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Abstract

This paper reviews current knowledge regarding the influence of plant density on the growth and yield of the faba bean crop
(Vicia faba L.). An analysis is also made of sowing rate and other factors that may modify optimum plant density, including
environmental conditions; in this sense, should be made a differentiation between faba crops grown in temperate conditions
and those grown in Mediterranean and semi-arid conditions. The genotype also prompts variations in optimum plant density,
depending on the botanical typaidyor, equina or minor) and the growth habit (determinate versus indeterminate) of the
cultivar selected. Sowing date also influences optimum seeding rate, which is lower for autumn—winter sowing under temperate
and Mediterranean conditions and increases as the sowing date is delayed. For the spring-sown crops typical of temperate
conditions, optimum plant density will be higher due to the shorter growing season. With a longer growing season and under
optimum environmental conditions, there is normally no additional response to densities over 20 ptanisita in suboptimal
conditions, optimum plant density may increase to over 60 plants Athough the faba bean crop displays considerable
plasticity in response to variations in plant density, mainly with regard to number of pods per square meter, it is not wholly clear
to which component of yield this should really be ascribed. Number of stems per plant appears to be the most influential factor,
although further research is required to confirm this.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Abbreviations: CGR, crop growth rate (g d—1); GAI, green . . L.
area index; HI, harvest index (%); LAD, leaf area duration (days); Grain IegL_Jmes are a major source of proteln in hu-
LA leaf area index; LAR, leaf area ratio (&g~'); NAR, net as- man and animal nutrition and play a key role in crop
similation rate (g 2 d—1); PAR, photosynthetically active radiation rotations in most parts of the world. When grown in
. H —1y- iati . . . .
(MJ): RGR, relative growth rate (g d™); RUE, radiation use ef- - yotation with other crops, under certain environmen-
ficiency (GMJ) tal conditions, they can improve soil fertility and
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Although today, faba bean is the second widely-
grown dry grain legume in EU (15), the EU (15) is
the world’s fourth largest produceFAO, 2003, lit-
tle is known about the growth and development of this
crop. Itis grown in climates ranging from temperate to
semi-arid, using different cultivars and relatively differ-
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Section3.8.4 Pod and seed filling; Section4, Seed
yield and yield components; Sectidnl, Seed yield;
Section4.1.1, Environmental influence; Section4.1.2
Influence of cultivar; Section4.1.3 Influence of sow-
ing date; Section4.2, Harvest index (HI); Sectiod.3,
Seed yield components; Sectiér3.1 Number of pod-

ent crop-management techniques. One such differenceding nodes per plant; Section4.3.2 Number of pods
is in the selection of sowing-rate, which directly deter- per podding node; Section4.3.3 Number of pods per
mines plant density and is influenced to a great extent plant, Sectiond.3.4 Number of seeds per pod; Section

by the cultivar used, the environment and the sowing
date.

In general, and for any crop, intra-specific plant-to-
plant competition affects production of biomass and
crop yield as well as economic profitability. A num-

ber of classic models examine the relationship between

crop yield and plant densityB{easdade and Nelder,
1960; Willey and Heath, 19§9The plants forming a
crop compete with each other for light, nutrients and
available soil water. Of these, the most important factor
for agronomic crop productivity is the amount of radi-
ation intercepted by the leaf surfad#ifliams et al.,
1965; Hawtin, 198 this is also the factor in which
man has most effectively intervenefivans, 1980

One of the crop-management techniques that most in-

fluences the amount of light intercepted by crops is the

4.3.5 Mean seed weight, Sectionb, Conclusions.

2. Factors influencing plant density

For most crops, including grain legumes, the choice
of sowing rate is an important agronomic practice, in-
fluencing plant density and crop establishment. In the
faba bean, according tass et al. (1998aplant den-
sity can affect canopy development, radiation intercep-
tion, dry matter production, evaporation of water from
soil under the crop, weed competition, the development
of fungal and viral diseases, plant and first pod height,
seed yield and ultimately, the economic productivity of
a crop in the farming system.

A key component of seed yield is the number of

choice of plant density, which modifies canopy struc- plants per square meter. It is the first component to be
ture and the duration of vegetative growth. In nature, established, at the start of the crop cycle and is largely
plant communities self-thin to an optimum plant den- dictated and controlled by the farmer himself; the envi-

sity, which differs according to the size of individual
plants. According to the empirical law that describes
this process, the optimum population density is lower
for larger plantsiflarper, 197Y. At the same time, the
environment — through its effect on plant size — may
influence the optimum plant density.

The present review has compiled all the information
available until the current time about the influence of
plant density on growth and yield of faba bean crop. It
has been organized as following: Sectihrintroduc-
tion (see above); Sectia® Factors influencing plant
density; Sectior8, Growth and development; Section
3.1, Emergence and establishment, Seci@\Vegeta-
tive growth; Sectior8.3, Leaf area development; Sec-
tion 3.4, Interception of solar radiation; Secti@b,
Dry matter production; SectioB.6, Dry matter parti-
tioning; Section3.7, Canopy structure and character-
istics; Sectior8.8, Reproductive period; Secticdh8.1,
Podding-node formation; Section3.8.2 Flowers and
pods drop; Section3.8.3 Premature flower abortion;,

ronment plays a less important role in the final number
of plants per square metdd@&ntuma and Thompson,
1983. The other components of seed yield that deter-
mine the final output are established at a later stage in
the course of the crop cycle and are dependent on the
number of plants per square meter.

According toBond et al. (1985)a wide range of
densities is commonly used, from 15 to 60 plant$mn
depending on the cultivar and the region. However, nu-
merous studies undertaken in different environments
provide more precise data on optimum density, which
depends strongly on the cultivar used, the environmen-
tal conditions and the sowing dafEaple J).

The speciedicia faba L. comprises four botanical
types (nayor, equina, minor andpaucijuga), which dif-
fer from each other mainly with regard to seed size,
a trait closely linked to genotype. However, cross-
ing of botanical types has made it difficult to dis-
tinguish between them solely on the basis of seed
size (a quantitative trait), especially as size may vary
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Table 1

361

Influence of plant density of faba beaVidia faba L.): summary of experiments in various environments

Authors Variety

Climate

Sowing date

Plant density

Conclusions

Marcellos and Fiord (ninor,

Consable (1986) IDT?)
Coelho (1987) Tapada da
Ajuda (ninor,
IDT)
Salih (1989) cv. BF 2/2
(minor, IDT)
Pilbeam et al. (1990)  Ticol (minor,
DTY); TP 667
(minor, DT);
Maris Bead
(minor, IDT);
M 5.1 (equina,
IDT)
Pilbeam et al. (1991a,b)Bourdon
(minor, IDT);
858 (ninor,
DT)
Stiitzel and Herz Freya
Aufhammer (1992) (minor, IDT)
Ticol (minor,
DT)
Aguilera-Diaz and Alameda
Recalme-Manrique (equina, IDT)
(1995)
Almeida et al. (1995) Alameda

(equina, IDT)

Gemini
(equina, IDT)
Fiord (ninor,
IDT)

Quaglietta-Chiararal
etal. (1995a,b)

Adisarwanto and
Knight (1997)

Loss et al. (1998a,b)  Fiord (ninor,

IDT)

Mediterranean
(New South Wales,
Australia)

Mediterranean
(Lisbon, Portugal)

Arid (Sudan)

Temperate (Sutton
Bonington, UK and
Dijon, France)

Temperate (Sutton
Bonington, UK)

Temperate
(Hohenheim,
Germany)

Mediterranean
(Granada, Spain)

Mediterranean
(Cordoba, Spain)

Mediterranean
(Southern Italy)
Mediterranean
(Adelaide and
Strathalbyn,
Australia)

Mediterranean
(various sites of
South-western
Australia)

Autumn/winter-
sown (range
April-August)

Autumn-sown
(December)

Autumn-sown
(range

Range 10-60 plants
m~2 (inter-rows space
18 and 33cm)

Range 10-50 plants
m~2 (inter-rows space
50 cm)

Optimum sowing in late April and
early May. Under the highest
yielding conditions, 20 plants ™
but for a wide range of conditions,
30-35 plants m?

