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Abstract
Field beans are an up-and-coming crop in Irish agriculture, helping to reduce imports
of feed protein and encouraging a home-grown source for cattle feed. Since the
introduction of the protein grant in 2015 as part of the Common Agricultural Policy
(CAP) greening scheme, the area of field beans sown in Ireland has increased rapidly.
However, due to their unpredictable year on year variation in yield, field beans have
not yet reached their full potential in Irish agriculture. A better understanding of their
growth and development as well as management of the crop for full yield potential is
essential to encourage growers to avail of the added benefits of having field beans in
their crop rotations.

This thesis outlines research which aimed to develop a better understanding of the
agronomy and physiology of field beans in the temperate Irish climate, to gather
information and create advice for Irish growers on the best way to grow and manage
field beans. This was achieved through three years of field experiments from 20172019, where different sowing dates, seed rates and varieties were used to vary the
canopy size. Through this canopy manipulation, the variation in leaf green area, pods
per unit area and seeds per unit area was evaluated in order to identify the key
components of yield in field beans.

Throughout this research, several parameters were studied. This thesis outlines the
results of this study on the effect of sowing date, seed rate and variety on the growth
and development of the field bean crop in a temperate climate. The results of this study
found that even though field beans show great variability in yield from year to year,
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with the correct sowing conditions and management, they have the potential to
produce high yields in the Irish climate. Using a broad range of seed rates from 10 –
80 seeds per square metre over six sowing dates, the response of field bean yield to
these factors could be thoroughly studied over three years. In 2017, yield in this study
was found to be 6.2 t ha-1, which was close to the national average yield for field beans
of 6.7 t ha-1 (Teagasc, 2018). Yield was found to be the lowest in 2018 when it dropped
to 2.5 t ha-1 due to lower-than-average rainfall from pre-flowering to harvest.
The October sowing date generally yielded highest for the winter sown treatments and
February/March for the spring sown treatments, coinciding with the current
recommendations for sowing field beans in Ireland by the Department of Agriculture,
Food and Marine (DAFM). However, with the variation found in crop establishment
over the three years of study, yield was examined and presented against plant
populations instead of seed rate. The general trend showed that as plant populations
increased, yield increased. This led to the study of the economic plant population in
field beans for Ireland, which we believe to be the first to report. The economic plant
population for the spring variety was between 24 – 38 plants per square metre and 13
plants per square metre for the winter variety. This study concluded that yield and
profit will not improve by sowing at higher plant densities.

Further study into the components of yield in field beans found a strong relationship
between pod number and final yield. It was generally found that pod number closely
related to the Green Area Index (GAI) of the crop during the pod development phase
of growth, which led to the hypothesis that light interception during the pod
development phase determined pod number and thereby yield. A supplementary
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experiment was carried out to support this, where shades were erected over the plots,
reducing the intercepted radiation by c.60%. This found that when light was reduced
during the reproductive phase, there was a 27% yield reduction, resulting from a 38%
reduction in pod number. With green area strongly relating to pod number per square
metre, it can be concluded that radiation intercepted during the reproductive phase is
crucial for the determination of pod number which in turn is a driving factor in final yield
of field beans.

Crops like cereals and oilseeds have been studied to determine management
strategies for fertilisers and spray treatments throughout the season. Field beans are
a relatively new, up and coming crop in Irish agriculture and the knowledge behind
field bean management in Ireland is being trialled. This study found that green area in
field beans is strongly related to leaf fresh biomass. From this, we hypothesised that
leaf fresh biomass can be used as a predictor of GAI and in turn be used by growers
as a tool in canopy and overall crop management throughout the season. A model
was created using the relationship between leaf green area and leaf fresh biomass,
resulting in the equation y = 0.0021x – 0.0734. Using an independent field bean data
set and the equation from the model, results showed a strong correlation between
measured leaf green area and predicted leaf green area with an R2 = 0.92 and RMSE
of 0.38.

The greater understanding of yield components and the driver of final yield in field
beans will lead to further studies in this area and a greater understanding of this
potentially high yielding crop in temperate climates. Overall, the findings in this thesis
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are a foundation for further research in field beans and other protein crops in Irish
agriculture.
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Chapter 1

General introduction & Literature review

1. General introduction
Field beans (Vicia faba) or more commonly known as faba beans or broad beans are
part of the family of grain legumes, Leguminosae. They are cultivated and used as a
major source of protein in both human and animal diets with an estimated protein
content of 25-35% dry matter (Nachi and Le Guen, 1996). The field bean originated in
western Asia and spread through to central Europe, where it constituted a great part
of the European diet before the introduction of potatoes and were the only edible bean
known in Europe before the voyages of Columbus to America in 1492. By the 16 th
century, field beans were introduced to America by the Spaniards and made it as far
as Australia by the 20th century (Cubero, 2011). At present, beans and other dry
pulses only constitute 1.2% of arable land in Europe (FAO, 2018), with France being
the largest producer of dried pulses followed by the United Kingdom and Poland (FAO,
2018).

One of the notable characteristics of field beans is the unpredictable variation in seed
yield from year to year, despite sufficient control of pests and diseases (McEwen et
al., 1981, Reckling et al., 2018). European farmers consider these crops to be risky
because their yields vary more compared to non-leguminous crops such as cereals
(Cernay et al., 2015). Additionally, and despite a significant increase of published
1

studies on field bean breeding over the last decade, evaluated by Scopus search
engine (20 articles/year), the overall breeding effort with respect to field beans was
still rather limited, compared to cereal crops breeding, such as wheat (749
articles/year), and barley (179 articles/year), and even to other legumes, such as
soybean breeding (238 articles/year) over the same period.

Field beans are a relative newcomer in the Irish commercial market. With the
introduction of the protein grant in 2015 as part of the Common Agricultural Policy
(CAP) greening measures, to encourage the addition of protein crops in cereal crop
rotations, the area of beans sown in Ireland has increased rapidly from c.3,500 ha in
2014 to its highest of c.12,000 ha in 2017 (Figure 1) (CSO, 2020). As a legume that is
high in protein, field beans have the potential to reduce imports, encourage home
grown protein for animal feed and add residual nitrogen into the soil which benefits the
following crop (Mwanamwenge et al., 1998). However, a major concern with field
beans in the Irish climate is yield stability. Field beans have the potential to produce
high yields but low temporal yield stability is a major downside for this crop and a
disincentive for growers (Sprent et al., 1977). The addition of field beans and other
legumes such as the field pea (Pisum sativum) and lupin (Lupinus sp.) could have
numerous agronomic advantages for growers, such as weed control, residual nitrogen
in the soil for the following crop, as well as the benefits of a deep rooting break crop,
if they were grown more widely in cereal crop rotations.
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Figure 1. Spring (▲) and winter (■) bean area (ha) sown in Ireland from 2015 to 2019.
Data sourced from the Central Statistics Office, Ireland.

2. Crop physiology
Egli (2010) defined crop physiology as the plant processes that are responsible for
growth, development, and economic yield. All crops advance through a series of welldefined developmental stages, commonly known as growth stages (GS), and field
beans are no exception. Growth stages have been well defined in most crops, from
germination through to ripening, establishing a universal decimal code system to track
the growth of the developing crops (Lancashire et al., 1991, Meier et al., 2009, Zadoks
et al., 1974).
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2.1 Emergence and establishment
Germination, initial growth, and development of the field bean crop is mainly driven by
temperature, more importantly, daytime temperature (Dantuma and Thompson, 1983).
This requirement depends on the cultivar. Low temperatures over the winter period
from autumn sowings may prompt seedling mortality if the choice of cultivar is not
winter hardy (López-Bellido et al., 2005).

Another factor that has an impact on emergence and establishment is seeding rate.
Loss et al. (1998a) describe how, in the Mediterranean climate of South-western
Australia, there is a slight trend that shows greater mortality rates at higher plant
densities. Aguilera-Diaz and Recalde-Manrique (1995) state that seed proximity is the
crucial factor for emergence and establishment. Close seed proximity, coinciding with
other factors such sowing conditions, water availability and air temperature can lead
to a decrease in germination rate. Once plants are emerged, higher planting densities,
or reduction in row spacing can lead to increased competition between plant and a
greater mortality rate (Pilbeam et al., 1990).

2.2 Vegetative growth
Growth depends on the crop’s ability to capture light and the efficiency of the crop to
convert this energy into biomass. Early stages of vegetative growth have shown that
there is a linear correlation between dry matter and the number of plants per square
metre (López-Bellido et al., 2005). Depending on plant density, competition arises
between plants for light and nutrients, affecting the growth, development, and
production of each plant (Dantuma and Thompson, 1983, López-Bellido et al., 2005).
4

Studies have shown that field bean output is regulated by a number of compensatory
factors, some of which are fixed in the vegetative stage such as number of plants per
square metre and number of stems per plant (López-Bellido et al., 2005).

The length of the vegetative phase, that varies with weather conditions and day length,
influence the compensatory capacity of field beans (López-Bellido et al., 2005). In
longer growing seasons, with optimum conditions for growth, lower plant densities
have been found to compensate effectively by developing a greater number of
branches than higher plant densities. Sowing date can also affect the duration of the
vegetative phase, and the growing season can be prolonged by earlier sowing, thereby
providing more time for compensatory growth. Marcellos and Constable (1986) found
that in Mediterranean conditions, early autumn sowings prolonged the growing season
compared to later sowings which resulted in a larger crop and higher yields. They also
showed that if sowing was delayed, grain yield, plant dry matter and the pod filling
duration was reduced. Late sowing was found to also reduce the height of the first pod
above ground, and increased the likelihood of yield loss through foliar disease
(Marcellos and Constable, 1986).
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2.3 Reproductive phase and pod development

Figure 2. Stages of development for field beans (BBCH scale). Source: PGRO, UK
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Aguilera Díaz (1987) as cited by López-Bellido et al. (2005) state that the reproductive
phase in field beans involves the establishment of the number of podding nodes per
stem, number of pods per podding node, number of seeds per pod and mean seed
weight, which together with the fixed elements of the vegetative phase form crop yield.
Crops sown in autumn have long flowering, pod development and pod filling phases
(Adisarwanto and Knight, 1997). Field beans are considered to be either a day-neutral
crop; that is they flower irrespective of the length of the period of light they are exposed
to or a long-day crop meaning that they need 12 or more hours of light to produce
flowers (Savonen, 2003). Losses in flowers and pods occur throughout the
reproductive phase, due to inter-plant competition, especially at higher plant densities
(Amato et al., 1992), the amount of insect pollination or self-pollination that occurs
(Bishop et al., 2020), and extreme weather conditions such as excessive rainfall and
drought (Kulig et al., 2011).

2.4 Pod set and pod filling
Crop density affects the number of pods per podding node and number of pods per
plant. Plant density also modifies the source-sink ratio, altering intra-plant competition
for assimilates (Pilbeam et al., 1991b). As plant density increases, a decrease was
found in the number of active nodes per plant (Hodgson and Blackman, 1956), leading
to a decrease in the number of flowers per plant and in turn the number of pods per
plant. Loss of podding nodes has been found to take place uniformly over all
reproductive stems, and therefore there will be a greater number of podding nodes per
plant at lower plant densities (López-Bellido et al., 2005).
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Pod set is possibly a function of the growth rate during flowering (Stützel and
Aufhammer, 1992). Choice of cultivar is generally the determining factor in seed filling,
seed size and final grain weight (López-Bellido et al., 2005). However, Dantuma and
Thompson (1983) suggest that seeds per pod and seed size are relatively stable yield
components and not visibly affected by competition between plants for light, water and
other nutrients. They regard these components as the most stable in field bean crops,
even though they also found that the number of seeds per pod varied considerably in
the same plant. Water availability and environmental factors after flowering are the
most influential factors for pod setting and filling.

Dantuma and Thompson (1983) propose that flower budding takes priority over
assimilate supply in early pod development phase. However, this is contradicted by
Baker et al. (1984) who suggest that vegetative growth does not affect the amount of
assimilate available to reproductive sinks. Early competition for assimilates may
account for the high level of flower and pod abortion in field bean crops, however, this
has not been sufficiently studied.

López-Bellido et al. (2005) found that little is known about the growth and development
of field beans. As the second most widely grown grain legume in the EU after peas
(Pisum sativum), field beans are currently underrepresented in European agriculture,
with grain legumes produced on only 1.5% of the arable land in Europe compared with
14.5% worldwide (Watson et al., 2017) (FAO, 2019; Table 1). Further studies and
research in this area would be valuable for growers across Europe.

8

Table 1. Share of different regions of the world in production of major pulses (%),
2012–14, taken from FAO “The Global Economy of Pulses”, 2019.

3. Canopy structure
3.1 Canopy management
The size and structure of a crop’s canopy is important for maximising the amount of
light intercepted to produce and utilise assimilates efficiently throughout its life cycle.
Extensive research has been carried out on crops such as wheat and oilseed rape to
examine yield potential through optimising canopy size (Scott et al., 1999, SylvesterBradley et al., 2000). By managing the canopy through adjusting N fertiliser, smaller,
more efficient canopies can be grown that avoids the production of excess leaf area,
which can lead to poor penetration of light to the lower parts of the plant, resulting in
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severe mutual shading, pod and seed abortion, and low, variable yields (Long et al.,
2006, Scott et al., 1999). Reducing the size of the canopy and stunting growth of the
plants also leads to reduced lodging of the crop.

In oilseed rape, an optimum canopy size during seed filling is estimated to be 3.5 units
of green area (Berry and Spink, 2006, Roques and Berry, 2016). Scott et al. (1999)
found that when the crop canopy was restricted to a GAI of 3 during early seed filling,
yield improved by 0.4 t ha-1. Canopy management in wheat has been found to be
slightly different. This approach is based on the understanding that yield in wheat is
formed later in the growth cycle than in oilseed rape. The optimum canopy size in
wheat starts by managing the seeding rate and then managing shoot production
through the adjustment of N fertiliser, giving an optimum canopy size of 6 units of
green area (Sylvester-Bradley et al., 2000).

Nitrogen (N) application plays a huge role in canopy manipulation in non-leguminous
crops; however, this is not the case for field beans. As a nitrogen fixing crop, further
application of N to beans has been found to make no significant difference to final yield
of the crop, in fact, it is known that application of N fertiliser to legumes decreases
nodulation and the nitrogen fixing rate (Dean and Clark, 1980, McEwen, 1970). The
easiest way to manipulate the size and structure of a bean crop’s canopy is through
seeding rate. Low seed rates can produce a sparse canopy that could possibly
compensate by branching to fill in the area around the plants. A higher crop density
leads to quicker canopy closure and optimum interception of light by the canopy. Too
high a seed rate can lead to a dense canopy causing shading of the lower leaves, high
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disease pressure, and a taller crop which can possibly lead to lodging (Loss et al.,
1998b). Studies on field beans in southern Italy found that c.30% of plants lodged at
a seeding rate of 30 plants per square metre compared to 90% of plants lodging at the
higher seed rate of 100 plants per square metre (Stringi et al., 1986). Finding the
optimum seeding rate when sowing field beans will lead to a more productive crop
canopy, maximising the amount of radiation intercepted by the crop and reducing the
risk of lodging.

