straw, RR = rice residue; I1= One irrigation, I> = two irrigations, I3 = three

irrigations. LSDo o5 is the least significant difference of the interaction between mulch and time

(A), or mulch and depth (B) in 2017, and mulch and time (C) or mulch and depth (D) in 2018,

and irrigation and time (E) and irrigation and depth (F) in 2018. NS indicates no significant

interaction between irrigation and depth (F).
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4.5.5 Variation in soil salinity

The effects of mulch (2017) and mulch and irrigations (2018) on salinity and their
interaction with time and soil depth are presented in Fig. 4.5. In 2017, between sowing and 35
days later (12 Feb), the EC1:5 decreased from 0.86 to 0.72, 0.89 to 0.55 and 0.83 to 0.65 dS m"
! under the NM, RS and RR treatments, respectively, as light irrigation water was applied on
21 January, 29 January and 7 February (Fig. 4.5A). The ECy5 increased slightly from mid-
February to the first week of March and declined afterwards because of the heavy rainfall in
the second week of March (Fig. 4.5A). During that time, EC1:5 was consistently lower with the
RS treatment than with the NM and RR treatments. Throughout the season, the most substantial
changes in soil salinity were at 0-7 cm depth, which was significantly higher than at depths to
60 cm (Fig. 4.5B). Throughout the entire period in 2018, there was a significant reduction of
soil salinity with the RS treatment (Fig. 4.5C). Compared to values at sowing time, EC1:5 at
flowering increased from 0.41 to 0.74 and 0.42 to 0.68 dS m™ under NM and RS treatments.
After sowing, the ECy:5 also gradually increased in all irrigation treatments with the progress
of the dry season except at maturity when ECu:s was slightly lower than at flowering. At
flowering (25 Mar), the I3 treatment had an EC1:5 (0.68 dS m™) that was slightly lower than
with the I (0.71 dS m™) and 11 (0.74 dS m™) treatments (Fig. 4.5E). The average values of
ECy1s between sowing and harvest were consistently higher at 0-7 cm and at 45-60 cm than at

7-15 and 15-30 cm (Fig. 4.5D and F).
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Fig. 4.5. Effects on EC1:5 of mulch (A and B) in 2017 and (C and D) in 2018, and irrigation (E
and F) in 2018, with time (A, C and E) and with soil depth (B, D and F). NM = no-mulch, RS
= rice straw, RR = rice residue; I:= One irrigation, l> = two irrigations, Iz = three irrigations.
LSDo.s is the least significant difference of the interaction between mulch and time (A), or
mulch and depth (B) in 2017, and mulch and time (C) and irrigation and time (E) in 2018. NS

indicates not a significant interaction between mulch and depth (D) and irrigation and depth

(F).

4.5.6 Total water use and crop water productivity

In 2017, the same amount of irrigation water and rain was applied to all mulch treatments, and
mulch treatments had no substantial difference in soil water between sowing and harvest down
the soil profile to 60 cm (Table 4.4A). In 2018, the soil water depletion between sowing and
harvest ranged from 51 to 61 mm at 0-60 cm depth (Table 4.4B). There was no difference in

soil water depletion among irrigation treatments. However, soil water depletion was
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significantly higher with the NM treatment than with the RS treatment. Although soil water
depletion was lower in the RS treatment, the total water use was higher in the NM than in the
RS treatments. Both irrigation and mulching significantly affected the total water use during
the season. The total water use in the I, and I3 treatments was significantly greater than the 11
treatment. In 2017, mulch treatments had significant effects on the water productivity of grain
and biomass (Fig. 4.6A and B). The RS treatment had 26-32 % higher grain and biomass
productivity than the NM treatment. In 2018, the RS treatment significantly increased grain
and biomass productivity by about 16 % relative to the NM treatment (Fig. 4.6C and D). The
lowest irrigation treatment (11) had the highest water productivity for grain and biomass (Fig.
4.6E and F) but had a lower yield.

Table 4.4. Irrigation water and total water used by irrigation treatments and mulching in (A)
2017 and (B) 2018

4A
Treatments Irrigation water Rainfall (mm) "AW (mm) Total water use
2017 (mm) (mm)
NM 90 173 64 327
RS 90 173 35 298
RR 90 173 44 307
LSDo.os NS NS
4B
Irrigation Irrigation water Rainfall (mm) “AW (mm) Total water use
treatments (mm) (mm)
2018 NM RS NM RS NM RS NM RS
1 33 33 64 64 56.6 51.7 153.6 148.7
P 79 79 64 64 60 51 203 199
I3 132 132 64 64 61 52 257 248
LSDo.0s
Irrigation (1) - - - - NS 19
Mulch (M) 4.4 4.3
IxM NS NS
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“AW is the change in soil water content between sowing and harvest at 0-60 cm depth. Legend: NM: no-mulch,
RS = rice straw and RR = rice residue; 11: One irrigation, I, = two irrigation and |5 = three irrigation.
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Fig. 4.6. Water productivity (WP) for (A) grain yield and (B) biomass yield in three mulching
treatments in 2017, for (C) grain yield and (D) biomass yield in two mulching treatments, and
(E) grain yield and (F) biomass yield in three irrigation treatments in 2018. Abbreviations: NM-
no-mulch, RS-rice straw mulch and RR-rice residue; I1: One irrigation, I> = two irrigation and

I3 = three irrigation. Means with identical letters are not significantly different.

4.6 Discussion

The calculation of SP from soil ECy1:5 and water content data is a relatively simple means of
integrating the variation in salinity and soil moisture in moderately salinised landscapes. In a
previous study(Paul et al., 2020), planting with minimum soil disturbance on wet, clay-textured

soil produced lower sunflower yield than planting with full tillage. This result was attributed
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to lower SP in the upper root zone of soils after minimum soil disturbance. In this study, we
hypothesised (correctly) that in clay-textured saline soil under strip planting, the application of
rice straw mulch at ~ 5 t ha* would decrease soil surface dryness and salinity, increase SP, and
hence improve sunflower growth and yield. The improvement of sunflower growth and yield
was more strongly related to higher SP than to either SWC or soil EC1:5 alone. This discussion
focuses on the impacts of mulch and irrigation as factors affecting crop yield, SP, SWC and

crop water use and productivity.

4.6.1 Mulch and Irrigation effects on growth and yield

In both years, the benefits of RS were more seeds per head, greater seed weight and higher
grain yield (2.7 and 2.5 t ha® in 2017 and 2018) than with NM treatment (2.0 and 2.1 t ha't in
2017 and 2018). In the second year, an increasing number of irrigations to three events (I3) also
caused an increase in sunflower yield by 22 % relative to less irrigation (l1), but the effects
were additive to mulching. The higher yield in the RS and I3 treatments were related to higher
SP from bud formation to maturity stages, which positively influenced the number of seeds and
seed size. Many studies have shown the benefits of different mulching materials on crop yield
in saline environments (summarized in Table 4.5). With the rice straw mulch, the average yield
of sunflower in the present study was 6-12 % higher than the benefit reported by Bhattacharya
et al. (2019) and Gajri et al. (1997b). In most of the studies, higher grain yield under mulch
was attributed to either increased soil moisture or reduced soil salinity. However, unlike in the
present study, none of these previous studies examined the effects of mulch on SP, which is a
function of both soil water and soil salinity. In the present study, sunflower yield was more

strongly related to SP than to either soil water or EC.
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Table 4.5. Summary of literature reports of the effects of mulching materials on crop yields

and the attribution of benefits to the crops.

Grain yield Attribution of benefit
. No- Mulch . % Salinity ~ Water Solute Reference
Crop Location  Mulch oy (tha?) INCre3Se  conerol  deficit  potential
ype  (thal) control  control
Sunflower Bangladesh  Rice 2.0 2.7 26 % N N N Present study
straw 2017
Sunflower Bangladesh  Rice 21 25 16 % v \ v Present study
straw 2018
Sunflower Bangladesh  Rice 3.0 3.3 9% - - Bhattacharya
straw et al. (2019)
Sunflower  India Rice 18 21 14 % \ - Gajri et al.
straw (1997a)
Maize Bangladesh  Plastic 3.4 4.7 28 % \ - Haque et al.
(2018)
Cotton Uzbekistan ~ Wheat 2.0 2.2 9% V - Bezborodov et
straw al. (2010)
Wheat China Plastic 4.0 43 7% \ \ - Zhang et al.
(2018)
Cotton China Plastic 0.9 1.07 16 % \ \ - Dong et al.
(2009)

4.6.2 Mulch and irrigation effects on solute potential

The SP of the soil solution decreases the availability of water for uptake by plants (Munns,

2002; Rengasamy, 2006). The SP is directly proportional to the salt concentration in the soil

solution and inversely related to the soil water content (Liu and Chi, 2014). In our study, lower

soil salinity and higher SWC under I3 and RS treatments increased SP of soil solution relative

to that with NM and less irrigation (I1 and I2). In 2017, the effects of SP were more prominent

at vegetative and maturity stages at 0-15 cm depth (R? = 0.83 and 0.72, and 0.97 and 0.92 at

vegetative and maturity, respectively) (Table 4.3A). In 2018, the low SP was more influential

at flowering at depth 0-7 and 7-15 cm (R? = 0.73 and 0.82) (Table 4.3B). The higher SP with

RS treatment in surface soil layers can be attributed to the action of rice straw mulch as a barrier

for evaporative loss of water and upward movement of salts (Abd El-Mageed et al., 2016;

Wang et al., 2019).

133



The SP of surface soils in an irrigated environment with intermittent rainfall can be expected
to be highly variable as salt and water contents in the soil respond to evaporation and leaching
events. In the present work, in the absence of rainfall for about 90 days before sowing in 2017,
there was a higher ECy:5s at 0-15 cm than at 15-60 cm depth, but after the establishment of the
crop, topsoil salinity dropped below that lower in the soil profile from vegetative growth to
maturity as a result of frequent irrigation at the beginning of the season and rainfall before
flowering. The impacts of rain and irrigation indicate that soluble salts were leached out of the
upper soil layer. By contrast, during sowing in 2018, soil salinity at 0-15 cm was lower than in
soil at 15-60 cm depth, and salinity then gradually increased in the surface soil layer more than
in deeper soil during the growing period. The plausible reasons for this variation of the salt
movement were the 59 mm rainfall that occurred before sowing, and the effects of mulching
and irrigation. On average, RS treatment reduced soil salinity ~ 16 % in the first year and 8 %
in the second year; this confirms an earlier result for a sub-temperate climate where straw
mulch had a 16 % lower salinity than under no-mulch at 0-20 cm soil depth (Abd EI-Mageed
et al., 2016). This lower salinity under rice straw mulch may be attributed to reduced soil water
loss by evaporation from the upper layer of soil. These findings are supported by others who
indicated that mulching together with irrigation may achieve more efficient leaching of salt by
improving infiltration, increasing soil water availability, and reducing salt accumulation in the

surface soil (Bezborodov et al., 2010; Pang et al., 2010; Plaut et al., 2013).

4.6.3 Effect of mulch and irrigation on SWC

Sunflower yield is considered more sensitive to water stress at flowering than during seedling,
vegetative growth and bud formation (Unger and Jones, 1998). In our study, the RS treatment
increased the average SWC by 3-17 % at 0-60 cm soil depth throughout the crop duration. The
previous study has also shown that under dryland conditions, straw mulch enhanced the SWC

by around 13-22 % in the 0-20 cm soil layer compared with a no-mulch control (Peng et al.,
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2015). In 2017, the increase in SWC was more prominent from bud formation to maturity at O-
7 cm depth when the SWC with RS treatment (23-26 %, w/w) was associated with wilting (25-
28 %, w/w), but the SWC with the NM and RR treatments (17-20 %) was lower than the wilting
point. In 2018, the SWC at flowering was lower than the wilting point at 0-15 cm in NM (12-
13 %) and RS (14-16 %) treatments. Among the mulch treatments, the higher soil water with
RS treatment can be attributed to greater soil water storage after irrigation as straw mulch
reduced soil water evaporation (Balwinder et al., 2011).

The survival of plants in which the surface soil had a SWC below wilting point requires an
explanation. Although SWC of the surface soil was much lower than the wilting point for all
treatments, there were higher SWCs at depths between 15 and 60 cm which indicates that
sunflower could have extracted water from 15-60 cm depth to avoid severe water stress because
of its deep rooting systems. In another study (PLC Paul, unpublished data), we excavated
sunflower roots to 80 cm depth on the same soil at flowering, supporting the notion that
sunflower growth late in the season accessed available soil water below 15 cm depth. Cox and
Jolliff (1986) have also noted that sunflower has deep rooting systems which extracted soil
water to 1.8 m depth, which allowed the crops to avoid prolonged water stress during the

reproductive stage.

4.6.4 Mulch implications for crop yield and water use

In the salt-affected Ganges delta, fresh irrigation water for dry season crops is very limited;
efficient water use is, therefore, critical to achieving satisfactory yield. In our study, RS mulch
minimized the total water use and increased the WP which was attributed to reducing soil
evaporation as well as the increase in crop yield (c.f. (Abd EI-Mageed et al., 2016; Zhang et
al., 1999). In 2018, the maximum yield in no-mulch clay soil was 2.1 t ha'* after three irrigation
events (total 132 mm), but with mulch added two irrigations (79 mm) produced the same yield

(2.2 t ha'l), while saving 53 mm of irrigation water. This result shows that in the water scarce
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coastal Ganges delta, the application of mulch can decrease irrigation water requirements while

still producing a profitable yield of sunflower.

4.7 Conclusions

In clay-textured soil in the saline coastal zone of the Ganges delta, rice straw mulch at 5t hat
significantly improved plant growth and yield. The effect of rice straw mulch was due to an
increased SP of soil solutions in the upper root zone caused by the combined effect of increased
soil water content and reduced soil salinity at 0-15 cm depth. Seed yield was more strongly
correlated with SP than either EC1:5 or SWC, reflecting the fact that SP captures variation in
both these other parameters. Yield gains from three irrigation events compared to one irrigation
event can also be attributed to higher SP. The combined results over two-years on clay-textured
soils suggest that soil management treatments are effective when they increase SP in the upper
root zone; this can be achieved with the application of rice straw mulch and two or three

irrigation events.
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Chapter 5

Opportunity and risk with early sowing of sunflower on
wet-clay soils after wet season rice in a salt-affected
coastal region of the Ganges Delta

(This chapter was submitted to Journal of Agronomy and Crop Science and is currently under
review)

Most studies have shown the benefits of mulch either on increasing soil water content or
decreasing soil salinity. In Chapter 4, we showed the effectiveness of straw mulch on increasing
soil water solute potential, which is a function of both soil water and soil salinity. The yield of
sunflower was more highly correlated with the solute potential of soil solution than to either

soil water or soil salinity.

In the present chapter, we examined the effect of time of sowing of sunflower (by zero tilled
dibbling) on wet soil to determine whether early sowing increased the utilization of stored soil
moisture and enabled sunflower avoidance of the salinity hazard later in the growing season.
We further investigated which physical factors (soil water, soil salinity, solute potential, and
temperature) determined the yield variation in the early to late sowing on wet, clay-saline soil

in the Ganges delta.
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5.1 Abstract

Early sowing of dry season (rabi) crops in the salt-affected coastal zone of the Ganges delta is
hypothesised to increase yield potential because the current delayed sowing exposes the crop
to soil dryness and salinity later in its growth. However, early sowing is challenging due to
excess soil water after rice harvest which constrains soil preparation. Field experiments were
conducted over two years with contrasting rainfall patterns to identify the opportunities and
challenges of early sowing between mid-November and January to maximise sunflower yield
on clay-textured soils in Southern Bangladesh. Sunflower was dibbled into untilled wet soil
on: 23 November, 30 November, 10 December, 20 December and 30 December in 2016-17,
and 25 November, 14 December, 25 December, 10 January and 25 January (dibbled in tilled
soil) in 2017-18, with two mulching treatments; rice straw applied ~ 5t ha™* (RS) and 15-20 %

rice residue retained from the previous crop (RR). Sowing before 15 December was associated
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with larger heads, more seeds per head, greater seed weight and higher grain yield (3.5-4 t ha’
1Y in the first year, but early sowing was also risky since, in the second year, sowing on 25
November was hampered by heavy rainfall at 14 days after sowing (causing waterlogging)
which depressed yield compared to sowing on 14 December. The higher yield of early sowing
before 15 December was associated with higher average soil water, lower average soil salinity
and higher average solute potential compared to sowing after 15 December. Lower yield in the
late sowing was also associated with increased temperature. In both seasons, a 3-factor
multivariate regression model (temperature, soil water content and EC1:5) suggested that the
main driver of yield was soil ECy1:s followed by air temperature. The RS mulch significantly
increased soil water availability, reduced soil salinity and increased solute potential and also
increased yield in the second year. We conclude that sunflower sown before 15 December,
which are earlier than present practice, has the highest yield potential, but the earliest sowings

do have an elevated risk of yield loss due to waterlogging.
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5.2 Introduction

In the coastal zone of the Ganges delta, the dilemma is that early rabi crop establishment may
be delayed by excess soil moisture after harvest of the previous wet season rice (kharif), which
constraints timely soil preparation (Paul et al., 2020a), while delays in sowing expose the crop
to soil dryness, salinity and possibly heat stress later in its growth. Currently, farmers prepare
the soil to grow rabi crops such as sunflower and maize with 4-5 passes of rotary tillage
beginning when the topsoil has dried below field capacity (Mondal et al., 2015a). Rotary tillage
accelerates the drying of the tilled surface soil but delays the sowing time, which can lead to

low yield.
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Due to its low elevation (< 3 m above sea level), much of the coastal zone of the Ganges delta
is protected by peripheral earthen embankments (polders) to prevent tidal inundation and
seawater intrusion (Mondal et al., 2015b). However, due to a shallow water table, which is
temporally dynamic in both depth and salinity, soil and water salinity in the dry season can be

unfavourable for crop cultivation (Paul et al., 2016).