Highest yields are reached with
densities above 40 plantsh

Range 16.6-49.9 plantsHighest yields are reached with

m~2 (inter-rows space

October—November)50 cm)

under irrigation
Spring-sown
(March—April)

Autumn-sown
(October)

Spring-sown
(April)

Autumn-sown
(December), under
supplementary
irrigation
Autumn-sown
(November)

Autumn-sown
Autumn/winter-

sown (range
Abril-June)

Autumn-sown
(May)

Range 10-100 plants
m~2 (inter-rows space:
11.9cmin UK and
17.5cm in France)

Range 10-80

plants nT? (inter-rows
space 13.4 and
11.9cm)

18.5 and 74.0 plants
m~2 with three plant
distributions: isometric
stand, 25 and 12.5¢cm;
single rows, 40 cm;
double rows, 80 cm
Range 10-30 plants
m~2 (inter-rows space
50cm)

Range 20-60 plants
m~2 (inter-rows space
50cm)

Range 7-100 plants
m-2
Range 20-56 plants
m~2 (inter-rows space
25cm)

Range 70-270kg ha
(8-16 to 41-49
plants nT2), Loss et al.
(1998b)(inter-rows
space 18.cm)

49.9 plants m? and sowing at the
end of October

Weather conditions exert higher
influence on yield than plant
density. Determinate cultivar is less
productive. Optimum density is
highest for determinate cultivar.
Generally, yield raised with density
increase

Highest yield of indeterminate
cultivar. Plant density does not
affect yield. Optimum density is
10-20 plants m? for both
determinate and indeterminate
cultivars

No influence of plant distribution
on yield. Highest yield of
indeterminate cultivar. Yield raised
with density increase, being higher
for determinate than indeterminate
cultivar

Lower yield for high densities and
low N rates. Optimum density: 10
plants nr2

Highest yields are reached with
densities above 40 plantsTh

Until 35 plants nT2, seed yield
raises with density increase
Highest yields are reached with
lowest plant density (20 plants
m~2?) and earliest sowing date
(April). For April sowing, yield
decreased with plant density
increase. From May sowing, yield
raised with the plant density
increase until 49 plants M

Most cases, optimum plant density
is 45 plants m? (nowadays 30
plants nT2 is used for cv. Fiord)

2 |DT: indeterminate cultivar.
b DT: determinate cultivar.
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considerably as a function of environmental condi- perature, reduced intensity of incident radiation and
tions. Therefore, for crop-management purposes, ref- excessive environmental moisture, in Mediterranean
erence is made only to cultivar seed size regardless ofconditions, the limiting factor is low rainfall during
botanical type, being classified as large-seeded (>1.0 gspring and summer, particularly since the faba bean
seed 1), medium-seeded (1.0-0.5 g seépand small- is regarded as a drought-sensitive cr@prgsshoff,
seeded (>0.5gseed)). Large-seeded cultivars gener- 1990; the amount of water available from the start of
ally provide greater seed yields, both in Mediterranean flowering to harvesting partly determines seed yield
(Robertson and El-Sherbeeny, 1988d humid condi- (Mwanamwenge et al., 1998and it is during this
tions Mwanamwenge et al., 1998at the same plant  period that rainfall is lowest; however, according to
density, they also produce a larger amount of dry matter Lopez-Bellido et al. (2003)it improves as January
and display a larger green area index (GAI) than other through April rainfall increases (approximately from
cultivars. This is because the plant is larger and has four leaves to pod set). Faba beans are reportedly tol-
larger leaves, enabling it to compensate better for low erant to mild frosts during flowering in Mediterranean
plant density lamb and Poddar, 1992As a result, it countries Loss and Siddique, 1997

is common practice to use different densities depend-  According toAdisarwanto and Knight (1997jhe

ing on cultivar seed size, the most common densities numerous studies undertaken, particularly in Europe
being 15 plants m? for large seeds, 20 plantsthfor and North America, on the effects of sowing date and
medium-size seeds and 30 plantshfor small seeds.  density on yield are not relevant to Australian condi-
Mwanamwenge et al. (1998)ggest that variation in  tions, since when faba beans are grown as a winter
optimum plant density as a function of cultivar seed crop intemperate regions, responses to density are con-
size has not yet been addressed in any depth and merit§ounded by winterkill and disease; when they are sown
further research. Most studies dealing with plant den- as a spring crop, temperature and daylength are very
sity in faba beans useinor or small-seeded cultivars.  different from winter conditions in a Mediterranean-

Within each type of faba bean, there are winter cul- type environment.
tivars grown in temperate and Mediterranean environ-  For small-seeded cultivars in the Mediterranean-
ments and spring cultivars, grown mainly in temperate type environments of Southern Australia, plant density
regions. Optimum plant density is different for the two  of 30 plants m?2 is generally targeted by farmers, but
groups. Winter cultivars sown at densities of over 25 in medium to low rainfall areas or situations, where
plants nT2 run the risk of a higher proportion of flow-  the risk of fungal diseases is large, densities of 15-25
ers fall and a greater incidence of diseaBer(d et al., plants nT2 are also usedLpss et al., 1998a Lower
1985. densities are preferred for large-seeded cultivars.

New cultivars of determinate type have been ob-  The response of seed yield to changes in plant den-
tained, based on the mutant, in which the apex is  sity varies not only between autumn and spring sowing
replaced by a terminal inflorescence after production but also depending on the sowing date within each sow-
of a number of nodesSfodin, 197). These determi-  ing season. Inthe United Kingdom, optimum plantden-
nate cultivars display different growth habits; they are sity for spring sowing ranges from 45 to 65 plantsin
smaller, have fewer nodes per stem and develop a dif- depending on cultivars, location and yedilijeam
ferent canopy structure by producing a greater num- et al., 1991a However, according tdIcEwen et al.
ber of branches per plarPilbeam et al., 1989bSide (1988) the optimum seeding rate is lower for winter
branches are reproductively inferior to the main stem, sowing (24 seeds 1), although this depends on the
and their production can be curtailed by increasing exact sowing date. A lower seeding rate is required for
plant density, effectively replacing them by a larger early sowing (12 seeds TA) than for late sowing (36
number of main stems and thus improving seed yield seeds m?).

(Pilbeam et al., 1990 Inter-row spacing commonly used for faba bean

Environmental conditions govern seed yield and crops ranges between 10 and 50 cm. This appears to
thus influence the optimum density required to maxi- have little effect on the response to varying plant den-
mize yield. While in temperate regions, such as North- sities, according tdcEwen (1973) For a given sow-
ern Europe, the chief limiting factors are low tem- ing rate (40 plants m?), variation in inter-row spacing
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apparently had no effect on growth indices, final dry
matter production, harvest index* or seed yield, for
spring-sown determinate or indeterminate cultivars in
the United Kingdom Rilbeam et al., 1989alncreas-