3.2 Photosynthesis
Solar radiation has a range of wavelengths from infrared to ultraviolet. Light is
essential for driving crop growth, biomass production and yield. Crops are very
efficient at absorbing light energy. This energy is essential for fundamental
physiological processes such as photosynthesis. Within the range of wavelengths in
solar radiation is a designated spectral range that can be used by photosynthetic
organisms. This is known as photo-synthetically active radiation (PAR) and is the light
that is visible to the human eye, ranging from 400 – 700 nanometres (Lambers et al.,
2008).

Solar radiation is responsible for the photochemical reduction of CO2 to higher energy
products. The process, better known as photosynthesis, can be described by the
following expression:

𝐶𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒 (𝐶𝑂2 ) + 𝑊𝑎𝑡𝑒𝑟 (𝐻2 𝑂)

𝑆𝑢𝑛𝑙𝑖𝑔ℎ𝑡
𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙
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𝐺𝑙𝑢𝑐𝑜𝑠𝑒 (𝐶6 𝐻12 𝑂6 ) + 𝑂𝑥𝑦𝑔𝑒𝑛 (𝑂2 )

Taking place in the chloroplasts of plant cells, photosynthesis can be broken into two
phases: the light dependent phase and the Calvin cycle or dark phase. Through these
phases, energy in the form of NADPH and ATP are produced and used to create
carbohydrates.

3.3 Interception of solar radiation
Most of the solar radiation absorbed by a crop’s canopy is intercepted by its leaf
blades. However, leaves can become saturated by light and energy is wasted (Hay
and Walker, 1989). In more tropical environments such as Australia, it has been found
that the leaves of crops like beans and cereals, can become saturated at a
photosynthetic photon flux density (PPFD) of about one-quarter of maximum sunlight.
This means that any PPFD captured by the leaves in the crop canopy above this level
is wasted. This can be avoided by improving canopy structure to provide a better
distribution of light through the crop. Studies by Long et al. (2006) found that leaves
that are mainly in a horizontal orientation would intercept most of the sunlight at the
uppermost layer; with about 10% penetrating to the next layer and about 1% to the
layer below that (Plant A, Figure 2). About two-thirds of the energy intercepted by this
uppermost layer is wasted. Instead, a better arrangement for the leaves in the crop’s
canopy would be for the upper leaves to be more vertical, intercepting smaller amounts
of light and allowing more energy to reach the more horizontal lower leaves (Plant B,
Figure 2). By distributing light energy in this way, plants with more vertical leaves at
the uppermost layer of their canopy, would have over double the efficiency of light
energy use than plants with an upper canopy of horizontal leaves (Long et al., 2006,
Ort and Long, 2003). The ability of a plant to intercept radiation is linked to canopy
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structure, with crop density, leaf area index (LAI, leaf area/ground area), and leaf
positioning all influencing how effectively radiation is intercepted by the canopy.

A

B

Figure 3. Differences between leaf orientation in the canopy. Plant A presents with
horizontal leaves throughout the canopy, allowing the uppermost layer (1) to absorb
the most solar energy, shading the lower layers (2)(3) and plant B with a more vertical
leaf orientation at the uppermost layer (1) allowing the light to be spread more evenly
and penetrate through to the bottom horizontal layers (2)(3) (Long et al., 2006).

Plants have developed three different chemo-anatomical systems: C3, C4 and CAM,
which offer appropriate internal environments for the light and dark reactions (Loomis
and Connor, 1992). C4 plants are adapted to hot, sunny environments and include
crops such as maize, sugarcane and sorghum. CAM plants are adapted to much drier
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environments and include plants such as cacti and pineapples. Most of the crops
cultivated in agriculture are C3 plants such as cereals, potatoes and beans and are
particularly efficient at photosynthesis in cool, temperate climates. However, they are
prone to light saturation on sunny days, and this highlights the importance of
optimising canopy structure to allow maximum use of radiation from sunlight.

From the literature it is well known that light sources are necessary for plant growth
and the structure of the crops canopy, ie. canopy size, leaf angle, plays an important
role in the amount of light that is intercepted or transmitted by the plants canopy. This
can typically be expressed using the extension coefficient (K). The extinction
coefficient is the measure of how strongly a substance absorbs light at a particular
wavelength which can be adapted to a plants canopy as the area of shadow cast on
a horizontal surface by the canopy divided by the area of leaves in the canopy
(Monteith, 1975).

The Beer-Lambert Law is used to calculate the extinction coefficient for a particular
species using the formula:
A = εLc
Where A represents the amount of light absorbed by the species for a particular
wavelength, ε is the molar extinction coefficient, L is the distance that the light travels
through the species and c is the concentration of the absorbing species per unit
volume. This has been adapted to many crop models, where light intercepted by a
canopy is calculated from a variation on the Beer`s Law equation: IPAR = PAR x [1 exp (-k x LAI)], where k is the extinction coefficient, PAR the photosynthetically active
radiation and LAI the leaf area index.
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For field beans, an average value for K of 0.78 was proposed by Ridao et al., (1996).
Environmental impacts such as water deficits can have an effect on the canopy. In the
same study by Radio et al. (1996), field beans under water stress changed their leaf
angle becoming more erect in order to reduce radiation interception as water deficits
developed, in comparison to a semi-leafless pea variety in the same study which had
a more rigid canopy and did not change its orientation.

3.4 Effect of Plant Population Density (PPD) on plant development
Like most cultivated plants, field beans can modify their morphological structure
according to the space that is available to each individual plant (Poulain, 1984b). As
previously stated, most of the solar radiation absorbed by a crop’s canopy is through
the leaf blades. Because of this, it is possible to express the ability of a crop to intercept
solar radiation by its leaf area index (LAI) (Hay and Walker, 1989). Leaf area index is
the area of leaf per unit area of ground. High sowing densities will have a higher LAI
and dry matter values during the vegetative growth stage (López-Bellido et al., 2005).
Coelho and Pinto (1989) found that field beans display great plasticity in response to
variations in plant density. Development of LAI mainly depends on the temperature,
water availability and plant density (Poulain, 1984b). Maximum leaf area index is
generally achieved with higher plant densities. Although, according to Loss et al.
(1998b), highest LAI values have been recorded in favourable environmental
conditions regardless of plant density. They found that higher plant densities resulted
in significantly quicker canopy closure, leading to a higher leaf green area and greater
interception of radiation with maximum LAI found from flowering and until the start of
pod fill (Coelho and Pinto, 1989). This was also supported by Whaley et al. (2000) who
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found that virtually all plant densities of wheat managed to close their canopies, the
lower plant densities just took longer than the higher densities. They found that if
canopy closure was achieved by GS39, there was no yield penalty.

As previously stated, there are some advantages to sowing higher population
densities. However, this does not necessarily mean that yield will increase as plant
population is increased. As the number of plants increase, competition arises, and
each plant captures less light. This limits plant growth and productivity. Increasing
plant densities increase competition for water and other nutrients. Higher planting
densities are known to produce taller crops (Loss et al., 1998b, Pilbeam et al., 1990).
Hodgson and Blackman (1956) found that as the plant density increased, the extent
of branching fell progressively, most commonly leading to single stemmed, taller
plants. A taller crop increases the risk of lodging (Pilbeam et al., 1990) but can also
produce pods higher on the stem, which is favoured by growers for mechanical
harvest. Bean plants are quite adaptable to their surroundings and when plant
populations are low, they tend to branch to increase their canopy size and
subsequently their leaf areas. This enables each plant to capture more radiation.
Branching also allows each plant to produce more pods in the same way as more
wheat tillers lead to more ears. This plasticity means that low plant populations can
often offer competitive yields (Robinson and Conley, 2007).

3.5 Effect of sowing date on growth and development
Sowing date has been found to have a great influence on biomass, grain yield and
yield components (Confalone et al., 2010). These authors also reported that studying
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a range of sowing dates provided a wide range of environmental conditions. As sowing
date was delayed, the crop was exposed to higher values of radiation, air temperature
and a longer photoperiod resulting in a shortening of the crop cycle.
Sowing date can have a profound influence upon the course of leaf area development.
It has been observed that delaying sowing date for spring cereals causes an
acceleration of crop development and results in lower maximum LAI values (Hay and
Walker, 1989). Until the flowering stage, the highest LAI values are achieved at the
higher plant densities. Husain et al. (1988) found that sowing date affected both
canopy architecture and the green area necessary to absorb the available radiation.

As field beans are grown in a wide range of environmental conditions across the world,
it is not possible to generalise the effect of sowing date. Optimal sowing dates for field
beans sown in various countries are presented in Table 1. Several studies have shown
the effect of sowing date on field beans in different countries. For example, in Western
Canada, sowing date was found to be a more important factor than seed rate in
affecting final yield (McVetty et al., 1986). More arid climates like Sudan, can
experience higher temperatures at the early growth stages which can increase disease
pressure (Salih and Ageeb, 1983). In France, early sowing is recommended in spring
to avoid water stress and high temperatures during the flowering period and pod
setting (Berthelem, 1980), whereas in southern Italy, which has a more semi-arid
climate, an autumn sowing is preferred to a spring sowing to allow a longer growing
season and better utilisation of water, giving higher yields and an increase in protein
content (Ziliotto and Toniolo, 1979).
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Table 2. Examples of optimum sowing dates for spring and winter varieties of field
beans in different countries.
Sowing

Spring

Country

Recommended sowing time

Reference

France

February to March

Plancquaert et al. (1978)

United Kingdom

Late February to mid-March

Thompson and Taylor (1977)

Southern Chile

End July to mid-September

Krarup (1984)

France

Mid October to mid-November

Plancquaert et al. (1978)

South Australia

End May

Baldwin (1980)

Sudan

Mid to end October

Salih and Ageeb (1983)

Spain

September to November

Moreno and Cubero (1982)

Winter

4. Yield
4.1 Components of yield
Like most crops, field beans have been difficult to breed for increased yield due to their
low heritability and environmental interaction with the yield trait (Neal and McVetty,
1984). This problem has been approached by the attempt to further quantify yield by
measuring morphological and physiological traits, i.e. yield components. This
approach was first suggested in cereal crops by Engledow and Wadham (1924). They
explained that yield differences in cereals could be described on the basis of three
yield components: average number of ear bearing tillers, average number of grains
per ear, and average weight of a single grain. Breeders have continued to adapt this
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concept in their breeding programs throughout the years with varying levels of
success.

The concept of using yield components to study yield variation in field beans is more
recent and less detailed than previous studies on cereals. Rowland (1955) reported
that the three primary components of yield in field beans were: number of pods per
plant, number of seeds per pod and seed size, which in turn were influenced by first
flowering and podding nodes, the number of nodes per plant, plant height and number
of branches (Kambal, 1969a). Field beans are known for their high variation in yield
from year to year. This variation in yield has been found to be associated with the
variation in pod and seed number per plant (Kambal, 1969a, Pilbeam et al., 1991b,
Stützel and Aufhammer, 1992). Furthering the research carried out by Rowland
(1955), Kambal (1969a) found that pod number per plant showed the highest
correlation with yield. Positive correlations found between yield and pod and seed
numbers indicate that there is a strong association between yield and these yield
components. Dantuma and Thompson (1983) reported seed number per pod as the
most stable yield component followed by mean seed weight, and the main yielddetermining component was pod number per plant. Since seeds per pod were
generally found to be stable, the seeds per plant will depend on the number of pods
developed per plant.

The production of mature pods has been found to be dependent on the effect of the
internal physiological factors and external environmental conditions on the crop’s
development from the early vegetative phase (Hodgson and Blackman, 1956).
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Hodgson and Blackman (1956) also stated that the main stem together with the axillary
branches provide the framework for the production of flowers and in turn with final pod
production, suggesting that they believe the production of flowers to be the main
component of yield in their studies.

Pilbeam et al. (1990) sums up the matter of yield components as a determinant of final
yield in field beans concluding that there is a difficulty in pinpointing one particular yield
component as the determinant of yield in field beans. This illustrates the plasticity of
the yield components of the field bean crop. This plasticity dilutes the effects of the
selection pressures used by plant breeders in an attempt to increase yield. The basis
of this compensatory capacity lies in the sequential development of successive
components of yield.

4.2 Dry matter
Yield can also be considered in terms of the accumulation and partitioning of dry
matter. Yield potential is determined by the efficiency with which the plant uses the
available light for dry matter production. The development of flowers and seeds are
key processes in the formation of yield in field beans and other grain legumes (Patrick
and Stoddard, 2010). As in many crops, an increase in plant density leads to an
increase in total dry matter until a level of yield is reached after which increasing
density does not lead to further increase in yield (Kirby, 1969).
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The production of dry matter is a function of the interception of light and the efficiency
with which the light is used by the plants. Silim and Saxena (1992) reported that dry
matter production in field beans was strongly correlated with cumulative intercepted
PAR and Husain et al. (1988) stated that total dry matter production was also strongly
related to radiation absorbed by green surfaces of the crop. This has been shown to
be constant in field beans that are grown under stress-free conditions (Stützel and
Aufhammer, 1991).

During the early periods of vegetative growth, there is a linear relationship between
accumulation of dry matter and the number of plants per square metre. This reflects
the direct relationship between radiation interception and dry matter production, with
higher plant populations intercepting more light. High dry matter production before the
start of the reproductive phase is important for ensuring development of the
reproductive structures, and crop yield. Strong correlations have been found between
seed yield and total dry matter in field beans (Silim and Saxena, 1992).

4.3 Source-sink limitation
Variations in grain yield can be analysed in terms of the crop carbon economy during
the grain filling period. This approach, known as the source-sink relationship, identifies
when grain yield is limited by the supply (source capacity) or the demand (sink
strength) of assimilates during the grain filling period (Tollenaar, 1977). For example,
in maize, source capacity is identified by assimilate production by crop photosynthesis
during the grain filling period. Sink strength is defined by the ability of the growing
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grains to accommodate these assimilates. Maize grain yield has been generally
reported to be sink limited (Bonelli et al., 2016, Tollenaar, 1977).

In theory, an increase in photosynthesis should lead to increases in yield; however,
there is an on-going debate about whether plant growth is limited by the source or the
sink. In crops, the production of dry matter is dependent on the source – sink concept,
where a source has the potential for photosynthesis and the sink has the potential to
utilise the photosynthetic products produced by the source. Typical primary sources
include green material such as leaves and stems. Sinks include roots and
underground structures, fruits, grain, developing buds and flowers (Venkateswarlu and
Visperas, 1987). Both source and sink are important and need to be considered in the
production of biomass (Evans, 2013).

As individual leaves mature, they convert from sink to source (Turgeon, 1989). This
transition from sink to source demonstrates an important transition in the physiology
of the leaf (Turgeon, 1989). Trying to manipulate photosynthesis at the leaf level will
only be beneficial if it makes an improvement in the whole plant canopy. Once crop
canopy closure occurs and the plants have intercepted all available radiation, the
challenge is to convert that energy into biomass with the greatest efficiency (Evans,
2013) and it was found by Venkateswarlu and Visperas (1987) that slow senescence
is an advantage for prolonged source-sink efficiency.

Photosynthesis can be limited by sink capacity (Long et al., 2006). After anthesis, the
most important sink in grain crops is the potential size and number of the seeds
formed. Analysis of changes in seed dry weight in response to manipulations in
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assimilate availability during seed filling for wheat (Triticum aestivum), maize (Zea
mays L.) and soybean (Glycine max L.) concluded that for all three crops, yield is
usually more limited by sink than by source during grain development (Borrás et al.,
2004).

