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The number of pods per plant and the number of seeds per pod are the most variable yield components
in winter oilseed rape (WOSR). Both the number of ovules per pod and the potential for the ovule to
develop into a mature seed may depend on pod position in the plant architecture and time of appear-
ance. The complex developmental pattern of WOSR makes it difficult to analyse. The objectives of this
study were to investigate the variability of the following yield components (a) ovules/pod, (b) seeds/pod,
and (c) pods/axis in relation to two explanatory variables. These two variables include (1) flower and
inflorescence position and (2) time of pod appearance, linked to the effect of assimilate availability.

Field experiments were conducted with the variety Mendel. Different trophic states were created by
clipping the main stem or ramifications. The number and position of flowers that bloomed within the
inflorescence were recorded based on observations every two to three days throughout the flowering
season.

On the control plants, for the main stem we observed that the number of ovules per pod decreased
for a few ranks and then tended to increase and again to decrease at the end. On ramification R1 and
R4, the number of ovules increased at first, and then remained constant with the pod rank. Furthermore,
the number of ovules per pod remained constant along the inflorescence on the other ramifications and
increased with ramifications from top to bottom. The number of seeds per pod did not vary with the
pod rank at the basal positions on inflorescences and decreased afterwards along the inflorescence. The
clipping of the main stem or ramifications increased the number of ovules per pod, seeds per pod and
pods per axis. The number of ovules and seeds per pod did not vary with the time of pod appearance for
the pods located at normalised rank 0.01-0.1. However, the number of ovules and seeds per pod can be
impacted by the time of pod appearance on the plant scale. Thus, our results indicate that the amount
of available assimilates was the primary determinant of pod and seed production during the flowering
period. The distribution of resources was significantly affected by both the positions of pods within an
inflorescence and the position of inflorescences within a plant.
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1. Introduction

Seed yield of oilseed rape is determined by several variables,
including plant density, number of pods per plant, number of
seeds per pod and individual seed weight (Diepenbrock, 2000).
Large variations exist in the yield components of oilseed rape
(Ozer et al.,, 1999; Malagoli et al., 2004; Tuncturk and Ciftci, 2007)
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among varieties and between plants of the same variety grown in
the same field.

Winter oilseed rape (WOSR) has a complex developmental pat-
tern. The inflorescences initiate acropetally but expand basipetally,
and the flowers bloom acropetally along the inflorescence (Tittonel,
1990). The flowering ceases at approximately the same time on
all inflorescences (Keiller and Morgan, 1988). Hence, this “double
sense” gradient induces large differences in age and position of
pods within the inflorescence/plant and thus in the pods’ access
to assimilates during their development (Tayo and Morgan, 1975).

The variation in number of pods and seeds highly depends on
their access to assimilates (Lee and Bazzaz, 1982; Bawa and Webb,
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1984; Arathi et al., 1996, 1999). Tayo and Morgan (1979) have stud-
ied the impact of shading or leaf removal on the number of pods on
the terminal inflorescence. They concluded that irrespective of the
developmental stages over which shading took place, reductions in
the number of pods occurred on the terminal inflorescences. The
number of pods per plant was significantly reduced when the shad-
ing was applied at anthesis, although the reduction in the number
of pods was partially compensated by an increase in the number
of seeds per pod in the basal pods. Leaf removal treatments led
to more severe reductions in the number of pods, pod yield and
seed yield than the shading treatments. Furthermore, Pechan and
Morgan (1985) found that defoliation on the terminal inflorescence
at anthesis causes a significant reduction in the weight of pods per
plant as aresult of reducing the weight of the individual pods. These
studies suggest that the supply of assimilates to the inflorescences
from anthesis onwards is an important factor that contributes to
the yield components in WOSR.

The assimilate availability for one organ depends both on the
quantity of assimilates available at the whole plant level (Hocking
and Pate, 1977) and on the competition with the other demanding
organs (Harper et al., 1970; Robinson et al., 1980). These processes
are subject to different constraints.

Plant architecture has a strong effect on assimilate partitioning
among organs (Farrington and Pate, 1981). Flower position within
one inflorescence and inflorescence position within the overall
architecture of the plant are important factors affecting yield varia-
tion (Ellis and Sedgley, 1992; Brookes et al., 2010). However, within
one inflorescence, flowers and seeds located close to the source of
assimilates are more likely to survive (Nakamura, 1986; Thomson,
1989; Diggle, 1995; Guitian and Navarro, 1996; Medrano et al.,
2000). This phenomenon is observed in many species (Berry and
Calvo, 1991; Obeso, 1993). The number of reproductive structures
that depend on the available resources also affects the allocation of
assimilates between flowers or fruits located on different branches
(Stephenson, 1981; Keiller and Morgan, 1988).

The course of fruit development in flowering plants includes
periods of considerable overlap between growing fruits and seeds
among inflorescences. This pattern of intense reproductive growth
causes high demand within a short period of time. Thus, the
timing of organ initiation and development regulates the parti-
tioning of assimilates in the plant. Furthermore, senescence of the
leaves during pod development decreases the assimilate supply,
which controls the overlap in the growth of competing sinks and
the relation between the photosynthetic source and sink (Bustan
et al.,, 1995). As a result, early developed fruits and seeds receive
more resources than those that develop later (Stephenson, 1980;
Thomson, 1989; Guitian and Navarro, 1996).

