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Introduction

Abstract

In grain crops, total sink capacity is usually analysed in terms of two
components, seed number and individual seed weight. Seed number and
potential individual seed weight are established at a similar timing, around the
flowering period, and seed weight at maturity is highly correlated with the
potential established earlier. It is known that, within a species, available
resources during the seed set period are distributed between both yield
components, resulting in a trade-off between seed number and seed weight.
Here we tested if this concept could apply for interspecific comparisons, where
combinations of numbers and size across species could be related to the total
available resources being either allocated to more seed or larger potential
individual seed weight during the seed set period. Based on this, species
differences in seed weight should be related to resource availability per seed
around the period when seed number is determined. Resource availability
per seed was estimated as the rate of increase in aboveground biomass per
seed around the period of seed set. Data from 15 crop species differing in
plant growth, seed number, seed weight and seed composition were analysed
from available literature. Because species differed in seed composition, seed
weight was analysed following an energy requirement approach. There was
an interspecific trade-off relationship between seed number per unit of land
area and seed weight (r=0.92; F(1,13) =32.9; n=15;, P < 0.001). Seed
weight of different species was positively correlated (r = 0.90; F(1,13) = 52.9;
n =15, P <0.001) with resource availability per seed around the seed set
period. This correlation included contrasting species like quinoa (Chenopodium
quinoa; ~100000 seeds m~2, ~4 mg equivalent-glucose seed~!) or peanut
(Arachis hypogaea; ~800 seeds m~2, ~1000 mg equivalent-glucose seed™!).
Seed number and individual seed weight combinations across species were
related and could be explained considering resource availability when plants
are adjusting their seed number to the growth environment and seeds are
establishing their storage capacity. Available resources around the seed set
period are proportionally allocated to produce either many small seeds or few
larger seeds depending on the particular species.

weight. For any species, the number of established seeds
is highly sensitive to the availability of resources during

Crop yield is usually analysed as a function of the number a particular phase of the crop cycle, with availability

of harvested seeds per unit land area and the individual frequently estimated as plant or canopy growth rate
seed weight, with variations in crop yield within a species during the period (Fischer, 1985; Andrade etal., 1999;
more related to variations in seed number than in seed Vega et al., 2001, Sadras, 2007). This critical period for
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yield establishment differs with species but is usually
centred on flowering in most crops.

Differences in seed weight at maturity of species are
more related to differences in the rate of seed growth
during the phase of rapid seed filling than to differences
in the duration of seed filling (Egli etal., 1981; Egli,
1998, 2006; Sadras & Egli, 2008). This rate is, in turn,
strongly related to the potential seed storage capacity
established during the early phase of seed development
(Brocklehurst, 1977; Egli et al., 1981; Reddy & Daynard,
1983). The crop developmental phase when this potential
individual seed weight is established is known to overlap
with the seed determination period to different degrees
depending on the particular species (Ney etal., 1993;
Calderini efal., 2001; Gambin efal., 2006; Lindstrom
etal., 2006; Yang etal., 2009). This means that the
two components representing the total sink capacity,
seed number and potential individual seed weight, are
established at a similar time.

Smith & Fretwell (1974) developed a theoretical
model for understanding the relationships between seed
number, seed weight and available resources. Because
plant species show a greater variation in seed number
than in seed weight (Harper et al., 1970), they proposed
that seed number is driven by the available resources
and specific seed weight. Thus, understanding the
trade-oft between seed number and weight in plants
can be simplified with a model in which a fixed
amount of available resources can be distributed into
different combinations of numbers and weight (Smith &
Fretwell, 1974):

Seed number = Available resources/Seed weight (1)

This model has been useful to support the stabilising
selection theory for seed weight, which establishes that
there is an optimum seed weight that maximises parental
fitness (Smith & Freztwell, 1974; Sadras, 2007). Later
developments highlighted that plant-to-plant variations
in available resources because of the genotype or the
environment can result in negative, neutral or positive
relationships between seed number and weight of
individual plants (Venable, 1992).

Because interspecific relationships between seed num-
ber and weight are usually negative (Venable, 1992;
Turnbull etal.,, 1999), and species variations in seed
weight are mostly related to variations in the rate of
seed growth during rapid seed filling (Egli, 1981), it
can be hypothesised that species differences in resource
distribution to produce seeds or potential seed weight
explains the trade-off relationships among both yield
components. Current knowledge on phloem unloading
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and transport events from sources (leaves) to sinks (seeds)
indicates that changes in assimilate production at the
source directly affect assimilate availability to developing
sinks by changing the pressure difference that governs
photoassimilate movement (Patrick, 1997). Hence, differ-
ences in plant growth per seed (measured as aboveground
plant biomass increase per seed) during the seed set period
imply differences in the amount of assimilates available
for developing seeds (Gambin ef al., 2006, 2008), when
the potential storage capacity is being established (Ney
etal., 1993; Calderini et al., 2001; Yang et al., 2009). This
provides a basis for inter- and intraspecific studies in
resource distribution between more or larger seed (num-
ber versus weight).