Sink activity is the capacity of the sink to create a translocation gradient from the
source to the centre of accumulation. The source is sink-dependent, since assimilates
move from the source to the sink regardless of its location. The source-sink
relationship between the leaf and other plant organs is complex. Most of the metabolic
sinks in the plants are connected with the source by the phloem elements in the
vascular strands.

In wheat, grain yield improvement is usually most closely related to grain number per
unit area (Brancourt‐Hulmel et al., 2003, Peltonen-Sainio et al., 2007, Sayre et al.,
1997, Shearman et al., 2005). Evidence suggests that grain sink strength remains a
critical yield-limiting factor (Borrás et al., 2004, Miralles and Slafer, 2007, Slafer and
Savin, 1994) and that sink capacity will need to be improved if improvements in
biomass and radiation use efficiency are to be fully exploited (Acreche and Slafer,
2009, Reynolds et al., 2005). Increasing the partitioning of assimilates to the
developing spike and grain has been seen to have the greatest impact on improving
yield potential in wheat, not only under optimal yielding conditions (Brancourt‐Hulmel
et al., 2003) but also under stressful and harsh environments like the Mediterranean
regions (Loss and Siddique, 1997).

23

In common bean (Phaseolus vulgaris), a previous study found that reducing the
amount of radiation intercepted by the plants increased LAI, duration of grain filling
and mean grain weight but no significant effect of shading on yield was noted (Hadi et
al., 2006). Conversely, grain yield of chickpea was decreased by shading in New
Zealand (Verghis et al., 1999).

The most recent study carried out by Lake et al. (2019) extensively studied the effect
of shading on field beans in Australia and Chile, using sequential 14-d shading periods
in locally adapted bean varieties grown in five locations. They found that shading was
most severe during the flowering to pod emergence phase and effected yield the most
during this time. The study showed that seed size was slightly increased when shaded
before flowering, and again after pod set. In comparison with other studies by Lake
and Sadras (2014), chickpea increased seed size in response to shading after, but not
before flowering. Field beans were also less sensitive to reductions in seed per pod
later in the season compared with chickpea (Lake and Sadras, 2014).

However, to date there is not enough data regarding the source-sink response of field
beans and the effect of reducing radiation during critical growth periods in temperate
climates. Specific causes for yield sensitivity in field beans around the critical period
deserve further research.
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5. Environmental influences
Like most crops, field beans are drought sensitive (Grashoff, 1990). Water reaches
the seed through contact with the soil or germinating medium. Once the germination
process begins, an adequate moisture level must be maintained throughout seedling
growth, loss of moisture can result in death of the seed or seedling. Moisture is the
most important prerequisite for germination, however, too much moisture can cause
the soil to become saturated and this deprives the seed of oxygen, leading to death
(Chong et al., 2002). In soybeans (Glycine max), Dornbos Jr and Mullen (1991)
reported that water and high air temperature stresses that occur during seed fill greatly
reduce seed yield.

Where adequate moisture is provided, the next most important requirement for
germination is temperature. Hartmann and Kester (1975) describe temperature as the
single most important influence in the regulation of the timing of germination. High
temperatures generally encourage dormancy while low temperatures overcome
dormancy. Most seeds can tolerate prolonged hot weather if they are kept dry, and
some can withstand even greater weather extremes of hot or cold (Hartmann and
Kester, 1975).

Temperature can also have a major environmental influence on the production of
leaves. The influence of air temperature on the production of new leaves in crops has
been well-documented (Milthorpe, 1959, Robson, 1972). The rate at which the new
leaves unfold in field beans was found to be determined solely by air temperature,
provided that the crop is not subject to any stress (Dennett et al., 1979). Mohammed
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Yusoff et al. (2013) found that field beans have a phyllochron, that is the rate of leaf
expansion in degree days (degree-days leaf–1), of 66 ± 1 for field beans, compared
with 123 ± 3.90 for oats, and 120 ± 4.21 for Italian ryegrass. There is little evidence that
other environmental factors such as interception of solar radiation, water supply or
availability of nutrients have an influence on the production of leaves (Hay and Walker,
1989).

Rapid and uniform seed germination and seedling emergence under varied
environmental conditions is a desirable characteristic for crops. The rate of seed
germination and crop emergence is usually determined and controlled by the
temperature of the soil (Probert, 2000) and the temperature of the soil is principally
controlled by the time of year. There are numerous agronomic management
techniques used for the growth of crops including choice of cultivar, seeding rate, and
application and timing of fertilizer. However, sowing date is probably the most
vulnerable to variation. Temperature conditions have a relevant role in the crop yield,
together with environmental factors (De Ron et al., 2016) such as weather before and
after sowing as well as ground conditions at time of sowing can have an effect on
germination and seed emergence (Hay and Walker, 1989). This can impact greatly on
the potential yield of the crop. In wheat, it has been observed that delayed sowing,
beyond a given sowing date, can have a considerable impact on the crop and reduce
the potential yield (Green et al., 1985).
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Seeds require a suitable supply of oxygen during germination. Oxygen is essential for
plant respiration and allows the oxidation of starches, fats, and other food reserves
(Hopkins, 1999). If enough moisture is available and the temperature is correct, most
seeds will germinate equally well in darkness or light. Some seeds are partially or
completely inhibited by light or require it to germinate (Chong et al., 2002).

Temperature and light interact together to determine growth and development of
crops. Field beans are grown in a wide range of climates, from arid and semi-arid
conditions to the milder temperate conditions of north western Europe. The use of crop
management techniques such as choice of cultivar that are tolerant to low
temperatures during the germination and emergence stages and optimal seeding rates
can make field beans a manageable crop in these different climatic conditions and
need to be improved for the success of the bean crop (De Ron et al., 2016).
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6. Conclusions
With the introduction of the protein grant as part of the CAP greening measures in
2015, and the increasing interest in growing beans in Ireland, crop suitability to specific
environments must be studied and established. The drive to increase home-grown
protein and reduce imports for animal feed has opened the opportunity for this study
to optimise the growth and development of high energy, high protein grain legumes
such as the field bean for growth in the temperate Irish climate. However, compared
to crops such as wheat and oilseed rape, there has been relatively little research on
field beans and the yield of field beans which is highly variable from year to year. I
propose that, through an improved understanding of crop physiology, agronomic
practices can be developed to improve both yield and yield stability of field beans in
the temperate Irish climate and growers can reap the benefits of having this protein
crop in their rotations.
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7. Hypotheses
Following this review of the literature, the following hypotheses were devised to better
understand the interactions between sowing date, seed rate and variety and their
impact on canopy size, components of yield and final harvest yield in Vicia faba.

I.

Delaying sowing date for of Vicia faba will lead to a reduction in final yield.

II.

Economic optimum plant populations will be higher in spring sown Vicia faba than
winter sown Vicia faba.

III.

Yield of Vicia faba is stable across a wide range of plant populations.

IV.

Yield of Vicia faba is primarily driven by pod number.

V.

Vicia faba are predominantly source-limited.

VI.

Fresh leaf biomass can be used to accurately predict green area index (GAI).

VII.

Using a model to predict GAI from fresh leaf biomass can therefore be used as a
surrogate for GAI and a management tool for growers of field beans.
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8. Thesis overview
This thesis is written in paper format. Chapters are written in the format for submission
for review to relevant journals.

Chapter 2 – “Yield response of field beans (Vicia faba) to plant population and sowing
date in a temperate climate.”
This paper discusses the influence of sowing date and seed rate on crop
establishment, growth, yield and profitability.

Chapter 3 – “Yield of field beans (Vicia faba) is determined by light interception during
the pod development phase.”
This paper investigates further the studies in Chapter 2, with the in-depth study of yield
components to understand the impact of canopy size on yield and to identify the key
components of yield in field beans.

Chapter 4 – “Predicting Green Area Index (GAI) from leaf biomass in field beans (Vicia
faba).”
This chapter discusses the relationship between biomass and Green Area Index (GAI)
in the efforts to utilise biomass as a predictor of GAI, and in turn use GAI as a precursor
to determine final yield.
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To conclude, the results of all the work conducted are summarised in a general
discussion in Chapter 5.

As the chapters are being submitted for publication, references can be found at the
end of each chapter.
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Chapter 2
Yield response of field beans (Vicia faba) to plant population and sowing date in
a temperate climate.

This chapter has been prepared as a journal article for submission to the Irish Journal
of Agricultural and Food Research (IJAFR).
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Abstract
Sowing date and seed rate influence crop establishment, growth, yield, and
profitability. The growth and yield of field beans in response to sowing date and seed
rate was examined over three seasons in Teagasc, Oak Park, Carlow, Ireland. Six
sowing dates between October and April were studied along with three seed rates (20,
40 and 60 seeds m-2). An additional two seed rates (10 and 80 seeds m -2) were
included in October and March only. Both a winter and a spring variety were sown in
October and November and spring variety only from January to April. The economic
optimum plant population was estimated for the October and March sowing dates, by
fitting a standard (linear + exponential) curve.
There is no published information on the optimum plant populations for field beans in
Ireland and we believe we are the first to report these findings. The estimated
economic optimum plant populations, varied between 13 – 38 plants m-2 for both
varieties, with an average optimum of 25.5 plants m -2. This range falls in the current
recommendations for sowing field beans in Ireland, demonstrating that increasing
plant populations above the current commercial practice for field beans in Ireland, will
not increase yield or profitability.

44

Keywords: Field beans; Yield; Establishment; Economic optimum; Plant populations;
Temperate climate.
*Corresponding author
Email: John.Spink@teagasc.ie

45

1. Introduction
Field beans have the potential to produce high yields in temperate climates to supply
home grown protein for animal feed. However, this potentially valuable crop is not
popular among growers because of its perceived year on year variability in comparison
to cereals. However, in response to support for the crop by the introduction of the
protein grant as part of the CAP greening scheme, field bean area in Ireland increased
rapidly from 3,500 hectares in 2014 to its highest of c.12,000 hectares in 2017 (CSO,
2020).

Achieving an optimal crop canopy is important for sufficient interception of radiation,
and production of assimilates, however, too large a canopy can also lead to problems
such as lodging and high disease pressure (Loss et al., 1998b, Pilbeam et al., 1990).
In a leguminous crop like field beans, which fix their own nitrogen and hence do not
receive nitrogenous fertiliser, the most efficient way to adjust the size of the crop
canopy is through the seeding rate which, along with establishment, determines the
number of plants per square metre. One of the main determinants of establishment is
sowing date, as optimal conditions for germination and early plant development
depend on the soil and air temperature when the sowing takes place.

Studies have shown that there are advantages to sowing higher plant populations. In
soy beans, Robinson and Conley (2007) found that higher plant populations lead to
quicker canopy closure. This results in early maximisation of light interception and less
competition from weeds. However, having a higher plant population does not
necessarily mean an increase in yield. Lower plant populations tend to produce more
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branches which allows each plant to produce more leaf area for light interception and
to produce more pods per plant (Robinson and Conley, 2007). Higher plant densities
can cause problems such as competition between plants for light, water, and other
nutrients (Pilbeam et al., 1991a), as well as an increase in the risk of lodging.

Sowing date can have a profound influence upon the course of plant development. It
has been observed in wheat that delaying sowing date for spring cereals causes an
acceleration of crop development and results in lower maximum green area index (Hay
and Walker, 1989). It has been repeatedly found that there is an interaction between
sowing date and optimum plant populations (Adisarwanto and Knight, 1997, Baldwin,
1980, Green et al., 1985, Kirby, 1969, Spink et al., 2000), as at later sowing dates
individual plants are less able to increase growth to compensate for reduced plant
density.

It is not known, however, how Ireland’s temperate maritime climate with relatively
warm winters and cool springs and summers affect the bean crop’s ability to
compensate for reduced plant population density. Nor is it known in these conditions
how sowing date affects the yield potential of the crop or its ability to compensate for
reduced plant populations.
This chapter focuses on hypotheses 1, 2 and 3:
1. Delaying sowing date for of Vicia faba will lead to a reduction in final yield.
2. Economic optimum plant populations will be higher in spring sown Vicia faba than
winter sown Vicia faba.
3. Yield of Vicia faba is stable across a wide range of plant populations.
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2. Materials and methods
2.1 Agronomy
Field experiments were carried out for three consecutive years in Teagasc, Oak Park,
Carlow, Ireland, following oats in 2016, spring barley in 2017, and winter barley in
2018. P and K were maintained on all sites following national guidelines on soil fertility
(Teagasc, 2016). Soil organic matter ranged from 3.9-4.8% and pH ranged from 6.47.1.

For all field experiments, certified seed of winter variety (cv. Wizard), spring varieties
cv. Fuego (2016 and 2017) and cv. Fanfare (2018) was used. The change in spring
variety for the third year was due to unavailability of cv. Fuego. Germination rate was
≥85% for all seed. Experimental areas were cultivated with a conventional plough and
one pass power harrow system. Plots were sown using a Wintersteiger plot drill
(Wintersteiger AG, Austria). The seed was drilled between 7-10 cm deep. A
prophylactic programme of chemicals was used to minimise weeds, pests, and
diseases throughout the season.

2.2 Bird damage control
In 2017, netting was erected over the November sown plots, and a bird scarer was
also placed in the field. Nets were also erected over February 2019 plots to deter bird
attacks on the plots.
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2.3 Experimental design
The experiments were arranged in a randomised, incomplete split-split plot design with
four replications. The main plot treatment was time of sowing (TOS), sub plot treatment
was variety and sub-sub plot treatment was seed rate (SR). Plot size was 5m x 24m,
which was split in half lengthways (2.5m x 24m); one side of the plot was used for
destructive samples and the other side for combine yield. In the last season, due to
field restrictions and shortage of seed, the field experiment was divided into two
incomplete split-split-plot designs with four replications.

Field experiments consisted of six sowing dates from October to April, five seed rates
between 10 and 80 seeds m-2 and two varieties. The five seed rates were only sown
in October and March; at the remaining sowing dates only three seed rates (20, 40
and 60 seeds m-2) were sown. The spring variety was sown at all sowing dates, but
the winter variety was only sown in October and November.

In the last season (2018-2019), two trials were sown, to reduce the size of the trial and
hence variability for the comparison of the full range of seed rates. The first trial
comprised of two sowing dates (October and March), two varieties (Wizard, sown in
October only and Fuego, sown at both sowing dates) and five seed rates (10-80 seeds
m-2). The second trial included the six sowing dates, two varieties (Wizard sown in
October and November, and Fanfare sown in all sowing dates) and three seed rates
(20, 40 and 60 seeds m-2).
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2.4 Crop establishment and plant population
Plant counts for crop establishment were taken at the second leaf stage of growth
(GS12; BBCH scale, Lancashire et al. (1991)). Establishment was assessed by
randomly throwing a 1m2 plastic hoop into the plot. Ten counts were taken throughout
the plot and an average plant population and percentage establishment was calculated
per plot.

2.5 Combine harvest
Plots were harvested mid-September each year when the crop was dry, black, and
seed was hard using a plot combine (Deutz-Fahr, Germany). A minimum area of 5257 m2 was harvested from each plot. As plots were harvested, moisture and weight
were recorded on an attached handheld computer (Allegro, Juniper Systems, Austria)
with accompanying software (Field Research Software (FRS) for GrainGage, Juniper
systems, Austria).