The low-land rice environment with intensive soil puddling is problematic for non-rice crop
establishment in the dry season because of adverse soil physical constraints (Mitchell et al.,
2013; So and Ringrose-Voase, 2000). Firstly, when soil is too wet immediately after harvesting
wet season rice, poor drainage and aeration can negatively affect the emergence of seedlings
(Kokubun, 2013; Rahmianna et al., 2000). Also, late monsoon rain may expose early sown
crops to waterlogging (Yu et al., 2019). On the other hand, if the sowing time is delayed, crop
growth and development can be affected by late-season soil dryness and compaction (Cook et
al., 1995). In addition to this, late sowings may be damaged by high soil and water salinity and
waterlogging from pre-monsoon rains prior to harvest (Mondal et al., 2015a; Zeng et al., 2015).
Rather than wait until the soil is dry enough for rotary tillage, the optimum time of sowing (to
maximise grain yield) may involve early planting at high soil water content through zero-tilled

dibbling.

Sunflower is considered to be a drought-tolerant crop because of its efficient use of soil water
(Rauf, 2008). It develops a deeper root system (up to 2 m) compared with other crops such as
sorghum, soybean and maize, which aids in the water uptake by the plant during water stress
(Sadras et al., 1989; Seiler, 1994). Sunflower is also classed as a moderately salt-tolerant crop
(Francois, 1996; Katerji et al., 2003). In addition, low temperatures (< 25 °C) may delay and
reduce germination and emergence (Gay et al., 1991), while high temperatures ( > 30 °C)
during bud formation and flowering can depress seed number, grain size and yield (Chimenti

et al., 2001a; Rondanini et al., 2006).
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In different climates, delayed sowing after the optimum time significantly reduced sunflower
yield and yield components because of adverse temperature at particular growth stages (De La
Vega and Hall, 2002; Dp and Ja, 1994; Unger, 1980). There is already some information on
the effects of the sowing date on sunflower yields in Bangladesh. In the coastal saline area,
Rahman et al. (2015) reported that sunflower sown on 10 December had around 1 t ha* higher
yield than a crop sowing on 4 February. Rashid et al. (2014) mentioned that sunflower sown in
the first week of January produced larger heads and greater yields than those sown on 22
February. Mondal et al. (2015a) showed that early establishment of rabi crops such as
sunflower after wet season rice improved cropping system productivity. While these earlier
studies emphasised the importance of early sowing, they did not identify the main yield-
limiting factors with early or late sowing of the climatic risks. Nor did they consider the
opportunity presented to establish crops early if sown without tillage by dibbling. The present
study: (i) evaluated the effect of sowing dates on sunflower yield and yield components over
two contrasting seasons, (ii) examined the effects of mulch on sunflower established by
dibbling, and (iii) examined the relative impacts on yield from variations in the prevailing soil
and weather drivers: soil water content, EC1:s5, the solute potential of soil solutions and average

seasonal temperature during crop growth.

5.3 Materials and Methods

5.3.1 Description of the study site

Two field experiments were conducted in a farmer's field at Pankhali, Dacope Khulna,
Bangladesh (22° 37° 55" N and 89° 30" 10" E) where the land is low-lying, and wet season rice
(Aman) are generally grown from July to January. The area belongs to the Ganges Tidal
Floodplain agro-ecological zone, AEZ13 (Paul et al., 2020a). The climate is subtropical with

an average annual rainfall of 1,800 mm, a cool dry winter from November to February, and a
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hot and humid summer from March to June. Initial soil samples were collected at 15 cm
increments to a depth of 60 cm (before crop establishment) to measure soil physical and
chemical properties (Paul et al., 2020a). The soil texture was silty clay (0-30 cm) overlying
clay (30-60 cm). The soil texture was silty clay (0-30 cm) overlying clay (30-60 cm). The soil
(0-15 cm) had a bulk density of 1.4 Mg m™, a pH of 7.5, an EC1:5 of 0.45 dS m, an organic
carbon content of 12 g kg%, a total nitrogen content of 13 g kg™, an extractable P concentration
of 3 mg kg?, and an extractable K concentration of 338 mg kg. To use the land for sunflower
establishment in November, a medium duration high-yielding Aman rice was transplanted in
the first week of August and drained of standing water (open ditches: 15-20 cm deep and 20-

25 cm wide) before being harvested in the third week of November.

5.3.2 Experimental design and crop management

The experiment was laid out in a randomized complete block design with three replications in
plots 10 x 4 m in 2016-17 and 9 x 5 m in 2017-18. Experimental treatments comprised five
sowing dates in 2016-17 (23 November, 30 November, 10 December, 20 December and 30
December) and a further five dates in 2017-18 (25 November, 14 December, 25 December, 10
January and 25 January). In each year, there were two mulching treatments (RS = applied rice
straw after crop emergence at 5t ha! and RR = retained 15-20 % of rice residue, which is
approximately 1 t hat). Sunflower seeds (cv. Hysun-33) were sown into wet soil (soil water
content varied from 43 % to 50 %, w w in 2016-17, and from 31% to 51 %, w w* in 2017-
18) by dibbling with a round stick to a depth of 2-3 cm with two seeds per hole except for the
fifth sowing in 2017-18, where rotary tillage was done (five passes to achieve a suitable soil
tilth) by two-wheel tractor before dibbling. The row to row distance was 70 cm, and plant to
plant distance was 40 cm. Plants were thinned to one per hill at the 4-6 leaf stage (20 days after
emergence). Fertilizer (urea-triple superphosphate-muriate of potash-gypsum-zinc sulphate-

boric acid) was applied at 200-200-170-170-10-12 kg ha™* based on the recommendation of the
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Bangladesh Agricultural Research Institute (Mondal et al., 2011). All fertilizers except 75 %
of the urea were applied immediately after crop emergence by placing in holes (5-7 cm deep)
on both sides of the plant (~ 5 cm distance) along the rows, and the rest of the urea was
broadcast between the rows in three splits at seedling stage (30-40 DAS), maximum vegetative
period (50-55 DAS) and before flowering (60-65 DAS) in both seasons. Light irrigation was
applied by spraying the soil immediately after urea top dressing to wash the urea into the soil.
Insecticide Nitro (Cypermethrin Chlorpyriphos) was applied 2-3 times to control hairy
caterpillar. In each plot, 7 m? was selected to monitor the emergence rate, crop growth, and
development, bud initiation, first flowering, and physiological maturity. Ten plants were
randomly selected to measure plant height, stem diameter, head diameter, head weight, number
of seeds per head, and 1000 seed weight at maturity. Seeds were threshed manually from heads
and sun-dried for 2-3 days to calculate the seed yield (t ha) at an adjusted moisture content of

9% (ww).

5.3.3 Soil water content measurement (SWC)

Soil samples were collected to measure gravimetric SWC at 0-7, 7-15, and 15-30 cm depth
every 10-15 days between sowing and harvest in both seasons. A hand-held auger was used to
collect soil samples from each depth. The initial weight of the samples was measured
immediately, and samples were then oven-dried to constant weight. The gravimetric SWC was
then calculated (Cresswell and Hamilton 2002). The SWC at field capacity (-33 kPa) and
wilting point (-1500 kPa) was also measured using a pressure plate apparatus (Eijkelkamp pF

set) on undisturbed soil cores collected before sowing at each of the depths.
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5.3.4 Soil electrical conductivity (EC1:5) measurements and the calculation of

soil solute potential

The ECy:s of the soil was measured at 0-7, 7-15, 15-30 cm depths at 15-20 days intervals during
the growing season. Measurements of electrical conductivity were made in a 1:5 soil: water
suspension using a portable EC meter. The solute potential of the soil solutions was calculated

(Paul et al., 2020a) from the equation:

Ws = -22580 x EC1:5/W
where, Ws is the solute potential (kPa), EC1:s is the electrical conductivity (dS m™) of the 1:5

soil: water extract and W is the gravimetric SWC (%, w w?).

5.3.5 Statistical analysis

Statistical analyses were done using STAR version 2.0.1 (STAR, 2014). The effects of sowing
dates and mulch on grain yield and yield components were determined using a two-way
analysis of variance (ANOVA). The significance of effects of sowing dates and mulch on
SWC, ECy:5 and solute potential were determined using a three-way factorial ANOVA model
that also took account of the effects of sowing dates and mulch with soil depth or days after
sowing (DAS) as repeated measures. The differences between means were tested using the
least significant difference (LSD) at the 95 % confidence level. The relationship between yield
and air temperature was tested by a single factor regression model. The relative contribution
(weighting) of the prevalent physical drivers for crop performance was examined by
performing multiple linear regressions of the observed data, using several different factors.
Models selected based on their explanation of yield variation were: (i) a 2-factor model
(average seasonal temperature, average seasonal soil solute potential in root zone), and (ii) a 3-

factor model (average seasonal temperature, soil water content and soil EC1:5). We considered
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that the magnitude of the coefficient assigned to each of the driving variables represented the

relative influence that variable had in determining grain yield.

5.4 Results

5.4.1 Seasonal rainfall and temperature during the growing season

In 2016-17, total rainfall throughout the cropping season (November to 15 April) was 173 mm
but two-thirds fell in March during the flowering stage (Fig.5.1A). By contrast, in 2017-18, 51
mm rain fell during 8-10 December, inundating plots previously sown on 25 November and
causing waterlogging stress (Fig. 5.1F). This heavy rain also delayed the second sowing until
14 December. There was no rain in the following months until 96 mm fell in April (Fig. 5.1F).
In both years, air temperature declined in December/January and increased again from
February (Fig. 5.1B and 5.1G). The average winter temperature (December-February) in 2017-
18 was warmer than in 2016-17. The lowest minimum temperature was 8 °C in January 2018
and 9.5 °C in January 2017. The monthly maximum temperature was similar in both seasons
apart from higher values in March and April in 2017-18. The maximum temperature in
December and January was less than 30 °C in both seasons. Temperatures began to increase
from February, and the maximum temperature was 36 °C and 37 °C in March and April in

2018, respectively.

5.4.2 Soil water content at establishment and crop phenology

There were slight effects of date of sowing in the two seasons on sunflower emergence, plant
population, and dates of physiological maturity. These mostly had no substantial effect on grain
yield, so the details can be found in the Supplementary Materials (Section S1 and Fig. 5S1).
From the point of view of factors affecting yield, the following points are important: Firstly,
differences in plant population for the first and fourth sowing dates in the second year between

mulch and no-mulch affected the grain yield. Secondly, the late sowings on 30 December in
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the first year and 25 January in the second year significantly shortened the growth duration by

10 and 21 days, respectively.
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Fig. 5.1. Variation of seasonal weather and average soil data at 0-30 cm depth: (A, F) daily
rainfall, (B, G) daily temperature, (C, H) soil water content, (D, 1) EC15 and (E, J) solute

potential. Parts A-E are for 2016-17, and parts F-J are for 2017-18.
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5.4.3 Yield and yield components of sunflower

In 2016-17, early sowing on 23 and 30 November produced the highest yield (~ 4 t ha), later
sowings had lower yields, and the last sowing on 30 December had the lowest yield (2.9 t ha”
1) (Table 5.1A). By contrast, in the 2017-18 season, the crop sown on 25 November had a
lower yield than crops sown on 14 and 25 December as the former sowing was affected by
waterlogging (Table 5.1B). The highest yield (2.9 t ha) was from crop sown on 14 December
and the lowest yield was from crop sown on 25 January (1.3 t ha') (Table 5.1B). Overall, there
were lower yields in the second season compared to the first season. In the first season, mulch
had no effect on yield, but in the second season, the RS treatment had a significantly higher
yield than the RR treatment (Table 5.1A and 5.1B).

Early sowing in both seasons was associated with a larger head diameter. The head diameter
showed a decreasing trend with delayed sowing. In both seasons, the RS treatment increased
the head diameter by 3-4 % relative to RR treatment (Table 5.1A and 5.1B). The number of
seeds per head decreased with delayed sowing in both years. In 2017-18, there was a higher
number of seeds per head with the sowing on 14 December, and after that a lesser number of
seeds per head until the sowing on 25 January (Table 5.1B). Mulch did not affect the number
of seeds in the first season, but there was a significant effect on the number of seeds in the
second season. In 2016-17, early sowing (23 November, 30 November and 10 December) had
significantly greater seed weight (90-97 g) than later sowing on 20 and 30 December (71-85
g). In 2017-18, sowing on 14 December produced the highest seed weight compared to the
other sowing dates. For the last sowing on 25 January, seed weight (44 g) was only half of that
with early sowing on 25 November and 14 January (80-85 g). There were significant

interactions between sowing dates and mulch on seed weight in the second season (Table 5.1B).
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Table 5.1 Yield and yield components of sunflower at Pankhali, Dacope, Khulna Bangladesh

in (A) 2016-17 and (B) 2017-18.

1A. 2016-17
Sowing Mulch Grain yield Head Seeds per 1000 seed weight
treatments treatments (tha) diameter head (9)
(cm) (number)
23 Nov RS 3.8 23 1400 97
RR 3.9 21 1382 96
30 Nov RS 3.9 22 1333 93
RR 4.0 23 1380 94
10 Dec RS 3.6 22 1263 91
RR 34 22 1228 89
20 Dec RS 3.3 21 1301 87
RR 3.1 20 1230 82
30 Dec RS 3.0 20 1232 74
RR 2.8 19 1137 69
P-values
Sowing 0.0001 0.001 0.003 0.001
Mulch NS 0.02 NS NS
sowing: Mulch NS NS NS NS
LSD values
Sowing 0.27 0.78 88 8.6
Mulch - 0.35 - -
Sowing: Mulch - - - -
1B. 2017-18
i Head 1000 seed
Sowing Mulching Grain yield _ Seeds per head _
diameter weight
treatments treatments (t ha'l) (number)
(cm) (9)
25_Nov RS 2.3 21 1041 82
RR 1.7 19 945 78
14-Dec RS 3.1 21 1305 87
RR 2.6 21 1202 84
25_Dec RS 2.9 21 1274 84
RR 2.6 20 1182 78
10-Jan RS 2.3 19 1205 81
RR 2.0 19 1147 76
25_Jan RS 1.7 15 911 50
RR 0.9 14 780 37
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P-values

Sowing 0.005 0.001 0.001 0.001
Mulch 0.0005 0.007 0.001 0.001
Sowing: Mulch NS NS NS 0.02
LSD values
Sowing 0.68 1.49 104 3.9
Mulch 0.22 0.56 48 3.9
Sowing: Mulch - - - 3.9

NS indicates no significant difference
LSD indicates the least significant difference at P < 0.05. Abbreviations: RS-rice straw and RR-rice
residue.

5.4.4 Relative influence (weighting) of temperature, EC1:5, SWC, and SP in
determining grain yield

In both years, grain yield was negatively correlated (single factor relationship) with increasing
minimum and maximum temperature averaged over the season (Fig. 5.2). In the first year,
minimum and maximum temperature, respectively, accounted for 79 and 78 % of the variation
in crop yield, whereas in the second year, these accounted for 69 and 68 % of the variation,
respectively. The mean percentage reduction in yield for increased average minimum and
maximum temperature from 15 and 28 °C at sowing to 18 and 30 °C at harvesting was 27 % in
the first year. In the second year, the percentage yield decrease was 54 % for increased
temperature from 17 and 29 °C at sowing to 22 and 33 °C at harvesting (Fig. 5.2). We also
explored the relative weighting of other driving factors affecting the variation of yield in both
seasons by testing multiple linear regression models considering 3-factor (average temperature,
SWC, ECy:5) and 2-factor (average temperature and SP) (Fig. 5.3 and 5.4). In the first season,
the 2-factor model adding the SP factor had minimal effect on explaining yield variation (Fig.
5.3C and 5.3D). By contrast, the 3-factor model (average temperature, SWC and ECi:s)
explained 91 % of the yield variation with the major contribution from EC1:5 and to a lesser
extent from temperature (Fig. 5.3A and 5.3B). Moreover, seed yield was mostly determined by
ECu1:5 during the later half of the growing season. In the second season, the 3-factor model

(average temperature, SWC and ECy:5) explained 72 % of observed yield (Fig. 5.4A): the 2-
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factor model (average temperature and SP) explained only 53 % of yield variation, and as in
the previous year average temperature had the dominant effect (Fig. 5.4C and 5.4D). While the
driving factor for determining the yield in the second season was EC1:5 and to a lesser extent
to temperature as in the first year, these factors had the most influence on sunflower yield in
the first half of the season. The 3-factor model explained more of the variance in yield (higher

r? values) than the 2- factor model in both seasons.
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Fig. 5.2. Relationship between sunflower yield and temperature during the growing season (A)
average minimum temperature and (B) average maximum temperature in 2016-17, and (C)

average minimum temperature and (D) average maximum temperature 2017-18.
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5.4.5 Seasonal dynamics of SWC, EC1:5s and SP

For both seasons, the effects on SWC, EC1:5 and SP of five sowing dates have been illustrated
in the Supplementary Materials (Section S2 and Fig. 5S3, 554 and 5S5). All these soil variables
changed as the dry season progressed and were affected by seasonal rainfall. In both seasons,
the observed data for SWC, EC15 and SP over the 0-30 cm soil depth for all dates of sowing
were best fitted with a polynomial cubic relationship (Fig. 5.1C, D, E, H, I and J). For all dates
of sowing, the relationship accounted for 84 and 91 % (P < 0.001) of the decrease in SWC with
time in the first and second season, respectively (Fig. 5.1C and 5.1H). Irrespective of sowing

treatments, the SWC was around 42-46 % (w/w) at the beginning of the season (last week of
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November) and declined to 17-22 % by the end of the season. In the second season, the SWC
at the last sowing (25 January) was slightly higher because the land was cultivated before
dibbling by a rotary cultivator.