According toHegarty (1977andRowland and Gusta
(1977) reduced germination is due to greater conduc-
tivity of solutes from the seeds themselves. Excessive
seed proximity, together with low soil water availabil-
ing linear density affected only the seedling mortality ity for germination, thus, prompts greater conductivity
rate, which increased with linear density and on in- of this water and a decrease in the germination rate.
creasing inter-row spacing to 50 cm for the same plant Once emergence has taken place, excessive reduction
density, due — according filbeam et al. (1989a) to of intra-row spacing leads to greater mortality due to
greater plant-to-plant competition. Studies of spring- increased plant-to-plant competitioRilfpeam et al.,
sown faba bean, undertaken®gitzel and Autfhammer ~ 19893.
(1992)in Germany, used both determinate and indeter-
minate cultivars at two different densities (18.5 and 74 3.2. Vegetative growth
plants nT2); their findings bore out the results indi-
cated above, i.e. that seed yield and yield components  During the early stages of vegetative growth, there
were notinfluenced by changes in plant distribution, al- is a linear correlation between dry matter accumula-
though double rows (80 cm between each pair of rows) tion and number of plants per square meter. High sow-
tended to produce lower yields than single rows (inter- ing densities will prompt higher leaf area index (LAI)
row spacing of 40cm) and isometric rows (12.5 and and dry matter values during this stage, while relative
25cm). growth indices remain similar. After a certain point and
depending on sowing density, competition arises be-
tween plants for light and other resources, leading to
a decrease in the relative growth of individual plants;
the correlation between dry matter accumulation and
density ceases to be linear and becomes asymptotic.
Above a certain minimum, dry matter production will
Germination and initial growth of the faba bean tend to equal out for different densitieBgntuma and
crop is mainly related to temperature, and more par- Thompson, 1983 As plant density increases, compe-
ticularly, daytime temperature, where water is not a tition between plants becomes more intense, affecting
limiting factor (Dantuma and Thompson, 193&en- the growth, development and production of each plant.
erally speaking, the seed germination and establish- Faba bean crop output is governed by a number of
ment rate is not affected by increasing the sowing rate, compensatory factors. Some of these are fixed in the
except where different weather conditios{ato et vegetative period, such as number of plants per square
al., 1993 or poor seed qualityRilbeam et al., 1990 meter and number of stems per plant (both inversely
lead to losses in germination and seedling emergencerelated), through competition between plants for var-
which are greater at higher sowing rates. Low temper- ious resources, as indicated earli@oelho and Pinto
atures at autumn—winter sowing may prompt greater (1989)note that the faba bean displays great plasticity
seedling mortality, although the rate is not influenced in response to variations in plant density.
by sowing rate Pilbeam et al., 199)aln Mediter- The duration of the vegetative period and the
ranean climate condition&0ss et al. (1998ajeport weather conditions during vegetative growth are of
a positive linear correlation between sowing rate and greatimportance for the compensatory capacity of faba
plant density, though with a small trend towards greater beans, since they affect the number of stems per plant.
mortality at higher sowing rates. These authors report In a longer growing season and given optimum grow-
an average emergence rate of 71%. Similar results wereing conditions, plants grown at low density can ef-

3. Growth and development

3.1. Emergence and establishment

obtained for the same type of climate Byuilera-
Diaz and Recalme-Manrique (199%)ho stress that
seed proximity is an important limiting factor for emer-

fectively compensate for deficiencies with respect to
those grown at high densities, by fully developing a
larger number of side branches. In this regard, the crop

gence rates, which decline as density increases or inter-cycle (autumn—winter sowing versus spring sowing)

row spacing is increased for the same sowing rate.

can affect the length of the vegetative period, and in
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both cycles, the growing season can be prolonged by ments regardless of plant density. Maximum LAl is

earlier sowingMarcellos and Constable (198@port
that early autumn sowing in Mediterranean conditions
(Aprilin the Southern Hemisphere) prolongs the grow-
ing season with respect to later sowing (July—August
in the Southern Hemisphere), resulting in larger plant
size and higher average yields. Howevatjsarwanto
and Knight (1997)under similar conditions, found that
sowing date had little influence on time from emer-
gence to first flower.

Growth during this period is usually limited by com-
petition between plants for solar radiation, when envi-
ronmental conditions are favorable. In Mediterranean
conditions, individual plant growth may be limited by
lack of rainfall, particularly at high plant densities,
while competition for radiation is lowL{ss et al.,
1998H).

3.3. Leaf area development

According toPoulain et al. (1986 )development of
the LAl depends mainly on environmental temperature
(day and night temperature), water available to the crop
and plant density. Generally speaking and for all condi-
tions, the maximum LAI (GAl) is always achieved with
higher plant densitiesSingh et al., 1988Quaglietta-
Chiaranda et al., 1995auttobene and Vagliasindi,
1995, althoughLoss et al. (1998kxeport that the high-

est values are recorded in the most favorable environ-

achieveed during the state of flowering and until the
start of pod filling, and it is the index that best accounts
for differences in the other crop growth indic€oglho
and Pinto, 198p Table 2shows values for LA}ax
(GAlmax) achieved at different densities by different
authors.

For autumn-sown in temperate climates (United
Kingdom), for determinate and indeterminate forms,
the LAl increases rapidly from 170 DAS (days af-
ter sowing), from values of <1.5 to a maximum often
greater than 4 (220-230 DAS); thereatfter, values de-
cline rapidly. Until flowering, the highest values are
achieved at the highest densities; however, during pod
development, the reverse is the case, i.e. final LAI
is greater at lower densitie®ifbeam et al., 199)b
These findings match those reportedyntuma and
Thompson (1983Wwho conclude that the densities pro-
viding the highest seed yield are those which record
the lowest LAI during the period from flowering to pod
maturation. According to these authors, LAl is affected
by others factors, including genotype. High input use
increases LAl values, but not seed yield, which require
alower LAI; water supply is the main factor controlling
the vigorous growth of stems and leaf surface.

Variation in sowing density prompts changes in the
crop microclimate, modifying the values of some pa-
rameters. High densities increase photosynthesis, re-
ducing respiration and photorespirati¢gto(lain et al.,

Table 2

Growth indices in faba beatVicia faba L.) crop in relation with plant density

Autors Density (plant m?) Total dry matter LAI nax LAD Height Height 1st  HI (%)

(gm3) (days) plant(cm)  pod (cm)

Coelho (1987) 10-50 1038-2311 - - - - 46-47

Salih (1989) - - - - - - -

Pilbeam et al. (1990) 10-100 759-908 - - 85.1-107.1 - 52-40

Pilbeam et al. (1991b)  10-80 1678-1462 5.6-10.5 524-511 - - -

Stitzel and Aufhammer 18.5-74.0 815-1442 - - - - 40-41
(1992)

Aguilera-Diaz and 10-30 463-508 3.1-35 - - - 59-56
Recalme-Manrique
(1995)

Almeida et al. (1995) 20-60 684-1555 3.7-7.1 180-376 79-85 23-35 51-25

Quaglietta-Chiarar@et ~ 7-100 519-738 1.0-2.5 - 50.8-69.9 - 36-41
al. (1995a)

Adisarwanto and Knight 20-56 980-1120 - - - 50-43
(1997)

Loss et al. (1998a,b) 70-270kg hal 395-623 1.9-3.3 (GAl) 45-66 10-18 52-49

8-16 to 41-49 plantsn?
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1986); at the same time, they accelerate maturing of the both factors will also influence dry matter produc-
crop (Stringi et al., 1986; Amato et al., 19pZoelho tion and seed yieldStitzel and Aufhammer, 1992
and Pinto (1989)eport rapid leaf senescence due to High plant density favors rapid canopy closure and
the swift decline in growth indices and an increase in an early maximization of light interception. Subse-
the net assimilation rate (NAR). As a result, in winter, quently, however, under these conditions there is ex-
faba bean crops under Mediterranean climate condi- cessive shading between leaves, leading to insufficient
tions, there is no evidence of competition for light or carbon fixation and increased respiration rate. Thus,
nutrients; rapid senescence of the crop at high plant a more efficient use of light energy (interception and
densities is probably due to inter-plant competition for conversion) may be achieved with a lower plant den-
available soil water at the end of the growth season.  sity (Pilbeam et al., 199)bAccording toSprent et al.
Leaf area duration (LAD) is greater at higher (1977) at densities of up to 66 plants T competi-
plant densities during the vegetative stage, resulting tion between faba bean plants for light has no apparent

in greater total biomass at these densitissdg, 1973;
Almeida et al., 199b Thereafter, there is no correla-
tion between LAD during seed filling and seed yield
(Pilbeam et al., 1999b

Inter-plant competition for light increases with den-
sity, and therefore, leaf area ratio (LAR égr 1) also
increases. Production of leaves with high LAR values

effect.