In addition, pollination limitation could also lead to a variation
in pods and seeds (Brunet and Charlesworth, 1995; Brookes et al.,
2010). The magnitude of pollen limitation varies among flowers
within an inflorescence, among inflorescences within a plant, and
among plants within a season (Knight et al., 2005). The failure of
seed production may be caused by either reduced pollen production
or poor pollen quality (Berjano et al., 2006). However, we mainly
focus on the factor of assimilate availability in this paper.

Based on the factors of variation discussed above, we analysed
the yield elaboration in WOSR on both the pod scale and the whole
plant scale, according to the position and time of pod development.
Yield elaboration on the pod scale depends on the number of ovules.
Fertilisation then influences the number of seeds per pod. Once
the number of seeds is set, assimilate accumulation in the seed
can lead to an increase in seed weight. At each stage, competition
for assimilates results in a reduction in either the number or the
weight of the organs. Thus, it is important to study the variations
in yield components and the relationship between their variability
and assimilate availability.

In this article, we studied the variability in the number of pods,
ovules and seeds per pod within the plant architecture of WOSR.
To investigate the effect of assimilate availability on these vari-
ables, we conducted field experiments in which some plant axes
were clipped to induce a change in the demand of assimilates at
the pod and axis levels. The number of pods, ovules and seeds per
pod within the plant architecture were compared to the control
plants. Our aim was to determine how pod positions in plant archi-
tecture, linked to local (or architectural) effects, and the time of
pod appearance, influence the number of ovules and seeds per pod.
The time of pod appearance is characteristic of plant ontogeny and
potentially global resource availability (Mathieu et al., 2009).

2. Materials and methods
2.1. Plant material

WOSR is an annual plant with inflorescences of yellow flowers.
Seeds are sown in the autumn and before winter, the plant develops
arosette of 10-151leaves (Jullienetal.,2010). Stem extension begins
with the return of the growing season in the spring. Flowering
begins before stem extension has finished and continues for more
than one month. The number of ramifications is pre-determined
during the organ initiation early in the growth cycle in autumn.
The meristem produces leaves, which bears axillary buds that can
produce a ramification (Tittonel, 1990; Diepenbrock, 2000).

Flowering begins with the opening of the lowest bud on the
main stem and continues upward with three to five or more flowers
opening per day. Flowering at the base of the first secondary branch
begins two to three days after the first flower opens on the main
stem. Winter oilseed rape (Brassica napus L.) has entomophilous
flowers that are capable of both self- and cross-pollination. Becker
et al. (1992) found that depending on variety and weather, oilseed
rape exhibits approximately 30% out-crossing. Insect mediated
cross-pollination may be of only secondary importance for oilseed
rape (Mesquida et al., 1988). The variety Mendel is self-compatible
and mainly autogamous.

Following emergence of the leaves, internodes of the main stem
begin to elongate. The expansion of the ramification is delayed com-
pared to the main stem. Lateral inflorescences expand along the
main stem from the top to the bottom. Flower emergence starts
on the main inflorescence and develops basipetally to the lateral
inflorescences (Tittonel, 1990), causing the basal and oldest ramifi-
cations to bear the youngest inflorescences. Pods are set once all of
the leaves of the main stem have emerged. The first pods are initi-
ated on the main stem and then on the ramifications from apical to
basal. Within a ramification, pod setting remains acropetal (Jullien
etal.,, 2010).

The inflorescences were numbered from top to bottom along
the main stem. Thus the main stem is number RO and the highest
ramification is number R1. Flowers and pods on each inflorescence
were recorded by their rank number starting from the base of the
inflorescence (Fig. 1). On an inflorescence, pod number 1 is closest
to the leaves and the main stem. The pods were gathered five by five
to analyse the effect of pod rank on the number of ovules and seeds
per pod. Because the length of inflorescences is different between
plants, pod ranks were normalised for each inflorescence by divid-
ing by the maximum rank on the inflorescence. This approach
allows the conversion of the ranks of all of the inflorescences into
arange between 0 and 1.

2.2. Experimental design and growing conditions

Field experiments were conducted in Grignon (Yvelines, France,
48.9°N, 1.9°E) at the National Institute for Agricultural Research
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Fig. 1. Schematic diagram of winter oilseed rape. Plant development: the inflores-
cences initiate acropetally but expand basipetally. Flowering starts on the main stem
(RO) and is followed by lateral inflorescences from top to bottom (basipetal). Inflo-
rescence development: flowering and pod setting on the inflorescence occur from
bottom to top (acropetal).

(INRA) during the growing seasons of 2008-2009. Seeds were sown
on September 9th, 2008 at a density of 50 seeds per m?. The exper-
imental variety was Mendel. Plots were twenty rows, 0.30 m apart
and 30 m long, and the plots were kept free of weeds, insects and
diseases. The plants were harvested at the beginning of July.

2.3. Treatments and sampling

The demand of assimilates can be changed by clipping inflores-
cences. Thus, clipping treatments were conducted to investigate
the effect of the competition for assimilates between inflorescences
and at the plant level. Because the plants grow in the same field,
we did not consider the difference in pollination conditions.