The ECy:5 increased with time for all dates of sowing at 0-30 cm soil depth (Fig. 5.1D and 5.11).
About 65 and 49 % of increased values of EC1:s can be explained by time in the first and second
season (Fig. 5.1D and 5.11) using the polynomial cubic relationship. The ECy:5 was around 0.5
dS m at the start of the season, and it increased to 0.8 and 0.6 dS m™ at the end of the season
in the first and second years, respectively. In the second year, overall EC1:5 was lower due to
rainfall in the beginning and later part of the season.

The SP decreased (i.e., became more negative) with the progress of the dry season due to
increased soil salinity and reduced soil water content. The variation of the SP with time in all
times of sowing can be well explained by the polynomial cubic relationship (r> = 0.81 and P <
0.001 in the first season and r?> = 0.75 and P < 0.001 in the second season) (Fig. 5.1E and 5.1J).
In both seasons, the SP dropped from around -250 kPa at the beginning of season to -860 kPa
at the end of season. In the second year, the last sowing on 25 January increased the SP because

of substantial soil disturbance and rainfall.

5.4.6 Effect of mulch on SWC, EC;:.5and SP

In both seasons, the RS treatment significantly increased the soil water in all times of sowing,
and there was a significant interaction between sowing, mulch and time (DAS) on SWC
(Supplementary Materials Fig. 5S6A-J). On average, throughout the season, the RS treatment
significantly increased SWC by 3-5 % and 2-3 % (w/w) over RR treatment in the first and
second years, respectively. At the beginning of the season, SWC at 0-7 cm layer was higher
than at 7-15 cm in both mulching treatments. However surface soil at 0-7 cm dried faster than

7-15 and 15-30 cm at the end of the season, mainly in the RR treatment.
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In the first season, there was no difference in ECy:s5 for early sowing on 23 and 30 November
between the two mulching treatments (Supplementary Materials Fig. 557A and5S7 B), but the
EC1s was significantly lower under the RS treatment compared to the RR treatment after on
sowing 10, 20 and 30 December (Supplementary Materials Fig. 557C, D and E). In the second
season, rainfall in December lowered the EC1:5 during planting time on 14 December onward.
There was a significant interaction between mulch and time, but no interaction between sowing
and mulch or sowing, mulch and time at P > 0.05 (Supplementary Materials Fig. 5S7F-J).

In both seasons, SP increased with the progress of the season in two mulching treatments (Fig.
5.5A and 5.5B). The SP under the RS treatment was significantly greater than with the RR
treatment in both seasons. In 2016-17, the range of SP was between -243 kPa and -890 kPa,
and -260 kPa and -1316 kPa in RS and RR treatments from the establishment to maturity. In
2017-18, the range of SP was between -213 kPa and -876 kPa, and -221 kPa and -1408 kPa in

RS and RR treatments, respectively from the establishment to flowering.
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Fig. 5.5. Mulch effects on the solute potential of soil solutions in five dates of sowing in (A)

2016-17 and (B) 2017-18 under the RS (blank circle) and RR (filled circle) treatments.

5.5 Discussion

This discussion focuses firstly on the effect of early sowing time on sunflower yield in the
coastal Ganges delta environment. We then discuss the effects of sowing times on average
seasonal temperature, SWC, ECi:5 and SP to which crop was exposed, and the degree to which

each of these drivers influenced sunflower growth and yield.
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5.5.1 Effect of early sowing time on sunflower yield

Time of sowing had a marked effect on sunflower yield, but the responses differed between
years (summarised in Fig. 5.6). In the first year, sunflower yields were highest (~ 4 t ha') with
the earliest sowing (23 and 30 November) and were lowest (~ 2.9 t ha) with the last sowing
on 30 December. By contrast, early in the second year, waterlogging stress of the plants sown
on 25 November decreased sunflower yields by 30 % compared with the second sowing (14
December) that occurred after the plots had been drained. Hence, in the one trial shown here,
when there was no heavy post-monsoon rainfall, early sowing enhances sunflower yield, but it
is risky, especially in the absence of rapid and adequate drainage. According to Yu et al. (2019),
in this coastal zone in Khulna, there is a chance of heavy rainfall > 40 mm day* from December
to February, which can cause waterlogging. Surface drainage (open ditches: 15-20 cm deep
and 20-25 cm wide) installed the day after the heavy rainfall event on 10 December was found
to be useful as a means of averting the failure of early sown crops from waterlogging. A more
comprehensive assessment of the frequency of yield-damaging waterlogging events could be
obtained from well-calibrated crop simulation models such as APSIM (Gaydon et al., 2017).
Indeed, the optimum time for early sowing in this environment could be determined from
APSIM modelling to determine when the risk of waterlogging becomes acceptably low.

Even though sunflower yield was higher in the first year compared to the second year, the
optimum sowing window for sunflower, from the perspective of potential yield (3-4 t hal) in
both years was between 20 November and 15 December (Fig. 5.6). In the salt-affected Ganges
delta, the differences in the final yield of sunflower may be attributed to the establishment time
and method, average seasonal air temperature, in-season rainfall and conditions faced later in
the growing season such as low soil water rising soil salinity, and increasing crop water
demand. The early sowing may be affected by waterlogging, whereas the later sowing can be

negatively impacted by higher temperature, salinity and soil water depletion (Fig. 5.6). Rashid
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et al. (2014) showed that sunflower dibbling on 14 January resulted in a higher yield (3 t ha™®)
than sowing on 22 Feb (2.6 t hal) in this coastal area, but as illustrated in our study both these
times of sowing were later than optimum. Other researchers have reported that delayed planting
after normal sowing time caused the reduction of sunflower yield in both temperate and
subtropical regions (Barros et al., 2004; De La Vega and Hall, 2002; Unger, 1980), which was
mainly attributed to the warmer temperature at reproduction and grain filling stages. Studies
showed that the temperature for optimum growth and development of sunflower was between
26-29 °C (Awais et al., 2017; Rondanini et al., 2006). In the present study, early sown crops
(between 20 November and 15 December) in both years were exposed to temperature < 30 °C
during flowering, but later sowing after 15 December exposed the crop to > 30 °C during
flowering and grain filling stages. Thus, the effect of high temperature in later sowings
shortened the reproductive period and induced physiological maturity 5-9 days earlier in the
first year and 15-20 days earlier in the second year, respectively, which may be related to lower
yield under late sowing. Some studies also reported that in subtropical conditions, late-sown
crops encounter heat stress during the reproductive stage, which decreases seed numbers, grain
unit weight and grain quality (Chimenti et al., 2001b; Rondanini et al., 2003). Fig. 5.2 illustrates
the significant negative relationship between temperature and grain yield, where yield
decreased with increasing temperature. Considering the range of factors that influenced yield,

the high temperature was most influential later in the growing season (Fig. 5.3D and 5.4D).

5.5.2 Effects of sowing method and time on SWC

Early sowing of sunflower was achieved by dibbling even though SWC exceeded field capacity
(40-50 %, w/w). However, the higher SWC was apparently not limiting for emergence as there
was no inhibition of emergence percentage (emergence: 95- 98 %) relative to the second and

third sowing with lower SWC. Emergence after dibbling was drastically reduced in the fourth
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sowing because of decreased SWC (33 %), but emergence was satisfactory in the last sowing
even though SWC was 31 %, as the land was cultivated with five passes in the second season.
The reason for lower emergence in fourth no-till dibbled sowing may be the detrimental effects
of surface drying, soil hardening, surface crusting and high soil strength in the soil. The
hardened soils may have reduced the availability of soil water surrounding the seed zone
(Mitchell et al., 2013). In the first season, SWC during the early planting treatments (between
23 November and 15 December) was apparently higher than the wilting point (26 %, w/w)
from sowing to harvest, but SWC in the last two sowings (20 and 30 December) dropped to 3
% and 5 % below wilting point in the grain filling stage. In 2017-18, SWC was much lower
than the wilting point in the later sowings (between 25 December and 25 January) from
maximum vegetative to maturity (4-10 % < wilting point). The higher soil water availability
during the early sowing treatments may contribute to better plant growth and development and
higher yield compared to the late sowings. Although sunflower is considered to be a moderately
drought-tolerant crop, water stress in early flowering to grain filling can cause up to 50 % yield
loss (Aboudrare et al., 2006; Alahdadi et al., 2011; Hussain et al., 2018). However, in this
study, in the 3-factor (temperature, SWC and EC) multivariate regression model, SWC did not
have a significant impact on the yield variation (Fig. 5.3B and 5.4B). This may be attributed to
the availability of soil water deeper in the profile where sunflower roots are active from
flowering onwards (Paul et al., 2020b). In addition, soil water potential and soil salinity may

have a greater influence on sunflower yield than SWC (Paul et al., 2020a)

5.5.3 Effects of sowing time on EC1:5 SP

In this present study, the time of sowing and seasonal rainfall altered the average and maximum
soil ECy:5 in the soil profile within and between the two seasons. During establishment time,

the EC1:5 ranged from 0.5 to 0.68 dS m™ and from 0.4 to 0.48 dS m in the first and second
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year, respectively, but these values had no obvious effects on emergence and germination.
Some studies showed that sunflower germination was less sensitive to salinity than the early
seedling stage (Delgado and Sanchez-Raya, 2007; van Hoorn, 1991). Increased salt
concentration at the early stage of sunflower can cause lower leaf area and dry matter and
reduction of leaf water potential and stomatal conductance (Katerji et al., 1994; Zeng et al.,
2015). At flowering and grain filling stages, high salt concentration can reduce seed numbers,
seed size, and yield (Caterina et al., 2007; Katerji et al., 1996). Across the season, early sowing
before 15 December had lower ECy:5 (0.4-0.68 dS m) than later planting until 10 January (0.6-
0.78 dS m™), which suggests that there was higher salt stress for sunflower growth after the
late sowing. For early sowing, lower average salinity from seedling stage to grain filling may
have maintained better plant water status and increased grain yield. By contrast, higher soil
salinity from the vegetative period to maturity after late sowing was related to the decreasing
number of seeds per head and seed weight, and thus to reduced grain yield.

In previous studies with sunflower in this environment, SP of the soil solutions was an effective
integrator of water and salt stress on plant growth and development (Paul et al., 2020a, 2020b).
When SWC decreased and soil salinity increased, SP decreased (became more negative), which
inhibits water and nutrient uptake by plants, resulting in poor plant growth and development
(Bartels and Sunkar, 2005; Munns and Tester, 2008). In the present study, there was a
substantial variation of SP among the different sowing date treatments. In both seasons, early
sowing had comparatively higher SP (varied from -240 to - 620 kPa) at surface soil 0-7 cm
depth from seedling to flowering, which was far above wilting point (-1500 kPa) suggesting
that water uptake would not be limiting. By contrast, in the later sowing treatments, plants
experienced lower average SP mainly from flowering to maturity (varied from - 980 to -1145
kPa), which was close to wilting point. The higher SP for early sowing can be attributed to
adequate soil water and limited salt accumulation in soils and plants. By contrast, the low SP

value that approached wilting point at flowering and grain filling stages, especially in the later
164



sowing treatments, may have led to plant water stress and excess Na accumulation, which could
explain the reduced number of seeds per head, small grain size and lower yield. In the dryland
saline area, one of the strategies to avoid salinity stress (low solute potential) and to maximize
yield is the earliness of crop flowering (Worland et al., 1994). For example, Setter et al. (2016)
reported that in rainfed saline condition, the average SP was less than -1500 kPa (EC1:5 = ~0.55
dS m™ and soil water = 9.5 %, w/w; calculated from their data) during grain filling stage in
most plots which severely depressed barley and wheat yield. However, at these salinities, the
earlier flowering barley crops had 35 % higher yield than the later flowering wheat crops.

In previous studies with sunflower in the Ganges delta, SP better-explained effects of tillage
and mulch on grain yield (Paul et al., 2020a, 2020b); however, in the present study, EC
explained the highest yield variation (r?> = 0.91 and 0.72) in both years in a multivariate
regression model that also included temperature and SWC (Fig. 5.3A and 5.4A). Moreover, in
a 2-factor model using temperature and SP, temperature was the main driver of yield and SP
had minimal effect. The apparent lack of influence of SP on yield relative to other factors across
the multiple times of sowing may be because both SWC and EC1:5 had contrasting impacts on
yield. Higher SWC may have a positive effect on yield under drying conditions later in the
growing season, while more water can negatively affect yield due to waterlogging in the early
part of the season. Both of these effects were evident in the two years of the experiments.
Therefore, combining SWC and ECi:;s into a single variable of SP did not improve the
predictability of the model which involved multiple times of sowing. Based on the best fit of
the line in the 3-factor model (high r? values), EC1:s was the strongest driver of grain yield
followed by temperature. While the two years of experimentation with sunflower were quite
different, longer-term assessment of the optimum sowing window for sunflower and of the
major drivers of yield is needed. Calibrated crop simulation models such as APSIM would

provide a clearer insight into the long-term variability of sunflower yield in the Ganges delta.
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5.5.4 Mulch effect on soil water and salinity and plant growth

Mulching with rice straw significantly improved the availability of soil water and reduced the
soil salinity, which in turn enhanced SP of soil solutions compared to the RR treatment. These
benefits which strengthen the findings of Paul et al., (2020b) were more pronounced in the later
part of the growing season. In addition, due to the higher SWC under the mulch, lower soil
strength and cracks may favour root growth and crop development compared to the drier
surface soil of the rice residue treatment (Abd EIl-Mageed et al., 2016; Sharma and Minhas,
2005; Zhang et al., 2018). Clay soils puddled for rice cultivation are prone to becoming dense
and hard following the formation of large cracks during the dry season which is associated with
reduced infiltration within blocks of soil and higher mechanical resistance that restricts the
emergence, root growth, and crop growth and development (Bell and Seng, 2003; Kirchhof et
al., 2000; Mitchell et al., 2013). Further investigation is needed on whether the positive effects
of mulch on sunflower yield can be explained by the alleviation of soil physical limitations to
root growth (see chapter 6).

One reason for the absence of mulch effect on yield in the first year may be related to the
completion of sowing before the end of December so that anthesis and reproductive stages
avoided water deficit and salt stress in both mulching treatments. Another reason may be
associated with 109 mm seasonal rainfall in the first week of March, which provided adequate
water supply in both mulching treatments. Rice straw mulch on the soil surface was more
useful, especially for the later sowings (established on 8 January) for increasing yield, seeds

per head and seed weight (Paul et al., 2020b).
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5.6 Conclusions

On a wet, clay-textured soil, early sown sunflower established by dibbling had higher grain
yield relative to later sowing. Sowing before 15 December was most productive because the
higher yield was associated with higher SWC, lower EC1:5s and greater SP. The decreasing yield
with the late sowing was associated with the lower number of seeds per head and grain weight,
and shorter growth duration due to warmer temperature later in the growing season and
decreased SP of the soil solutions. Rice straw mulch was effective for increasing yield,
especially in the late sowing, by reducing water loss by evaporation and salt accumulation in
the root zone and hence by increasing SP. Yield prediction across all times of sowing by a 3-
factor (temperature, SWC and EC1:5) multiple regression model suggested that EC1:5 was the
main driver of yield, followed by average seasonal temperature. Considering the two seasons
results, early sowing before 15 December had the highest yield potential for sunflower by
enhancing utilization of residual, non-saline soil water early in the season, by ensuring that
flowering is completed before high temperatures inhibit seed set, and by avoidance of high soil
salinity and low SP in the upper root zone in the later part of the growing season (Fig. 5.6).
However, the risk of heavy rainfall events is higher in early sown crops, which can reduce yield

if effective drainage is absent.
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5.8 Supplementary Materials

Section S1. Initial soil water content and crop phenology

In both years, SWC was ~ 50 % (w/w) at the surface (0-7 cm) at the early planting (first and
second sowing in 2016-17 and first sowing in 2017-18). For later sowings, the SWC was 43-
47 % in 2016-17 and 31-43 % in 2017-18, respectively (Fig. 5S1). These variations in SWC
affected sunflower emergence and density. In 2016-17, the initial higher SWC slightly delayed
the emergence of the early planting (6-10 days) compared to the later planting (6-7 days) (Table
5S1A). In 2017-18, the decreased SWC for later sowings (10 and 25 January) delayed the
emergence (9-15 days) relative to the early sowings (7-12 days) (Table 5S1B). Plant
populations per square meter differed between emergence and harvest. In the first year, the last
plantings (30 December) had 9 % lower plant densities at harvest than at emergence (Fig. S2a).
In 2017-18, sowing on 25 November and 10 January had 22- 26 % lower plant populations
during harvest than emergence because of waterlogging stress at the first sowing and surface
soil dryness at the fourth sowing (Fig. 552b). In the first year, flower bud initiation started early
for the first and second sowings (54-56 days) compared to the last three sowing (60-64 days),
but for the second year, bud initiation started late for first, second and third sowing (61-65
days) compared to the last two sowing (57-60 days). In the second season, flowering was also
delayed for the first, second and third sowing (72-76 days) relative to the last two sowing dates
(65-72 days). In the first season, the longest crop growth duration was 113 days in the first
sowing decreasing by 10 days for the last sowing (30 December). In the second year, the longest
growth duration was 118 days for the first sowing (25 November) declining by 21 days for the
last sowing (25 January). At all times of sowing, physiological maturity was delayed by 3-4

days for the RR treatment compared with the RS treatment.
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Fig. 5S1. The mean gravimetric soil water content (%, w/w) of the soil profiles during

sunflower establishment at different sowing dates in (A) 2016-17, and (B) 2017-18. Error bars

indicate the standard error of the means. The horizontal bars indicate the least significant

difference at P < 0.05 in five times of sowing at three depths (0-7, 7-15 and 15-30 cm) of soils.