In the present article, we tested the hypothesis that
each species allocates resources available during the seed
set period proportionally to more seed or larger individual
potential seed weight. Based on this, species differences in
seed weight should be related to resource availability per
seed around the period when seed number is determined,
when the potential seed weight is also being established. It
is during this period when the trade-off between number
and weight is resolved. Resource availability per seed
was estimated as canopy aboveground biomass growth
rate per established seed around the seed set period. For
this, we did a literature review comparing 15 crop species
that varied in canopy growth, seed number and individual
seed weight. Because species differed in seed composition,
seed dry weight was standardised and analysed as mg of
equivalent-glucose per seed.

Materials and methods

We searched the Scopus database for titles, abstract or
keywords containing the terms ‘yield’, ‘seed number’,
‘grain number’, ‘seed weight” or ‘grain weight” and
‘biomass’ or ‘crop growth’ for different crop species.
Table 1 describes, for 15 species, the published articles
considered in the analysis. For a particular species,
found articles reporting data of seed number, seed
weight and crop biomass growth around the seed
determination period were included. In order to explore
the expected variability for each trait, studies from
different environments (which provided variation in
light, temperature, soils, etc.) and involving different
treatments (e.g. genotypes, years, sowing dates) were
incorporated. This was limited, however, by the number
of articles found for most species. Within each article,
only data from control treatments were used. We were
interested in testing how crop species distribute their
resources between the two yield components (seed
number and individual seed weight) under potential
growing conditions at specific environments. For this
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reason, data involving manipulative treatments aiming
to modify seed number or individual seed weight were
excluded from the analysis. In addition, data obtained
under stressful conditions (e.g. water or nutritional stress)
during specific crop developmental stages were excluded.

The period determining seed number for each species
is shown in Table 1, and averaged approximately
30 days for most species. This period was considered
from approximately anthesis —20 days to anthesis
+ 10 days for wheat (Fischer, 1975), 15 days bracketing
of anthesis for maize (Early etal., 1967, Andrade
etal., 1999), from approximately anthesis —20 days to
anthesis for sorghum (Pepper & Prine, 1972), from
growth stages R3 to R5.5-R6 for soybean (Jiang
& Egli, 1993), from anthesis —30 days to anthesis
+ 20 days for sunflower (Cantagallo efal., 1997), from
approximately anthesis —30 days to anthesis for triticale
(Estrada-Campuzano etal., 2008), from approximately
anthesis —30 days to anthesis for barley (Arisnabarreta
& Miralles, 2008), from the beginning of flowering to
the final stage of seed abortion for pea (Poggio etal.,
2005), from approximately anthesis —15 days to anthesis
+15 days for rice (Takai et al., 2006), from R3 to R6.5 for
peanut (Haro et al., 2007) and from beginning to end of
flowering for quinoa (Bertero & Ruiz, 2008). Finally, for
fava bean and lentil, we assumed the period to be similar
to soybean, that is from the beginning of flowering to
the pod stage for faba bean, and from anthesis to the
pod stage for lentil (Table 1). For rape, the period was
assumed to be that of flowering. For cowpea, available
articles (Turk & Hall, 1980; Turk et al., 1980) suggested
seed number determination period could be calculated
from the end of the vegetative stage until the end of
flowering (Table 1).

When crop growth rate around the seed set period was
not directly available, it was calculated using the reported
plant biomass data at the different developmental stages
and the number of days between samples. Seed number
per unit area was calculated as the quotient between final
yield per unit area and individual seed weight in the
cases where seed number was not directly reported. All
data available on a plant basis were transformed to an
area basis using the reported stand density. Resource
availability per seed during the seed set period was
calculated as the quotient between the crop growth rate
around this period and the established seed number per
unit land area (mg/day seed™!).

Total number of data points obtained from each
individual article depended on the particular treatment
combinations (see Table 1). For example, an article
having three genotypes in one growing season meant
a total of three data points (e.g. lentil; Table 1), or
another article having four genotypes growing at two

Ann Appl Biol 156 (2010) 91-102 © 2009 The Authors
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stand densities during two experimental years gave a
total of 16 data points (e.g. quinoa; Table 1). However,
inconsistencies between the number of data points
and treatments can be found for cowpea, maize, rape,
sorghum and soybean. This is because we detailed
all considered treatments (e.g. number of genotypes,
years, sowing dates, planting densities) independently
of any further data averaging performed by authors. For
example, for cowpea, Turk & Hall (1980) and Turk et al.
(1980) analysed seed number and seed weight for two
genotypes, but they reported averaged data for total crop
dry matter. For this reason, there was only one data point
for this species. Further detailed information for each
species is indicated in Table 1.