A total of 20 Mendel variety plants were randomly selected
on the basis of similarity of their developmental stages in the
field. Two treatments were administered: clipping ramifications
(Treatment R-) or clipping the main stem (Treatment M-). Clipping
was performed approximately in the 20th pod rank on the main
stem. Ramifications were clipped when they emerged. The plants
selected for the continuous observations were used as the control
plants for the Mendel variety (Treatment CK). All of the treatments
are shown in Table 1.

2.4. Measurements

2.4.1. Continuous observations

The plants on the field experimental site started to flower in
mid-April, and the flowering season continued until mid-May. To
investigate the effect of the position and appearance time of pods
on the number of ovules and seeds per pod on the main stem and
ramifications, 18 Mendel plants were randomly marked in mid-

Table 1

April, just before the flowering season. When the plants began to
bloom, the numbers and positions of flowers that bloomed within
inflorescences were recorded every two to three days throughout
the flowering season from April 16th to May 18th. The positions
and the times of appearance of the flowers and pods were recorded
from the main stem (RO) and from the ramifications (R1, R4, R7, R9
and R11, see Fig. 1). Statistical analyses indicate that pod rank had
no impact on the number of ovules (ANOVA, F=1.5, df=9, P>0.1)
and seeds (ANOVA, F=1.9, df=9, P>0.05) for the pods located at
normalised rank 0.01-0.1 of each inflorescence. Thus, to exclude
the effect of pod rank, these pods were selected to analyse the effect
of time of appearance.

2.4.2. Destructive measurements

Measurements began in mid-June when all of the flowers had
developed into pods to ensure that the number of seeds and ovules
could be measured in all of the pods of the inflorescences. For each
plant, the number of pods per inflorescence and the number of
seeds and aborted seeds per pod were carefully recorded according
to the position of the pod (number of inflorescence and rank on the
inflorescence). The number of ovules per pod was calculated as the
sum of undeveloped ovules, aborted seeds and mature seeds per
pod.

2.5. Statistical analysis

All statistical computations were conducted using R 2.11.1
(Copyright (C) 2010 the R Foundation for Statistical Computing).

2.5.1. Segmented regression

Segmented regression is a method of regression analysis in
which the independent variable is partitioned into intervals and
a separate line segment is fit to each interval. The boundaries
between the segments are breakpoints. Segmented regression is
regression analysis in which changes in the mean outcome levels
and trends before and after an intervention are estimated (Wagner
et al., 2002).

In our study, segmented regression was used to estimate the
change in trend in pod rank before and after a breakpoint and
the difference between the control and clipped plants. We created
several variables to analyse the effect of pod rank and clipping treat-
ment. A created variable is an artificial variable created to represent
an attribute with two or more distinct levels.

Our experimental data showed that there are three segments
on the main stem, and two segments on ramifications. Therefore,
segmented regression with one or two breakpoints was used for
ramifications and the main stem, respectively.

2.5.1.1. Segmented regression with one breakpoint. Segmented lin-
ear regression with two segments separated by a breakpoint can
be useful to quantify an abrupt change in the response function (Y)
of a varying influential factor (X).

Y=b0+b1X+b2T+€t (1)

Xis the variable of pod rank; Tis a created variable for before or after
the breakpoint. T is coded 0 before the breakpoint and continuous

Description of clipping treatments for the variety Mendel. R- denotes the treatment of clipping all of the ramifications; M- denotes the treatment of clipping the main stem
and keeping all of the ramifications; CK denotes the control plants (no treatment). The ‘+’ and the ‘~’ represent keeping or removing main stem, respectively.

Variety Treatments Main stem Ramifications Sample size (number of plants)
Mendel R- + - 10

M- - + 10

CK + + 18
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starting at 1 after the breakpoint; e; is the random variation at rank
X not explained by the model.

by is the intercept of the line, by is the slope before the break-
point and b, is the change in the slope before and after the
breakpoint (difference in the slopes of two segments).

2.5.1.2. Segmented regression with two breakpoints.
Y =bo + b1X + boTA + b3TB (2)

X is pod rank from baseline; TA is a created variable for the first
segment coded O before 1st breakpoint and starts at 1 after the
breakpoint; TB is a created variable for the second segment coded
0 before 2nd breakpoint and starts at 1 after the 2nd breakpoint.
by is the value of dependent variable at baseline; b is the trend
prior to the 1st breakpoint; b, is the change in trend after the 1st
breakpoint; b3 is the change in trend after the 2nd breakpoint.

2.5.1.3. Segmented regression between two groups with one break-
point. A dummy variable is incorporated for group to analyse the
change in slope after the breakpoint and between the control and
clipped group.

Y:bo+b]X+b2T+b3G+b3GX+b5(;T (3)

G is a created variable for groups, coded O for control plants and
1 for clipped plants; GX is a created variable for the control plants
coded 0 before 1st breakpoint and starts at 1 after the breakpoint;
GTis a created variable for the clipped plants coded 0 before the 1st
breakpoint and starts at 1 after the breakpoint.

by is the value of dependent variable at baseline; b is the trend
before the breakpoint; b, is the change in trend after the break-
point; b3 is the difference between the groups; by is the difference
between the groups in change in trend before the breakpoint; bs
is the difference between the groups in change in trend after the
breakpoint.

The t-test is used to test the significance of the individual coeffi-
cients in the equation. For example, if we are testing Hy: b; =0 and
Ha: b; # 0, then we consider the P-values to determine whether to
reject or accept Hy. If the P-value is less than 0.05, then we reject
Hp. The null being tested by this test is b; =0, which indicates that
this variable is not related to Y.