Table 5S1. Phenology of sunflower development at Pankhali, Dacope, Khulna Bangladesh in:

(A) the 2016-17 and (B) the 2017-18 crop season.

Table 5S1A.
. Bud First Physiological
S?iwn:gg Mulching ETSL?S)ZCE initiation flowering maturity
(DAS)* (DAS)* (DAS)*
23 RS 6-10 55 75 113
November
RR 6-10 56 75 113
30 RS 6-9 55 73 111
November
RR 6-9 55 73 109
10 RS 6-8 61 76 112
December RR 6-8 62 77 109
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20 RS 6-7 62 74 110
December RR 6-7 63 75 107
30 RS 6-7 59 72 105
December RR 6-7 60 73 103
Sowing (P-
value) 0.001 0.001 0.001
LSD 0.87 1.09 0.64
Mulch (P-value) 0.05 NS 0.001
LSD 0.68 - 0.66
Sowing x Mulch NS NS NS
Table 5S1B.
Sowing Mulching Emergence Bud First Physiological
time (DAS)* initiation flowering maturity
(DAS)* (DAS)* (DAS)*
25 RS 7-10 63 75 114
November
RR 7-10 63 75 118
14 RS 7-11 65 76 114
December
RR 7-11 64 74 116
25 RS 7-12 61 73 106
December
RR 7-12 61 72 109
10 RS 9-14 59 71 102
January
RR 9-14 59 72 105
25 RS 9-15 56 65 94
January
RR 9-15 57 67 97
Sowing (P- 0.001 0.001 0.001
value)
LSD 0.99 2 2
Mulch (P-value) NS NS 0.001
LSD - - 0.75
Sowing x Mulch NS NS NS

*DAS = Days after sowing; RS = Rice straw, RR = Rice residue; NS = Non-significant
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Fig. 5S2. Mean plant density per square metre at emergence and harvest in five times of sowing
(a) 2016-17 and (b) 2017-18. Vertical bars indicate the standard error of the mean. The same
letters are not significantly different at P < 0.05.

Section S2. Variation of soil water content, ECi:s, and solute potential throughout each
season

Soil water content (SWC) was higher during establishment and decreased with the progress of
the season in all dates of sowing. The SWC was significantly affected by sowing dates, soil
depth and time (DAS) in both years (Fig. 5S3). In 2016-17 during sowing, SWC at 0-7 cm
depth was above field capacity for all dates of sowing, but in 2017-18, SWC was only above
field capacity for first three dates of sowing and was below field capacity for last two sowing

dates. In the first year, the SWC at 0-7 cm did not decline below the wilting point for the first
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three dates of sowing but was lower than the wilting point for the last two dates of sowing (Fig.
5S3A). In 2017-18, surface drainage after rainfall (59 mm) rapidly decreased the SWC. The
average SWC of the first and second sowing declined from around 43-50 % at the establishment
to 17-20 % at maturity at 0-7 cm (Fig. 5S3D). The SWC declined substantially after sowing on
25 December (third) and 10 January (fourth) which varied from 34-40 % at the establishment
to 16 % at early maturity, but sowing on 25 January (fifth) maintained the greater SWC
compared to third and fourth sowing mainly at the flowering and maturity as the land was
rotary cultivated before dibbling and rainfall occurred later in the growing season. Throughout
the season, the surface soil at 0-7 cm had higher SWC than the bottom depth at 7-15 and 15-
30 cm (Fig. 5S3D, E and F).

The soil salinity (EC1:s) increased with time for all dates of sowing at all soil depths up to 30
cm. In both years, EC1:5 was significantly influenced by sowing dates, soil depth and time
(DAS) (Fig. 554). In 2016-17, the crops sown on 23 and 30 November had lower EC1:5 values
than those sown on 20 and 30 December at all depths to 30 cm. The range of EC1:5 at 0-7 cm
(establishment to harvest) was affected by the time of sowing: for the first two sowings, this
range was 0.5 to ~ 0.75 dS m%, while at the last time of sowing, this was 0.8 to 1.0 dS m™ (Fig.

5S4A).

In 2017-18, EC1:5 was slightly lower at all depths to 30 cm than 2016-17 season, however, an
increasing trend of EC1:5 was observed between sowing and harvest. Early sowing on 25
November and 14 December had mostly lower EC1:5 than sowing on late 25 and 10 December.
The range of EC1s for first two sowing was about 0.5 dS m* at the establishment to 0.58 and
0.68 at maturity (March and early April), while EC1:s varied from 0.45 to 0.76 dS m™ from the
establishment to maturity (Mid-April to late April). Although the last sowing was on 25

January, EC1:5 remained lower between establishment and harvest as soil was rotary tilled and

179



there was rain at the end of the season. At any time, EC1:s was the highest at surface soil 0-7
cm than 7-15 an 15-30 cm depths (Fig. 5S4D-F).

The solute potential (SP) was significantly affected by sowing dates, soil depth and time (DAS)
in both seasons (Fig. 5S5). In the first year, the SP of first two sowings was -248 kPa to -664
and for 728 kPa between establishment and harvest. The SP was more negative in third, fourth
and fifth sowing which varied from -303 kPa to -800 kPa, -371 kPa to -977 kPa and -419 kPa
to -1103 kPa at depth 0-7 cm, respectively (Fig. 5S5A-C). Throughout the season, the SP was
far lower at 0-7 cm than depth 7-15 and 15-30 cm. A similar trend of the SP was observed in
2017-18 season, however, the SP was less negative than season 2016-17. The first sowing on
25 November and last sowing on 25 January (tilled soil) exhibited relatively higher SP than
sowing on 14 December, 25 December and 10 January throughout the entire period. The SP in
the first and last sowing was between -220 kPa and -685 kPa, and -256 kPa and -490 kPa from
establishment to harvest. The SP was more negative on sowing 25 December and 10 January
which declined from -240 kPa at establishment to -1142 kPa at flowering, and -310 kPa at

establishment to -1108 kPa at maturity at depth 0-7 cm (Fig. 5S5D).
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Fig. 5S3. Main effects of sowing time on SWC at: (A) 0-7 cm, (B) 7-15 cm and (C) 15-30 cm

in the 2016-17 season and (D) 0-7 cm, (E) 7-15 cm and (F) 15-30 cm in the 2017-18 season.

LSD (least significant difference) for different factor combinations are 2.85™" (Sowing date =

S), 4*** (Soil depth = D), 2.5*** (Days after sowing = DAS), and 4* (S x D x DAS) in 2016-

17. LSD for different factor combinations are 2.95*** (Sowing date = S), 1.69*** (Soil depth

= D), 2.6*** (Days after sowing = DAS), and 2.95*** (S x D x DAS) in 2017-18. Values are

the means of three replicates. *** indicate statistical significance at P < 0.001. Upper and lower

dotted horizontal lines indicate gravimetric SWC at field capacity and wilting point.
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Fig. 5S7. Effect of RS (rice straw) treatment compared to RR (rice residue) on ECy:;s at five
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bars in each date of sampling for part A-F indicate a significant difference between two

mulching treatments at P < 0.05. There was a significant interaction between mulch and time,

but no interaction between sowing and mulch or sowing, mulch and time at P > 0.05 (Part F-

J).
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Chapter 6

Sunflower roots distribution in compacted and cracked
clay-textured soil: effects of rice straw mulch

In Chapter 5, it was determined that sowing between 20 November and 15 December had a
higher sunflower yield potential due to increased soil water content and solute potential, and
decreased soil salinity. Sowing after 15 December decreased yield, which was associated with
higher soil salinity and temperature. Across all sowing dates, the key driver of vyield
determination was ECy:s followed by temperature.

In Chapter 6, | investigated the role of root distribution in the soil profile (0 to 80 cm) in
explaining sunflower responses to time of sowing, mulch and irrigation water supply. The root
dry weight and total root length were significantly lower at 0-20 cm soil depth with the no-
mulch than under the mulched plot. The lower values of root parameters under no-mulch plots
may be influenced by soil compaction and cracking, but these soil parameters were not
measured in the time of the sowing experiment (Chapter 5). In the present experiment, I
measured soil penetration resistance and cracked dimensions in clay-textured soil under three
mulching treatments and two irrigation regimes. The root distribution was quantified at three
times during the growing season in the soil profile to 80 cm. Finally, | related the soil

penetration resistance and cracked parameters to root growth and sunflower yield.
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6.1 Abstract

In the salt-affected coastal zone of the Ganges delta, puddling clay soil as part of intensive
tillage for rice cultivation causes loss of soil structure and vertical shrinkage cracks that are
hypothesised to hamper sunflower root growth in the following dry season. In order to alleviate
soil physical constraints for root growth, the effects of three levels of mulch and two irrigation
regimes on sunflowers were examined in the 2018-19 season. These treatments were: no-mulch
(NM), rice straw mulch at 5 t ha* (RS5) and rice straw mulch at 10 t ha* (RS10) and irrigation
applied to raise soil water to field capacity up to 60 cm depth (I1) or double the water supply
of treatment 11 (12) at 30, 55 and 70 days after sowing. Mean dry root weight, total root length,
and root length density were higher with the RS5 and RS10 treatments at 0-20 cm depth, but
there was a higher total root length at 60-80 cm with the NM treatment. The improved soil
physical condition and better root development with the rice straw mulch increased sunflower

yield by 23 %. The rice straw mulch significantly increased soil water content at 0-30 cm
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relative to the no-mulch treatment, and reduced soil cracking and penetration resistance. The
RS5 and RS10 treatments significantly reduced crack volume, cross-sectional area, crack
length density, depth and width, 84-91 %, 63-69 %, 57-70 %, 42-52 %, and 42 %, respectively,
relative to the NM treatment. With RS5 and RS10 treatments, the average soil resistance
decreased by 77 %, 49 % and 28 % at 0-7, 7-15 and 15-30 cm depths, respectively, compared
to the NM treatment. No benefit further decrease in soil penetration resistance or crack volume
was obtained from increasing the level of mulch 5 t ha™ to 10 t ha™ or doubling of the level of
irrigation. It is concluded that ameliorating soil physical constraints possibly led to better root
growth and yield on this moderately saline clay-soil and that rice straw mulch of ~ 5t ha?

under no-tilled conditions was an effective treatment.

Keywords: Crack dimension soil water content, soil penetration resistance, sunflower yield.

6.2 Introduction

In the salt-affected coastal zone of the Ganges delta, as in many parts of Asia that grow wetland
rice, puddling of clay soil through intensive tillage for rice establishment in the wet season
damages soil structure, which during the following dry season lead to soil compaction and
abundant vertical shrinkage cracks (Mondal et al., 2015a; Paul et al., 2020a). The soils typically
have a massive apedal structure when puddled, a compacted layer below the puddled layer and
high soil strength when soil water decreases during the dry season (Adachi, 1990; Kirchhof et
al., 2000; So and Ringrose-Voase, 2000). An ideal soil pore space usually holds 25 % water
and 25 % air by volume, but soil compaction due to puddled tillage with the dispersion of soil
aggregates reduces this pore space in the dry season, which causes a dense soil with impeded
internal drainage and aeration (Bayhan et al., 2002). As a result of lowered porosity and
deficiency of oxygen level in compacted soils, root penetration and elongation are impaired,
and expansion of the root tip is decreased, which results in poor plant growth and development

(Cambi et al., 2018; Kozlowski, 1999). Cook et al. (1995), who conducted experiments in clay
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soil in growth chambers and the field at Los Banos, in the Philippines, reported that high soil
penetration resistance in dry soil was the major soil physical constraint affecting the seedling
emergence of mungbean. So and Woodhead (1987) reported that increasing soil mechanical
resistance decreased the root elongation of legume species and root growth ceased when soil
resistance was greater than 3 MPa. Goodman and Ennos (1999) found that sunflower and maize
growing in strong (bulk density: 1.4 Mg m) and weak soil (bulk density: 1.0 Mg m™) had no
difference in the number or weight of first-order lateral roots systems, but there was a
significant effect on the fresh and dry weights of shoots of both crops.. Another experiment
conducted by Bayhan et al. (2002) reported that root development and growth of sunflower
were reduced by about 22 % with a soil penetration resistance of 1.6 -1.8 MPa (0-20 cm) caused
by wheel traffic. Although increases in soil penetration resistance have been reported to affect
plant growth and root development in the literature, little work has been done on the sunflower

root distribution down the soil profile in the saline clay-textured soil of the Ganges delta.

In soils of the Ganges Delta, the predominant clay minerals are smectite and mica
(Moslehuddin et al., 1999), and the drying of these can cause soil shrinkage and vertical
cracking (Cabangon and Tuong, 2000). Cracks in the soil can cause bypass water flow from
the soil surface to depth after rain or irrigation and can also cause an increase in water loss
from soil profiles because the soils are more exposed to evaporation (Tuong et al., 1996). After
irrigation, water moves quickly into the crack networks and irrigation water can be lost from
the root-zone through sub-soil infiltration and lateral drainage (Tuong et al., 1996; Wopereis
et al., 1994). Cracks in the soil profile are said to impair the development and distribution of
roots and grain yield (Ringrose-Voase and Sanidad, 1996; Taylor and Brar, 1991; Whitmore

and Whalley, 2009), but effects may vary between crops. For example, there are also evidence

189



that soybean roots can grow down crack walls and extract subsoil water (Hasegawa et al.,

1985).

In this experiment, measurements were made of water extraction by roots growing adjacent to
soil cracks to 60 cm, but measurements were not made of the effects of cracks on root dry
weight, total root length or root density at different depths in the soil profile. Application of
straw mulch to a soil surface can stimulate the restoration of soil structure in compacted soils
(Jourgholami et al., 2018; Paul et al., 2020b). For instance, mulches increased soil water
content, stabilized soil aggregation and improved infiltration rate, all of which can prevent or
mitigate the increase of soil penetration resistance (Fang et al., 2011; Mulumba and Lal, 2008).
Studies have shown that straw mulch is effective in increasing soil water content (Paul et al.,
2020b), thus reducing soil compaction (Lal and Latham, 1987) and crack development
(Cabangon and Tuong, 2000) and improving crop productivity (Mitchell et al., 2013). With
sunflower, previous studies have investigated the effect of soil compaction on sunflower root
growth and yield (Bayhan et al., 2002; Tracy et al., 2011), but there have been no detailed
studies on sunflower root distribution down the soil profile under compacted and cracking
conditions in clay-textured soils. A recent study conducted by Paul et al. (2020b) showed that
mulching with rice straw increased sunflower yield and this was attributed to increased soil
water and a lower ECy:s in surface soil layers, but the effects on root growth in this work were
not reported. This study aimed to determine the effect of rice straw mulch together with
different amounts of irrigation water on soil penetration resistance, crack dimension and
sunflower root distribution in the profile of a moderately saline, clay soil with a shallow water
table. Some of the measurements made here are supported by additional data from a
preliminary investigation conducted a year earlier on the same site; these are reported in the

Supplementary Materials.