In faba beans, as in other crops, there is a linear cor-
relation between dry matter production and accumu-
lated intercepted PARLOss et al., 1998b The slope
of this correlation, radiation use efficiency (RUE), in
the faba bean crop varies with season and environ-
ment, water reserve$steen et al., 1985 plant pop-

as a response to shading has been confirmed in fabaulation density Kasim and Dennett, 198@nd sowing

beans Kasim and Dennett, 1986However,Pilbeam
etal. (1991b)yeport that in some cases there is no clear
effect of plant density on leaf area ratio.

The behavior of other growth indices in response to
variation in plant density is generally linked to the dry
matter and LAI values attained over the various crop
stagesPolignand and Uggenti (198%¢port different
LAR, NAR and relative growth rate (RGR) values for
different botanical typesi{ayor, equina and minor).
With regard to plant densitysingh et al. (1992and
Tuttobene and Vagliasindi (1998gtected an increase
in crop growth rate (CGR), when sowing rate was in-
creased, whil&ingh et al. (1992)and in some cases,
El-Zahab et al. (19819bserved a decrease in RGR and
NAR values. HoweverCoelho and Pinto (198%iled
to find any significant difference in NAR for the differ-
ent densities studied.

3.4. Interception of solar radiation

Crop canopy dry matter production depends on
the interception of photosynthetically active radiation
(PAR) and on the efficiency with which energy is used
for the production of dry matter. Both interception

and conversion are influenced by canopy character-

istics, which can, in turn, be modified by plant den-
sity and by the use of cultivars with different growth

date fFasheun and Dennett, 1982/alues generally
lie within the range 1.61-5.54 g M3 (Pilbeam et al.,
1991h. However, according withoss et al. (1998h)
sowing rate does not affect RUE, which displays an av-
erage value of 1.30 g M3 in South-western Australia,
with no significant difference between years.

The amount of PAR absorbed at high plant den-
sities is greater than at lower densities; PAR val-
ues follow a pattern similar to that reported for GAl
(Mwanamwenge et al., 199&arly canopy closure at
higher plant densities prompts greater use of available
incident radiationRilbeam et al., 1990and increases
the % PAR absorbed in the absence of water stress
(Lawn, 1989. Maximum absorbed PAR can attain val-
ues of 75-85%, matching maximum GAI values, in
winter crops under Mediterranean conditiohsgs et
al., 1998M. Similar findings are reported I8ilim and
Saxena (1992)

3.5. Dry matter production

Most authors agree that total dry matter production
over the crop season behaves in a similar manner to
LAl higher values always being attained at higher den-
sities, across awide range of seeding rates tested in both
temperate and Mediterranean conditidPs\flain et al.,
1986; Coelho and Pinto, 1989; Singh et al., 1992;

habits, such as determinate cultivars. Consequently, Gurung and Katwal, 1993; Siddique et al., 1998;
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Pilbeam et al., 1991I5tutzel and Aufhammer, 1991 16,000 — -
Silim and Saxena, 1992guilera-Diaz and Recalme- | o 24 April
Manrique, 199%(Table 3. However, high densities do 14,000 — : 1: ::';‘;
not always result in increased yields; indeed, the re- | Dw/VD\J_E 26 June
sponse is often negativ®énald, 1963

Accumulation of dry matter per square meter is ini-
tially slow. Only a certain time after emergence, it in-
creases rapid, which continues until flowering-start of
pod filling, when maximum values are recorded re- 4 / /- "
gardless of plant density. Prior to that peak, higher 8,000 — S
values are obtained at high plant densitiPdbieam /
et al., 1991p. Thereafter, dry matter decreases until
harvesting due to the fall of senescent leaves and to 8000 7
net loss of dry matter in leaves, stems and pod cases y —TT 7
prompted by retranslocation of assimilates towards 0 20 '] 40 50 60
seeds, not existing differences in proportion among Plant density (plants m™2)
densities $titzel and Aufhammer, 1992According
to McCree (1986)half the dry matter mobilized is lost Fig. 1. Relation between biomass (kgtiand density for sowings

through respiration, and these losses increase consid" 24 April, 14 May, 5 June and 26 June. Standard errors (S.E.)
! for each sowing date—density value for the respective sowing date

erably during senescence. Photosynthesis at this staggere: (24 April) 0.66, (14 May) 0.43, (5 June) 0.47, (26 June) 0.49.
is unable to make up for the loss. During the grain- waite Agricultural Research Institute, Adelaide, South Australia (in
filling stage, the decrease in dry matter is less marked 2 years) Adisarwanto and Knight, 1997
at low plant densities. Although final dry matter of
the crop is generally greater at higher densities, the
reverse has occasionally proved to be the case. Totalshortage, increasing plant density always prompts an
dry matter per plant is always greater at lower plant increase in biomass production, dry matter content or
densities. mass values do not reach a plateau until very high plant
For many crops, final dry matter production densities.
(biological yield) increases curvilinearly with density
until inter-plant competition limits any additional 3.6. Dry matter partitioning
production; biomass values from that point onwards
remain constant over a range of densities. The  Although leaf dry matter per square meter behaves
combination of optimum growing conditions, a long in a similar manner to total dry matter throughout the
growing season and early sowing lead to profuse crop cycle Pilbeam et al., 199)bat high plant densi-
growth and severe inter-plant competition, giving ties, a large proportion of final dry matter is due to the
rise to constant biomass values at normal densities stems [(oss et al., 1998b During the early stages of
(Donald, 1963. This behavior has often been observed the crop season (vegetative growth), stem dry matter
in the faba bean crop. For early autumn sowing in per square meter behaves like total dry matter, with no
Mediterranean conditions, with >600mm rainfall difference between the percentage of total dry matter
in the growing season, final biomass production is contributed by leaves and stems. Only after the start of
greater and is not affected by plant density; with later pod setting, as the distance between nodes increases,
sowing dates, biomass values are lower but increasemore biomass is produced in stems and branches, par-
with density because inter-plant competition is more ticularly at high densities. For autumn-sown crops, pod
moderate Fig. 1). Under these conditions, biomass dry weight per square meter is initially greater at higher
values reach a plateau at a density of 20 plant€ m plant densities, but later on values are gradually re-
(Adisarwanto and Knight, 1997 In regions, where  versed until the greatest weight is achieved at lower
high biomass values are not attained due to a numberdensities. Dry pod weight per plant is generally greater
of growth-limiting factors, main among which is water at lower plant densities.