2.5.2. Analysis of variance and the Tukey’s HSD test

Analysis of variance (ANOVA) was performed to test the effect
of ramification number on the number of ovules per pod, seeds per
pod, total pods per axis and seeds per axis. Tukey’s HSD (Honestly
Significant Differences) multiple comparison tests were used when
significant effects were encountered to determine which means
were significantly different from one another.

Furthermore, the Kruskal-Wallis rank sum test was used to test
the difference in the distributions of ovules and seeds per pod with
times of pod appearance.

The F-test and Student’s t-test were applied to evaluate the dif-
ferences in the mean numbers of ovules, seeds per pod and pods per
axis between control and clipped plants (Steel and Torrie, 1980).

3. Results
3.1. Number of ovules per pod

3.1.1. Effect of pod position and clipping treatments on the main
stem

3.1.1.1. Effect of pod ranks. The segmented regression demon-
strated that the number of ovules per pod differed significantly
with the pod rank on the main stem in the control plants (coef-
ficient by in Eq. (2), t=-2.2, P=0.04), but not in the clipped plants

(coefficient b; inEq. (2),t=—1.6, P=0.13). The number of ovules per
pod fluctuated along the main stem and decreased for a few ranks
followed by a tendency to increase and then to decrease at the end
of the stem.

3.1.1.2. Effect of clipping ramifications. Significant changes were
present in trend (slope) before and after the 1st breakpoint (coeffi-
cient b, in Eq. (2), 0.19 £ 0.04 for CK, t=2.9, P<0.05 and 0.15 + 0.09
for R-, t=2.3, P<0.05) and 2nd breakpoint (coefficient b3 in Eq.
(2), 0.85+£0.06 for CK, t=-4.5, P<0.001 and 0.81+0.06 for R-,
t=-2.5, P<0.05) in the control and clipped plants, as shown in
Fig. 2.

The number of ovules per pod was significantly different in the
second segment between the control and clipped plants (coefficient
bz in Eq. (3), t=3.7, P<0.001), but not in the first and third seg-
ments. Because the 1st breakpoint was the location where clipping
ramifications were performed, the result indicated that clipping
ramifications did have an instant influence on the number of ovules
per pod on the main stem.

The mean numbers of ovules on the main stem were larger in
the clipped plants thanin the control plants (t-test, t= —7.4,df =379,
P<0.001). The total mean number of ovules per axis increased rang-
ing from 1340 £ 334 (mean & SD) to 1876 455 (mean & SD) in the
control and clipped plants, respectively.

3.1.2. Effect of pod position and clipping treatments between
inflorescences

3.1.2.1. Effect of pod ranks. Segmented regression indicated that
the number of ovules per pod varied with the pod rank on ramifi-
cations R1 (coefficient by in Eq. (1), t=3.4, P<0.01) and R4 (t=4.6,
P<0.001) in the control plants, but not in the clipped plants (coef-
ficient by in Eq. (1), t=-0.6, P=0.58 for R1 and t=-0.3, P=0.8 for
R4, respectively). The number of ovules per pod did not vary with
the pod rank on ramifications R7, R9 and R11 (coefficient by in Eq.
(1), P>0.1 for each ramification).

3.1.2.2. Effectofclipping the main stem. Significant differences were
present in trend observed for the number of ovules per pod after
the breakpoint in the control plants on ramifications R1 (coefficient
b, in Eq. (1), t=—4.1, P<0.001) and R4 (t=-3.0, P<0.05), but not
in the clipped plants (coefficient b, in Eq. (1), t=1.6, P=0.14 for
R1 and t=0.5, P=0.66 for R4). The number of ovules per pod was
somewhat small before the breakpoint, and then increased after
the breakpoint for ramifications R1 and R4 (Fig. 2). However, seg-
mented regression for ramifications R7, R9 and R11 indicated that
there were no significant changes in the trend after the breakpoint
in the control and clipped plants (coefficient by in Eq. (1), P>0.01
for ramifications R7, R9 and R11).

The mean number of ovules per pod was significantly higher in
the clipped plants than in the control plants for the ramifications
R1, R4, R7, R9 and R11 (Fig. 3, coefficient b3 in Eq. (3), P<0.001 for
each ramification).

The measurements of the control plants (Treatment CK) sug-
gested that the mean number of ovules per pod increased from RO
to R11 (30.8-33.8) between the ramifications from top to bottom
(Tukey’s HSD comparison test, P<0.001, df=5, F=10.7, Table 2, CK).

3.1.3. Time of pod appearance

Along an inflorescence axis, pods appear acropetally, pods with
higher ranks appear after pods with lower ranks. Furthermore, ram-
ifications grow basipetally (from the top to the bottom along the
main stem). A high correlation exists between pod position and
time of appearance for each ramification (correlation coefficient is
equal to 1 for each inflorescence on each plant).

The mean number of ovules per pod for the pods located at ran-
domized rank 0.01-0.1 did not differ significantly according to the
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Fig. 2. Mean number of ovules per pod along the inflorescence on the main stem RO and the ramifications R1, R4, R7,R9 and R11 (variety: Mendel). Dots and circles represent
mean number of ovules per pod for the control (CK) and clipped (R-) plants, respectively. Vertical bars represent standard deviations. Fit lines using segmented regression

are shown.

time of pod appearance for inflorescences RO, R1,R4,R7,R9 and R11
(ANOVA, F<1, P>0.1 for each ramification). Therefore, the time of
pod appearance had no influence on the number of ovules per pod
for these pods.