190



6.3 Materials and methods

6.3.1 Site description

The experiment was established in a farmer's field at Pankhali, Dacope Khulna Bangladesh
(22°37°55" N and 89° 30 10 E) in the 2018-19 season. This area is low-lying with an elevation
of 2 - 3 m above mean sea level (Mondal et al., 2015b) within the Ganges Tidal Floodplain
agro-ecological zone (Paul et al., 2020a). The climate in this region is sub-tropical with an
average annual rainfall of ~1,800 mm of which 80 % fall in the wet season. There is a cool dry
winter from November to February and a hot and humid summer from March to June. The soil
texture was silty clay (0-30 cm) overlying clay (30-60 cm). The soil (0-15 cm) had a bulk
density of 1.4 Mg m™, a pH of 7.5, an organic carbon content of 12 g kg™ (Paul et al., 2020b).
Groundwater depth varied from 0.7 to 1.8 m below the soil surface, and the water was
moderately saline (ECw: 2.0 - 3.5 dS m™). A medium duration high-yielding monsoon-season
rice variety was grown in the wet season and was harvested in the third week of November.
The excess standing water on the land was removed by surface drainage to prepare the plots
for planting. Irrigation water was conserved in an adjacent canal by constructing an

embankment between the river and canal before the river water turned saline.

6.3.2 Experimental details and crop management

The experiment tested three mulching treatments: no-mulch (NM), rice straw mulch at 5 t ha*
(RS5) and rice straw mulch at 10 t ha* (RS10), and two irrigation regimes: I1 [(irrigation water
was applied to raise soil water in the 0-60 cm layer to field capacity at 30, 55 and 70 days after
sowing (DAS) and 12 (irrigation water applied at double the amounts of treatment I1 at 30, 55
and 70 DAS)]. The experiment was laid out in a split-plot design with three replications where
irrigation was in main plots and mulch in subplots. The plot size was 7 x 5 m, and sunflower

seeds (cv. Hysun-33, hybrid) were dibbled into the no-tilled wet soil on 7 December by making
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a hole with a round stick to a depth of 2 - 3 cm. There was a plant to plant spacing of 40 cm
and a row to row spacing of 70 cm. Plots were surrounded by thick polythene sheets inserted
vertically beside a bund to 50 cm depth. In addition, a 1 m buffer zone between plots was
maintained in order to prevent runoff or lateral seepage of irrigation water. The fertilizer
application was at 200-200-170-170-10-12 kg ha* as urea-triple superphosphate-muriate of
potash-gypsum-zinc sulphate-boric acid. All fertilizers except 75% of urea were applied at
sowing by adding to a hole (5-7 cm deep) on both sides of the plant (~ 5 cm distance) along
the rows, and the rest of the urea was top-dressed in equal splits during irrigation events. For
pre-plant weed control, Roundup® (Glyphosate 62 %) was sprayed seven days before sowing,
and a hand weeding was done at 25 DAS. Nitro (Cypermethrin Chlorpyriphos) was sprayed
three times during the season to control hairy caterpillar. Irrigation water was applied by hose
pipe during urea top dressing at 30, 55 and 70 DAS and volumetric water supply was measured.
Fig. 6.1 shows the soil condition and crop performance under three mulching treatments.
Before maturity, an overhead net was set up to prevent damage to crops by birds. Physiological
maturity was determined when all seeds had turned black and shiny. Crop emergence rate, crop
growth and development, bud initiation, first flowering and physiological maturity were
recorded. Ten plants were randomly selected to measure plant height, stem diameter, head
diameter, head weight, number of seeds per head and 1000 seed weight at harvest. The final

grain yield was calculated (t hat) at an adjusted moisture content of 9 % (w/w).

6.3.3 Root measurements

Sunflower root distribution in the soil profile was observed at 25, 58 and 90 DAS. At 25 DAS
(seedling stage), shoots were separated from four selected plants in each plot and the roots of
each plants were excavated to a depth 20 cm. One plant was selected in each plot at 58 DAS
(stage of maximum vegetative growth), and at 90 DAS (flowering stage). Shoots were excised

and roots were excavated in a block 20 cm along the row, 20 cm across the row and in 20 cm
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deep increments to 60 cm at 58 DAS and down to 80 cm at 90 DAS. Each block of soil was
soaked in a bucket for 5-6 hours. Roots were then separated from the slurry and washed out on
a 2 mm sieve. Finally, the non-root materials were picked out of the samples. For each soil
block, total root length (TRL) was measured manually using a ruler. Root dry weight (RDW)
were measured after oven drying at 65 °C to reach a constant weight. Root length density (RLD)
(root length/soil volume) and specific root length (SRL) (root length/ root dry weight) were
then calculated for each soil depth.

Root distribution was also observed at the flowering stage in an experiment conducted in the
previous year on the same site (the experiment is described in Chapter 5). Details of the root
measurements in this experiment are reported in the Supplementary Materials (Section 2 and

Fig. S2-4).

6.3.4 Soil penetration resistance

After sowing, soil penetration resistance was measured using a cone penetrometer (Hand
penetrometer Eijkelkamp) at the 0-7, 7-15 and 15-30 cm depths. Different sizes of cones (1 to
5 cm? base area) were fitted to the extension rod as required to ensure that a uniform pressure
could be applied to push the cone into the soil. In each measurement, the manometer reading
in KN (kilo Newton) was recorded. The resistance was then converted to MPa (MegaPascal)

based on the surface area of the cone.
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Fig. 6.1. Pictorial view of cracked soil during sunflower growth (A), and the effects of mulch

treatments on sunflower growth: (B) no-mulch, (C) mulch at 5t ha* and (D) mulch at 10 t ha”

1

6.3.5 Soil crack dimension

Soil surface cracks were measured in each plot using a transect method (Ringrose-Voase and
Sanidad, 1996). The transect involved a series of six connected semi-circles of 1 m diameter.
Each semi-circle was placed on the soil surface and the number of intercepts was recorded to
measure the length of crack per unit area (La). The average depth (D) and width (W) of cracks

intercepted by each semi-circle were counted from the first five cracks intercepted with each
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ring using a flexible ruler (i.e., there were 60 pairs of total measurements). The cross-sectional
area (X) of cracks (assuming a triangular cross-section) was calculated using the average depth

and width. Finally, the volume of the crack per unit area (V) was estimated as La x X.

6.3.6 Soil water content

Soil samples were collected at 0-7, 7-15, 15-30, 30-45 and 45-60 cm depths at two-week
intervals between sowing and harvest to measure gravimetric soil water content (SWC). A
hand-held auger was used to collect samples from each depth, and soils were placed
immediately in sealed polyethylene bags. The wet weight of the samples was measured
immediately, and they were then oven-dried to constant weight. The SWC was calculated from
the difference between soil wet and dry weight. The volumetric soil water content was
calculated by multiplying the gravimetric soil water content by the bulk density of the

respective soil layers.

6.3.7 Statistical analysis

Data for all parameters were analysed with two-way ANOVA using STAR software (Version
2.0.1). The effects of mulch and irrigation on soil water content, resistance and crack properties
were determined using four-way factorial ANOVA models that also took account of the effects
of mulch, soil depth and date after sowing (time) as repeated measures. The comparison of
means was tested using the least significant difference (LSD) at the 95 % confidence level. The
relationship between soil water content and soil parameters (soil resistance and crack
properties) or yield and soil parameters (soil resistance and crack properties) were tested by a

single factor regression model.
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6.4 Results
6.4.1 Weather data

There was no rainfall during crop growth until 22 February, but from flowering to maturity
about 352 mm of rain fell (Fig. 6.2A). About half of the total season rainfall occurred in the
last week of February, which inundated the plots and damaged some plants due to waterlogging
stress. The temperature was lower in December and January (minimum average 12-14 °C) and
higher in March and April (maximum average 31.8-33.9 °C). The lowest and highest

temperature was 8 °C and 35.5 °C in December and April, respectively (Fig. 6.2B).
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Fig. 6.2. Weather details for the 2018-19 growing season at Pankhali, Dacope Khulna,
Bangladesh: (a) daily rainfall and (b) minimum and maximum temperature.
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6.4.2 Sunflower yield and yield components

There were significant effects of mulch treatments on yield and yield components (Table 6.1).
The M2 and M3 treatments had a 0.5 - 0.6 t ha™ higher yield than the M1 treatment. With the
M2 and M3 treatments, thousand seed weight, number of seeds per head, and head diameter
were also significantly higher relative to the M1 treatment (Table 6.1). However, there was no
difference in yield or yield components between the M2 and M3 treatments. Irrigation
treatments did not affect the yield and yield components except thousand seed weight, where
there was higher seed weight in the 12 treatment than 11 treatment (Table 6.1). Sunflower yield
was negatively correlated with all crack parameters (P <0.001; Table 6.2), increasing soil
resistance (P < 0.01) and with SWC (P < 0.05). For crack parameters, crack width explained
the most yield variation (r> = 0.75), while crack depth explained the least yield variation (r* =
0.53) (Table 6.2, Sl no 1 and 5). Crack length density, crack area and crack volume accounted
for 55-59 % variation in the yield. Soil resistance and SWC accounted for about 34 % and 32
% variation in the yield (Table 6.2, SL no. 6 and 7).

There was also a significant relationship between yield and root parameters during bud
formation and flowering at different depths in the soil (Table 6.3). The most significant impacts
on yield were RDW at 0-20 cm soil depth at bud formation (P < 0.001) and flowering (P <
0.01) stages, while below this depth there was no effect. During bud formation, TRL and RLD
were significantly (P < 0.05) correlated with yield at 0-40 cm, but at flowering these factors as

well as SRL, were only significant (P < 0.05) at 60-80 cm depth (Table 6.3).
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Table 6.1. Yield and yield attributes of sunflower under different mulch treatments and

irrigation regimes in Pankhali, Dacope, Bangladesh in 2018-19.

Irrigation Mulch Yield Thousand seed Seeds Head diameter
regimes treatments  (t ha) weight (g) per head (cm)
11 M3 3.1 82.0 1505 20.4
M2 3.0 81.5 1479 20.3
M1 2.5 74.0 1285 18.6
12 M3 3.3 87.0 1582 21.1
M2 3.2 84.5 1557 20.6
M1 2.8 79.0 1345 19.2
Treatment means
11 2.9 79.0 1423 19.8
12 3.1 84.0 1495 20.3
RS10 3.2 85.0 1544 20.8
RS5 3.1 83.0 1518 20.5
NM 2.6 76.5 1315 18.9
P-values
Irrigation NS 0.05 NS NS
Mulch 0.05 0.05 0.01 0.05
Irrigation x Mulch NS NS NS NS
LSDo.0s
Irrigation - 2.0 - -
Mulch 0.3 6.2 109 1.3

Irrigation x Mulch - - - -

11 = irrigation up to field capacity, 12 = Irrigation double than treatment I11; NM = no-mulch, RS5 =rice
straw ~ 5t hal, RS10 = rice straw ~ 10 t hal; NS = non-significant.
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Table 6.2. Relationship between grain yield and soil factors (soil crack, penetration resistance

water content)

Serial Soil factors Regression equation Coefficient
number ot 2
(SL) determination (r<)
Crack parameters

1 Width, W (cm) Y =-0.42 W + 3.65 0.75™

2 Cross-sectional area, A (cm?) Y =-004A+334 0.59™

3 Length density, LA (m m?) Y =-0.104 LA + 3.43 0.58™

4 Volume, V (m3m) Y =-4396V +3.2 0.55™

5 Depth, D (cm) Y =-0.085 D + 3.77 0.53™

6 Soil resistance, SR (MPa) Y =-0.50 SR + 3.43 0.34™

7 Soil water content (SWC, %) Y =0.13SWC-1.49 0.32"

Table 6.3 Significance of the relationships between yield and root parameters at 0-60 cm (at 58

DAS) and 0-80 cm (at 90 DAS)

Soil At bud formation (58 DAS) At flowering (90 DAS)
depth P-values and r? values in brackets P-values and r? values in brackets

(cm) RDW TRL RLD SRL RDW TRL RLD SRL
0-20 ***(0.52) *(0.31) *(0.31) NS **(0.34) NS NS *(0.24)
20-40 NS *(0.26)  *(0.26) NS NS NS NS NS
40-60 NS NS NS NS NS NS NS NS
60-80 - - - - NS *(0.22) *(0.22)  **(0.35)

*, ** and *** indicate significant at 5 %, 1 % and 0.1 % probability level. NS= non-significant.

6.4.3 Root distribution

At the seedling stage (25 DAS), there was no effect of mulch on root distribution (data not

shown), but at bud formation (58 DAS) and at flowering (90 DAS) all measures of root

distribution were significantly affected by mulch treatments, soil depth and the interaction

between mulch and depth, except that mulch had no effect on SRL at flowering (Fig. 3 and 4).
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At bud formation and flowering, the RDW, TRL and RLD values were highest at 0-20 cm and
were 71- 97 % lower at the deepest depth measured (40-60 cm at bud formation; 60-80 cm
depth at flowering). The RS5 and RS10 treatments significantly increased RDW, TRL and
RLD values at 0-20 cm at bud formation, but only increased RDW at 0-20 cm at flowering
(Fig. 6.3 and 6.4). On average, the RS5 and RS10 treatments had 22-38 % higher RDW
compared with NM treatment. During bud formation, the TRL was higher with RS5 and RS10
treatments than with the NM treatment at 0-20 cm depth, but at depth 40-60 cm the TRL was
significantly higher with NM treatments than RS5 and RS10 treatments (Fig. 6.3B). On the
other hand, at flowering, the NM treatment had a higher TRL at 0-20 and 60-80 cm than with
the RS5 and RS10 treatments; the reason for the increase in shallow roots in NM plots was the
huge number of new adventitious roots formed near the surface after the soil was inundated
due to heavy rainfall. The SRL increased with depth at bud formation and flowering. However,
mulch had no effect on SRL at 0-20 cm at bud formation or at all depths at flowering (Fig.

6.3D and 6.4D).
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least significant difference of the interaction between mulch and depth. NM = no-mulch, RS5
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Fig. 6.4. Effects of three mulch treatments on root parameters at different soil depths at

flowering (5 March at 90 DAS) in 2018-19: (A) mean root dry weight (RDW), (B) total root

length (TRL), (C) root length density (RLD), and (D) specific root length (SRL). LSDo s is the

least significant difference of the interaction between mulch and depth. NM = no-mulch, RS5

= rice straw ~ 5t hat, RS10 = rice straw ~ 10 t ha™™.
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6.4.4 Soil water content

Gravimetric SWC was significantly affected by mulch treatments, soil depth and date after
sowing (time), and there was a significant interaction between mulch and time (Fig. 6.5A), and
mulch and soil depth (Fig. 6.5B). At 30 DAS (5 January), there was no difference in SWC
among the mulch treatments. The SWC was significantly lower from 45 DAS to 70 DAS (20
Jan to 16 Feb) in the NM treatment (22-33 %) than with the RS5 and RS10 treatments (36-28
%) (Fig. 6.5A). From flowering to maturity (6 to 28 Mar), SWC did not differ between
treatments due to the seasonal rainfall. The greater change of SWC was at 0-30 cm and below
this depth, there was little change (Fig. 6.5B). The average SWC was high (31-34 %) at 0-15
cm, decreased to about 29 % at 30 cm, and then increased again (33 %) at 60 cm. The RS5 and

RS10 treatments had significantly higher SWC at 0-30 cm depth than the NM treatment.
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Fig. 6.5. Effects on soil water content (SWC) in the 2018-19 season: (A) effect of mulch and
the interaction between mulch and time, and (B) interaction between mulch and soil depth.
LSDo.os is the least significant difference of the interaction between mulch and time (A), and
mulch and soil depth (B). Part A is the average for the five soil depths. Part B is the average of
values at eight times. NM = no-mulch, RS5 = rice straw at ~ 5 t ha, RS10 = rice straw at ~ 10

t ha™.
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6.4.5 Soil crack development

Crack measurements were started 15 days after the application of rice straw mulch. Cracks
developed in all mulch treatments but with significant differences. Initially, the length of crack
per unit area (La) rose rapidly to a maximum of 8 - 9 m m? with the NM treatment and
afterward decreased slightly (Fig. 6.6A). Crack length increased at a lower rate up to a peak
value of 3.8 and 2.9 m m? under RS5 and RS10 treatments. However, the RS10 treatment
(mulch at 10 t ha') had significantly reduced crack length compared with the RS5 treatment
(mulch at 5 t hal). From the first measurements with the NM treatment, the mean crack width
and depth were much bigger than with the other mulch treatments and reached peaks at 3 cm
(width) and 17 cm (depth). By contrast, cracks were both shallower and narrower with the RS5
and RS10 treatments with values that varied respectively from 1.0-1.6 cm and 1.0-1.3 cm
(width), and 6.8 - 9.3 cm and 6.4 - 8.2 cm (depth), respectively (Fig. 6.6B and 6.6C). The larger
crack width and depth under the NM treatment exposed a much greater surface area of cracks
compared to the RS5 and RS10 treatments (Fig. 6.6D). From the first sampling, the rate of
increase in crack volume was much faster with the NM treatment which increased from 0.005
at initial (5 January) to 0.02 m® m at peak (27 January) (Fig. 6.6E). By contrast, with the RS5
and RS10 treatments, crack volume increased from 0.0009 m® m to 0.0023 m® m (from 5
January to 27 January). Irrigation treatments only affected the length per unit area (La); the 12
treatment had significantly lower La (4.1 m m) than the I1 treatment (4.5 m m?) (data not
presented). There was a significant negative correlation between crack parameters (mean depth,
cross-sectional area and volume) and SWC at 0-30 cm soil depth. The SWC accounted for 87
%, 75 % and 70 % variations in the crack depth, crack cross-sectional area and crack volume,

respectively (Table 6.3).