12,000 —
v

i «—*

10,000 —

Biomass (kg ha'1)
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3.7. Canopy structure and characteristics
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as 0 and numbering the branches upwards along the
main stem); the ratio of main stems to first branches per
During the vegetative period, the compensatory square meter increases over time at higher densities.

factor that, by optimizing crop use of environmental Generally speaking, high densities resultin taller plants
resources in response to variation in density, best (Pilbeam et al., 1990Quaglietta-Chiaranda et al.,
accounts for differences in leaf and canopy develop- 19953, although in autumn crops sown in a temperate
ment is the total number of stems per square meter or climate Pilbeam et al. (1991kpund no difference in
number of stems (main stem + side branches) per plantheight as a function of plant densitygble 2. Loss et
(Poulain et al., 1986 This will later have an effecton  al. (1998b)ound that this greater crop height was not
the reproductive period, by varying the total number due to a larger number of nodes per stem, since the
of nodes per square meter, given the relationship node appearance rate was relatively constant at all the
existing between the number of stems per plant and sowing rates tested, but to a greater separation between
the number of podding nodes at flowering. High plant nodes. Thus, the distance from the ground to the first
densities lead to less branching of the plant across apod increases with rising density (from 10 to 18 cm in

range of environmental conditiond1¢Ewen et al.,
1988; Aguilera, 1987; Amato et al., 1992nd reduce
leaf surface per planPulain et al., 1986(Table 3.
Loss et al. (1998h)in a study of autumn-sown crops

Mediterranean conditions in Southern Australia), so
facilitating mechanized harvesting. However, greater
plant height renders the crop more susceptible to
lodging, particularly, when indeterminate cultivars are

in Mediterranean-type conditions, found a linear used. Determinate cultivars tend to respond to varia-
decrease in the number of branches per plant as planttions in density much in the same way as conventional
density increased. This could be advantageous, sincecultivars, except that they are shorter and have fewer
side branches contribute less than the main stem tonodes.

seed yield hgram, 1976; Pilbeam et al., 1989IAt

low plant densities, the number of stems per plant 38 Reproductive period

increases over the crop cycle, while at high densities,

the number decreases; the higher the density, the faster This stage involves the establishment of the remain-
the decrease. This loss of branches takes place on théng components of crop yield (number of podding
uppermost nodes (nodes 2 and 3, taking the main stemnodes per stem, number of pods per podding node,

Table 3
Seed yield and yield components in faba benig faba L.) crop in relation with plant density
Authors Density Seedyield Stems Nodes Pods Pods Seeds Mean seed
(plantnT?) (kghat) plant! plant? node?! plant? podl  weight (g)
(no.) (no.) (no.) (no.) (no.)
Coelho (1987) 10-50 4750-10950 4.7-2.2 - - .3213.4 3.0-3.0 0.53-0.54
Salih (1989) 16.6-49.9 1904-2245 - - - 23156 2.6-2.5 0.43-0.42
Pilbeam et al. (1990) 10-100 4243-3827 - 159-25 1.9-1.3 .@238.3 3.5-29 0.55-0.43
Pilbeam et al. (1991a) 10-80 4033-5183 3.4-15 175-45 - .2&6.5 29-25 0.68-0.65
Stiitzel and Aufhammer 18.5-74.0 3295-5980 - - - 5#6.6 3.1-29 0.40-0.41
(1992)
Aguilera-Diaz and 10-30 4635-5084 - - - - - -
Recalme-Manrique
(1995)
Almeida et al. (1995) 20-60 3446-3897 - - - 1276 3.1-3.1 0.75-0.71
Quaglietta et al. (1995a) 7-100 1920-2660 — - - .®-2.5 - -
Adisarwanto and Knight 20-56 4925-4780 3.1-2.2 - - - 25 0.48-0.43
(1997)
Loss et al. (1998a) 70-270kg hat 1379-2672 - - - 13-7.5 1.8-2.6 0.32-45

8-16 to 41-49 plants it
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number seeds per pod and mean seed weight); thesebecause the assimilate reserve of an individual plant is
together with those fixed in the vegetative period, form not sufficient to maintain many vigorous vegetative or
seed yield Aguilera, 1987. The formation and vari-  reproductive sinks. This is less evident in determinate
ation of these components is affected by plant den- cultivars, since there is less internal competition for
sity; some components will compensate for others in assimilates due to the presence of fewer reproductive
order to optimize use of the available environmental sinks per plant. The number of podding nodes on a
resources. stem reflects the order of insertion; there are more on
Flowering, pod filling and pod maturation are very the main stem than on the first branch and so on, un-
long phases in the faba bean and are prolonged intil the third branch. Loss of podding nodes takes place
autumn-sown crops, mediating the crop response to uniformly over all reproductive stems. Therefore, there
variations in plant density. In Mediterranean condi- will be a larger number of podding nodes per plant at
tions, crops sown early in autumn display a prolonged lower densities. However, the number of podding nodes
reproductive periodAdisarwanto and Knight, 1997 on the main stem contributes more to the total number
resulting in larger plants and higher yields with respect of podding nodes per plant, further increasing its share
to later sowingsNlarcellos and Constable, 1986 of the total at high plant densities. On the contrary, the
Throughout the reproductive period, both flowers share of the total corresponding to side branches de-
and pods will be lost through inter-plant competition creases with increasing plant density because of the
due to intrinsic, environmental and crop-related fac- absence of branches higher up the plant as density
tors Amato et al., 1992 Dantuma and Thompson increases.
(1983)suggest that transfer of assimilates to reproduc-
tive sinks is blocked by the good conditions in which 3.8.2. Flowers and pods drop
the crop develops; water availability appearsto be par- The factors responsible for abscission or pod
ticularly relevant. These authors suggest that budding retention are not yet cleaSfitzel and Aufhammer,
takes priority over assimilate supply during early pod 1992. Coelho and Pinto (198%uggest that high plant
growth. HoweverBaker et al. (19843onsiderthatveg-  densities prompt greater competition among sinks for
etative growth does not reduce the amount of assimi- assimilates, causing more severe abscission of flowers
lates available to the reproductive sinks. Although this and young pods in the absence of environmental crop
has not been sulfficiently confirmed, early competition stressTuttobene and Vagliasindi (199E9port similar
for assimilates may account for the high levels of flower results, with higher pod fall at higher plant densities,
abortion and pod fall in many crops; assimilation of re- the pod setting coefficient (PSC) declined as density
serves by pods may pose a greater problem than avail-increased. Within the same plant, this coefficient also
ability of assimilates for pod filling. This competition  varied as a function of podding node position. By con-
for assimilates during a short but critical phase (start of trast,Amato et al. (1992jound that flower formation
pod development) may be a major determinant of seed levels did not vary with plant density, observing no

yield. clear change in the percentage flower fall as a response
to varying density. Pod abscission also appears to
3.8.1. Podding-node formation be influenced by the interaction of environment and
The number of sinks per plant is a major determi- crop factors (sowing densityQuaglietta-Chiararal
nant of faba bean yieldond etal., 198b Poulain etal. et al. (1995b)report no difference in percentage

(1986)report that plant density affects the source/sink pod fall as a function of the extreme densities

ratio, altering intra-plant competition for assimilates studied.

(Pilbeam et al., 199)bat low sowing densities, fewer Pod loss is greater in determinate cultivars sown at
sinks are produced, which do not utilize all the avail- low densities. This is because reduced apex activity
able assimilates. As plant density increases, there is aimproves illumination at the base of the main stem;

decrease in number of nodes per plant and number ofthis, together with canopy opening, stimulates axil-

productive nodes per plantfdgson and Blackman, lary shoots under favorable conditions. Developing

1956; Tuttobene and Vagliasindi, 199%ading to a branches then enter into competition with young pods
lower number of flowers per plantand of pods per plant, for assimilates. This effect is less marked at standard
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densities, where base illumination is less intense by cultivars, although once the number of seeds per

(Stutzel and Aufhammer, 1992

3.8.3. Premature flower abortion

pod is fixed, competition takes place between seeds for
assimilates. Within a given cultivar, competition may
vary considerably depending on environmental factors,

Premature flower abortion (buds and flowers before of which the water regime after flowering is the most
antesis) in faba beans is generally due to a lack of influential. Low rainfall or lack of irrigation in the post-

insect pollinatorsi{ambal, 1969; Free and Williams,
1976, low levels of solar radiationRlancquaert and
Raphalen, 1984; Stoddard, 199®tra-plant competi-

flowering period causes rapid leaf senescence, leading
to lower seed weightfantuma and Thompson, 1983
According to these authors, weight per seed is the yield

tion between vegetative and reproductive structures for component that compensates for early pod loss, since it

assimilatesGates et al., 198&nd high moisture levels
(El-Beltagy and Hall, 1974 Flower fertilization is also
affected by temperature. During flowering, low temper-
atures may create conditions unfavorable for pollina-

isthe lastto be formed, and under certain environmental
conditions, may considerably increase final yield.

tion; high temperatures at flowering increase the rate 4. Seed yield and yield components

of pod setting Aguilera-Diaz and Recalme-Manrique,

1995. By contrast, excessive temperatures and water 4.1. Seed yield

stress at this stage lead to a decline in pod formation.
This situation may be due both to environmental

In faba bean crops, final seed yield increases with

conditions during the crop season and to sowing date plant density up to a plateau beyond which density

and may indirectly modify the effects of variation in
plant densityAdisarwanto and Knight (1997eport

ceases to exert any influence or even prompts a decline
in seed yield due to excessive inter-plant competition.

that at the highest densities, environmental conditions This maximum yield plateau is reached at a range of

for the lower flowers are not favorable for pod setting
and maturation; although competition for light is prob-
ably important, other factors, such as inhibition of bee
activity may play a certain role.