2.6 Meteorological data
Meteorological data was taken from the onsite weather station in Oak Park, Carlow,
Ireland. Rainfall (mm), temperature (°C) and solar radiation (mJ m-2) were recorded
over the three seasons 2016-2019. Historical weather data was obtained from the Irish
Meteorological Service, Met Éireann, for long term monthly rainfall and temperature
averages from 2007-2019.
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2.7 Statistical analysis
Analysis of variance (ANOVA) and regression analyses were carried out using the
statistical software GenStat, version 20 from VSN International and Microsoft Excel,
Office 365 from Microsoft Corporation. Analysis of variance was carried out across the
experiments in the first 2 years and the second experiment in the final year. Winter
and spring varieties were compared by analysing the 20, 40 and 60 seed rate
treatments for October and November sowings only. All sowing dates were compared
using the 20, 40 and 60 seed rates for the spring variety only. Where the full range of
seed rates were compared the analysis was restricted to winter and spring varieties in
the October sowing and spring cultivar for the March sowing from the first 2 years and
experiment 1 in the final year.

2.8 Economic optimum plant population
The economic optimum was estimated for the winter and spring varieties in the
October sowing and spring cultivar for the March sowing date for the five seed rates
over the three seasons. A standard curve (linear + exponential) was fitted using
Genstat version 20 (VSN International). Economic optimum populations were
estimated at the highest point on the response curve. Assuming a return from the
harvested grain of €170 t-1, a seed cost of €205 t-1, (S. Phelan, Teagasc, personal
communication) a mean seed weight of 0.63g and a 60% establishment rate was used
to convert seed cost into the cost per plant, this was calculated using the equation:
A+B(R**X) + C*X
Where A, B, C and R are the estimates of the parameters and X is plant number.
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3. Results
3.1 Meteorological data
Temperature and radiation for the three years showed a typical trend for the moist
maritime climate of Ireland (Figure 1b; Figure 1c) and typically followed the long-term
average. However, large variations in rainfall were observed over the three seasons.
In 2018, rainfall between May and September was much lower than the average, with
the lowest of 5.2mm in June 2018 compared to the 67.8mm long term average (20072019; MetÉireann (2019)) for the same month (Figure 1a).
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Figure 1. Meteorological data taken from the onsite weather station at Oak Park,
Carlow showing a) monthly accumulated rainfall (mm); b) monthly mean temperature
(°C); c) mean daily solar radiation (MJm-2) from October to September across three
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seasons 2017-2019. Dashed line shows monthly average from 2007-2019
(MetÉireann, 2019).

3.2 Yield
There were large differences in yield between the three seasons with average yields
across sowing dates and varieties of 6.2 t ha-1, 1.7 t ha-1 and 4.7 t ha-1 for 2017, 2018
and 2019, respectively (P<0.001). The impact of sowing date on yield across the three
seasons and treatments can be seen in Figure 2. There were significant differences in
yield between sowing dates, but the ranking changed between years (P<0.001). For
the spring variety, in 2017, the October sowing yielded highest, followed by the
November (netted), March and April sowings, with January and February yielding the
lowest (P<0.001). In 2018, yields were much lower than in 2017 or 2019, with the
October sowing producing the greatest yield (P<0.001). The January sowing date
yielded less than February but there were no other significant differences. In 2019,
February yielded the highest, followed by November and March, then October and
January, with April giving the lowest yield in that year (P<0.001, Figure 2a).

For the winter variety, there was a strong interaction between year and sowing date
(P<0.001). In 2017, there was no significant difference found in yield between the
October and November sowing dates (Figure 2b). In 2018, the October sown
treatment yielded more than the November sown treatment (Figure 2b). In 2019, the
November sown crop yielded more than the October sown crop (Figure 2b).
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at 15% moisture. Different letters represent significant differences (at 5.0%) between
treatments using Fisher’s unprotected LSD multiple comparison test.

Yield increased significantly with seed rate between 20, 40 and 60 seeds m -2 in the
spring sown treatments, with average values of 2.7 t ha-1, 3.7 t ha-1, and 4.1 t ha-1
respectively (P<0.001). Yield also increased with seed rate in the winter sown
treatments, with average values of 4.5 t ha-1, 5.3 t ha-1, and 5.9 t ha-1 for 20, 40 and
60 seeds m-2. This was supported in the broader seed range of 10 – 80 seeds m-2
sown in October and March, with average values of 3.5 t ha-1, 4.3 t ha-1, 5.3 t ha-1, 5.8
t ha-1, and 5.9 t ha-1. Average values for yield for each year, sowing date, seed rate
and variety are presented in Supplementary Table 1.

3.3 Crop Establishment
Because crop establishment dictates the plant population density, which is known to
be a major factor in the determination of yield, it was important to study how this
parameter varied with year, sowing dates, seed rates and variety. Averaged across
sowing date (October - April), seed rate (20-60 seeds m-2), and variety, overall
establishment varied significantly between years with highest establishment in 2017
of 71%, compared to 60% in 2018 and 47% in 2019 (P<0.001).

For the spring variety, in 2017, October and March sowings established significantly
better than the other sowing dates followed by April and November with January giving
the poorest establishment. In 2018, October, February, and March established best,
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followed by January. There was no establishment data taken for April in 2018, due to
severe weed infestation in plots at early growth stages. In 2019, February and March
had the highest establishment followed by April. All of the earlier sowings (November,
December, and January) had poor establishment (Figure 3a).

In the winter variety treatments, establishment varied with year (P<0.001), sowing date
(P<0.001) and seed rate (P=0.009), in the 20-60 seeds m-2 range, with significant
interactions found between year with sowing date (P<0.001) as presented in Figure
3b. In 2017 and 2018, the October sowing established significantly better than the
November sowing (P<0.001). In 2019, the November sowing established higher than
the October sowing (Figure 3b).
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seasons 2017-2019. Different letters represent significant differences (at 5.0%)
between treatments using Fisher’s unprotected LSD multiple comparison test.

3.4 Variation of plant population with seed rate
As expected, plant population (plant m-2) varied directly with the seed rate (seed m-2),
however, a large variation in the plant population from individual seed rates was
achieved. Regression analysis using all data, with plant density as the dependent
variable and seed rate as the independent variable, showed a linear relationship, with
a slope of 0.60 (P<0.001) and intercept not significantly different from zero, that
explained 64% of the variation. Further grouping of the data by years showed
comparable slopes of 0.74 and 0.63, for 2017 and 2018, respectively, while a much
lower slope of 0.43 was observed in 2019 (P<0.001). Grouping by years, explained
73% of the variation in plant density with seed rate.
Due to the large variation in establishment between years, sowing dates and seed
rates, actual plant populations were used in the subsequent analysis rather than seed
rate.

3.5 Economic optimum plant population
The relationship between plant population density and yield for the October winter and
spring varieties and the March spring variety showed that generally as plant population
increased, yield increased (Figure 4) until 20 plants per square metre for the October
spring variety and 40 plants per square metre for the March spring variety with no
significant difference found (P>0.001).
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Figure 4. Relationship between plant population and yield, averaged across seed rates
and years, 2017-2019, for October Fuego, October Wizard, and March Fuego

Fitted linear plus exponential curves for the winter and spring cultivar sown in October
and the spring cultivar sown in March over the three seasons are given in Figure 7.
In 2017, the March sown Fuego gave an economic optimum plant population of 38
plants m-2, and the October sown Fuego gave an optimum of 24 plants m -2. For the
October sown Wizard there was no increase in margin across the five seed rates and
therefore no optimum could be calculated (Figure 7a). In 2018, due to extreme drought
conditions causing the crop to senesce earlier than expected, the economic optimum
was found to be lower than the lowest plant population in the experiment (Figure 7b).
In 2019, the March sown Fuego gave an optimum plant population of 27 plants m -2,
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the October sown Fuego gave an optimum plant population of 31 plants m -2, and the
October Wizard gave an optimum plant population of 13 plants m -2 (Figure 7c).

Overall, there was good consistency between years for each variety/sowing date
combination, excluding the 2018 season. March and October (cv. Fuego) sown plots
resulted in an optimum of 27-38 plants m-2 and 24-31 plants m-2 respectively. Giving
an overall range of 24-38 for the spring variety across years. Wizard sown plots gave
an economic optimum population of 13 plants m-2 in 2019 and could not be calculated
in 2017 due to a flat response. This effectively means that the lowest plant population
density (PPD) of 10 plants m-2 was the most cost effective that year.
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4. Discussion
In Ireland, the recommended sowing window for field beans is from the second week
of October to mid-November for winter beans and the end of February to the end of
March for spring beans (Teagasc, 2017). However, growers might sow later in winter
or earlier/later in spring depending on sowing conditions, with the knowledge that early
sown crops are more susceptible to bird damage and high disease pressure.

The consistently poor establishment in late winter and early spring sowings was
related to bird damage, wet ground conditions during sowing and colder weather. This
is contrary to Loss et al. (1998a), who attributes poor establishment to physical
damage to the seed caused by harvest, cleaning, and mechanical sowing.
Establishment was also lower than the overall establishment rate of 71% reported for
19 field experiments conducted by Loss et al. (1998a) over 3 years in south-western
Australia but with similar variation between years. There was no difference in
establishment between sowing in October and November in 2017 but the October
sowing established significantly better in 2018. Later winter sowings risk bird damage
and wetter ground conditions which often negatively impacted establishment. Sowing
in March generally gave better establishment rates for spring varieties. February and
April sowings gave inconsistent results which varied year to year due to bird damage
in the former and wet ground conditions when sowing in the latter.

Bird damage was clearly seen when comparing establishment in plots sown in
November 2017, 2018 and 2019. The 2017 November sown plots were covered by
netting giving establishment values of 73% compared to 32% in 2018 and 51% in 2019
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when the plots were not netted. In January, combined effects of wet conditions and/or
bird damage resulted in establishment values below 43%. Poor establishment in April
sown plots in 2018 and 2019 may be related with wet conditions at sowing as well as
weed growth in the plots during early crop growth.

Previous studies have found that sowing date has a significant influence on biomass
production, grain yield and yield components (Confalone et al., 2010). The six sowing
dates across the three seasons provided a wide range of environmental conditions for
the performance of the crop which was found to be a contributing factor for the final
crop yield. Field bean yield was poorest in 2018 when lower than average precipitation
from pre-flowering to harvest reduced the national average yield from 6.7 t ha -1 in 2017
to 2.5 t ha-1 (Teagasc, 2018). Yield in this study averaged 1.7 tha-1 in 2018 compared
to 6.2 t ha-1 in 2017 and 4.7 t ha-1 in 2019. The hot, dry conditions in 2018 accelerated
the flowering period and stunted crop growth, with the crop receiving 111.8 mm of
rainfall over this growth period compared to the long-term average of 276.7 mm. This
was most notably detrimental in June 2018, during the crop’s flowering period, when
the crop received 5.2 mm of rain compared to 67.8 mm long term average for the
month of June.

In 2017, when the November-sown plots were netted to prevent bird damage, October
and November-sown plots had comparable yields. In 2018, October-sown plots
yielded significantly more than those sown in November when not netted. However, in
2019, November-sown plots yielded 5.9 t ha-1 compared to 4.7 t ha-1 for those sown
in October. February, March, and April gave comparable yields, with March generally
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yielding the highest for the spring sown treatments across the three years, except for
2019 when February yielded the most. January typically gave the worst conditions for
sowing. Ground conditions were not optimum, resulting in very damp, large
aggregated soil after ploughing, making it difficult to reach the required seed depth of
7-10 cm. For autumn sowings the recommended window by the Department of
Agriculture, Food and Marine (DAFM) of October to November seems correct but it is
important to have the correct conditions for sowing and control bird damage in later
winter sowings. For spring sowing there seems to be quite a wide window from
February to April with good ground conditions for ploughing and sowing probably being
more important than the actual sowing date. Several studies have shown the effect of
sowing date on field beans in different countries. McVetty et al. (1986) found that in
Western Canada, sowing date was a more important factor than seed rate in affecting
final yield. Other parts of Europe such as France, recommended an early sowing in
spring to avoid water stress and high temperatures during the flowering period and
pod setting (Berthelem, 1980), whereas in southern Italy, with a much warmer, semiarid climate, an autumn sowing is preferred to a spring sowing, allowing a longer
growing season and better utilisation of water, often resulting in higher yields (Ziliotto
and Toniolo, 1979).

A key component of yield is the number of plants per square metre (López-Bellido et
al., 2005). Considering the variation in crop establishment over the three years, yield
was examined against plant populations instead of seed rate. There were significant
interactions found between plant populations with year, variety, and sowing date. The
general trend showed that as plant populations increased, yield increased. The
exception for this was found in 2017 for the winter variety when no significant
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difference was found in yield with plant populations ranging from 12 – 57 plants per m2.

This agrees with previous work (Sprent et al., 1977, Pilbeam et al., 1991a, Robinson

and Conley, 2007), which reported that at low plant populations, yield can be
maintained as the crop is able to compensate through physiological processes such
as branching and increased leaf area per plant. The variation in yield response to
sowing date between years could be due, at least in part, to variation in crop
establishment with the same seed rate achieving different plant densities in each year.