The distributions of the number of ovules per pod tended
to shift towards greater values with the time of pod appear-
ance on the inflorescences RO, R1 and R4 (Kruskal-Wallis
rank sum test, RO: x2=88.5, df=8, P<0.001; R1: x2=43.6,
df=6, P<0.001 and R4: x?=2509, df=5, P<0.001). How-
ever, it had no significant difference on ramifications R7, R9
and R11 (Kruskal-Wallis rank sum test, R7: x%=7.9, df=6,
P=0.25; R9: x2=3.9, df=5, P=0.56; R11: x2=9.2, df=6, P=0.17)
(Fig. 4A).

Table 2

3.2. Number of seeds per pod

3.2.1. Effect of pod position and clipping treatments on the main
stem

3.2.1.1. Effect of pod ranks. The segmented regression demon-
strated that the number of seeds per pod remained constant before
the 2nd breakpoint (0.77 & 0.04, coefficient by in Eq. (1), t=—-1.2,
P>0.1) and decreased significantly after that point with rank on
the main stem in the control plants (coefficient by in Eq. (1), Fig. 3,
RO, t=-2.8,P<0.05). However, the number of seeds per pod did not
show a significant difference before and after the 2nd breakpoint
(0.6 £0.04, coefficient b; in Eq. (1), t=-0.5, P=0.64) with the pod
rank in the clipped plants.

Effect of clipping main stem treatment (M-) on the number of ovules and seeds per pod on ramifications RO, R1, R4, R7, R9 and R11 compared to the clipped plants (CK).
Values are mean + SD. Values with different superscripts (within a column) differ significantly using the Tukey’s HSD test at P<0.05.

No. ramification

Mean number of ovules per pod 4+ SD

Mean number of seeds per pod & SD

CK M- CK M-
RO 30.9+2.72 24.2+6.8"
R1 30.7+2.6% 33.1+24° 22.4+7.12 26.0+ 7.6
R4 31.6+2.5P 33.7+2.72 21.4+8.12 27.3+6.7%0
R7 33,1425 35.2+3.1° 21.7+9.22 24.3+9.2P
R9 33.442.20¢ 35.0+3.0° 21.0+9.8? 23.8+8.85¢
R11 33.8+2.7% 35.0+2.7° 24.4+8.8° 21.7+£9.0¢
df 5 4 5 4
F 10.7 11.7 89.8 239
Pvalue
CK vs. M- df=1, F=32.7, P<0.001 df=1, F=672.7, P<0.001

" P<0.001.
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Fig. 3. Comparison of the mean number of seeds per pod on the main stem RO and the ramifications R1, R4, R7, R9 and R11 (variety: Mendel). Triangles and empty triangles
represent the number of seeds per pod for the control (CK) and clipped main stem (M-) plants, respectively. Vertical bars represent standard deviations. Fit lines using

segmented regression are shown.

3.2.1.2. Effect of clipping ramifications. Segmented regression indi-
cated that no significant changes in trend (slope) existed before
and after the 1st breakpoint on the main stem in the control (coef-
ficient b, in Eq. (2), 0.124+0.05, t=1.1, P=0.29) and clipped plants
(0.18 £0.07, t=0.9, P=0.39). However, the changes in trend before
and after the 2nd breakpoint were significant in the control (coeffi-
cient b3 in Eq. (2), t=—6.6, P<0.001) and clipped plants (coefficient
bs in Eq. (2), t=—4.1, P<0.05). Therefore, the change in the number
of seeds per pod in the distal pods was larger than in the basal pods.

Frequency

0.00 0.05 0.10 0.15 0.20 0.25

(A) Number of ovules per pod

This result indicated that the effect of clipping ramifications on the
number of seeds per pod depended on the position of pods within
the main stem.

The number of seeds per pod did differ significantly before and
after the 2nd breakpoint (coefficient b3 in Eq. (3), t=3.8, P<0.001),
but not for the 1st breakpoint (coefficient b3 in Eq. (2), t=-0.2,
P>0.1) between the control and clipped plants. Clipping ramifica-
tions did have a significant effect on the number of seeds per pod
(Fig. 3, RO).

0.15

— Apr-22

0.10

Frequency

0.05

0.00

(B) Number of seeds per pod

Fig. 4. Frequency distributions of the number of ovules per pod (A) and seeds per pod (B) on the main stem and ramifications for each measurement date (variety: Mendel).
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Table 3

Effect of clipping main stem treatment (M-) on the total number of pods per axis and seeds per axis on ramifications RO, R1, R4, R7, R9 and R11 for clipped plants and control
plants. Values are mean £ SD. Values with different superscripts (within a column) differ significantly using the Tukey’s HSD test at P<0.05.