3.8.4. Pod and seed filling

Within certain limits, the number of seeds per pod
is largely determined by genotypBdnd et al., 198p
Dantuma and Thompson (198@port that this yield
component is not visibly affected by factors, such as
inter-plant competition for light, water balance or seed-

plant densities, depending on genotype and on environ-
mental and crop-related factors. Yield response to in-
creasing plant density is generally asymptdifeam
et al., 1990 Marcellos and Constable, 19860ss et
al., 1998y, although in some cases the response curve
may resemble a parabola. This latter response, typical
of seed crops, is reported IBilbeam et al. (1990fpr
spring-sown faba bean crops in temperate climates.
According to a study byLoss et al. (1998a)in
Mediterranean-type conditions and for autumn-sown
crops, asymptotic models indicated how yields contin-

ing density; they regard this component as the most sta- ued to increase as plant density was increased above
ble in the faba bean crop, although — surprisingly —the the commonly recommended 30 plants‘mThe eco-
number of seeds per pod varies considerably betweennomic optimum density (assuming a 10% opportunity
different nodes on the same plant, a lower number of cost) predicted by these models was in some cases well
seeds per pod being common on the uppermost nodespeyond the range of sowing-rates tested and varied con-

where wilting due to ovule drying is usual.

siderably with location and year, from 31 to 63 plants

Rapid accumulation of dry matter in the seed starts m=2 (Fig. 2).

25-35 days after flowering in many cultivars of differ-
ent seed sizeg\dler and Mintz, 1983. Abortion may
still occur below a certain size or age.

Pod set is possibly a function of the growth rate
during flowering Gtiitzel and Aufhammer, 1992Seed

In numerous experiments undertaken across a wide
range of plant densities, in different locations with
very different soil-climate conditions and using dif-
ferent cultivars, yield always increased with plant den-
sity (Hodgson and Blackman, 1957; Day et al., 1979;

filling and subsequent seed size and final unit weight Coelho, 1987; Salih, 1989; Stringi et al., 1986; Coelho
are like number of seeds per pod, largely determined and Pinto, 1989; Pilbeam et al., 1990; Almeida, 1,993
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tions in plant density around the optimum level, dif-
ferences inyield are less evident; yield shows a greater
response to yearly environmental conditions (rainfall
and maximum daily temperatures). However, under
drought treatments, increasing plant density prompts
significant increases in seed yiekiuraczyk, 1995%.

In Mediterranean conditions, since faba bean crops
are always sown in autumn and often on rainfed land,
rainfall is the most influential environmental factor;
variations in rainfall give rise to variations in yield,
curtailing yield at high plant densities due to increased

Plants m2 water requirementsstringi et al., 198k
In Southern and South-western AustraBa(dwin,

S & Do om0y 1579 and in Syria S ot al. 1981 2 wide
ng—Octobgr 201 mm), (b) 1995 (390 mm) and (c) 1996 (480 mm). ra_nge of _c_ondltlon_s, maximum yields are achieved
Dotted lines indicate estimated economic optimum density (esti- with densities ranging between 30 and 35 plam’gm
mated as point on the response curve, where the cost for sowing While in high-yielding situations (optimum environ-
additional seed equals the return from the additional grain produced, mental conditions), optimum densities are lower (20
allowing a 10% opportunity cost for investing the additional money  plants nT2). However, according tboss et al. (19983)
required for the extra seetldss et al., 1993a under the Mediterranean-type conditions of South-

western Australia, the optimum density (usually sown
Quaglietta-Chiaranda et al., 1995@nev, 1995; Loss  at a density of 30 plantsnf), proved to be 45
etal., 1998a However, other studies failed to find any p|ants nT2 for most of the locations studie®axena
yield response to variation in plant densifjilbeam et al. (1991found a similar response for large-seeded
etal., 1991a; McEwen, 19)3while still others have  cuyltivars in Northern Syria, with an optimum density
even reported a negative respondgyilera-Diaz and  of 20-26 plants m? under supplementary irrigation,
Recalme-Manrique, 1995These differences in yield  whereas a higher density of 44 plants#ris recom-
response to variation in plant density may be due to the mended under dryland conditions. In Spain, optimum
limitations of the studies themselves, which have only density under irrigation’ using adyuina type, was

enabled analysis of one segment of the real responsefound to be as low as 10 plantst higher densities

Seed yield (kgha™)

curve under the conditions testetable 3. providing lower yields Aguilera-Diaz and Recalme-
Manrique, 1995
4.1.1. Environmental influence Although Day et al. (1979)suggest that yield is

The environment greatly influences the response not affected by densities >18 plants~f) in the
of faba bean yield to increased plant density or sow- Mediterranean-type conditions of South-western Aus-
ing rates. According tdPilbeam et al. (1990)seed tralia seed yield increased with density in the range
yield is influenced by the yearlocation and by den-  10-50 plants m? (Marcellos and Constable, 198fhd
sity x cultivar interactions; density has less influence in some cases even higher.
onyield than environmental effects (year and to alesser
extent location). One characteristic of faba bean is the 4.1.2. Influence of cultivar
considerable and unpredictable year-on-year variation  The influence of botanical type used on yield is
in seed yield, despite adequate control of pests and dis-greater than that of plant density and comparable to
eases. Under irrigation, this may be attributed to pre- that of environmental effects. The greater seed weight
mature senescence caused by early high temperaturesf equina types means that yields are greater than those
(McEwen et al., 198]l In rainfed conditions, the most  of minor types.
influential environmental factor is rainfall from flow- At the same plant density, seed yield is lower in
ering to harvesting or soil water reserves during that determinate than in indeterminate cultivaStifzel
period. Tonev (1995)reports that with minor varia- and Aufhammer, 1992 both for spring-sown and
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autumn-sown crops. Difference in yield is attributed
to differences in all yield componentBilbeam et al.
(1991b) report that there is no interaction between
density and genotype for autumn sowings under
temperate conditions, optimum density for both types
of bean being lower than 18 plants&or in the range
10-20 plants m2. However, for spring sowing, a
density of 20—60 plants nf is recommended in order
to attain maximum yields with indeterminate cultivars
(Hebblethwaite et al., 1983 Determinate cultivars
will require higher densitieRilbeam et al., 1990