205



107 A 30 -

& LSDoos 1 g
E 81 =
€5 § 201
z, b —
2 5
T 4 S
= g 101
D 9 "

0 © 0

4 4 0031 g

q
E 3 E
s £ 002 - I
£ by LSDg g5
2 2 g
= 3
§ S 001
= S
6 M
0 . . . . . — 0 -

5-Jan 10-Jan 16-Jan 20-Jan 27-Jan 1-Feb

20 -

C Date after sowing (Time)
15 | LSDgos I
10 A P level

Mulch (M) : P=0.05
Time - P<=0.05
5 MxTime : P<0.05

5-Jan 10-Jan 16-Jan 20-Jan 27-Jan 1-Feb

Date after sowing (Time)

Mean depth (cm)
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Table 6.4. Significance of relationships between crack parameters and SWC (%, w/w) at O-
30 cm

Crack parameters Regression equation Coefficient

determination (r?)

Depth, D (cm) D =-2.73SWC + 59 0.87"
Cross-sectional area, A (cm?) A =-1.37 SWC + 45.37 0.75
Volume, V (m*m3) V =-1632 SWC + 42 0.70"

*and ** indicate significant at 5 % and 1 % probability level
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6.4.6 Soil penetration resistance

After crop establishment, there was an increasing trend of soil penetration resistance in all
mulching treatments, however rice straw mulch significantly limited the increase in soil
penetration resistance (Fig. 6.7). From the first week of January, soil penetration resistance was
2-fold higher without mulch (NM treatment) than with mulch (RS5 and RS10 treatments), but
there was no difference between the RS5 and RS10 treatments (Fig. 6.7A, 6.7B and 6.7C).
With the NM treatment, the average soil penetration resistance was highest (~5.2 MPa) at 0-7
cm and lower (2.8 and 3.1 MPa) at 7-15 and 15-30 cm depth on 30 January (Fig. 6.7A, 6.7B
and 6.7C). By contrast, with RS5 and RS10 treatments, average soil resistance was lowest (1.0
MPa) at 0-7 cm and increased to 1.8 and 2.1 MPa at 7-15 and 15-30 cm. Throughout the season,
the average soil resistance decreased by 77 %, 49 % and 28 % at 0-7, 7-15 and 15-30 cm depths,
respectively, with the RS5 and RS10 treatments compared to the NM treatment. Increasing
irrigation volumes applied had no effect on soil resistance. There was a significant negative
correlation between soil resistance and SWC (Fig. 6.8). Soil resistance increased with

decreasing SWC, and about 62 % of the variation in soil resistance could be explained by SWC.

207



-o-NM -©-RS5 -A-RS10

Soil resistance (MPa)

0 T T T T T T
5-Dec-18  17-Dec-18 29-Dec-18 10-Jan-19 22-Jan-19  3-Feb-19  15-Fel

Date after sowing (Time)

Fig. 6.7. Effects of mulch on soil penetration resistance in the 2018-19 season: (A) at 0-7 cm,
(B) 7-15 cm, and (C) 15-30 cm. LSDo.s is the least significant difference of the interaction
between mulch, depth and time in each graph at a P-value of 0.05. NM = no-mulch, RS5 =rice
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sunflower.
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6.4.7 Effects of cracks and soil penetration resistance on root distribution

In general, crack parameters (width, length density, depth, cross-sectional area and volume)
had negative effects on the dry root weight and total root length at bud formation but not at
flowering; the single exception was an effect of crack depth at flowering on total root length
(Table 6.5). Among the crack parameters, crack width and length area had the strongest
relationships with root dry weight (r> = 0.72 and 0.73), while there was the greater influence of
crack volume on TRL (r? = 0.54) at bud formation (Table 6.5). Soil penetration resistance was
also negatively correlated with the root distribution of sunflower. Increasing soil penetration
resistance significantly reduced the RDW and TRL at bud formation (Fig. 6.9A and 6.9B). At
flowering, RDW was also decreased with increasing soil penetration resistance, but there was

no relation with TRL (Fig. 6.9C and 6.9D).
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Table 6.5. Significance of relationships of crack parameters to root dry weight and total root

length at bud formation (average 0-60 cm) and flowering stage (average 0-80 cm soil depth)

Crack Total root dry Total root dry Total root length  Total root length
parameters weight at bud weight at at bud formation at flowering
formation flowering

P-values with r? values in brackets

Width (W) **(0.73) NS NS NS
Length area (LA)  ** (0.72) NS *(0.44) NS
Depth (D) **(0.68) NS *(0.48) *(0.44)
Cross-sectional **(0.67) NS *(0.47) NS
area (A)
Volume (V) ** (0.66) NS *(0.54) NS
A -B
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Fig. 6.9. Relationship between soil resistance and root parameters: (A) total root dry weight
(B) total root length at bud formation, and (C) total root dry weight, (D total root length at
flowering in 2018-19. NM = no-mulch, RS5 = rice straw ~ 5 t ha*, RS10 = rice straw ~ 10 t

ha; NS = non-significant.
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6.5 Discussion

Roots are difficult to extract from clay soils in the field. As a result, relatively few field datasets
exist for clay soils in which changes in rooting patterns due to subsoil constraints can be
correlated with variation in crop grain yield. Fig. 6.10 summarises for the present study the key
interactions between soil water, cracks and soil resistance, the production of roots and grain
yield. This schematic ‘roadmap’ shows that while soil water content was significantly
correlated with grain yield (r> = 0.32; P < 0.01), the mechanism through which this occurred
may have been through the development of cracks (SWC against crack depth r> = 0.87; P <
0.001) which affected the formation of roots (crack width against total root weight at 0-60 cm
r> = 0.73; P < 0.01). The r? of relationships between crack or root parameters and grain yield
(0.75 and 0.52 respectively) were greater than the r? of the relationship between soil water

content and yield.

In the present work, straw mulches decreased soil cracking, decreased soil penetration
resistance and increased soil water content; these changes were associated with the increased
formation of shallow roots (0-20 cm depth), and a 23% increase in the yield of sunflower. This
discussion focuses on the effects of mulch and soil parameters on root distribution, the effects
of mulch on crack development and soil penetration resistance, and the effects of mulch and

soil parameters on yield.
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Fig. 6.10. Schematic diagram summarising the best relationships between the various factors
studied in this paper. The brackets indicate the r? and significance of the simple linear

regression between the two named variables.

6.5.1 Root distribution

Data presented in this paper show that sunflower roots on clay soil are distributed according to
several principles: (a) root dry mass, root length and root length density are greater at 0-20 cm
than at depths in the soil profile, and mulches can increase root dry mass at 0-20 cm which was
related to increases grain yield, (b) roots can penetrate to considerable depths (to 80 cm) in this
clayey, seasonally anaerobic soil, and (c) these effects occur despite or because of the presence

of soil cracks and very high soil resistances.

Around 90-95 % of total sunflower root biomass and 70-80 % of total root length were
concentrated in the 0-20 cm depth. Plant yield was most affected by total root dry mass at 0-20
cm depth at the bud formation stage (r> = 0.52; P < 0.001) (Table 3). The mulch treatments
(RS5 and RS10) increased this root dry mass by 20-28 % compared to the NM treatment. Our

unpublished results from this site with a range of planting dates in the previous year
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(Supplementary Materials Section S2 and Fig. 6S2-4) suggest that these effects are reasonably
typical. In this previous work, sunflower root growth was assessed over depth intervals of 0-
10, 10-20, 20-40, 40-60 and 60-80 cm. THE highest RDW occurred at the 0-10 cm depth and
rice straw mulch at 5 t ha* enhanced sunflower RDW by 13 — 83 %. Moreover, the percentage
gain in RDW with mulch increased with the lateness of sowing (see appendix; Section 8.2 and

Fig. 8.2).

At 58 and 90 DAS some roots were found at 40-80 cm depth; these were not a large proportion
of total root weight ( 3 % of those at 0-20 cm depth), but they were substantially finer roots at
40-80 cm than the roots at 0-20 cm, which increased SRL at 40-80 cm depth (Fig. 6.3D and
6.4D). Indeed, the greater development of fine roots in non-mulched soil may suggest that the
cracks aid in deeper penetration of sunflower roots. These fine roots with a high surface area
to volume ratio may be functionally important for extracting nutrients and water from the
deeper layers of clay-textured soil (Ostonen et al., 2007), but may also have been better
equipped than thick roots to glean oxygen from this hypoxic soil environment. Overall,
sunflower yield was best related to the shallow roots (0-20 cm) (Table 6.3). Similar root
development associated with higher TRL in the no-mulch plots and higher SRL at 60-80 cm
was also observed in our previously unpublished results on the same soil in the previous year

(see appendix; Section 8.2 and Fig. 8.3 and 8.4).

In our study, root distribution down the soil profile was influenced by soil cracking and soil
penetration resistance (Table 6.5 and Fig. 6.9). How is it that fine roots are able to grow to
depths of 80 cm in this massive soil that is anaerobic immediately after the rice phase and
presumably also anaerobic at depth in the rabi season? We wonder if the development of cracks
as the soil dries provides an opportunity for roots to receive sufficient oxygen for metabolism

from the soil adjacent to the crack void and if a low soil strength in the wet sub-soil allows root
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to elongate. Given this, we might expect that roots would be located in the soil close to the

cracks within the massive tables of clay between the cracks.

Was there a plough pan in this soil that impeded root growth? Although we saw no direct
evidence for the presence of a pan in the soil from measures of soil resistance, we wonder if
this can be inferred from the root measurements. In 2018/19, the TRL and RLD in the non-
mulched soil appeared to be restricted in the 20-40 cm layer compared to the deeper soil layers,
whereas such a restriction was not evident in the mulched soil (Fig. 6.3). If anything, these
effects were even stronger at 10-20 cm in the experiment of the previous years (appendix; Fig.

8.3).

One interesting feature of the current experiment was how late-season waterlogging affected
root growth. Waterlogging due to heavy rainfall can change root distribution (Grzesiak et al.,
2014). In the present work, after the heavy rain (175 mm) at flowering, adventitious roots were
produced more abundantly at 0-20 cm on the no-mulch plot resulting in a higher TRL and RLD
than in the mulched plots. Despite this adventitious root formation, RDW was still greater with
the RS5 and RS10 treatments than the NM treatment at 0-20 cm. At bud formation and
flowering, the NM treatment generated greater root length at 40-80 cm depth than RS5 and
RS10 treatments. However, despite the greater abundance of fine roots at 40-80 cm in the no-
mulch plots, they were not able to compensate for lower root growth in the 0-20 cm layer,
possibly because the deeper roots formed too late in the growing season. Compared with the
present work, there was higher TRL and SRL at depth 60-80 cm in the previous work (see
appendix; Fig. 8.4 and 8.5). These higher values may have occurred because there was no

waterlogging at flowering in the previous year.

Although root growth is negatively affected by compacted soil, there is good evidence that
plants have adaptations to cope with increasing soil strength (Clark et al., 2003). In strong soil,

the primary roots of plants can be thicker and shorter and taproots can be grown more rapidly
214



than in normal soil (Goodman and Ennos, 1999; Tracy et al., 2011). However, lateral roots can
be thinner which enables the tips to find cracks, void and smaller pores to penetrate through
hard layers, including plough pans (Atwell, 1989; Croser et al., 1999; Goss, 1977). As the
highest soil strength was at 0-7 cm and decreased to down the soil profile in the no-mulch plot,
roots grew into the weaker sub-soil after exiting the surface layer of strong soil because of
increasing the availability of soil water with depth. Beyond root distribution, soil compaction
can also affect shoot biomass, leaf area, and stomatal conductance (and hence photosynthesis)
(Masle et al., 1990; Tardieu et al., 1992; Tubeileh et al., 2003). In our study, the increased
penetration resistance in clay soils without mulch had lower chlorophyll content and stomatal
conductance, which may be attributed to the limited water supply from soil to the plant (see
appendix; Section 8.1, Fig. 8.1). This again suggests that the greater abundance of deeper roots
in the no-mulch plots were insufficient to offset the decrease in surface SWC and decreased

root density in that layer.

6.5.2 Crack development and soil penetration resistance

In the current study, grain yield was most strongly affected by the presence of cracks and then
by changes in soil resistance, and mulch impacted on both these. Furthermore, the use of mulch
was more effective at suppressing crack formation than the use of irrigation; plots without
mulch developed a substantial crack network even with two irrigation events but plots with rice
straw mulch had decreased cracks using all the parameters we measured. The decrease in crack
formation under rice straw mulch was associated with a higher content of surface soil water. A
previous study conducted by Bandyopadhyay et al. (2003) for clay textured soil in India
reported that crack depth, width, area, and volume increased with decreasing SWC at 0-15 cm

soil depth. Another study at Los Banos, Philippines, reported that straw mulch at 5t hat in a
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fallow rice field reduced mean crack width by 32 % but did not reduce mean crack depth

compared to the no-mulch plot (Cabangon and Tuong, 2000).

Soil resistance was another factor altered by mulches. In the absence of surface cover, no-
tillage cultivation in clayey soils is problematic for soil structure and crop production (Paul et
al., 2020a). Puddled clay soils with a high content of swell-shrink clay minerals become strong
and compacted when dried. During the seedling stage at 22 DAS (28 December), there was a
little difference in soil penetration resistance between mulched and no-mulch plots, and values
were below 0.5 MPa and non-limiting to root growth. Soil penetration resistance was highest
at the maximum vegetative stage at 55 DAS (30 January), when values exceeded 5 MPa in no-
mulch plots but were 1 MPa in mulched plots at 0-7 cm. Although previous literature
(Passioura, 2002) pointed out that root growth was slowed by soil resistance of 1 MPa and
completely ceased at 5 MPa, the high values in the current study did not limit the RDW and
TRL, presumably because before soil resistance was high tap roots were able to penetrate the
compacted layer (0-20 cm) and had started development into the deeper soil profile at 40-60

cm.

Throughout the season, the average resistance of soil to penetration was 67 % lower with the
RS5 and RS10 treatments than with the NM treatment. The cause of the higher soil penetration
resistance with the NM treatment was mainly related to decreased soil water content (Fig. 6.8).
In line with the current study, several previous studies have reported that using mulch on bare
soil can reduce soil resistance by enhancing soil water holding capacity, increasing soil porosity
and improving microbial activities (Jourgholami et al., 2019; Liu et al., 2018; So and Ringrose-
Voase, 2000). In addition, mulch has been noted to improve the mineralization of soil organic
carbon and nitrogen which leads to the stabilization of soil aggregates and the amelioration of

soil compaction (Garcia-Orenes et al., 2012; Jordan et al., 2010). Increasing the level of mulch
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from 5t ha! to 10 t ha™ and increasing the volume of irrigation water applied to above field

capacity did not affect soil penetration resistance throughout the study period.

6.5.3 Sunflower growth and yield

In the present work, applying rice straw mulch on this poorly structured soil increased
sunflower yield by around 23 % and increased seeds per head by 15 % compared to the no-
mulch treatment. The higher yield and yield components under straw mulch were attributed to
the decreased crack formation and lower soil resistance (associated with higher soil water
content), which enhanced dry root weight and total root length. The variation of grain yield
was highly correlated with crack width and RDW at 0-20 cm soil depth, and to a lesser extent
soil resistance and SWC (Fig. 6.10). This yield improvement is of similar scale to other
examples in the literature. At the same location, a previous study showed that straw mulch at
~5 t ha! boosted sunflower yield by 16-26 % relative to no-mulch (Paul et al., 2020b). Bunna
et al. (2011) and So and Ringrose-Voase (2000) reported that using rice straw mulch at 1.5 t
ha and 5 t ha® in strongly compacted soil increased mungbean yield by 35 % and 30 % in

Cambodia and Indonesia, respectively.

6.6 Conclusions

Soil shrinkage and crack development during drying of puddled clay soil were related to
increasing soil penetration resistance and reduced root growth and development in the upper
20 cm of soil. In the present work, rice straw mulch at 5 t ha! increased soil water content
while also reducing soil penetration resistance and cracking in the surface soil. Rice straw
mulch significantly increased the dry root weight and total root length at 0-20 cm depth, but
the total root length was higher at 60-80 cm depth under the no-mulch condition, which may
be associated with the root penetration around wider and deeper soil cracks to greater soil depth.

Improvement of soil quality and higher root biomass in 0-20 cm soil depth under rice straw

217



mulch increased the sunflower yield by 23 %. No further benefits (for soil penetration
resistance, cracking and sunflower growth and yield) were obtained by increasing mulch level
from 5 to 10 t ha* or by increasing the volume of irrigation water. Thus, ameliorating soil
physical constraints of these saline clay soils of the coastal zone of the Ganges Delta increased

root growth at the 0-20 cm depth and consequently increased sunflower yield.
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7 General discussion and conclusions

Rabi crop establishment in the low-lying coastal saline area of Bangladesh is hampered by
excess soil moisture after harvest of the previous rice crop, which constraints timely soil
preparation, while delays in sowing expose the crop later in the season to soil dryness, salinity,
soil compaction and cracking and high temperatures. This thesis, therefore, examined
agronomic practices (zero tillage through to full tillage; mulch, irrigation frequency, and time
of sowing) to enhance the success of early dry season (rabi) crop establishment on wet soil and
their implications for alleviating late season crop stresses. Early sowing of rabi crops (for
example sunflower) to improve cropping system productivity in this area had been previously
tested (Mondal et al., 2015), but these previous studies did not define the optimum sowing
window nor the tillage techniques and agronomic management practices required to achieve
success with early sowing, nor did they examine the dynamics of soil water and salinity in the
soil profile throughout the growing season for rabi crops. In this present study with sunflower
as a promising rabi crop for Southern Bangladesh, we identified when sunflower is best sown
in the rabi season with a range of soil disturbance regimes (from zero tillage to full tillage), and
the risk associated with early sowing. We also assessed the role of rice straw mulch in
increasing soil water availability and water uptake by plants and overcoming physical

constraints such as cracking and high soil strength.