As far as we are aware, this is the first study to examine the effect of plant populations
on profitability of field bean production in Ireland. Although the estimated economic
optimum plant population varied across the three seasons, from 24 - 38 plants m-2 in
2017 to 28 - 31 plants m-2 in 2019 for the spring variety and 13 plants m-2 in 2019 for
the winter variety, the current study shows that the yield and profits of field bean crops
in Ireland will not improve by increasing seed rate. The results from this study show
that the estimated economic optimum for the spring variety generally falls in the
recommended range of 25-30 plants, taking into account 25-37.5% field losses after
sowing (DAFM, 2020), suggesting that sowing higher than the recommended 40 seeds
m-2 for spring beans will not increase yields or profits for field bean crops. For the
winter variety however, the optimum of 13 plants m -2 or less falls below the
recommendations, suggesting that there may be an opportunity to lower plant
populations in winter sowings, resulting in lower seed costs for growers. In contrast to
this, in Australia studies by Loss et al. (1998a) found a mean economic optimum plant
population of 45 plants m-2. This indicates that in Ireland’s temperate maritime climate
the crop is better able to compensate for lower plant populations, presumably due to
cooler conditions in Ireland providing more time for compensatory growth.
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In conclusion, field bean yields were found to be variable from year to year due to
ground conditions at sowing, crop establishment and environmental factors throughout
crop growth and development, with low water availability being the most detrimental
to final yield as seen in the 2018 season. With October generally yielding highest for
the winter sown treatments and February/March for the spring sown treatments, it is
recommended to aim for these sowing dates when planting field beans in Ireland. The
economic optimum plant populations after field losses for spring beans range from 24
– 38 plants m-2, and 13 plants m-2 or less for winter beans. This coincides with the
current recommendations for spring beans from the Department of Agriculture, Food
and Marine, to sow 40 seeds m-2 to achieve 25-30 plants m-2, but there may be an
opportunity to reduce the plant population of winter beans without affecting final yield
and profits. This study confirms that in Ireland, there is no benefit to sowing higher
plant populations than currently recommended, as no profit is gained from higher
sowing rates; indeed, it may be possible to improve profitability of winter sown crops
by reducing seed rate with no negative impact on yield.
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7. Supplementary material
Supplementary table 1. Average yield for sowing dates, seed rates and varieties for
three seasons 2017,2018 and 2019.
Harvest
Year
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2018
2018
2018
2018
2018
2018
2018
2018
2018
2018
2018
2018
2018
2018
2018

Sowing
date
Apr
Apr
Apr
Feb
Feb
Feb
Jan
Jan
Jan
Mar
Mar
Mar
Mar
Mar
Nov
Nov
Nov
Oct
Oct
Oct
Oct
Oct
Feb
Feb
Feb
Jan
Jan
Jan
Mar
Mar
Mar
Mar
Mar
Nov
Nov
Nov
Oct

Seed
rate
20
40
60
20
40
60
20
40
60
10
20
40
60
80
20
40
60
10
20
40
60
80
20
40
60
20
40
60
10
20
40
60
80
20
40
60
10

Variety
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego

Average
yield
3.85
4.64
5.36
3.32
4.07
4.70
2.43
3.86
4.65
2.96
3.89
5.46
5.98
5.98
6.16
7.50
7.40
5.65
7.54
7.48
8.35
8.32
1.08
1.72
2.49
0.51
0.73
1.13
0.64
1.07
1.45
2.09
2.28
0.13
0.51
0.56
1.36
71

2018
2018
2018
2018
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2017
2017
2017
2017
2017
2017
2017
2017
2018
2018
2018
2018
2018
2018

Oct
Oct
Oct
Oct
Mar
Mar
Mar
Mar
Mar
Oct
Oct
Oct
Oct
Oct
Apr
Apr
Apr
Feb
Feb
Feb
Jan
Jan
Jan
Mar
Mar
Mar
Nov
Nov
Nov
Oct
Oct
Oct
Nov
Nov
Nov
Oct
Oct
Oct
Oct
Oct
Nov
Nov
Nov
Oct
Oct
Oct

20
40
60
80
10
20
40
60
80
10
20
40
60
80
20
40
60
20
40
60
20
40
60
20
40
60
20
40
60
20
40
60
20
40
60
10
20
40
60
80
20
40
60
10
20
40

Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fuego
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Fanfare
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard

3.27
2.10
3.44
2.79
5.02
5.17
6.10
7.33
7.96
4.19
5.82
6.52
7.68
7.86
1.87
2.53
2.52
5.54
6.38
6.62
2.35
3.58
4.57
4.18
4.93
5.08
4.11
6.84
6.70
2.47
2.79
4.21
7.90
7.71
7.96
7.63
7.63
7.73
7.82
7.76
1.08
0.67
1.47
3.12
2.04
3.49
72

2018
2018
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019

Oct
Oct
Oct
Oct
Oct
Oct
Oct
Oct
Oct
Oct
Nov
Nov
Nov

60
80
10
20
40
60
80
20
40
60
20
40
60

Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard
Wizard

2.51
3.64
4.63
6.45
6.66
6.81
7.40
3.03
4.17
5.30
4.98
5.64
6.82
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Chapter 3
Yield of field beans (Vicia faba) is determined by light interception during the
pod development phase

This chapter has been prepared as a journal article but has not yet been submitted
for review.
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Yield of field beans (Vicia faba) is determined by light interception during the
pod development phase
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Abstract
This paper reports the results of three years of field experiments (2017-2019),
carried out in Teagasc Oak Park, Carlow, examining the effect of sowing date and
plant population on yield and yield components in two varieties of field beans, cv.
Wizard and cv. Fuego. The aim of this study was to understand the impact of canopy
size on yield of beans by creating a range of canopies using seed rates, sowing
dates and varieties. The second part of this study aimed to identify the key
components of yield in field beans and the mechanisms by which they are
determined.
Across the three years, there was a strong, linear relationship between pod number
and final yield of beans. In most cases, pod number was linearly related to green
area index during the pod development phase but, for crops sown in winter 2016,
which had very large GAIs during pod development, this relationship was not found.
This led to the hypothesis that light interception during the pod development phase
determined pod number and thereby yield. Our shading experiment supported this
when incident light was reduced by 60% during flowering/early pod development,
yield was reduced by 27%, resulting from a 38% reduction in pod number which was
compensated by a 14% increase in seed size.
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1. Introduction
Field beans (Vicia faba), also known as faba beans or broad beans, are a major
source of protein and play a key role in human and animal diets worldwide, as well
as having the benefit of being an efficient break crop in arable rotations. Field beans
have been found to improve soil fertility and biodiversity and help to reduce the
occurrence of weeds, diseases and pests (Mwanamwenge et al., 1998).

One characteristic that is well recognised of field beans is the considerable and
unpredictable year-on-year variation in seed yield (López-Bellido et al., 2005). They
are vulnerable to biotic and abiotic stresses which can lead to low profitability and
unreliable yields (Mwanamwenge et al., 1998). Yield variation has been reported to
be associated with variation in pod and seed number (Kambal, 1969b, Pilbeam et al.,
1989).

Yield is a complex characteristic, defined by numerous yield components. Yield
component studies in crops such as wheat, oilseed rape and other grain legumes
such as soybeans are well supported (Carpenter and Board, 1997a, Whaley et al.,
2000, Berry and Spink, 2006, Roques and Berry, 2016). It has been established in
wheat that yield is mainly determined by grain number per unit area, whereas Berry
and Spink (2006) found that yield in oilseed rape is split into two main components:
seed number/m² and individual seed weight and concluded that yield is maximised
by the production of 6000-8000 pods/m². Carpenter and Board (1997a) reported that
the main determinant of yield in soybean was pods per plant.
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The study of yield components in field beans has received less attention than in
other crops. In 1955, Rowland determined that the primary components of yield in
field beans were number of pods per plant, number of seeds per pod and seed size.
Kambal (1969a) and Husain et al. (1988) agreed with this, reporting pod number per
plant as having consistently strong correlations with yield. Kambal (1969a) also
found that these primary yield components are influenced by the first flower and
podding node, number of nodes per plant, plant height and number of branches.
They also reported that between 95 – 98% of yield variability was explained by seed
number, pod number and seed size. However, Salih and Salih (1980) found that
there was no relationship between seed size and final yield, with pod number
explaining most of the variation in yield.

Examining the effect of plant density on yield components in field beans, Pandey
(1981) found a significant decrease in pods per plant at high densities with number
of seeds per pod and seed size unaffected. Bean plants adapt to their surroundings,
and when plant populations are lowered, they increase their leaf area by producing
branches which allows each plant to produce more pods. This plasticity means that
low plant populations can often produce similar yields to higher populations (LópezBellido et al., 2005, Robinson and Conley, 2007). The plasticity of field beans in
response to variations in density depends largely on the duration of the vegetative
and reproductive stage of the crop. The weather conditions during vegetative growth
also have an impact on this plasticity, especially temperature and water availability
during this critical growth phase (López-Bellido et al., 2005). Stresses such as
drought and nutrient deficiency reduce the rate of canopy expansion and with more
severe stress to the crop, radiation use efficiency can also be decreased (Lake et al.,
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2019). López-Bellido et al. (2005) noted that at low plant densities, the number of
stems per plant increased over the crop cycle, while at higher plant densities, the
number decreases; the higher the density, the faster the decrease. Similarly, in
soybeans, Carpenter and Board (1997b) found that as soybean plant population
changed the main driver of yield was pods per plant, with little change in seed size or
seeds per pod.

In wheat, Whaley et al. (2000) found that as plant density was reduced, grain
number per ear increased. Whaley also found that planting density affected the
potential sink size of the crop as early as the formation of the spikelet primordia and
that more spikelets were initiated at lower plant densities compared with higher plant
densities. An 18-fold reduction in plant density of winter wheat led to only a six-fold
reduction in green area index (GAI) at GS31. The lower plant populations had
increased their GAI by this stage mainly through a prolonged tillering phase. As the
season progressed, the differences in GAI between the high and low plant densities
were proportionately reduced through an increase in green area per shoot, extended
duration of tillering and increased shoot survival enabling low plant densities to
achieve a similar yield as high densities (Whaley et al., 2000). They concluded that
both radiation capture and radiation use improved when the crop was grown at
reduced plant densities. In oilseed rape, Lunn et al. (2003) found that at flowering the
optimum canopy structure of oilseed rape was a GAI of about 4, where three units
were leaf and one unit was stem.
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López-Bellido et al. (2005) concluded that to better understand the plasticity of field
beans, further research is required into the development of number of pods per
plant, which they considered is the product of three components: number of stems
per plant, number of podding nodes per stem and number of pods per podding node.

This current study utilised a combination of variety, sowing date and seed rate to
create a range of field bean canopies with the aim of understanding the impact of
canopy size on yield. A further aim was to identify the key components of yield and
the mechanisms by which they are determined.
This chapter focuses on hypothesis 4 and 5:
4. Yield of Vicia faba is primarily driven by pod number.
5. Vicia faba are predominantly source-limited.
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2. Materials and methods
2.1 Experimental design
Field trials were carried out for three consecutive years in Teagasc, Oak Park,
Carlow, Ireland. Crops were rotated according to the farm rotation with the
experiments following oats in 2016, spring barley in 2017, and winter barley in 2018.
All sites had sufficient P and K, with organic matter ranging from 3.9-4.8% and pH
ranging from 6.4-7.1.

The experiments were arranged in a randomised, split-split plot design with four
complete replications. The main plot treatment was time of sowing (TOS), sub plot
treatment was seed rate (SR) and sub-sub plot treatment was variety. Plot size was
5m x 24m, which was split in half lengthways (2.5m x 24m); one side of the plot was
used for destructive samples and the other side for combine yield.

2.2 Field trials
Field trials consisted of six sowing dates from October to April, five seed rates
between 10 and 80 seeds m-2 and two varieties, Wizard (winter variety) and Fuego
(spring variety). This paper will focus on the October and March sowing dates.
Sowing dates were between 21 and 25 October and the 20 and 21 March each year.

Trials were sown with a conventional plough and one pass power harrow system.
Plots were sown using a Wintersteiger plot drill (Wintersteiger AG, Austria), which
was tractor-mounted, for precision sowing of smaller research plots. The seed was
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drilled approx. 7-10 cm deep. A prophylactic programme of chemicals was used to
minimise weeds, pests, and diseases throughout the season.

A supplementary experiment (Figure 1.) was carried out in 2018-2019 where March
sown plots had superimposed shading treatments. The plots were sown at a
commercial seed rate of 40 seeds m-2 using cv. Fuego, using a plough and one pass
system. The plots were shaded by an open weave polystyrene shade netting
material which was attached to a 2m x 3m metal frame, suspended 0.5m above the
crop canopy using rope tied to 1.2 m high stakes. This netting material blocked
c.60% of the incident. Plots were shaded through two critical growth stages:
vegetative growth and flowering. Shades were erected above the plots at the
second/third leaf stage (GS 13; BBCH growth scale) and shaded throughout the
vegetative period until flower buds were visible (GS 51) when the shade was
removed. The shades were moved to the second shade timing, the flowering phase,
which was shaded from the opening of the first flowers (GS60) until the end of
flowering/start of pod development (GS 69).
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Figure 1. Supplementary shading experiment: shades placed over the crop through
the vegetative phase (top) and reproductive phase (bottom) reducing the radiation
intercepted by the crop by c.60%.
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2.3 Sampling method
Destructive samples (2x1 m²) were taken at five developmental stages: vegetative
growth, flowering, pod development, pod fill and pre-harvest. The samples were
taken to the laboratory for further analysis. Due to drought conditions and
subsequent early ripening, there were only four samples, including pre-harvest,
taken during the 2017-2018 growing season.

Using the same methodology, samples were taken from the supplementary shading
trial. A sample was taken from the plot before the shade was put in place. Once the
shade was removed, a sample was taken from the middle area under the shade, to
avoid an edge effect and from an unshaded area of the plot. A preharvest sample
was also taken at the end of the season from the area that was shaded and an
unshaded area of the plot.

2.4 Laboratory analysis
In the laboratory, the full sample was weighed, the total numbers of stems counted,
then c.20% of the total fresh weight was taken as a subsample for further analysis.
The total number of stems in the subsample was counted before the sample was
broken down into its individual yield components of leaf and stem, and pod, and
seed in the later samples. The fresh weights of each individual component were
weighed using a two-decimal balance (OHAUS, Switzerland). Pods were then
counted. Leaf and stem material were passed through an image analysis system
(Delta-T Devices Ltd, Cambridge, UK), that allowed the green area of the leaf and
stem to be measured using the accompanying software WinDIAS. Each component
was then bagged, labelled then placed in a drying oven at 70ºC until constant
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weight. In the pre-harvest sample only, 50% of the pods from the subsample were
opened and the seed removed, counted, weighed, and dried until constant weight
and reweighed.

2.5 Combine harvest
Plots were harvested mid-September each year when the crop was dry, black, and
seed was hard using a plot combine (Deutz-Fahr, Germany). A minimum area of 5257 m2 was harvested from each plot. As plots were harvested, moisture and weight
were recorded on an attached handheld computer (Allegro, Juniper Systems, Austria)
with accompanying software (Field Research Software (FRS) for GrainGage, Juniper
systems, Austria).

2.6 Statistical analysis
Analysis of variance (ANOVA) appropriate for the split-split plot design and linear
regression analyses were carried out using the statistical software GenStat, version
20 from VSN International and Microsoft Excel, Office 365 from Microsoft Corporation.
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3. Results
3.1 Yield
When combine yield was averaged across the three years, the October sown plots
yielded more than the March sown plots (Figure 2a; P<0.001). The October sown
treatments showed an increase in yield until 20 seeds m-² before reaching a plateau
while the March sown treatments increased until 40 seeds m -² and then plateaued.
The pattern was very similar with the quadrat yields but with more variation, as would
be expected given the smaller sample area (Figure 2b).
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Figure 2. a) Combine yield of October sown Wizard (■),October sown Fuego (▲)
and March sown Fuego (●) for five seed rates (10, 20, 40, 60 and 80 seeds m -2); b)
Quadrat yield of October sown Wizard (■), October sown Fuego (▲) and March
sown Fuego (●)for five seed rates (10, 20, 40, 60 and 80 seeds m -2). Error bars show
standard error of means.
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While the response to seed rate was similar in all three years, the average yield was
significantly different between years (P<0.001; Table 1).

Table 1. Combine yield over three seasons for the three sowing date/variety
combinations, 2017-2019.
Sowing date/variety

2017

2018

2019

October cv. Wizard

8.6

3.1

6.4

October cv. Fuego

8.3

2.7

6.4

March cv. Fuego

6.0

1.5

3.8

Mean

7.63

2.43

5.53

P value

<0.001

<0.001

<0.001

Due to the differences between combine and quadrat yield, all yield component
analysis is based on the quadrat samples.