4.1.3. Influence of sowing date

In temperate climates, the optimum density of the
spring-sown faba bean crop is 45-65 plants?nte-
pending on location, year and cultivar. This range of
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Fig. 3. Influence of plant density on seed yield of faba beans cv. Fiord

densities has been reported in a number of experimentsin1983 and 1982 (sowing date: April, May and August). Mediter-

undertaken in similar conditions: 30—40 plantsn
(Caballero, 198y, 30 plants m? (Graf and Rowland,
1987, 33-54 plants m? (Kondra, 197%. However, for

ranean Climate, Australidarcellos and Constable, 1986

with early sowing, yield increased with density to an

autumn sowing in temperate climates, yield response asymptote at about 30 plants ) however, with late

to increasing density is less marked; optimum densi-
ties are lower than for the spring-sown crop, and high
densities may even prompt a drop in yield due to dis-
easeMcEwen et al. (1988yonclude that the optimum
mean seeding rate is 24 seeds4malthough this, in
turn, depends on sowing date. Early sowing requires
a lower seeding rate (12 seeds#ithan later sowing
(36 seeds m?). Decreases in yield have been reported
with increased densitylfgram and Hebblethwaite,
1976, but could also be attributed to chocolate spot
(Botrytis fabae), lodging or winterkill (Adisarwanto
and Knight, 199Y. In the absence of chocolate spot,
optimum plant density is between 12 and 30 plant§ m
(Ingram and Hebblethwaite, 19} @ his figure agrees
with the 10—20 plants r? proposed byPilbeam et al.
(1990) However, if the crop is sown before the end
of October optimum plant density is 12 plantsfn
(McEwen et al., 1988

In Mediterranean conditions, delayed sowing over
the autumn and winter months modifies optimum plant
density, which increases with the delay. In general,
early sowing (late April and May in the Southern

sowing (July or August in the Southern Hemisphere)
yields increased with density through the range 10-50
plants nT2 (Fig. 3). These findings have subsequently
been confirmed by a number of authors under similar
environmental conditionsAdisarwanto and Knight
(1997) report that the highest seed vyields for early
sowing are obtained at a density of 20 plants?m
yield decreasing as density increases. This trend
gradually changes as the sowing date is delayed, so
that by the last sowing, there is a marked increase in
yield with increasing density, although the increase in
density cannot make up for the yield loss with respect
to early sowing. Therefore, yield may either increase
or decrease with density, depending on sowing date.

4.2. Harvest index

Although there is a certain correlation in faba bean
crops between dry matter production and seed yield
as reported by 6pez-Bellido et al. (2003)high dry
matter yield does not necessarily imply high seed yield.
Final dry matter simply indicates efficiency in crop

Hemisphere) produces greater yields than late sowing, vegetative growth. Therefore, the productive capacity
by increasing the length of both the vegetative and of the faba bean depends, apart from photosynthetic
the reproductive stages, thus achieving larger plants efficiency, on an effective translocation of assimilates
(Marcellos and Constable, 1986 According to to the seeds. This efficiency is measured for the
Baldwin (1980)andMarcellos and Constable (1986) crop as a whole by the harvest index. Partitioning of
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assimilates between the vegetative and reproductive
parts of a crop may be modified by agronomic prac-
tices, such as choice of sowing density, fertilization,
irrigation, choice of sowing date and choice of cultivar.
Excessive availability of water for the faba bean crop
may lead to greater vegetative development at the
cost of seed yield for the same dry matter produc-
tion, prompting a decrease in the HI. This effect is
heightened in association with higher sowing densities
(Sau and Minguez, 2000 A number of authors
(Sinha, 1978; Coelho and Pinto, 1989; Pilbeam and
Hebblethwaite, 1990; Katyar and Singh, 19@lace

the upper limit for HI in faba beans at around 50%.

The question is whether the harvest index can be
increased by increasing plant density, since inter-plant
competition may suppress excessive stems formationin
faba beans, as it does in cereals. For most crops, unde
favorable conditions, dry matter production increases
with density to a plateau above which inter-plant com-
petition limits any further production. Thereafter, HI
tends to decline and seed yield often displays a negative
response to increasing sowing ratBegald, 1963.

For spring-sown faba bean crops in temperate cli-
mates,Pilbeam et al. (1990found that HI decreased
with increasing plant density, since high densities in-
creased total dry matter rather than seed yield. Deter-
minate cultivars displayed a lower HI, although their
response to varying density was identical to that of in-
determinate cultivarstiitzel and Aufhammer, 1992
Similar findings are reported Byilbeam et al. (1990)
for autumn sowing under similar conditiongaple 2.

However, opinions are divided with regard to the
behavior of the HI for autumn-sown crops in Mediter-
ranean conditions.Aguilera-Dlaz and Recalme-
Manrique (1995andAdisarwanto and Knight (1997)
report lower HI at higher densities. Howevenss et
al. (1998a)report that this trend is less marked, with
almost constant HI values in all plant densiti€selho
(1987)found that HI was not significantly altered by
plant densityQuaglietta-Chiaranda et al. (1995d9-
tected slight increases in HI with increasing plant den-
sity, although greater variations were noted for year
(Table 2.

For autumn-sown crops under Mediterranean-type
conditions, lower HI values are obtained for earlier
sowing dates, while values rise with delayed sowing; HI
is reported to decline with increasing density at all sow-
ing datesFig. 4) (Adisarwanto and Knight, 1997This
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Fig. 4. Relation between harvest index (%) and density for sowings
on 24 April, 14 May, 5 June and 26 June. Waite Agricultural Research
Institute, Adelaide, South Australia (in 2 yearg)d{sarwanto and
Knight, 1997%.

agrees with the findings reported for various crops by
Donald (1963)who concludes that early sowing, when
combined with good conditions and a long growing
season, leads to profuse growth and severe inter-plant
competition. Harvest index under these conditions of
severe competition is low and declines with density.

4.3. Seed yield components

Faba bean seed yield is the product of several com-
ponents: plant density, podding nodes per plant, pods
per podding node, seeds per pod and mean seed weight
(Bago etal., 198) In response to increasing plant den-
sity, the behavior of these components tends to be pre-
dictable; seeds per pod and mean seed weight tend to
display the most stable response to the environment,
while plant density is the most susceptible to modi-
fication by man through variation of the sowing rate.
Both number of podding nodes per plant and number
of pods per podding node display considerable geno-
typic and environmental variationB¢nd et al., 198p
Generally speaking, increased plant density prompts a
decrease in number of podding nodes per plBatify
and Storey, 1979and number of pods per podding
node Thompson and Taylor, 197,7Awhile number of
seeds per pod and mean seed weight tend to remain
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constant Graf and Rowland, 1987; Seitzer and Evans, delayed sowing is not fully compensated by an increase
1973; Hodgson and Blackman, 1958n increase in in the number of pods per node with later sowing, al-
one component of yield is compensated for by a de- though high plant densities help to palliate these losses
crease in one or more of the others, producing what is (Adisarwanto and Knight, 1997

known as a “compensatory or plastic effect”. Thus, for Since determinate cultivars have fewer pod-bearing
the same overall yield, each component may have dif- nodes per stem, they produce fewer pods and fewer
fering values. The basis of this compensatory capacity seeds, thus giving rise to a lower seed yidhill{feam

lies in the sequential development of successive com- et al., 1991a Therefore, to maintain the number of
ponents of yield; changes in one component affect suc- potential reproductive sites per unit area, it is theoreti-
cessive developments. This influence is achieved by the cally necessary to grow determinate plants at a higher
utilization of assimilates from a common but limited density. It has been reported that the number of pod-
pool. However, the compensatory effect is not always ding nodes per square meter shows no clear difference
wholly effective, and under certain circumstances, in- between determinate and indeterminate cultivars. So
creasing plant density cannot make up for the difference the creation of more podding sites cannot necessarily
in seed yield sufficiently to ensure high values. Opti- be used as an argument for sowing determinate culti-
mum density, therefore, will be the minimum density vars at a higher density. However, most of the podding
at which maximum vyield is achieved. The real effec- nodes on these cultivars, especially at lower plant den-
tiveness of the compensatory effect in the faba bean sities, are on reproductively inferior branches, and so
is measured by number of pods per square meter andhigher densities are required to minimize branching
number of seeds per square meter, if mean seed weightand thus enhance yiel®{beam et al., 1990Accord-

is considered not to vary in response to varying plant ingtoPilbeam etal. (1991afor autumn sowings under

density. temperate conditions, there is no difference in optimum
density for determinate and indeterminate cultivars, in-
4.3.1. Number of podding nodes per plant determinate plants always recording greater yield.