No. ramification

Mean total number of seeds per axis & SD

Mean total number of pods per axis +SD

CK M- CK M-

RO 1062.3 +7032 439+11°
R1 475+29° 611+65 21.2+4.7° 23.9+53P
R4 471+42° 720+ 60 22.1+6.5° 26.7+5.4°
R7 543 +36° 735+66 25.1+5.9° 27.4+6.2°
R9 496+ 49° 713 +37 23.6+4.4° 30.0+6.9°
R11 633 +90° 766+ 128 26.0+8.1° 353+8.7¢
Total number per plant 4912+ 194 4927 £51 15042 144+ 4
df 5 4 5 4
F 233 0.69 233 3.24
P-value ns '
CK vs. M- df=1, F=26.9, P<0.001 df=1, F=16, P=0.0001

ns, not significant.
* P<0.05.
" P<0.001.

The mean numbers of seeds per axis were larger in the clipped
plants (t-test, t=2.9, df=386, P<0.05). An increase in the total
number of seeds per axis was present, ranging from 1054 + 282
(mean 4 SD) to 1568 4398 (mean £ SD) in the control and clipped
plants, respectively.

3.2.2. Effect of pod position and clipping treatments between
inflorescences

3.2.2.1. Effect of pod ranks. The mean number of seeds per pod
did not differ significantly in pods before breakpoints for each
ramification on the control plants (coefficient b; in Eq. (1), break-
point: R1: 0.6+0.04, t=-0.8, P=0.44; R4: 0.67+0.03, t=-1.9,
P=0.08; R7: 0.63+0.08, t=-0.9, P=0.4; R9: 0.24+0.17, t=-1.1,
P=0.2 and R11: 0.66+0.2, t=-1.7, P=0.12). However, significant
decreases were present in the number of seeds per pod with
rank after the breakpoints for each ramification in the control
plants (coefficient b, in Eq. (1), P<0.001 for each ramification).
The number of seeds per pod did not vary significantly with the
pod rank in the clipped plants (coefficient b, in Eq. (1), P>0.1
for each ramification). The number of seeds per pod tended to
decline with higher pod rank, but the decline was more severe
along the inflorescence for ramifications R1, R4 and R7 (Fig. 3,
coefficient b, in Eq. (1), P<0.05 for each ramification). Further-
more, as shown in Fig. 3, a large variability was present in the
number of seeds per pod along the inflorescence on ramification
R11.

3.2.2.2. Effect of clipping the main stem. Clipping the main stem
did not significantly influence the number of seeds per pod before
breakpoints on ramifications R1, R7, R9 and R11 (coefficient b3 in
Eq. (3), P>0.1 for each ramification), but it had an impact on the
ramification R4 (coefficient bz in Eq. (3), t=3.6, P=0.001). The dif-
ferences in the number of seeds per pod were significant between
the control and clipped plants after breakpoints for ramifications
R1, R4, R7 and R9 (coefficient b3 in Eq. (3), P<0.001 for each ramifi-
cation). Thus, the results indicated that clipping the main stem had
a greater influence on the number of seeds per pod on the upper
ramifications than on the lower ramifications.

The mean number of seeds per pod on the main stem and on
ramification R11 was higher than on ramifications R1, R4, R7 and
R9 in the control plants. However, the mean number of seeds per
pod decreased with ramifications from top to bottom in the clipped
plants (Table 2).

The mean total number of seeds per ramification increased
(F=26.9,df=1,P<0.005, ANOVA, Table 3)in the clipped plants com-
pared to the control plants. However, the total number of seeds

per plant was not different (mean +SD, CK: 4912 + 194 and M-:
4927 £+ 51, t-test, t=—0.72, df=9, P=0.5).

3.2.3. Time of pod appearance

The mean number of seeds per pod for the pods located at ran-
domized rank 0.01-0.1 did not differ significantly according to the
time of pod appearance for inflorescences RO, R1,R4,R7,R9and R11
(ANOVA, F<1, P>0.1 for each ramification). Therefore, the time of
pod appearance had no influence on the number of seeds per pod
for the first pods.

The distributions of the number of seeds per pod showed a
statistically significant difference with the time of pod appear-
ance for inflorescences except R11 (Kruskal-Wallis rank sum
test, RO: x2=51.3, df=8, P<0.001; R1: x2=32.5, df=6, P<0.001;
R4: x2=27.1, df=5, P<0.001; R7: x2=34.7, df=6, P<0.001; R9:
x%2=43.1,df=5, P<0.001; R11: x2=4.9, df=6, P=0.55). At the end
of the flowering time, more pods with a small number of seeds were
present (Fig. 4B).

The number of aborted ovules corresponds to the difference
between the number of ovules and the number of seeds in a pod.
This number of aborted ovules was related to the number of flow-
ers per square meter in the field. The higher the number of flowers
in the field was, the smaller the number of aborted ovules per pod
(Fig. 5). The total number of aborted ovules was large at the begin-
ning then remained constant and increased with the time at the
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Fig. 6. Rate of pod abortion according to the normalised rank on inflorescences RO, R1, R4, R7, R9 and R11 (variety: Mendel).

end of flowering. Therefore, the time of pod appearance influences
the number of seeds per pod in pods appears earlier or later during
the flowering period.

3.3. Number of pods

3.3.1. Effect of pod ranks

The number of pods per inflorescence depends on the number
of developed pods and aborted pods, which can be described by
the ratio of the number of aborted pods to the total number of pods
at each pod rank (pod abortion). This ratio was large at the basal
position, then remained constant and increased with the pod rank
along the inflorescence (Fig. 6) in the control (CK) and clipped plants
(M-).