3.2 Yield components
Yield of October sown field beans was linearly related with seed number m -2
(P<0.001, R2= 0.77; Figure 3a) and pod number m-2 (P<0.001, R2=0.62; Figure 3b).
For the March sown field beans, the relationship between yield and seed number m -2
and yield with pod number m-2 was linear up to c.800 seeds m-2 (P<0.001, R2=0.76;
Figure 3c) and c.250 pods m-2 (P<0.001, R2=0.72; Figure 3d) when it was then found
to plateau.
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Figure 3. The relationship between (a) seeds m-2, R2 = 0.77; (b) pods m-2, R2 = 0.62
and quadrat yield for October sown plots and (c) seeds m -2 R2 = 0.77 (d) pods m-2,
R2 = 0.72 and quadrat yield for March sown plots. Data averaged across three years
and two varieties.
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3.2.1 Seed number per pod and seed size
Neither seed number per pod nor seed size responded to changes in seed rate.
Seed number per pod was significantly greater in 2017 than 2018 and 2019
(P<0.001) and slight differences between varieties (P=0.046). Average seed size
was much greater in 2019 (0.72g) than 2018 (0.52g) and 2017 (0.43g) (P<0.001).
October sown beans had, on average, larger seeds than March sown beans, 0.60
and 0.48g respectively (P=0.004). There was also a significant difference in seed
size between varieties with the October sown Wizard producing larger seeds than
the October sown Fuego and the March sown Fuego (0.66, 0.53 and 0.48g)
(P<0.001). As seed number per pod and seed size were relatively stable. The focus
was turned to the determination of pod number.
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Table 2. Seed size and number over three seasons 2016-2019, seed rates and two
varieties (Wizard and Fuego).
Seeds per pod
Sowing

Seed size (g)

2017

2018

2019

P value

LSD

2017 2018 2019

P value

LSD

3.60

3.05

3.05

<0.001

0.243

0.49

0.62

0.87

<0.001

0.079

3.33

2.82

3.09

<0.001

0.239

0.42

0.51

0.68

<0.001

0.055

3.36

2.90

3.21

<0.001

0.240

0.39

0.43

0.61

<0.001

0.032

3.43

2.92

3.12

0.43

0.52

0.72

date/variety
October cv.
Wizard
October cv.
Fuego
March cv.
Fuego
Mean

3.3 Determination of pod number
3.3.1 Green Area
Both October and March sown plots showed a strong linear relationship between
green area per plant and pods per plant over three years (Figure 4). March sown
Fuego had the strongest relationship (P<0.001, R2=0.88), while October sown
Wizard and Fuego also showed a positive relationship (P<0.001, R2= 0.64 and
P<0.001, R2= 0.53).
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Figure 4. Relationship between green area per plant cm2 and number of pods per
plant for (a) October sown Wizard; (b) October sown Fuego; (c) March sown Fuego
over three seasons, 2016-2017(●), 2017-2018 (■) and 2018-2019 (▲). R2 values of
0.64, 0.53 and 0.88 repectively.

While the relationship between green area per plant and pod number per plant was
consistent across varieties, sowing dates, and seed rates, when examined as green
area index (GAI) against pod number m-2, the relationship was less consistent
(Figure 5).
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Figure 5. Relationship between final pod number m-2 and GAI for October Fuego
2018 (●); October Fuego 2019 (■); October Wizard 2018 (♦); October Wizard 2019
(▲).

The relationship between pod number m-2 and GAI was analysed at pod
development and pod filling stages. The relationship was found to be stronger at the
pod development stage when the October sown Fuego showed positive relationships
between pod number m-2 and GAI for both the 2018 (P<0.001, R2 = 0.54) and 2019
(P<0.001, R2 = 0.79) season. The October sown Wizard also showed a positive
relationship between pod number m-2 and GAI for 2018 (P<0.001, R2 = 0.39) and
2019 (P<0.001, R2 = 0.56). However, no relationship between GAI and pod number
was found in 2017 for either variety sown in October.
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Comparative analysis showed that the relationship between pod number m -2 and
GAI for the March sown Fuego was consistently strong across all three years at the
pod development stage (P<0.001, R2=0.77) (Figure 6).
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Figure 6. Pod number m-2 against GAI for March Fuego over three seasons 2017
(●), 2018 (■) and 2019 (▲).
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3.3.2 Intercepted radiation
The strong relationship between GAI and pod number led to the hypothesis that pod
number is determined by the amount of radiation intercepted at critical
developmental stages. Through the supplementary shading trial, 60% of the incident
radiation through the vegetative and flowering phases was removed during that
growth period. Shading during the vegetative stage did not influence pod number or
yield but when shaded during the flowering stage, yield and pod number were
reduced by 27% (P=0.035) and 38% (P=0.025) respectively (Table 3). Shading had
no effect on seeds per pod, while seed size was larger in the shaded plots,
regardless of timing (P<0.001). However, the impact on seed size was greater for
plants that were shaded at flowering (P=0.03).

Table 3. Pod number m-2 for shaded and unshaded treatments during vegetative
stage of growth and flowering period in 2018-2019. P value represents the
interaction between the growth stage and treatment.
Yield (t ha-1)

Pod m-2

Seeds per pod

Av seed size (g)

veg

flower

veg

flower

veg

flower

veg

flower

Unshaded

2.07

2.51

106.6

123.7

3.24

3.30

0.603

0.613

Shaded

2.40

1.84

120.1

76.2

3.18

3.41

0.639

0.712

P value

0.035

0.025

0.508

0.030

LSD

0.646

36.44

0.406

0.039

Maximum GAIs at flowering were higher in 2017, reaching an average across all
treatments of 5.0 in 2017 compared to 3.9 in 2018 and 2.6 in 2019. This led to large
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differences in radiation interception. Between the flowering and pod filling
developmental stages, the 2017 crop intercepted 1153.86 MJ on average compared
to 483.48 MJ in 2018 and 584.66 MJ in 2019. There are no direct measurements of
light interception available due to instrument malfunction.

4. Discussion
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Using a range of seed rates to manipulate the structure of the crop canopy showed
that there was an increase in yield between 10 and 20 seeds m -2 for the October
sown treatments (cv. Wizard and cv. Fuego), and an increase between 10, 20 and
40 seeds m-2 for the March sown treatments (cv. Fuego). However, there was no
yield benefit with increasing seed rates above 20 seeds/m² for the October sown
treatments and 40 seeds/m² for the March sown treatments. This is possibly due to
plant competition at higher plant densities, competing for light and other assimilates.
Field observations have shown that at higher plant densities, field beans will only set
pods higher up on the stem, whereas at lower densities, plants have room to branch
and produce more pods per plant lower on the stem. In this way, the lower densities
have been seen to compensate and be competitive with the higher densities. This
concurs with Carpenter and Board (1997b) who that found that soybeans will
compensate for space by branching, resulting in no yield response from increasing
seed rate.

Previous studies have shown that the variation in seed yield in field beans from year
to year was associated with pod number and seed number per unit area (Kambal,
1969a, Pilbeam et al., 1989). Results from this study agree with these findings with
the number of seeds m-2 and pods m-2 being strongly related to final yield across the
three seasons, suggesting that yield is driven by these yield components. With seed
number per pod unchanged across a wider range of plant densities, we focussed on
the determination of pod number to explain variation in final yield.
From the supplementary shading trial, pods m-2 were reduced by 38% when the crop
was shaded throughout the flowering period, which was then compensated by a 14%
increase in seed size, leading to a 27% yield loss overall. Shading did not affect the
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number of seeds per pod through either the vegetative or flowering phase with no
significant differences found. These results confirm the conclusions of Agung and
McDonald (1997) who reported that for any given cultivar of field bean, the average
number of seeds per pod remained relatively stable. The increase in seed size is
probably a result of shading changing the source-sink balance. Shading led to a
reduced pod number then, once the shade was removed, the greater assimilate
supply per pod during the pod filling stage, led to larger seeds than the unshaded
control.

The results of shading during the critical developmental stages reinforces the
hypothesis that radiation intercepted by the crop throughout the flowering phase
determines pod number and therefore is a key driver of final yield. This concurs with
the recent study carried out in the Mediterranean-type climate of Chile and the humid
subtropical climate of Australia by Lake et al. (2019). They discovered that yield
response to shading was most severe during the flowering to pod development
stage, with the more severe yield loss found in the Australian experiments where
90% of the light was reduced, compared to the Chile experiments where 75% of the
light was reduced. This agrees with Board and Tan (1995) who suggest that
soybeans are source limited with yield more restricted by assimilatory capacity
during the flowering and pod development phase.

Previous work has shown that the number of pods per plant was determined by the
green area per plant (Husain et al., 1988). Our work confirmed this finding and went
on to show that, when considered on an area basis, green area index was strongly
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related to pods m-2 in the March sown plots in all years and in the October sown
plots in 2018 and 2019. The GAI of the October sown crop in 2017 was higher than
subsequent years, leading to the crop intercepting nearly double the amount of
radiation during pod development than in 2018 and 2019. We therefore propose that
the lack of relationship between GAI and pod number m -2 in 2017 was because light
interception was not limiting, even at the lower seed rates.

In conclusion, the yield of field beans was determined by pod number per unit area
which was in turn determined by light interception during flowering and early pod
development. The seed rates, sowing dates and varieties used in these experiments
created a range of canopy sizes and showed that, in most cases, GAI (and hence
light interception) at early pod development determined pod number, and thereby
yield. However, for winter sown crops in 2017, there was no relationship found
between pod number and GAI. Studying the weather data for each year showed that
the crop was intercepting over double the amount of incident radiation between the
flowering and pod filling phase in 2017 compared to 2018 and 2019. GAI for 2017
was also much higher between the flowering and pod development phase than in
subsequent years suggesting that light interception was not limiting because GAI
was so high.
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Chapter 4
Predicting Green Area Index (GAI) from leaf biomass in field beans (Vicia faba)

This chapter has been prepared as a journal article but has not yet been submitted for
review.
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Abstract
At present, there is a limited understanding of the factors influencing crop development
and canopy management in field beans. Field experiments were carried out over three
seasons in Teagasc, Oak Park Carlow, Ireland to observe the effect of variety, sowing
date and seed rate on crop and canopy development in field beans. This paper
focuses on the hypothesis that plant fresh biomass can be used as a predictor of leaf
green area and in turn be utilised as a tool for growers in canopy management.
Destructive samples were taken from field experiments and the green area of the
different plant components were measured. The results suggest that the leaf, making
up the majority of the green fresh biomass in the crop throughout the growing season,
is strongly related to green area and hence could be used to predict GAI in the early
stages of developing crop.
To test this hypothesis, a model was developed using the relationship between leaf
fresh biomass and leaf green area giving the equation y = 0.0021x – 0.0734. Data
from an independent data set consisting of three years of field beans experiments,
was fitted into the original data set model to validate the model. The results showed a
strong correlation between measured leaf green area and predicted leaf green area
with an R2=0.92 and RMSE of 0.38.

Keywords: Field beans; Green area index; Canopy management; Biomass.
*Corresponding author: Sheila.Alves@teagasc.ie
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1. Introduction
Green area of a canopy is involved in key processes including photosynthesis,
respiration, and evapotranspiration. It reflects the potential growth of the canopy and
is a key variable when modelling biomass production as well as yield and yield loss
(Verger et al., 2014). Green Area Index (GAI) is the ratio of green canopy area to the
area of ground it covers (Black et al., 2009) and is often assessed indirectly by
measurement of the fractional interception by a crop, which together with an assumed
extinction coefficient, can be used to predict GAI. The alternative approach is to
measure canopy green area directly which is laborious and time consuming. In other
broadleaf crops like oilseed rape, GAI has been studied as a useful tool for canopy
management. Studies have found that a GAI of 4 prior to flowering indicates that the
crop is on track for good final yields (Berry and Spink, 2006). This technique of tracking
GAI in oilseed rape has even been made into a tool for growers by taking photos
through a mobile application (BASF, 2018).

Field beans have the potential to produce high yields in a temperate climate; however,
yields can be highly variable from year to year (López-Bellido et al., 2005). Studies
have shown that in field beans, a GAI of c.3.5 is needed for the crop canopy to fully
intercept and utilize solar radiation (Thomson and Siddique, 1997) which is influenced
by plant population. In higher plant populations, canopy closure is quicker, allowing
the crop to maximise interception of radiation earlier in the season but leading to
leaves lower in the canopy being heavily shaded. Lower plant populations take longer
to achieve canopy closure but allow radiation to be transmitted to lower parts of the
canopy.
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The leaf may be considered the most important organ for plants to transfer solar
energy to biological energy by means of photosynthesis (Huang et al., 2019). Leaf
weight and leaf area are both measures of leaf size, which is important for the amount
of solar radiation intercepted by the plant. Generally, when leaf dry mass increases,
the leaf area decreases, impacting the leaf’s photosynthetic capacity. Leaves with a
large surface will have an increased area to intercept the light and enhance the
photosynthetic potential (Smith et al., 1997). If leaves become too large, water
evaporation may be a problem, which can cause plants to die of dehydration (Huang
et al., 2019). Large leaves can increase light utilization efficiency of the leaf surface,
but because of their larger size, they also need more input of biomass to increase leaf
area. However, leaf water content plays an important role in photosynthesis. It does
not proportionally increase with increasing leaf dry weight (Niklas et al., 2007). This
means that the ratios of leaf dry weight to fresh weight are not a constant. Many studies
have used leaf dry weight when studying the relationship between leaf biomass and
area. Huang et al. (2019) draw the conclusion that, in 15 broad leaf species under
study, using leaf fresh weight data is better than using leaf dry weight when examining
this relationship. This means that if leaf fresh weight can be accurately measured, then
it is better to use leaf fresh weight to represent leaf area than to use leaf dry weight to
examine the relationship with leaf area for broad-leaved species.

Chapters 2 and 3 of this thesis investigated the effect of sowing dates, varieties and
seed rates on canopy size in field beans. The aim of this chapter was to develop a
predictive model for green area based on plant fresh biomass for field beans, that
could be applicable to different varieties, sowing dates, and cultivation systems. This
chapter focuses on hypotheses 6 and 7:
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6. Fresh leaf biomass can be used to accurately predict green area index (GAI).
7. Using a model to predict GAI from fresh leaf biomass can therefore be used as a
surrogate for GAI and a management tool for growers of field beans.
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2. Materials and methods
2.1 Experimental design
Field trials were carried out for three consecutive years in Teagasc, Oak Park, Carlow,
Ireland. Crops were rotated according to the farm rotation with the experiments
following oats in 2016, spring barley in 2017, and winter barley in 2018. All sites had
sufficient P and K, with organic matter ranging from 3.9-4.8% and pH ranging from
6.4-7.1.

The experiments were arranged in a randomised, split-split plot design with four
complete replications. The main plot treatment was time of sowing (TOS), sub plot
treatment was seed rate (SR) and sub-sub plot treatment was variety (winter and
spring). Plot size was 5m x 24m, which was split in half lengthways (2.5m x 24m); one
side of the plot was used for destructive samples and the other side for combine yield.

2.2 Field trials
Field trials consisted of October and March sowing dates, five seed rates from 10 – 80
seeds m-2 and two varieties, Wizard (winter) and Fuego (spring). Trials were sown with
a conventional plough and one pass power harrow system. Plots were sown using a
Wintersteiger plot drill (Wintersteiger AG, Austria), which was tractor-mounted, for
precision sowing of smaller research plots. The seed was drilled approx. 7-10 cm
deep.

The independent validation data set was taken from field trials that consisted of three
sowing dates in October, February and March, four cultivation systems (conventional
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and minimum tillage) and two varieties, Wizard (winter) and Fanfare (spring). There
were four trial sites across two locations (Teagasc, Oak Park Carlow and Lyon’s
Research Farm, Dublin) from 2017-2019.