The number of pod-bearing nodes and number of
pods (per plant or per square meter) are crucial deter-4.3.2. Number of pods per podding node
minants of yield in faba bean3jompson and Taylor, Like the previous component, number of pods per
1977; Kambal, 1969; Yassin, 19//3Number of pod- podding node decreases with increasing plant density
ding nodes per plant is the least stable component of (Barry and Storey, 1939These two components dis-
yield. The lowest values for this component are usu- play a similar response to variations in plant density.
ally achieved at higher plant densitiegable 3. This Moreover, there is a trade-off between number of pod-
apparent contradiction is due to a trade-off between ding nodes per plant and number of pods per podding
the components of yield; an increase in one compo- node due to inter-plant competition for environmental
nent is associated with a decrease in another, possiblyfactors at various stages of the crop cytéhég, 1973
resulting in a negative correlation between adjacent  Different densities have a different influence on
components and a positive correlation between alter- number of pods per podding node, depending on the
nate component®ddams and Grafius, 19F1A given sowing date. For autumn-sown crops in Mediterranean
plant density is considered optimum, when it provides conditions, early sowing and high densities prompt a
the maximum number of podding nodes per square decrease in pods per node on the lower nodes, but an
meter. According t@’ilbeam et al. (1991ajnaximum increase on the upper nodes. With later sowing dates,
yields are attained at higher densities, since these cur-however, number of pods per node is not influenced by
tail the production of side branches which have fewer plant density Adisarwanto and Knight, 1997
podding nodes per branch than the main stem and the
first branch. 4.3.3. Number of pods per plant

For autumn-sown crops in Mediterranean-type con-  Due their considerable variability, the previous two
ditions, yield differences for different sowing dates can yield components are not often used; the most widely
be partly explained by a greater number of pod-bearing utilized parameter is a product of the two, number of
nodes per plant with earlier sowing; the decrease with pods per plant.
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An increase in the number of pods per plant gen- since itis linked more to genotype than to environment
erally means an increase in faba bean yidl@ijeses, (Newton, 1979%.
1977). Under most environmental conditions, number Pilbeam et al. (1991agported that number of seeds
of pods per plant decreases with increasing density, per plantis the component displaying the strongest and
compensating the number of plants per square metermost consistent correlation with yield and is arguably
(Salih, 1989; Miccolis et al., 1983; Stringi et al., 1986; the most important determinant of yield. This com-
Ishag, 1973; Seitzer and Evans, 1p{8able 3. Ac- ponent decreases with increasing plant densstyag,
cording toStringi et al. (1986)beyond a given plant  1973; Seitzer and Evans, 1973
density, this component shows no further decrease. The
decreases in number of pods per plantis due to areduc4.3.5. Mean seed weight
tion in the number of stems per plant at higher densities  There is evidence relating large seed size and weight
(McEwen et al., 1988 there being no major variation  to high yields. Mean seed weight is mainly linked to
in the number of pods per ster@gelho, 198Y). By genotype, although to a lesser extent than number of
contrast,Pilbeam et al. (1991agport that high plant  seeds per pod for the same cultivar, since this is the last
densities also reduce the number of pods per stem ascomponent to be fixed in the crop cyckdcsai, 198p
well as the number of pods per plaAdisarwanto and Environmental conditions during the growth season
Knight (1997)found a strong correlation between seed have some effect on mean seed weigMicEwen,
yield and number of pods per plant for different den- 1973. Generally, and across a range of environmen-
sities and sowing rates for an autumn-sown crop in tal and crop conditions, this component is not signifi-
Mediterranean conditions. cantly influenced by plant densitygble 3. However,

Number of pods per square meter is the factor in some cases it is reported to decline as planting den-
most closely correlated with seed vyiel8ttzel and sity increases$alih, 1989. According to a study by
Aufhammer, 199, and the most effective component Amato et al. (1992)mean seed weight responds dif-
for detecting the plastic or compensatory effect in the ferently to plant density depending on the year; dry-
faba bean crop. In general, and despite considerableness during the seed filling period prompts lower seed
variation, number of pods per plant decreases with in- weights at higher densities, while in normal conditions
creasing density, butis compensated by alarger numberseed weight is not affected by density. Sowing date may
of plants per square meter, resulting in a larger num- also influence mean seed weigRbllain and Connen,
ber of pods per square meter and thus greater yields,1992. For autumn-sown crops in Mediterranean condi-
although at very high plant densities this component tions, later sowing is associated with a greater reduction
shows no clear trend. When growth is limited by dry in mean seed weight, due mainly to decreased seed size
conditions, delayed sowing or other factors, there is in the uppermost pods; by contrast, with early sowing,
little inter-plant competition; there is thus a greater dif- seed size is more uniform over the plaAt{sarwanto
ference in number of pods per square meter betweenand Knight, 199Y. These authors, however, detected
high and low densities. Differences in seed yield as a no difference in mean seed weight as a function of dif-
function of various factors, such as sowing date or the ferent plant densities over all the sowing dates tested.
use of cultivars with different growth habits (indetermi- Plant density also had no effect on mean seed weight
nate versus determinate), are attributable to differencesat each node.
in number of pods per square meter.

4.3.4. Number of seeds per pod 5. Conclusions
Seeds per pod have been noted to be a component

of yield that shows little variation across environments The effect of faba bean crop plasticity in response
(Thompson and Taylor, 19F7.7Within any given faba  to variations in plant density depends largely on the
bean cultivar, number of seeds per pod shows a rela-duration of the vegetative and reproductive phase
tively stable response to variations in sowing date or of the crop and on weather conditions during veg-
plant density $tringi et al., 1986; Graf and Rowland, etative growth, more specifically on heat and water
1987; Salih, 1989; Coelho and Pinto, 198%able 3, availabilities.
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Inlonger growing seasons and given optimum grow- other components (number of seeds per pod and mean
ing conditions, the effect of crop plasticity is more evi- seed weight) are mainly genotype-dependent.
dent, maximum grain yield being obtained at very low For a better understanding of the plastic effect in
plant densities. Yields remain constant at higher densi- the faba bean crop, further research is required into
ties and may even decline mainly due to the incidence the genesis and development of the component num-
of disease. For autumn—winter sown crops, particularly ber of pods per plant, which is itself the product of
for those sown early in autumn, under optimal weather three components: number of stems per plant, number
conditions (mild temperatures in temperate climates of podding nodes per stem and number of pods per pod-
and sufficient rainfall/irrigation in Mediterranean or ding node. It has been found that side branches produce
semi-arid climates) grain yield displays no response to fewer podding nodes per branch than the main stem
increased planting density over roughly 20 plant¥m and that the number of pods per podding node does

Crop plasticity starts to be less effective, when any not display a clear response to variations in plant den-
of the requirements indicated above are not met; in sity; thus, number of stems per plant may be the major
such situations, yield responds positively to increased factor in determining the crop’s ability to compensate
plant density. In temperate climates, delayed sowing for variations in plant density. A longer growing sea-
of the winter faba bean crop, spring sowing or exces- son, together with optimum growing conditions, may
sive cold may prompt an increase in optimal density to lead to the fuller development of alarger number of side
anywhere between 30 and 60 plants’mSimilar be- branches atlow plant densities; LAl and dry matter val-
haviour is observed in Mediterranean conditions, when ues are similar to those recorded at high plant densities,
autumn sowing is delayed or when rainfall during the but are reached later in the crop cycle. Side branches
growing seasonisinsufficientin rainfed areas; here, one may compensate more efficiently for the smaller num-
of the most influential factors is rainfall from flower-  ber of podding nodes by an increase in the number of
ing to harvesting or soil water reserves over that period. stems per square meter.
The interaction between sowing date, plant density and
incidence of disease should, therefore, be more closely
addressed in future faba bean research. References
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