A major contribution of this research is the identification of soil water solute potential as a
significant driver of yield reduction of early-sown sunflower rather than soil salinity or soil
water content alone. Furthermore, the effect of lower temperature (both minimum and
maximum) during the growing season was identified as a factor enhancing sunflower yield
with early sowing time compared to the conventional sowing. This chapter synthesizes and

discusses these main themes of this thesis: the role of tillage in crop establishment on wet soils
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(section 7.1), the benefits of straw mulch in alleviating low solute potential in the upper root
zone and the effects of soil strength and cracking on root growth and sunflower yield on the
clays soils (section 7.2), and the trade-off with early sowing between increased waterlogging
risk at establishment versus decreasing heat and crop water stress later in crop growth (section

7.3).

7.1 Sunflower establishment on wet soils: no-tillage versus

reduced tillage

On wet-clay soil in the saline area of the Ganges delta, increasing mechanised soil disturbance
(BP, SPST and DP) was more effective for achieving highest yields than mechanised minimum
soil disturbance (ZT, NST and WST). This was due to improved soil water storage and
decreased solute potential of the soil water (Chapter 3). By contrast, in later studies (Chapter
5) with the zero-tillage establishment by dibbling of seeds into wet soils, reliable crop
establishment was achieved, leading to high seed yields. Variations in the response of crop
establishment to soil disturbance levels caused by tillage techniques or zero-tillage may be
related to soil water and oxygen levels around the seed: these in turn are affected by soil texture,
soil structure, soil microtopography, local hydrology, crop residue levels and weather. On wet
clay soils, soil disturbance by different means of mechanised tillage alters soil water, soil
aeration, and soil strength around the seed, which directly influences germination and
emergence (Guérif et al., 2001). However, substantial soil disturbance (for example, SPST, BP
and DP) on the wet clay soils left a very cloddy seed bed, which actually slowed the initial
emergence of sunflower due to poor seed-soil contact. Hence the more aggressive tillage for
seedbed preparation might be better in terms of finer size of aggregates if the SWC is below
field capacity. By contrast, ZT (zero tillage) was carried out by a furrow opener, which was

pulled through the wet soil and opened a slot in the soil. The ST (strip tillage) produced soil
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disturbance in the seed furrow only, but the cultivated soil in the strip is often remoulded into
clods rather than shattered into peds. In both ZT and ST systems, wet soil (gravimetric SWC
varied from 32-35 %) was associated with wheel slip and high draft for the 2-wheel tractor. In
addition, it caused visible compaction and smearing by the force of the furrow opener. In these
tillage systems, the uncovered soil and smearing of the furrow wall accelerated drying of the
smeared soil into a hard layer, which did not impede germination and emergence but restricted

subsequent root growth and elongation, resulting in poor growth and development of crops.

The size of aggregates generated by different tillage systems depends on the surface soil water
content. Tillage in moist soil (soil water content less than field capacity) can generate finer
aggregates than in wet clay soil (Vance, 2013). The change of soil physical and chemical
properties for rabi crop establishment in saline clay soil under different tillage systems needs
to be examined. There have been many combinations of tillage systems in crop cultivation, but
the selection of tillage type should be considered according to the local constraints (Guérif et
al., 2001; Strudley et al., 2008). In wet soil, the furrow opener in zero tillage may achieve
suitable seed-soil contact in the furrow floor and wall, so that there is enough water imbibed
by the seed for seed germination and emergence, but at the same time without soil covering in
the furrow soil water is prone to rapid vapour loss, which associated with rapid soil drying that
generates a hard crust on the furrow base and walls. The strength of the crust can restrict root
penetration and proliferation into the deeper soils (Minhas et al., 2020; Soane et al., 2012), and
this seems to be a plausible explanation for the restricted sunflower growth under mechanised
zero tillage and strip tillage planting (Chapter 3). Notwithstanding the discussion above,
practicing mechanised zero or strip tillage in wet soil achieved an average sunflower yield of
~ 3t ha'l which was satisfactory and even higher than the late planting after 30 December (~ 2

t ha') (Chapter 5). Hence provided the formation of the hard crust on the walls and base of the
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furrow can be avoided; for example, by mulching, there may still be merit in mechanised

minimum tillage sowing on these wet soils.

Paradoxically, considering the poorer sunflower growth with mechanised zero tillage planting,
no-tilled manual dibbling on wet soil was favourable for successful sunflower establishment,
growth and yield. The apparent explanation is presently only based on observations, which
suggest lesser soil smearing and seed-zone resistance in a manual dibble vertical round hole
(2-3 cm) by a wooden stick than with mechanised zero tillage. Moreover, the vertical hole in
manual dibbling may maintain the underlying soil macro-porosity, which possibly enhances
oxygen and water supply for the emergence of seedling shoots and roots. In clay-textured soil,
manual dibbling was apparently less successful if SWC is <30-33 % (w/w) when increased soil

strength was associated with lower emergence, plant density and yield (Chapter 5).

In this present study, SWC, EC1:5 and SP were measured at depths 0-7, 7-15, 15-30, 30-45 and
45-60 cm at different growth stages under different tillage systems. With the progress of the
dry season, mechanised minimum tillage resulted in large vertical void cracks, which
accelerated water loss from the soil profile through evaporation. Therefore, the upper soil at 0-
7 cm dried fast, and the SWC dropped below the wilting point earlier than with full tillage. The
soil water holding capacity is governed by total porosity and pore size distribution that can be
influenced by tillage. The soil shrinkage and compaction with minimum tillage also increased
the bulk density, which can reduce the soil porosity and pore size distribution and hence
reduced the amount of plant available water held in the soil (Klute, 1982). By contrast, the
higher soil disturbance ruptured pore connections in capillary pores and loosened the soil near
the surface, which may reduce unsaturated water flow to the surface, and thereby reducing
evaporative losses of deeply stored soil water (Unger and Cassel, 1991). Soil loosening with
intensive soil disturbance tends to enhance the total soil porosity and pore volume, which

results in a lower bulk density and higher soil water content (Pefia-Sancho et al., 2017).
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The response of soil electrical conductivity to soil disturbance needs to be understood in the
salt-affected clay-textured soil. In this study, EC1:s was measured up to 60 cm soil depth
throughout the season. The ECy:5s was affected by tillage practices, soil depth, irrigation and
rainfall associated with wetting and drying cycles. Soil disturbance by tillage can minimise the
upward movement of salt in pore water to the soil surface by reducing the rate of soil
evaporation (Bakker et al., 2010). The complete surface soil disturbance was associated with
a more pulverized soil that breaks the soil capillary pores. The disturbed soils act as a mulch,
which minimizes the soil evaporation and decreases the upward movement of salt to the soil
surface (Bakker et al., 2010). By contrast, increasing soil drying and cracking after mechanised
minimum soil disturbance accelerated soil water loss through evaporation, and increased salt
accumulation in the top soil (0-7 cm). Moreover, in the clay-textured soil, after rainfall and
irrigation, water movement through cracks can promote lateral displacement of salts because

of the effect of the horizontal component of infiltration (Lozano-Garcia et al., 2011).

In the dryland saline environment, decreasing soil water and increasing soil salinity
significantly affects plant growth and development. Plant water uptake in the field is
determined by the soil matric and solute potential (Rengasamy, 2010). Salinity affects plants
due to both the osmotic effect (water deficit) and excessive amounts of salt transport to the
cells (ion toxicity) (Munns et al., 2006). In minimum tillage treatment (Chapter 3), increasing
salt concentration in the soil solutions and decreasing soil water content decreased osmotic
potential, which restricted plant growth and yield (c.f. (Rengasamy, 2010)). Whereas, the
higher SWC and lower salinity under intensive soil disturbance maintained a higher SP during
the growing season, which was associated with higher sunflower yield. Soil water can be made
unavailable to plants if the soil EC1s is 1.0 dS m™ combined with the gravimetric soil water
content of 18 % for clay loam soil (Rengasamy, 2006). Plant response to salinity effect is

usually measured by estimation of EC. or ECy:5 (Katerji et al., 2000; Maas and Hoffman, 1977).
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However, in this current study, SP was better at explaining variation in sunflower yield to salt

stress than ECy:s for early sown sunflower.

There are some limitations to the current study which require further investigation. Firstly, it
lasted only two years, and no soil chemical analysis was carried out at the end of field
experiments to examine the chemical composition in the soil after tillage and mulch treatments.
Measurement of leaf water potential, soil matric potential (with tensiometers) and plant Na*
and CI" uptake data would have been useful to distinguish between osmotic and ion toxicity
effects of salinity on sunflower. The extent to which low oxygen limits subsoil root growth,
and the response of root growth to increased oxygen supply around the vertical cracks needs to
be examined. Effects of soil penetration resistance, soil porosity, the variation of soil moisture
characteristics at different suction values, and soil consistency limits have been inferred in the
present study, but direct measurements of these properties are required to draw firm
conclusions about their effects on root and shoot growth of sunflower. Finally, it is not clear
whether the yield responses reported here are driven primarily by improved crop canopy
performance (higher photosynthesis and leaf area, lower plant water potential and ionic

composition) of by improved root growth which enhanced canopy growth.

7.2 Implications of rice straw mulch use to alleviate soil

constraints

Mulching with different materials has been demonstrated to increase soil water, reduce soil
salinity, and increase yield and productivity (Abd ElI-Mageed et al., 2016; Balwinder et al.,
2011; Peng et al., 2015). These findings were consistent across varied mulching types,
application methods, loads of mulch, soil texture and climatic condition, and hence were of

interest as a treatment in the present study. I examined the effects of rice straw mulch at 5 and
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10 t ha* under strip tillage planting and zero tilled dibbling on sunflower yield. The increases
in yield associated with mulches were attributed to increased soil water and decreased salinity
in the upper soil profile (0-15 cm), reduced soil penetration resistance and cracking, and
increased root growth in clay-textured saline soil (Chapter 4 and 6). In the study area, poor soil
structure due to annual wet puddling for wet season rice establishment, lack of rainfall and high
irrigation water and soil salinity in the dry season are constraints for rabi crop cultivation.
Therefore, the ability to store soil residual moisture in the soil profile after the wet season is
crucial for later use by crops. In Chapter 3, we found that practicing minimum tillage in this
poorly structured soil accelerated soil surface dryness, soil compaction, and inhibited sunflower
growth and yield. In the present study (Chapter 4 and 6), rice straw mulch mitigated these
limitations by improving soil water storage and diminishing soil salinity, soil strength, and
cracking with led to greater crop root growth, water productivity and yield. Throughout the
study period, rice straw mulch (RS) increased average SWC by 3-17 % and reduced EC1:5 by
8-16 % within 0-60 cm soil depth. The combination of greater SWC and lower soil salinity
under straw mulch increased the SP, which is a plausible explanation for the higher sunflower
yield (16-26 % greater than with no-mulch). In previous studies, improved plant growth and
yield with straw mulch was attributed to either increased soil water or decreased soil salinity
(Bezborodov et al., 2010; Gajri et al., 1994; Haque et al., 2018), but this present study
highlighted the impact of mulch on soil water SP which is a function of both soil water and soil
salinity. Straw mulch also decreased the soil penetration resistance by ~ 67 % at 0-7 cm and
decreased crack length density and volume by 57-70 % and 84-91 %, respectively, relative to
no-mulch. The lower soil strength and crack density under straw mulch were associated with

greater dry root weight and total root length at 0-40 cm depth (Chapter 6).

Application of rice straw mulch on the soil surface decreases the top-soil temperature by

shading from the sun and acts as a barrier for evaporative loss of water and upward movement
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of saline pore water to the surface (Arora et al., 2011). The beneficial effect of straw mulch on
soil water, salinity, and crop growth can vary with soil texture, soil disturbance, seasonal
rainfall, irrigation regimes, and thickness of the mulch layer. Arora et al. (2011) have pointed
that the response of soybean yield to mulching was greater on sandy loam with partial irrigation
than with full irrigation but did not differ between irrigation regimes on loamy sand. Using
mulch for ten years increased maize yield (4-36 %) in loamy sand, but that mulch reduced yield
(-11 to 18 %) in sandy loam during some years because of variation in distribution and amount

of rainfall (Gajri et al., 1994).

The weight or thickness of mulch, together with the rate of evaporation, determines the rate of
soil surface drying (Tolk et al., 1999). However, Steiner (1989) suggested that mulch thickness
or volume per unit basis is more critical than mass per unit area for controlling evaporation.
Straw mulch at the rate of 4-6 t ha'* was beneficial to improve soil physical conditions, reduce
evaporation and improve crop yield (Arora et al., 2011; Bhattacharya et al., 2019; Cook et al.,
2006; Peng et al., 2015). Straw mulch at < 2 t ha™* or less than 30 % coverage of total surface
area had less potential for reducing evaporation and increasing soil water storage (Erenstein,
2002; Unger, 1978), while Mulumba and Lal (2008) stated that the threshold level of straw
mulch rate was 8 t ha* for silty loam soil because beyond this level available water capacity
was not increased. In our study, rice straw mulch at 5 or 10 t ha? had the same effect on soil
physical properties, root growth, and yield. Mulch on the soil surface has not always increased
yield because of other factors such as nutrient availability, irrigation frequency, evaporative
potential, soil texture and incidence of weeds, pests, and diseases (Erenstein, 2002; Tolk et al.,
1999). In our study (Chapter 5), there was no difference in yield between rice straw mulch at 5
thaland 1t ha™ in the first year. The probable reason may be the similarity in available water
between these two mulch treatments in that season. Mulch will have a major impact on water

storage if soil water depletion is severe as in 2017-18. On the other hand, the mulch effect can
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be unfavourable when the land condition is excessively wet due to poor drainage or
waterlogging (Erenstein, 2002; Lal et al., 1990). Other studies that reported yield reduction
with high residue application attributed to low N fertility and cold and rainy weather (Unger,

1986; Wicks et al., 1994)

The use of straw mulch on the soil surface has been shown to ameliorate compacted and
cracked soils. In the present study, soil under mulch had a substantial lower penetration
resistance (0.25-1.76 MPa) and crack volume (0.0007 - 0.003 m*® m) compared to no-mulch
plots (soil resistance; 0.25 - 3.7 MPa and crack volume: 0.005 -0.02 m®* m*) (Fig. 6.4 and 6.6).
The lower soil penetration resistance and crack density with straw mulch were attributed to a
higher soil water content, reduced bulk density and greater infiltration (e.g. (Fang et al., 2011;

Jourgholami et al., 2018; Mulumba and Lal, 2008).

Increased soil strength with decreasing soil water can restrict root elongation, root density and
depth of rooting even at soil water matric potentials as high as -0.1 MPa (Mullins et al., 1992;
Whiteley and Dexter, 1982). In field conditions, the response of root distributions to
mechanical impedance may vary due to fluctuation of soil water, the presence of macro-
porosity, and aeration, which also directly affects crop growth due to a reduction of water and
nutrients supply (Cannell and Finney, 1973). In Chapter 3, increased soil disturbance in a heavy
clay soil increased the root density and total root length at 0-20 cm, which resulted in higher
grain yield. In dry compacted soil, intensive tillage loosens the compacted layer. It decreases
the soil penetration resistance, which accelerates root penetration deeper into the sub-soil, thus
improving water and nutrients uptake and grain yield (Ide et al., 1984; Oussible and Crookston,

1987; So and Ringrose-Voase, 2000).

The adoption of mulch technology for crop management across the world has had mixed results
because of the variable availability of mulch material, including crop residues. In many tropical

and semi-tropical areas, crop residues have values as animal fodder, fuel, construction
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materials, and domestic purposes (Erenstein, 1999; Unger et al., 1991). The use of crop residues
for other beneficial purposes will limit the amount of residues for use as mulch in the field.
Residue burning for land clearing, weed/pest management, and fertility improvement also
diminish the availability of mulch. The success of mulch technology for crop production is
related to local biophysical, socio-economic status, and cost-benefit over yield. Therefore, a
comprehensive cost-benefit analysis of field mulching relative to alternative uses of crop
residue is needed to ascertain the likely acceptance of this technology in the Ganges coastal

Z0ne.