A prophylactic programme of chemicals was used to minimise weeds, pests, and
diseases throughout the season in all experiments.

2.3 Sampling method
Samples were collected over the growing season, across all field bean trials, over the
three seasons. Destructive samples were taken at targeted growth stages: vegetative
growth, flowering, pod development, and pod set. Samples were taken using 2 x 1m 2
quadrats, one from the top of the plot and one from the bottom of the plot. Plants were
counted inside the quadrat and cut at the base of the stem above the ground. The
samples were bagged, labelled, and stored at 4-8°C.

2.4 Laboratory analysis
The fresh weight of the full sample was recorded and a subsample (~20%) was taken
from each field sample. Sub samples were broken down into leaves, stems, and pods
later in the season. Leaf, stem and pod material from each sub sample was scanned
through a leaf area meter (Delta-T Devices Ltd, Cambridge, UK) to measure the
projected green area of each component. Using the accompanying image analysis
computer software WinDias 3, (Delta T, Cambridge, UK), the green area of each subsample was recorded in cm². The green colours were selected in the software by
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passing the leaf under the camera allowing the software to pick up the different green
colours in the leaf. Using this output, the GAI for each component (leaf, stem, and pod)
was calculated. The green area of the pods was only measured in 2018. Each
component was weighed (fresh weight) and bagged for drying. Dry weights of all plant
components were recorded after drying at 70°C until a constant weight.

2.5 Statistical analysis and validation
Data analysis was done using the statistical software GenStat, version 20 from VSN
International. ANOVA and regression analysis were used to study the relationship
between biomass and GAI.

The variances were found to be not homogeneous. Transformations were applied to
the data (Log10, Ln, square root, reciprocal and weighted regression) none of which
resulted in homogeneous variances. The data was therefore used without
transformation for analysis in the model.

To evaluate the agreement between estimated and measured values of the validation
set, the model was tested using an independent data set using the equation from the
model:
LAI = 0.0021 x leaf fresh biomass (g/m2) – 0.0734
The independent data set consisted of variation in site, variety, cultivation systems,
seed rates and sowing dates over three years to test the robustness of predicting GAI
using measured leaf fresh weight.
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3. Results
3.1 Biomass
Both total biomass and total green area increased over time; however, the contribution
of each plant component varied over the growing season. The green leaf area was the
major contributor to the total plant green area in all growth stages, ranging from 75 to
90% of the total plant green area, while the maximum contribution recorded for stems
and pods was c.21 and 4%, respectively (Figure 1). Even though leaf biomass
decreased over the growing season, between the pre-anthesis and pod fill stage from
c.67% to c.24%, leaf green area remained the highest contributor to the total plant
green area.
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Figure 1. Average percentage contribution of leaf, stem, and pod fresh biomass and
green area index (GAI) pre-anthesis, at pod set and pod fill stages of growth, across
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sowing dates, and varieties over three seasons, 2017-2019. Error bars show standard
error of means.

Looking at the components individually, the fresh biomass of each plant component
under study; leaf, stem, and pod, were found to be positively related to their
corresponding GAI. Moreover, all relationships were found to be positively linear
(Figure 2), with R2 values of 0.88 for leaf, 0.87 for stem and 0.58 for pods.
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Figure. 2. The relationship between leaf (●) and stem (▲) fresh biomass and green
area index (GAI) for each component for three seasons (2017-2019) and pod (■) fresh
weight for 2018 against GAI. R2 values of 0.88 for leaf, 0.87 for stem and 0.58 for
pods.
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Total fresh biomass was strongly related to total GAI, that is the biomass and green
area of combined leaf, stem, and pod (P<0.001 R2=0.83) (Figure 3a). However, as
leaf material was the main contributor to the total GAI, and was found to have a
stronger, linear relationship, the leaf biomass and GAI data was used to analyse the
relationship between biomass and leaf GAI across seasons, sowing dates, and
varieties (Figure 3b). Regression analysis showed that there was no significant
difference between the three seasons. All years showed a strong positive relationship
between fresh biomass and GAI (P<0.001, R2 = 0.94) (Figure 3b). ANOVA analysis
was also carried out on the varieties and sowing dates. The winter and spring varieties
had a similar relationship between fresh leaf biomass and GAI with and R2 value of
0.95 for the spring variety and 0.92 for the winter variety, with no significant difference
between varieties. The analysis for the October and March sowing dates showed that
leaf fresh weight had a strong positive correlation with GAI with an R² of 0.93 for
October and 0.97 for March. There was no significant difference between sowing
dates. Comparative analysis showed no differences between years, sowing dates and
varieties across the three seasons.
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Figure 3. The relationship between a) total biomass and total Green Area Index (GAI)
for three seasons (2017-2019), R2= 0.78, P<0.001, and b) leaf fresh biomass and total
leaf Green Area Index (GAI) across all treatments and years, with R2= 0.94, P<0.001.

3.2 Validation
As the analysis found that the relationship between leaf fresh biomass and canopy
green area was strong (Equation 1; P<0.001, R2 = 0.94) and consistent across all
years, seed rates, sowing dates and varieties, this was then tested using the validation
data set.
Equation 1: GAI = 0.0021 x leaf fresh biomass (g m-2) - 0.0734
The results shown in Figure 4, show a strong positive correlation between measured
leaf green area and the predicted leaf green area with an R2 = 0.92 using the equation
from the model. The error between the predicted and measured values for the
independent data set was calculated using the Root Square Mean Error (RSME)
resulting in an RSME of 0.38. This value shows that the ability of the model to
accurately predict the data is good.
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Figure 4. Predicted GAI against measured GAI using the model equation y = 0.0021x
– 0.0734 from leaf fresh weight with R2 = 0.91. Data collected from an independent
data set including sowing dates, seed rates, varieties, locations, and cultivation
systems.
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4. Discussion
Canopy management, where crops are managed to achieve a target GAI, has been
proposed for wheat (Spink et al., 2000), and subsequently extended to OSR (Lunn et
al., 2003) and other crops. The key principle of canopy management is to produce a
canopy large enough to intercept enough incident radiation, and utilise this efficiently,
while avoiding overly large canopies that would be prone to lodging. In wheat the
optimum GAI was found to be c.6 (The wheat growth guide, 2008) while in oilseed
rape, a GAI of 3-4 is sufficient (Lunn et al., 2003). Growers can use these optimum
GAIs to modify their crop management but measurement of GAI can be slow and
laborious, especially through measurements of light interception in the canopy, hence
rapid assessments are required.

In cereals, Hay and Walker (1989) observed that most of the solar radiation absorbed
by a crop’s canopy is intercepted by its leaves. The leaf can be considered to be most
important organ for plants to transfer solar energy to biological energy by means of
photosynthesis (Huang et al., 2019). From this study, it was found that the leaves
make up the majority of green area in the bean crop and therefore have the most
photosynthetic capacity. The proportion of leaf green area continued to increase as
the weight of the leaves increased throughout the season across all treatments.
However, a different trend was observed in the stem. The proportion of stem green
area was found to increase slowly to a certain point before plateauing, however, the
stem biomass continued to increase. This suggests that at some point in the season,
the stem no longer contributes to the addition of green area for photosynthesis, but
the weight of the stem increases and in turn adds to the sturdiness of the plant, making
the stem more rigid to support the weight of this tall crop and facilitate translocation of
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assimilates to the different parts of the plant. The pods made up a small percentage
of the overall green area and biomass in the later stages of the growing season. They
have the capacity to photosynthesise but their contribution is most likely minimal and
very limited as the time between pod development and ripening is around one month
and do not remain green for very long once they begin to fill.

In other broadleaf crops such as oil seed rape, GAI is used as a critical benchmark in
growth and development for final yield. Additionally, in oil seed rape, GAI is used as
an indicator for the amount of nitrogen that is available in the crop. For every 1 unit of
GAI, it is estimated that the crop contains 50kg N/ha (Lunn et al., 2003). In this way,
GAI can be used to determine the amount of fertiliser that needs to be applied to the
crop and as an indicator of the crop’s progress throughout the season, to meet
benchmark targets and maximise final harvest yields.
Using GAI targets for N application is not applicable to field beans, however. As an N
fixing crop, there is no need for additional application of fertiliser. Even though GAI
targets cannot be used in the same ways as OSR for application of fertiliser, they can
be used by growers to track crop and canopy development. From this study, highest
GAIs were found in 2017 to be ~ 3-4 during the reproductive phase leading to yields
of 6 tha-1 on average. Providing that the conditions for growth were optimal, GAI can
be used to track the canopy size and act as a benchmark at certain growth stages for
production of final yield.
In a similar way, using leaf weight in field beans at different stages of growth to predict
GAI could be used as a helpful tool in predicting final yields. This method of taking
biomass samples to gather data on the crop canopy as it develops throughout the
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season is an easy and robust method. This could also be used to improve field bean
crop management throughout the season. In this study, a strong relationship was
found between leaf biomass and leaf green area. Using the equation from the
regression analysis on the independent data set to predict GAI using leaf biomass
proved successful in this incidence in a temperate environment, however, the
parameters could be different in other environments and may not fit this model.
As far as we are aware, there have been no studies on this relationship in field beans
or other crops. Research has been found on remote estimation of leaf area and
biomass in Maize and Mountain Birch (Gitelson et al., 2003, Heiskanen, 2006) but the
relationship between the two has not previously been studied. Leaf area index (LAI)
has been seen to be an important variable for climate modelling, agricultural yield
forecasting, and many other diverse studies (Gitelson et al., 2003). Further research
needs to be carried out on this topic in field beans and other crops to improve crop
yields, create advice for growers and develop this method as a reliable management
tool for tracking crop growth.
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Chapter 5
General Discussion
5.1 Introduction
The research described in this thesis was undertaken to gain a better understanding
of the overall agronomy, physiology and canopy management of field beans sown in
the temperate Irish climate. The manipulation of the crop canopy through various
agronomic techniques such as sowing date and seed rate, allowed for the detailed
study of the crop and its components of yield to answer the following research
questions set out by the literature review in Chapter 1 and outlined again here:

I.

Delaying sowing date for of Vicia faba will lead to a reduction in final yield.

II.

Economic optimum plant populations will be higher in spring sown field beans than
winter sown field beans.

III.

Yield of Vicia faba is stable across a wide range of plant populations.

IV.

Yield of Vicia faba is primarily driven by pod number.

V.

Vicia faba are predominantly source-limited.

VI.

Fresh leaf biomass can be used to accurately predict green area index (GAI).

VII.

Using a model to predict GAI from fresh leaf biomass can therefore be used as a
surrogate for GAI and a management tool for growers of field beans.
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5.2 Impact of seed rate and sowing date on canopy structure
The structure of the crop’s canopy has been found to be most easily manipulated by
seeding rate and to a lesser extent, sowing date. Field beans have been found to
modify their morphological structure depending on the space that is available to each
plant (Poulain, 1984a). Sowing at a lower or higher seed rate decreases or increases
the competition between plants for light and other nutrients needed for growth and
development. Studying a broad range of seed rates from 10 – 80 seeds per square
metre over the three seasons, showed many characteristics typical of low and high
plant densities. The lower seed rates allowed for the development of axillary branches
and in this way, the crop compensated for lower plant populations. Secondary
branches developed more green area per plant and thickened the canopy, allowing a
greater interception of radiation. This also helps with the reduction of weeds. A higher
number of weeds would be found at lower seed rates but branching and increasing
the size of the crop canopy will help to smother the weeds.

Too high a seed rate can also cause many complications. Even though high seed rates
have been found to allow the crop canopy to close quicker, maximising the amount of
intercepted radiation, higher plant populations compete for light and assimilates
causing a higher rate of seedling death. The higher seed rates did not branch as much
as lower seed rates and tended to be taller as the crop grew and stretched for light
within the dense canopy. This often leads to weaker stems with a higher chance of the
crop lodging. Higher seed rates also have a greater disease and pest pressure.
Studies by Aguilera-Diaz and Recalde-Manrique (1995) found that seed proximity is
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critical for emergence and establishment of a crop. Higher seed rates resulting in
excessive seed proximity, can lead to a decrease in germination rate.

Having a longer growing period by sowing in the winter, gave the crop an advantage
of maximising the amount of radiation intercepted by the canopy during vegetative and
reproductive growth compared to the later spring sowings, with the winter sowings
yielding significantly higher than the spring sowings each year. Establishment rates
decreased in late winter and early spring sowings, due to weather/ground conditions
and bird attacks on the freshly sown seed and newly emerged seedlings. Optimal
sowing dates were found to be in October and February/March for winter and spring
sowings, coinciding with the current recommendations for field beans in Ireland
(DAFM, 2020).

Previous research on field beans in Ireland by the Department of Agriculture, Food
and Marine (DAFM) published the recommended seed rate of 40 seeds per square
metre in guidelines for growers sowing spring and winter beans (DAFM, 2020). Using
the range from 20-60 seeds per square metre and the broader range of 10-80 seeds
per square metre made for an extensive study of the effect that seed rates have on
crop growth, development, and final yield. The general consensus found in this
research was that as seed rate increases, yield increased. The first year of the field
experiments was the exception to this. In 2017, there was no significant increase found
in yield with seed rate from 10 to 80 seeds per square metre. This agrees with previous
work on seed rate and yield in field beans that observed that even at lower seed
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rates/plant populations, yield can be competitive with higher seed rates/plant
populations (Pilbeam et al., 1991b, Robinson and Conley, 2007, Sprent et al., 1977).

5.3 Hypotheses 1, and 2:
The results from this research support the hypothesis that delaying sowing date for
Vicia faba will lead to a reduction in final yield. From the three years of field
experiments, it was found that having a wide range of sowing dates under study gave
a mixture of climatic conditions and other external influences for the growth and
development of the crop. These environmental factors proved to be significant for crop
performance and yield over the three seasons under study. The varieties and seed
rates performed differently across the sowing dates, with the spring variety showing a
promising performance when sown in the autumn. Previous studies on sowing dates
in field beans found that low temperatures over the winter period can delay
germination leading to increased seedling mortality (López-Bellido et al., 2005). The
work presented in this thesis found that both the spring and winter variety sown in the
autumn, performed well during the winter months. However, the important thing to note
here is that similar to the López-Bellido studies in Spain, Irish winters typically are not
that severe, with very little frost or snow during the winter season which favours good
seedling survival. Sowing field beans in the autumn gives a longer growing season
and a better opportunity to obtain enough green area for intercepting radiation in the
spring and summer months compared to plants sown in the spring. From the range of
sowing dates studied, the autumn sowings performed the best over the three studied
seasons, with the October and November plots generally yielding highest each year.
Poorer ground conditions and bird damage in January resulted in the worst crop
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establishment and yield across the seasons. As the ground conditions improved in the
spring months, it was found that March, having more optimal sowing conditions,
yielded highest for the spring sowings where April, with only a month difference in
sowings, yielded lower. Sowing field beans in April or later in the season results in the
crop having to be manually ripened by a desiccant. This is done because the crop is
not ready to harvest when the weather in Ireland is still dry and because of this the
crops canopy does not have enough time to develop before pod setting and therefore
the source is too small to feed the sinks. This agrees with Confalone et al. (2010), who
reported that as sowing date was delayed, the crop was exposed to higher values of
radiation, air temperature and a longer photoperiod resulting in a shortening of the
crop cycle.