3.3.2. Effect of clipping treatment

The rate of pod abortion was not significantly different between
inflorescences in the control (F=1.65, df=5, P=0.15) and clipped
plants (F=0.6, df =4, P=0.66) (Fig. 6). Furthermore, the pod abor-
tion rate did not differ significantly between the control and clipped
plants (F=1.2, df=1, P=0.28). All pods aborted at the end of inflo-
rescence on the clipped plants.

Ramification clipping induced a significant increase in the num-
ber of pods on the main stem (¢t-test, t=-3.1,df=17, P<0.01), with
an average of 58 + 13 (mean 4 SD) pods in the plants with clipped
ramifications compared to 44 + 11 (mean & SD) pods in the control
plants.

Furthermore, the mean total number of pods per axis also
increased compared to the control plants (ANOVA, F=16, df=1,
P<0.0001, Table 2). The plants with clipped main stems had an
average increase of 5 pods for each ramification compared to
the control plants. However, the mean total number of pods per
plant was not significantly different (t-test, t=-0.12, d=8, P=0.3)
between the control (CK: 144 4+ 4 (mean + SD); RO, R1, R4, R7 and

Table 4

R11) and clipped plants (M-: 150+ 2 (mean £ SD); R1, R4, R7 and
R11, Table 3).

The mean total number of pods per axis was larger on the main
stem than on ramifications and did not differ significantly among
ramifications (Tukey’s HSD test, P<0.01, Table 3).

4. Discussion

In this study, WOSR plants varied in both intra-inflorescence
and inter-inflorescence yield components. Pod position and time
of pod appearance, related to assimilate availability, had effects on
yield components in varying degrees (Table 4). For any treatment,
the number of ovules and seeds per pod can be increased for each
axis. The implications of these results are considered below.

4.1. Pod position

Plant architecture plays an important role in the number of
ovules per pod, seeds per pod and pods per axis (Ortiz et al., 2009;
Brookes et al., 2010).

The number of ovules per pod differed between two axes. On
the main stem, the number of ovules per pod was large at the basal
positions followed by small numbers, then increased along the
inflorescence but decreased at the distal positions. Furthermore,
the number of ovules per pod was small at the beginning of ram-
ifications R1 and R4. This difference could be due to the complex
developmental patterns of inflorescences in WOSR. Ramifications
are initiated from the bottom to the top, however, the expansion
of ramifications occurs in the inverse order of their initiation and is
delayed compared to the main stem. The duration between ini-
tiation and expansion is longer for basal ramifications than for
upper ramifications. As a result, initiated pods on the basal ramifi-
cations have a longer developmental period, which could explain
the greater number of ovules per pod in the lower ramifications.

Variation of yield components of winter oilseed rape with different factors: R11 according to time of pod appearance.

Factors Number of ovules per pod Number of seeds per pod Number of pods per axis
Pod rank a b NA

Ramification position + + ns

Clipping ramifications (R-) + + +

Clipping main stem (M-) + + +

Time of pod appearance ns c ND

‘a’ represents first decrease, then increase and decrease again. ‘b’ represents first remain constant, and then decrease. ‘c’ represents the time of pod appearance had effect on
the number of seeds per pod. ‘+’ and ‘—’ represent ‘increase’ or ‘decrease’ with the factors, respectively. ‘ns’ represents not significant. ‘NA’ not appropriate. ‘ND’ no data to

analyse.
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The pod rank appeared to be the major determinant of the
number of seeds per pod within one inflorescence. The decreas-
ing pattern observed could be due to a limited access to assimilate
because they have been depleted or intercepted by more proxi-
mal pods along the stem (Stephenson, 1981; Lee, 1988; Brookes
et al,, 2010). This result indicates the importance of the pod posi-
tion because the farther the pod is from the leaves, the smaller
its number of seeds (Pate and Farrington, 1981). The interception
of assimilates by proximal pods could explain why the number of
seeds per pod in distal pods did not vary with the pod rank in the
clipped plants, as the competition for assimilates is assumed to be
lower for these plants.

The distribution of the number of seeds in the plant architecture
is more complex. The main stem had larger number of seeds per pod
than the ramifications, this might be due to the apical dominance
effects (Ruiz de Clavijo, 1995). Apical dominance is an inhibitory
influence exerted by the main stem on the development of axillary
inflorescences and is best demonstrated via main stem removal
(Cline, 1997). If the main stem is clipped, then apical dominance
is released and one or more of these lower lateral inflorescences
begins to grow out. This phenomenon can explain why the main
stem had more pods than the ramifications and why the main stem
had a slower decrease in the number of seeds per pod according to
the rank than the ramifications. Furthermore, the main stem flow-
ers earlier and has a competitive advantage over the ramifications
as the supply of assimilates is higher during main stem growth (Pate
and Farrington, 1981). Also, at the end of the flowering period, the
competition for assimilates increased as leaf area decreased, the
number of pods increased and the pod canopy created deep shade
(Mendham et al., 1981).

The clipping treatments induced significant variations in the
number of ovules, seeds and pods in the plants. The number of
ovules increased in pods that emerged immediately after the clip-
ping, regardless of which axis was clipped (main stem: M- or
ramifications: R-). Ramification clippings were performed approxi-
mately in the rank 20th on the main stem, and the number of ovules
and seeds per pod increased from normalised rank 0.2 compared to
the control plants. This variety appears to have a quick response to
the loss of organs, resulting in the fast production of new reproduc-
tive organs (Wright and Meagher, 2003). Furthermore, the number
of pods significantly increased on the main stem in the clipped
plants.