7.3 Alleviation of waterlogging and heat stress- early rabi crop

establishment

After harvest of the wet season rice, the traditional tillage system was not suitable for the timely
establishment of rabi crops due to excess soil water: mechanised zero tillage was also
unsuitable for wet soils. Hence, no-till dibbling was used to enable early planting on wet soils.
In our study, sunflower was dibbled on 23 and 30 November in the first year, and 25 November
in the second year on extremely wet soil (gravimetric soil water content was ~ 50 %), but there
was 95-98 % sunflower seedling emergence. The high SWC was not limiting for germination
and emergence. Indeed, even with mechanised ZT and ST planting on wet soil, the initial
emergence was faster than with full tillage (Chapter 3). These finding seem to be a variance
with other studies that suggest excess soil water at the establishment stage was more harmful
than at other stages (Loose et al., 2017; Yasumoto et al., 2011). Early establishment of
sunflower (23 and 30 November and 10 December) on wet soil (gravimetric soil water content
was ~ 46-50 %) in the first season produced the highest yield (~ 3.5 - 4 t hal), which was
attributed to greater average surface SWC, lower average salinity, and higher average SP
during the growing season. By contrast, in the second year, sunflowers sown on 25 November

were presumably affected by waterlogging due to rainfall (59 mm) at the seedling stage, which
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drastically reduced the yield to about 2 t ha™*. Even this yield would not have been possible
unless the plots had been drained immediately after the rainfall. A sunflower yield of 2 t ha
in the waterlogged plots indicated that surface drainage had been effective in removing the
excess water in the root zone and minimizing the severe damage of crops. Despite the
waterlogging, the yield from 25 November sowing was still higher than the late planting on 25
January (1.3 t hal). In many areas, waterlogging due to higher than normal rainfall causes a
reduction of grain yield (Grassini et al., 2007). Many studies have reported the short-term effect
of waterlogging on sunflower growth and yield. Yasumoto et al. (2011) have found that
waterlogging at the early development stage of sunflower severely reduced the plant height,
stem length, leaf number and root dry weight, which eventually caused a lower yield. Crop
response to waterlogging may differ from soil physical properties. Waterlogging stress can be
greater in heavy clay textured soil with poor drainage, while the duration of waterlogging may
last longer than in lighter soils (Ponnamperuma, 1984). In Chapter 6, another waterlogging
event was observed at the flowering stage when 175 mm rainfall flooded the plots (~ 25 cm
standing water on the ground for more than 24 hours). The immediate action to remove standing
water by pumping and surface drainage alleviated the most severe effect of waterlogging and
secured around 2.6 - 3.2 t ha* of yield. However, lodging and wilting of some plants across the
field were observed. When dried compacted soils become saturated due to rain or more water
supply, the soil has a diminished shear strength, which results in root lodging (Baker et al.,
1998; Manzur et al., 2014). In waterlogging conditions, sunflower cultivars can mitigate the
effects by generating many adventitious roots, which contribute to resistance to root lodging,
prevent shoot injury, and supply oxygen to root tips, thereby enhancing plant recover and
survival (Jackson, 1955; Rogers et al., 1984; Vartapetian and Jackson, 1997). In our study
(Chapter 6), after waterlogging, we found a clear difference in the distribution of roots between
mulch and no-mulch plots. Although there was a higher root dry weight with mulch plots, no-

mulch plots produced more adventitious roots, which increased total root length at 0-20 cm
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depth. The plausible reason for this difference is the increase of plant anchorage strength
generated by the growth of secondary roots from the stem that helped to compensate for the

loss of soil strength after flooding (inundated soil).

In Chapters 3 and 4, we showed that sunflower yields were highly correlated with the SP of
soil solutions. However, in the time of sowing experiment (Chapter 5), there was less
relationship of SP to yield, especially in the second year due to the variation of seasonal rainfall.
Apart from the effect SP on sunflower yield, the significance of temperature stress on sunflower
yield was more prominent in the time of sowing experiments. Many authors have reported that
sunflower sown after the optimum time had depressed growth and yield because of the adverse
effect of high temperature at critical growth stages (De La Vega and Hall, 2002; Dp and Ja,
1994; Unger, 1980). In our study, early plantings on 23 and 30 November and 10 December in
the first year, and 25 November and 14 December in the second year, had completed the
vegetative and flowering phases before the end of February when the maximum temperature
was below 30 °C, but sowing after 14 December exposed sunflower to > 30 °C at flowering
and grain filling stages. The increased temperature in the later sown crops shortened the
reproductive period (bud formation to flowering) by 5-6 days compared to early sowing.
Moreover, the effects of high temperature induced earlier physiological maturity by 5-9 days
in the first year and 15-20 days in the second year, respectively, which may be related to lower
yield with the later dates of sowing. In many temperate and subtropical areas, high temperatures
at the sunflower reproductive stage, particularly after late sowings, decrease seed numbers,
grain unit weight, and grain quality (Chimenti et al., 2001; Rondanini et al., 2003). The most
favourable temperature for sunflower cultivation is 25-28 °C (GRDC, 2017). Previous studies
have highlighted that temperatures > 28-30 °C during anthesis have been associated with lower
oil yield (Harris et al., 1978), > 34-35 °C at early grain filling reduced grain size and yield

(Rondanini et al., 2006), and > 40 °C at anthesis was related to head blast, lower leaf area and
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yield (Rawson et al., 1984). Across all sowing dates, an increasing minimum temperature was
also associated with decreased sunflower yield. Decreased grain yield with increasing
minimum temperature accounted for 79 and 69 % of the variation in crop yield in the first and
second year, respectively. Across the two-year study, the optimum sowing window for
sunflower cultivation in the coastal saline areas of Bangladesh was between 20 November and
15 December based on potential yield (3-4 t ha'); this provided an opportunity to maximise
the use of soil water in the early season, while avoiding salinity and heat stress during the later
part of the growing season. However, waterlogging from pre-monsoon rain is a significant risk
that can depress establishment and early plant growth unless highly effective drainage has been

installed.

7.4 Conclusions

Establishment of rabi crops by employing mechanised zero tillage or strip tillage in wet-clay
soil in the salt-affected coastal zone of Bangladesh caused soil smearing planes beside and
below the seed, which dried quickly, hardened and limited root growth and development.
Subsequently, zero tillage and minimum soil disturbance with strip tillage increased soil
dryness and salinity, bulk density and decreased the SP in soil surface layers, which were
associated with a lower yield. By contrast, sunflower establishment by increased soil
disturbance (BP, SPST and DP) had greater root elongation and density due to a lower bulk
density. Moreover, increased soil disturbance had increased soil water availability and reduced
soil salinity in the surface layers at 0-15 cm. The soil under this highest disturbance also had a

greater SP. However, mechanised tillage delays sowing on wet clay soils.

Rice straw mulch at 5 t ha't in strip tillage planting increased in sunflower yield due to
an increased SP of soil solutions associated with increased soil water content and reduced soil

salinity at 0-15 cm depth. The benefits of straw mulch for yield were obtained with three, two
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or one irrigation events. In compacted and cracked soil, straw mulch cover on the soil surface
was the best management option to improve soil physical and chemical constraints. Straw
mulch reduced the soil penetration resistance by 67 % (1.22 MPa) relative to no-mulch plots
(3.69 MPa) at 0-7 cm. In the case of crack volume, the reduction was 84-91 % with straw mulch
relative to no-mulch. Using straw mulch, no-tilled dibbled sunflower had significantly
enhanced root dry weight, total root length and root length density in surface soil to 20 cm
depth. While there was higher total root length down the soil at 40-80 cm under no-mulch
treatment. The improved soil quality and root biomass with straw mulch led to higher grain
yield. However, increasing mulch levels from 5t ha* to 10 t ha® caused no further decrease in

soil resistance, cracking, or increase in sunflower growth and yield.

The no-till dibbled crop establishment method for sunflower on wet soil allowed early
sowing. Early sowing affords the opportunity to use residual soil moisture up to the flowering
stage while avoiding increasing salinity hazard and temperature stress at the flowering and
grain filling stage, thus producing maximum yield. Based on better plant growth, development
and potential yield (3-4 t ha!), the optimum sowing window for sunflower was between 20
November and 15 December, which was also associated with higher SWC, lower soil salinity,
greater SP and lower temperatures at flowering. However, this early planting increases the risk
of waterlogging stress and needs proper drainage to be successful. Overall, soil and crop
management practices, including no-tilled dibbling and rice straw mulch facilitated early
sowing and enhanced yield because of increased soil water availability in the upper root zone,
particularly by improving the SP of soil solutions and alleviating soil physical constraints. On
the other hand, sunflower establishment by mechanized tillage systems that increased soil
disturbance was effective in enhancing soil conditions and crop growth and yield, but they

necessarily delayed crop establishment.
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Based on the above findings, the following priorities are proposed for future research to

enhance cropping systems intensification in the Ganges coastal zone:

1. The positive effect of soil disturbance and straw mulch on crop yield were attributed
to soil evaporation, but direct evidence of reduced evaporation is lacking.
Moreover, there is an opportunity to determine how soil disturbance and mulch
change the optimum irrigation requirements for sunflower on clay soils with a
shallow groundwater table.

2. To improve the soil physical and chemical properties in the salt-affected Ganges
delta, other mulching materials such as compost, cow manure, charcoal and green
manure (Sesbania bispinosa) between the transition period of the rabi crop and the
wet season rice can be tested.

3. Arange of other promising rabi crop such as maize, barley, potato and wheat should
be assessed to confirm the effects of mechanized minimum and reduced tillage,
dibbling and mulching over a wider range of soils in the Ganges delta.

4. 1t is important to understand the role of oxygen supply to roots in understanding
plant responses to soil disturbance, cracking, mulch, salinity, waterlogging etc.

5. Long term weather data can be analysed (rainfall, temperature, radiation and day
length hour) to confirm the optimum sowing window for crop yield and soil water
balance and identify the risks of crop failure with the early sowing.

6. APSIM and DSSAT models can be calibrated and validated to simulate the
optimum date of crop sowing for yield, and to predict the risk of climate variability,
climate change, spatial variability of soil types and salinity, suitable genotype, and
management options for sustainable agricultural production in the salt-affected

Ganges delta.
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7. Salt and waterlogging-stress tolerant, short to medium growth duration and low
irrigation requirement cultivars might be tested in the salt-affected Ganges delta as

an adaptive management strategy to minimize the crop damage and yield loss.
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8 Appendices

(Note: Root data was also collected in Chapter 3 and 5 which are attached below)

Section 8.1: Leaf chlorophyll content and stomatal conductance

Mulch had significant effects on chlorophyll content and stomatal conductance and there was
a significant interaction between mulch and time on chlorophyll content but no interaction
between mulch and time on stomatal conductance (Fig. 8.1). There was higher chlorophyll
content with M2 and M3 treatments at the first two samplings on 18 Feb and 24 Feb (before
flowering) than with M1 treatments, but afterward, there was no difference among mulch
treatments (Fig. 8.1A). Throughout the sampling times, the average stomatal conductance was
higher under M2 (712 mmol m2s?) and M3 (720 mmol ms™) treatments than with M1 (656
mmol m2s™)treatment (Fig. 8.1B). Irrigation treatments did not affect chlorophyll content and

stomatal conductance.
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Fig. 8.1. Effect of mulch on: (A) chlorophyll content (CCI), (B) stomatal conductance. LSDo.o5
is the least significant difference of the interaction between mulch and time on CCI (A). Means
with identical letters are not significantly different (B). M1 = no-mulch, M2 = rice straw ~ 5 t

hat, M3 = rice straw ~ 10 t ha™.

Section 8.2. Root measurements in different tillage systems and sowing dates

In the experiment of different tillage treatment (NST: narrow strip tillage, WST: wide strip
tillage, BP: bed planting and SPST: single pass shallow tillage) (Chapter 3) and in the date of
sowing experiment (five sowing dates: 25 Nov, 14 Dec, 25 Dec, 10 Jan and 25 Jan) (Chapter
5), root distribution was observed at flowering in the 2017-18 season. In both experiments, one

plant was selected from each treatment replication. Shoots were excised, and sunflower root
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distribution was then observed to a depth of 80 cm. First two blocks were excavated from 20
cm along the row, 20 cm across the row and 10 cm deep. Below this depth, the blocks were
sampled from the same areas, first to 20 cm and then in 20 cm deep increments up to 80 cm.
Dry root weight (DRW), total root length (TRL), root length density (RLD) were measured in

the procedure followed in the Chapter 6.

In 2018 season, root dry weight (RDW), total root length (TRL), root length density (RLD)
and specific root length (SRL) were measured under different tillage systems (NST: narrow
strip tillage, WST: wide strip tillage, BP: bed planting and SPST: single pass shallow tillage).
Each factor of root distributions was significantly (P < 0.05) affected by depth, tillage and the
interaction between depth and tillage. Dry root weight in the four tillage treatments decreased
significantly with soil depth (Fig. 8.2A). At 0-10 cm, the BP had significantly higher DRW
than with the NST, WST and SPST treatments, but below this depth there were no effects of
tillage treatments on DRW. Total root length in the BP treatment was higher than in the NST,
WST, and SPST at 0-10 cm and 10-20 cm depth (Fig. 8.2B). However, at 60-80 cm, TRL in
the NST and WST was significantly greater than the BP and SPST treatments (Fig. 8.2B). The
TRL was lower in 10-20 cm and 20-40 cm than at 40-60 and 60-80 cm. Root length density
was significantly higher in BP than NST, WST and SPST at 0-10 cm and 10-20 cm depths (Fig.
8.2C). The RLD increased more at 40-60 and 60-80 cm than at 20-40 cm. At depth 60-80 cm,
RLD in NST and WST increased significantly compared to other tillage types (Fig. 8.2C).
Specific root length increased remarkably with increasing soil depth (Fig. 8.2D). At 0-10 cm
depth, there was no effect of tillage on SRL. Below this depth, SPST produced the maximum
SRL among tillage treatments. However, at depth 40-60 cm and 60-80 cm, NST significantly
improved the SRL over BP and SPST (Fig. 8.2D). By contrast, SRL in BP was significantly

lower than other tillage types at 60-80 cm.
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In the date of sowing experiment (five sowing dates: 25 Nov, 14 Dec, 25 Dec, 10 Jan and 25
Jan) in 2017-18 season, sunflower DRW, TRL and SRL were measured under two mulching
treatments to depth 80 cm (Fig. 8.3 - 8.5). The DRW, TRL and SRL were significantly affected
by sowing dates, mulch, soil depth and interaction between sowing, depth and mulch. The
second sowing on 14 Dec had maximum DRW, and first and last sowing had minimum DRW
at 0-10 cm (Fig. 8.3). In all times of sowing, the RS had significantly greater DRW than RR
treatment at depth 0-10 cm, but below this depth, there were no effects of mulch on DRW. The
tilled soil on last sowing (25 Jan) and second sowing on 24 Dec produced higher TRL than
other sowings at 0-10 cm depth (Fig. 8.4). The TRL was higher at 0-10 cm and then decreased
the following depth at 10-20 and 20-40 cm (Fig. 8.4). However, TRL increased in the last two
depths at 40-60 cm and 60-80 cm under RR treatment except the last sowing. The SRL
significantly increased with the increment of soil depths in all times of sowing (Fig. 8.5). At
depth 0-10 and 10-20 cm, there was no effect of sowing or mulch on SRL, but below this depth,
first sowing (25 Nov) showed the highest SRL at depth 60-80 cm than the other four sowings
which may be affected by waterlogging stress. Between two mulching treatments, there was
higher SRL with RS treatment than with RR in the first and second sowing, but opposite results

showed in the last sowing where RR had higher SRL than the RS treatment (Fig. 8.5).
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Fig. 8.2. Effects of tillage treatments on root parameters at different soil depths at flowering
(80 DAS) in 2018: (A mean root dry weight (RDW), (B) total root length (TRL), (C) root

length density (RLD), and (D) specific root length (SRL).

252



Root dry weight (g) Root dry weight (g)
10 15 20 25 0 5 10 15 20

-+ o
(87 ]

25

|
0-10 2 a
10-20 2 a
20-40
40-60

L o oW
Ve LW gy

60-80 ORice straw @Rice residue

0-10 ' ' ' - @
10-20
20-40
40-60

Soil depth (cm)
U o oo
o W ["E 3]

60-80

0-10 | a
10-20 3
20-40
40-60
60-80

wp WO g

Fig. 8.3. Effects of sowing dates on root dry weight (RDW) at different soil depths at flowering
(75 -85 DAS) under rice straw and rice residue treatments in 2017-18: (A) sowing 23 Nov, (B)
sowing 14 Dec, (C) sowing 25 Dec, (D) sowing 10 Jan and (E) sowing 25 Jan in 2017-18.
Vertical bars indicate standard error of the means. Same letters above the means are not

significantly different at P < 0.05.
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Fig. 8.4. Effects of sowing date on total root length (TRL) at different soil depths at flowering
(75 - 85 DAS) under rice straw and rice residue treatments in 2017-18 season: (A) sowing 23
Nov, (B) sowing 14 Dec, (C) sowing 25 Dec, (D) sowing 10 Jan and (E) sowing 25 Jan in
2017-18. Horizontal bars indicate standard error of the means. Same letters above the means

are not significantly different at P < 0.05.
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Fig. 8.5. Effects of sowing date on specific root length (SRL) at different soil depths at

flowering (80 DAS) under rice straw and rice residue treatments in 2017-18 season: (A) sowing

23 Nov, (B) sowing 14 Dec, (C) sowing 25 Dec, (D) sowing 10 Jan and (E) sowing 25 Jan in

2017-18. Horizontal bars indicate standard error of the means. Same letters above the means

are not significantly different at P < 0.05.
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