Because species differ in seed composition, seed
dry weight was assessed using an energy requirement
approach (mg equivalent-glucose seed~!). This was
carried out following the estimates used by Sinclair &
de Wit (1975). Knowing the relative composition of
seeds and conversion coefficients (one unit of glucose
can produce 0.83 units of carbohydrates, 0.40 units
of proteins or 0.33 units of lipids), they tabulated a
conversion coefficient for the production of the whole
seed from glucose for each species. Based on comparable
seed composition, triticale was assumed to have a similar
energy requirement to wheat, and quinoa was assumed
to have a similar energy requirement to oat (Avena sativa)
(Néajera, 1992; Tohver et al., 2005).

Linear and nonlinear models were fitted to the
parameters under study, using the iterative optimisation
technique of Table Curve V 3.0 (Jandel Scientific, 1991).
We used an allometric nonlinear model to describe the
relationship between seed number and final seed weight.
To assess the strength of linear relationships, Pearson’s
correlation coefficient (r) was calculated and tested for
significance using an F-test.

Results

The species analysed showed large variations in both
harvested seed number and individual seed weight. Seed
number varied from 844 + 58 (peanut) to 104 157 £
11849 (quinoa) harvested seeds m~2, and seed weight
from 3.4 £ 0.1 (quinoa) to 1065 + 48 (peanut) mg
equivalent-glucose seed™! (2.4 4 0.1 and 458 21 mgdry
weight seed~! for quinoa and peanut, respectively). Both
yield components varied by three orders of magnitude
across crop species.

There was a significant nonlinear negative correlation
(r=0.92; F(1,13) =32.9; n=15; P < 0.001) between
seed number and seed weight when all species were
considered, showing that the species producing the
smallest individual seeds at maturity were those with
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Figure 1 Relationship between individual seed weight (in glucose requirements) and harvested seed number per unit land area for 15 crop species. Each
symbol represents the species average of all available data (see Table 1 for details on each species). Dotted curves show three different seed number
and weight combinations for similar harvest yields (200, 700 and 1200 g equivalent-glucose m~2). The solid curve shows the nonlinear model fitted to the

data. Bars indicate the SE of the mean.

the most seeds (Fig. 1). This general relationship was
clear when contrasting species were analysed, but the
association between seed number and weight was not
always negative when specific species are considered
(e.g. maize had a greater number of seeds of larger
weight than soybean; and lentil had fewer seeds of
smaller weight than wheat). The adjusted curvilinear
relationship between number and weight was close
to the 700 g equivalent-glucose m~2 yield curve, but
the range covered the yield curve of 200 (fava bean,
pea and lentil) and 1200 g equivalent-glucose m~2
(maize, sunflower, sorghum and rice) (Fig. 1). Final yield

96

(g equivalent-glucose m~2) showed no association with
either of the two yield components.

Crop growth rate during the period of seed set varied
from 2.9 & 0.5 (lentil) to 31.9 & 1.2 (maize) gm~—2 day~!.
Interspecific variations in seed number showed no clear
relationship with the crop growth rate during the period
(Fig. 2a). The same result was apparent for seed weight;
there was no correlation between the crop growth rate
around the seed set period and the seed weight when all
species were analysed together (Fig. 2b). However, there
was a significant, positive linear relationship between
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areaand (b) the individual seed weight (in glucose requirements). Each symbol represents the species average of all available data (see Table 1 for details

on each species). Bars indicate the SE of the mean.

the crop yield (g equivalent-glucose m~2) and the crop
growth rate around the period when seed number was
determined (r = 0.88; F(1,13) = 46.1; n = 15; P < 0.01),
where the species with the greatest crop growth rates
(maize and sorghum) were the species with the largest
yields. This correlation was also significant when crop
yield (gm~2) was analysed on a dry weight basis and
uncorrected for seed energy requirements (r = 0.90;
F(1,13) = 52.9; n = 15; P < 0.01).

We hypothesised that each species allocates resources
available during the seed set period proportionally to
more seed or larger individual potential seed weight.