5.3.1 Economic optimum plant population
With the extensive work on field trials carried out over three seasons, we believe to be
the first to report an economic planting optimum for field beans in Ireland. The
recommended seed rate for spring and winter field beans in Ireland is 40 seeds per
square metre to establish 25-30 plants per square metre after field losses (DAFM,
2020). This thesis reports that, taking into account field losses during germination and
establishment, the optimum plant population for the spring variety ranged between 24
- 38 plants per square metre with an average economic optimum of 31 plants per
square metre and the optimum plant population for the winter variety was 13 plants
per square metre. This supports the hypothesis that economic optimum plant
populations will be higher in spring sown field beans than winter sown field beans.
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With the range for the spring variety falling in the current recommended guidelines, we
concluded that increasing seed rate above current commercial practices will not
increase yield or profitability for spring beans grown in Ireland. However, there is a
possibility to lower the seed rate for winter beans. Loss et al. (1998a) found a
contrasting result in Australia, where their experiments found an economic optimum
of 45 plants per square metre, which was higher than the recommended guidelines for
sowing field beans in Australia. Increasing the seed rate in Australia was found to
increase yield and profit for growers of field beans. Having a lower economic optimum
in Ireland’s maritime climate indicates how the crop is better able to compensate at
lower plant populations than that of the hotter, semi-arid climate of Australia. With a
similar climate to Ireland, research from the UK by Processors and Growers Research
Organisation (PGRO), suggest that the optimum plant populations in the UK for spring
field beans is between 60-65 plant m-2 for maximum yields. But when taking into
account seed cost and produce value, the economic target population is 50-55 plants
m-2 for soils that produce typical bean growth. For fertile soils or areas that produce
very vigorous growth, target populations should remain at 35-45 plants m-2.

5.4 Hypotheses 3, 4 and 5:
Results from Chapters 2 and 3, partially support the hypothesis field bean yield is
stable across a wide range of plant populations. In 2017, the hypothesis was fully
supported but in 2018 and 2019, there was a decline in yield at the lower plant
populations. This was ascribed to the smaller canopies on those years, which resulted
in less light interception at the critical growth stages and, thereby fewer pods per unit
area. The number of pods per unit area is the yield component most closely related to

130

yield and hence by increasing pods per unit area, yield will increase. This validates the
hypothesis that yield of Vicia faba is primarily driven by pod number. The concept of
using yield components to study the yield variation in field beans has been found to
be less detailed than that of cereals and other crops. Rowland (1955) first identified
the main yield components of field beans were number of pods per plant, number of
seeds per pod and seed size. Further progress in the study of Rowland’s findings have
been limited. Kambal (1969a) continued the study of field bean yield components to
find pod number per plant showed the highest correlation with yield in field beans, with
yield variation caused mainly by the pod number and seed number per unit area
(Kambal, 1969a, Pilbeam et al., 1989). From the in-depth study of yield components
in Chapter 3, it was found that seed number per square metre and pod number per
square metre were strongly related with final yield across the three seasons of study,
agreeing with the previous studies that these components are the drivers of yield in
field beans. However, the seed number per pod remained relatively stable across the
studied range of plant densities, therefore, the focus of the study was the
determination of pod number in field beans to explain yield variation. The
determination of pod numbers is directly influenced by the amount of radiation
intercepted throughout the flowering period. This was found through the
supplementary shading experiment when radiation was reduced by c.60% during the
vegetative and flowering period. Results from the experiment found that pod number
per square metre was reduced by 38% when shaded throughout the flowering period,
leading to an overall reduction in yield of 27%. Less of an effect was found when the
crop was shaded through the vegetative phase suggesting that the crop may be able
to recover from the reduction in radiation when the shade was removed.
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The results of the supplementary shading experiment support the fifth hypothesis that
yield of field beans is predominantly source-limited. Reducing the amount of
intercepted solar radiation by the crop’s canopy by shading during the pod
development phase led to fewer pods per unit area, thereby reducing final yield. This
agrees with most recent studies by Lake et al. (2019) carried out in Australia and Chile,
who found that yield response to shading was most severe during the flowering to pod
development stage, conforming with other indeterminate crops such as oilseed rape
and other legumes like soybeans. These findings also agree with earlier studies from
Board and Tan (1995) on soybeans, who found that yield was more restricted by the
assimilatory capacity during the reproductive phase. However, this contradicts
research carried out by Nasrullahzadeh et al. (2007) who found that yield per unit area
was higher in shaded plants than unshaded plants. Whereas Hadi et al. (2006) found
no effect of shading on yield in common beans (Phaseolus vulgaris), and Verghis et
al. (1999) found an overall reduction in yield of chickpeas from shading.

We found that shading during the reproductive phase did not allow the crop to recover
from the loss of radiation, but the crop compensated by a 14% increase in seed size.
This was possibly due to the assimilate supply per seed being greater during the pod
filling stage after the shade was removed. However, shading did not affect the number
of seeds per pod, in line with previous work which found that the number of seeds per
pod is the most stable yield component in field beans (Agung and McDonald, 1997,
Dantuma and Thompson, 1983)
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5.5 Hypotheses 6 and 7:
Furthering the results found from the supplementary shading experiment, it was also
found that generally, pod number was linearly related to the green area index (GAI)
during the pod development phase. However, in the season of 2017, crops which had
a larger GAI did not show this relationship. GAI has been found to be a useful tool for
growers for crop management and tracking canopy closure for optimum interception
of radiation and yields. This led to the hypothesis that fresh leaf biomass can be used
to accurately predict green area index (GAI) and from this a second hypothesis that
using a model to predict GAI from fresh leaf biomass could be used as a surrogate for
GAI and a management tool for growers of field beans. Previous studies have found
that a GAI of 4 at flowering is on target for optimum yield in oilseed rape (Berry and
Spink, 2006, Lunn et al., 2003). Adapting this to field beans could prove to be useful
as a management tool for growers.

With leaf green area making up the majority of the total crop green area in this study,
it can be said that the leaves have the most photosynthetic capacity for the production
of assimilates. Leaf fresh weight showed a stronger relationship with GAI than dry
weight. The GAI continued to increase as the leaf weight increased across seasons,
showing a strong positive relationship between the two. Just as GAI is used in oilseed
rape as a benchmark for growth and development, leaf biomass in field beans could
also assist as a predictor of GAI and in turn, be used as a benchmark as in oilseed
rape. Taking small biomass samples from the crop at different growth stages to gather
data on the growing crop and predict GAI is an easy method for growers to better
management of field bean crops in temperate climates. Using the equation from the
regression analysis on an independent data set to predict GAI using leaf biomass was
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successful in this study and climate but could possibly be worth investigating to see
would this be a universal method that could work in other environments and climates.
These findings support the hypothesis in question to an extent. The model created
was accurately able to predict GAI from measured GAI using leaf fresh biomass from
the independent data set, however, this data set contained similar parameters to the
original data set used to create the model. The model worked well in this instance but
there is no confirmation that it would work on other field bean sites or other climates
as accurately.
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5.6 Conclusions
5.6.1 Key messages for growers and breeders
The research outlined in this thesis covers the basic agronomy and physiology of field
beans in Ireland. As an up-and-coming crop in Irish agriculture, gaining popularity with
Irish growers in the last five years, further research should be carried out in the area
of field bean agronomy, crop management and future research into starting a breeding
programme for breeding of desirable traits suitable for the Irish climate and optimising
yields. Breeding varieties with specific traits for temperate environments like varieties
with improved disease resistance for the main diseases found in field beans ie:
aschochyta, chocolate spot, rust, and downy mildew, would offer benefits, as would
early harvest varieties with more determinate growth characteristics.

For growers, sowing in optimum soil conditions at the right time of year will be
beneficial in the management and yield of bean crops. Winter beans should be ideally
sown in October, reducing the threat of bird attacks, and giving the seedling enough
time to emerge before the colder weather sets in. Winter beans have been found to
be desirable to growers with their early harvest, however the extra management
throughout the winter period has deterred growers from sowing winter beans. With
similar field equipment used for cultivation of cereal production also used for beans,
spring crops are more desirable with a slightly later harvest time so that as soon as
the cereal harvest is over, the same equipment can be used in the spring bean harvest,
allowing machinery costs to be reduced. Spring beans should be sown at the end of
February/early March to aim for a mid-September harvest.
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The recommended seed rate by the Department of Agriculture, Food and Marine is 40
seeds per square metre, with the aim of establishing 25-30 plants per square metre
(DAFM, 2020). Taking into account field losses, the economic optimum plant number
found in this research was 31 plants per square metre, falling within the recommended
range from DAFM. However, this was much lower for winter beans at around 13 plants
per square metre. With spring beans, the most popular of the two sowing dates in
Ireland, aiming for the recommended seed rate of 40 seeds per square metre or
approx. 230 kg per hectare (for a TGW of c.650g), will give an optimum planting
density, on target for high yield and profit.

The work carried out by Lake and Sadras (2014) on chickpea and Lake et al. (2019)
on field beans on identifying the critical period in these crops can also aid in crop
breeding by increasing the likelihood of successful selection strategies, and increasing
the efficiency of screening by narrowing the focus to critical physiologically relevant
stages. It will also aid in improved agronomy and stress mitigation practices (Andrade
et al., 2005, Sandaña and Calderini, 2012).

5.6.2 Bird damage/preventative measures
Late winter sowings and early (Irish) spring sowings of field beans have a higher risk
of being attacked by birds either directly after sowing or at early emergence. Research
in this area is limited, with very little known about preventative measures for bird
damage in field beans. From field observations over the three studied seasons, bird
damage occurred from sowing up to the appearance of the second leaf. Freshly
planted seeds and small seedlings are the target for birds, attacking most plots in the
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field experiments and in some cases fully decimating the plots. Preventative measures
rarely achieve 100% protection. Bangers, whistling tape, and netting were all used to
avoid damage to the plots from birds. This damage was clearly seen when comparing
the crop establishment in 2017 against 2018. In 2017, netting was placed over the late
winter sowing (November), and establishment was calculated at 73%. This was found
to be drastically lower in 2018 when the plots were not netted with establishment at
32% for the November sown plots. Although the damage to the plots was severe, the
experiment and plot size was small compared to a farm level when sowing a larger
area of beans. The damage by birds may not be as severe across a larger area of
beans sown on a farm scale compared to smaller plot areas.

5.6.3 Impact of weather
Yield was found to be the lowest in 2018 when the average precipitation from flowering
to harvest was much lower than expected, with the national average yield falling from
6.7 tonnes per hectare in 2017 to 2.5 tonnes per hectare in 2018 (Teagasc, 2018).
Crop growth was accelerated due to the hot, dry conditions and the crop was stunted,
with some of the lower seed rates not achieving full canopy closure during the season.
Studies carried out on soybeans found that water and high air temperature stresses
can greatly reduce seed yield (Dornbos Jr and Mullen, 1991) which coincides with the
findings of this thesis. Field beans prefer a heavier soil with greater water retention. In
dry seasons like 2018 and on lighter soils, beans can suffer from drought.
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5.6.4 Key messages for policy makers
Encouraging growers to incorporate field beans and other protein crops into their
rotations will be beneficial for the addition of residual nitrogen in the soil, reduction of
pests, and ultimately using home grown protein for animal feed, reducing Irish imports.
The Irish climate is very suitable to growing field beans, with high yields possible and
this should be exploited. The highest national yield for field beans in Ireland was 6.7 t
ha-1 in 2017 (Teagasc, 2018) compared with the UK average of 5.6 t ha-1 (PGRO,
2017). In the UK, there was an initiative set up by PGRO to encourage growers to
grow field beans and achieve a 10-tonne field bean crop by the end of 2020 called the
“Bean Yield Challenge”. The highest yielding crop of 8.32 t ha -1 was achieved by a
grower in North Yorkshire. This initiative gives great incentive for growers to take on
the challenge of growing a 10-tonne field bean crop. A similar initiative could be
implemented in Ireland, encouraging growers to grow field beans as a home-grown
source of protein with the added incentive of winning a competition or the recognition
of growing the highest yielding crop that year.

Funding and extending the protein grant as well as implementing targets or introducing
the likes of the competition for the highest yielding crop could be introduced to educate
and encourage growers to sow protein crops such as beans and reap the benefits of
this crop in their rotations such as residual N for the following crop, weed control as
well as using field beans as a break crop.
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5.6.5 Future research
From the evidence found in numerous previous studies on field beans, as well as the
results presented in this thesis, it is clear to say that field beans are a beneficial, high
yielding, manageable crop given the right conditions. The main concern for field beans
is their unreliable and variable yields from year to year, which has been ultimately
found to be weather related. With three very different seasons and weather conditions
from 2017-2019, the results of this thesis clearly show the impact of weather, more
specifically, water and light availability to the crop during the reproductive phase, which
was found to be impacted the most in 2018 during the unusual hot, and dry summer
period. Although the weather cannot be controlled, what is possible is breeding
varieties with specific traits suitable for variable climates. Setting up a bean breeding
programme would be a good step forward in the right direction for the future of beans
research.

Bean crops have the most potential as a native protein source. Protein content in field
beans has been estimated at around 25-35% dry matter (Nachi and Le Guen, 1996),
however, there is very little knowledge in the area of protein content in grain legumes
such as field beans. Studying the protein content in field beans and other grain
legumes would be useful for optimising animal feeds and increasing the amount of
reliable protein feed from sustainable sources. There is scope to improve the
traceability of Irish branded produce by replacing non-traceable imported protein with
native bean crops. However, farmers need to be assured of the value of their feed and
ensure a continued supply to consider beans as a significant ration component.
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Residual nitrogen (N) content that is left in the soils after harvest of field beans crops
has always been presumed rather than an absolute value with suggestions that there
is about 20-30% residual N after harvest. Further research into how the rhizobia in the
root nodules are fixing N during the crop cycle, soil analysis and the yields of the crop
following field beans would all make for interesting research and furthering what is
known about field beans and the benefits they bring to soil fertility.

GAI has been a useful tool for growers for crop management and tracking canopy
closure for optimum interception of radiation and yields. This has been most useful so
far in oilseed rape crops, even going so far as creating a GAI online tracking data base
and an application for mobile phones as a quick in field indication tool for growers
(BASF, 2018). The concept of this tool could be applicable to field beans, using a
simple photograph of the growing canopy to track GAI at the early vegetative and
reproductive phases as a benchmark for final harvest yields.
Overall, the research presented in this thesis has provided a good insight to the
growth, development, and management of field beans in Ireland. The hypotheses set
out at the beginning of this thesis were tested through the extensive field experiments,
and study of the developing crop and yield components over three seasons. The
supplementary field experiments carried out in conjunction with the main field
experiments gave a more detailed insight to the growth and development of the crop,
the green area needed for intercepting radiation, and the development of pods and
seeds for optimising final harvest yields. This research is a good foundation for
research on field beans in temperate climates such as Ireland. Building on this
research, introducing the concept of a breeding programme and focusing on breeding
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for desired traits would lead to a more productive research on field beans in Ireland,
with the ultimate goal of reducing our imports and replacing them with a reliable, homegrown protein source.
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