The effect of clipping treatments was also observed upon clip-
ping the main stem plants. The number of ovules per pod in
ramifications R1 and R4 did not vary with the pod rank in the
clipped plants. The number of ovules per pod was also larger in all
of the ramifications in the clipped plants compared to the control
plants. The number of seeds per pod did not decrease with higher
pod rank on the main stem and ramifications in the clipped plants.

The total number of seeds and pods per axis did not show any
significant difference between the control and clipped plants. We
can conclude that a full compensation of the yield loss might occur
for the clipped plants due to the potential for architectural develop-
ment that is not fully expressed in control conditions. Furthermore,
alarge variability on the ramification R11 in the control and clipped
plants was present, which could be due to assimilate availability.
Most of the pods in the plant stopped growing, so the competition
for assimilates should be smaller at the end of reproductive stage.

When clipping the main stem or ramifications, the demand
for assimilate and thus the trophic pressure in the entire plant
decreases. Plants subjected to clipping treatments developed more
pods and more seeds per pod than control plants that were not sub-
jected to clippings. These results are similar to other researches in
which fruit production in late opening flowers has been increased
experimentally by removing early opening flowers or stigmas
(Ehrlen, 1993; Lehtila and Syrjanen, 1995). Hiei and Ohara (2002)

indicated that main stem clipping enhances the performance of
lateral branches in Melampyrum japonicum, as more ovules and
more seeds per pod as well as more pods in ramifications were
obtained.

4.2. Time of pod appearance

Pods develop acropetally within one inflorescence. Thus, the
early developed pods have a competitive advantage over later
formed pods. Therefore, the early pods could produce the larger
numbers of seeds per pod. Flowering on the later developing sec-
ondary inflorescences may continue for some time after the main
stem has finished flowering. Older pods at the base of these flow-
ering inflorescences are well developed, while new flowers are still
being initiated at the tips. Thus, the number of seeds that develop in
each pod and in each inflorescence will be influenced by resource
availability.

The data analysis reveals that the time of pod appearance had
no influence on the number of ovules and seeds per pod for the
pods located at normalised rank 0.01-0.1. However, it had impact
on the number of ovules and seeds on the whole plant. The num-
ber of ovules per pod increased with the time of pod appearance
on the main stem and ramifications R1 and R4. The number of
aborted ovules was large at the beginning, then decreased and
remained constant, but increased with the time of pod appearance.
This results in the variation in the number of seeds. This pattern of
ovule abortion is correlated inversely with the number of flowers in
the fields. Few flowers open at the beginning of the flowering and
only on the main stem. The number of ovule abortions progressively
increases while flowers appear on all of the ramifications. Finally,
most flowers become pods and inflorescences gradually stop grow-
ing, which results in alower number of flowers in the field at the end
of the reproductive period and, hence, a reduced amount of pollen
grains for late flowers. This reduced pollen count corresponds to the
variation of pollen quantity and quality during the flowering period,
for example, the inefficient pollinator (Berjano et al., 2006), and
thus leads to different pollination conditions, which can affect neg-
atively the fertilization process and the abortion of seeds (Brunet
and Charlesworth, 1995; Brookes et al., 2010). Furthermore, the
variation of aborted ovules could be a cause of the variation of the
rate of pod abortion with the pod rank. Because the survival of pods
depends on the number of seeds per pod (Ganeshaiah et al., 1986).
Plant architecture could also induce differences in the ability of a
flower to be pollinated. The density of pollen might vary at different
locations in the WOSR canopy (McCartney and Lacey, 1991).

In addition, a correlation exists between the position of a pod
and its date of emergence in the plant, but these two factors are dif-
ficult to differentiate. However, we know that the ratio of supply of
assimilates to demand decreases with time during the reproductive
period (Jullien et al., 2010). Furthermore, the number of seeds per
pod was smaller for the latest developed pods, which is in accor-
dance with the hypothesis that resource availability is an important
factor in ovule abortion.

Our study focuses primarily on the effect of assimilate avail-
ability on yield components. However, pollination also influences
the yield. To study the impact of the pollination of the yield com-
ponents, a probabilistic model has been developed to simulate the
distributions of the number of ovules and seeds per pod. The model
can also be used to simulate the distribution of the number of pollen
grains (Wang et al., 2009). This model allows us to estimate the dis-
tribution parameters of the number of pollen grains per stigma and
discuss the effect of pollination deficit on the number of seeds per
pod. We found that most pods can obtain enough pollen grains to
fertilise the ovules. Lack of pollen may occur at the beginning and
the end of the flowering period, which is consistent with the results
in this study.
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In conclusion, our results indicate that in WOSR, the amount
of available assimilates was the primary determinant of pod and
seed production during the period of flowering and pod setting.
The distribution of resources was significantly affected both by the
position of a pod within inflorescences, and by the position of the
inflorescences within a plant. Basally positioned pods had a distinct
advantage in acquiring resources due to their greater proximity and
earlier development time. Increases in pod rank and ramification
position affect appearing time, which can be observed through the
change in assimilate availability on the entire plant. The results
from this study help further the understanding of the variation in
yield components of oilseed rape.
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