Ann Appl Biol 156 (2010) 91-102 © 2009 The Authors
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Based on this, interspecific variations in seed weight
could be predicted by differences in the availability of
resources per established seed during the period of seed
set, when the trade-off between seed number and weight
is resolved. There was a significant correlation (r = 0.90;
F(1,13) =52.9; n=15; P <0.001) between the crop
growth rate per seed around the period of seed set and
the final seed weight (Fig. 3). This relationship was highly
significant even when seed weight was uncorrected by
energy requirements (r = 0.97; F(1,13) =196; n=15;
P < 0.001), or when the two biggest seeds (fava bean
and peanut) were excluded from the analysis (r = 0.96;
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Figure 3 Relationship between the crop growth rate per seed during the seed number determination period and the individual seed weight (in glucose
requirements). The crop growth rate per seed was calculated as the quotient between the rate of aboveground biomass gain per day during the period
of seed number determination and the harvested seed number per unit land area. Each symbol represents the species average of all available data (see
Table 1 for details on each species). The solid line shows the linear model fitted to the data. Bars indicate the SE of the mean.

F(1,11) = 127; n=13; P < 0.001). The species showing
the smallest seeds at maturity and the largest num-
ber of seeds were also the ones with the slowest crop
growth rates per individual seed during seed establish-
ment, and the species with the largest seeds and the
fewest seeds were those with the highest resources per
seed during the period when seed number was deter-
mined. Also, species showing a higher crop growth rate
per seed during this period because of differences in
crop growth rate and not in seed number (e.g. maize

98

versus lentil) were correlated with higher seed weights as
well.

Discussion

Available resources during the seed set period are either
allocated to produce many small seeds or few larger
seeds depending on the particular species. A trade-off
between seed number and weight was clear when
contrasting species were compared, but was less evident
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when specific species were analysed (e.g. maize versus
soybean; lentil versus wheat; Fig. 1). Differences in seed
weight across species could be easily analysed in terms
of resources available per established seed during the
seed set period, when the potential seed weight is also
being established (Fig. 3). As hypothesised, the trade-off
between seed number and weight was resolved around
this crop developmental stage.

We have demonstrated that the Smith & Fretwell
(1974) model applies for comparing how crop species
establish their yield components when this analysis
is carried out during the period when seed number
is determined. This interspecific analysis adds to and
supports recent considerations of Sadras (2007) when
applying the same model for studying intraspecific seed
number and weight trade-off relationships in crop species.
The tight dependence of both seed number and weight
to the available resources around a specific period during
crop development has important productive implications.
As species allocate available resources into one yield
component or the other, improved plant growth during
the seed number determination period is needed to
enhance total sink capacity either by a higher seed
number or a higher seed weight.

The Smith & Fretwell (1974) model establishes that
seed number adjusts in response to genetic variation
in seed weight. In their framework, seed weight is
more genetically controlled and less plastic than seed
number in response to changes in availability of resources
during the period when both yield components are being
established. Previous studies have shown seed weight
to be highly heritable, much more than seed number
(see Sadras, 2007, and references therein). Here we have
shown how to document the intrinsic genetic variation
in seed weight across species using models describing the
determination of seed number (Smith & Fretwell, 1974;
Sadras, 2007).

Recent evidence supports the concept that seed weight
plays an important role in modulating seed numbers
(Sadras, 2007; Sadras & Egli, 2008). In this context, the
implication behind the interspecific relationship shown
in Fig. 3 needs further study. It was not demonstrated
whether seed number responds to changes in plant
growth because of a pre-established seed weight (as
hypothesised by Sadras, 2007) or if potential seed weight
is dependent upon the resource distribution among devel-
oping florets from early in development. It is expected,
however, that both mechanisms are active to some
degree; each specific genotype has a pre-established lower
and upper limit for potential seed weight that are genet-
ically determined, and the particular potential set in any
given environment depends on the available resources
per established seed during the seed set period. In both
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cases, this means an assimilate anticipation for grain
filling, which might contribute to the optimum bal-
ance between offspring number and weight enhancing
parental fitness.

The presented simple approach could be used for
understanding and predicting other inter- and intraspe-
cific relationships between these yield components
because of the genotype or the environment. When the
approach was proposed for understanding intraspecific
relationships between seed number and weight in maize
(Gambin et al., 2006, 2008) a similar pattern was evident:
the relationship between plant growth rate around the
seed set period and seed number helped explain changes
in seed weight. This indicates that the same concepts
could be applied for analysing intraspecific relationships
in any crop species.

In summary, interspecific relationships between yield
components (seed number and final seed weight) can be
analysed considering available resources when plants are
adjusting their seed number to the growth environment
and seeds are establishing their storage capacity. Analysed
species showed a similar efficiency in allocating resources
into one or the other yield component. Total resources
available around the seed set period are proportionally
allocated to produce either many small seeds or few
larger individual seeds depending on the particular
species.
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