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Summary — Determinate autumn-sown white lupins (Lupinus albus L) are new types which are potentially interesting
for the improvement of yield stability and for cuitivation of lupins in northern Europe. Two determinate genotypes were
studied in 1990/1991 and 1991/1992 at Lusignan, France, under 17 combinations of sowing date, density and irriga-
tion. Dry matter production was 1 061 g/m2 on average and the duration of the growing cycle was 2 284°Ced (de-
greeeday) from sowing (base 3°C). Late sowing date and low density induced a reduction of total biomass at maturity.
The leaf area index (LAI) was 2.6 on average at its maximum and the mainstem was the level with the highest LAl, fol-
lowed by the first-order branches and the second-order branches. Mean seed yield was 3.65 t/ha, and was rather
stable over the agronomic conditions. Yield was correlated with total above-ground matter, but was independent of
harvest index. Yield was also correlated with number of seeds per m2 but was independent of mean seed weight.
Yield on the mainstem was, statistically, totally explained by the number of mainstem leaves per m2. Relationships be-
tween the yields of the different pod orders were detected. Nitrogen accumuiation followed dry matter accumulation,
and the mean nitrogen harvest index was 0.82. All the results were compared with those obtained on the indetermi-
nate, autumn-sown cultivar Lunoble.

lupin / determinate architecture / growth / yield / assimilate partitioning

Résumé — Accumulation de la matiére séche et de I'azote, et rendement en graines des lupins d'hiver déter-
minés (Lupinus albus L). Les lupins d'hiver a architecture déterminée sont potentiellement intéressants pour aug-
menter la stabilité du rendement et étendre la zone de culture du lupin d'hiver au nord de I'Europe. Deux génotypes
déterminés ont été étudiés en 1990/1991 et 1991/1992 a Lusignan (France) dans 17 combinaisons de dates de
semis, de densités et d'irrigation. La production de matiére seche moyenne est de 1 060 g/m? et la durée du cycle de
végétation de 2284°CeJ depuis le semis (base 3°C). Des dates de semis tardives ou des densités faibles diminuent la
production de biomasse. L'indice foliaire (IF) était de 2,6 & son maximum en moyenne, la tige principale ayant le plus
fort IF, suivie des ramifications primaires puis des ramifications secondaires. Le rendement moyen en grain est de
3,65 t/ha, et il est relativement stable vis-a-vis des conditions agronomiques. Le rendement est corrélé a la production
de biomasse, mais indépendant de l'indice de récolte. Les lupins déterminés dans la gamme de conditions étudiées
ici ont un indice de récolte élevé et stable, mais c'est la production en biomasse qui conditionne le niveau de rende-
ment. Le rendement est aussi corrélé au nombre de graines par m2 mais indépendant du poids moyen d'une graine.
La mise en place des gousses est pratiquement simultanée sur la tige principale et les ramifications, ce qui pourrait
étre a l'origine d'un manque transitoire d'assimilats pendant la nouaison, conduisant a une restriction du nombre de
graines ou de gousses. En revanche, le remplissage des graines n'est pas un facteur limitant du rendement. Au ni-
veau statistique, le rendement sur la tige principale est entierement expliqué par le nombre de feuilles sur la tige prin-
cipale par m2. Il existe des relations entre les rendements des différents niveaux. L'accumulation de I'azote est paral-
lele a l'accumulation de la matiére séche, et l'indice de récolte de l'azote dans les graines est de 0,82. Tous ces
résultats sont comparés a ceux obtenus sur la variété indéterminée Lunoble utilisée comme témoin dans cette étude.

lupin / architecture déterminée / croissance / rendement / répartition des assimilats
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INTRODUCTION

Sowing white lupin (Lupinus albus L) in autumn
is a common agricultural practice in southern Eu-
ropean countries. However, the first cultivars
with high levels of frost tolerance were released
only recently. Their seed yield potential is high
(Huyghe et al, 1993) but their yield stability re-
mains poor because of excessive vegetative de-
velopment in wet conditions and the simultane-
ous growth of vegetative and reproductive parts.
On other legume crops, attempts to reduce veg-
etative growth were made either by modification
of leaf characters as in pea (Snoad, 1974} or by
introduction of the determinate growth habit as in
field bean (Sjédin, 1971) and soybean (Bernard,
1972). Breeding autumn-sown lupins has fo-
cused on 2 new architectural types, determinate
and dwarf (Huyghe, 1990). The determinate
character was shown to be monogenic recessive
(Julier and Huyghe, 1992). The comparison of a
determinate line and an indeterminate line in a
large range of environments in France and the
UK (Julier et al, 1993b) has shown similar mean
seed yields but the seed yield stability was clear-
ly improved in the determinate line. Maturity time
of the determinate line was slightly earlier in
France, and significantly so in the cool, wet cli-
mate of the UK. This new architecture offers
prospects for expanding production of autumn-
sown white lupin further north in Europe, in cool
and wet areas (Julier ef al, 1993b) and confirms
the assumptions obtained by Milford et al
(1993b) after pruning experiments on indetermi-
nate genotypes.

The study of the late-flowering, indeterminate
cultivar Lunoble by Huyghe et al (1993) and Juli-
er et al (1993a) showed that it produced 1 500 g/
m2 of above-ground dry matter with the major
part stored in the mainstem and branches. Each
branch level developed numerous leaves so
that, at the density of 10 or 20 plants/m2, each
level reached a leaf area index (LAI) of 2 and the
maximum LAl of the whole canopy was 5.5. The
seed yield depended similarly on the number of
seeds per m2 and the mean seed weight. There
was a negative relationship between the seed
yield on the mainstem and the weight of the
branches, showing competition for assimilates
between the pods and the vegetative plant parts.

The determinate growth habit has already
been studied in spring-sown white fupin (Miko-
lajczyk et al, 1984). With spring lupins, determi-
nate architecture presented little interest be-

cause of the extreme reduction of its vegetative
growth. But the vegetative development of late-
flowering determinate autumn-sown genotypes is
not so reduced, and at least 1 branch order is
produced (Julier and Huyghe, 1993). The reduc-
tion of vegetative development in determinate
types compared with indeterminates allows us to
assume that within-plant competition between
vegetative and reproductive growths will be less-
ened. Dry matter accumulation in the various
parts of determinate lupin plants, according to
growing conditions (season, sowing date and
plant density), is described in this paper. The in-
fluence of these growing conditions on seed
yield, in relation to dry matter production, will be
tested. The results will be compared with those
previously obtained on the indeterminate au-
tumn-sown cv Lunoble by Huyghe ef al (1993)
and Julier et al (1993a).

MATERIAL AND METHODS

Two closely related determinate genotypes, CH304/70
and CH304/73, originating from the same cross, were
studied. Both of them are late-flowering lines but
CH304/73 flowers earlier than CH304/70. Field trials
were conducted at INRA, Lusignan, France, in a deep
clay silt soil at pH 6.7, with an available soil water con-
tent at field capacity of 100 mm within the rooting
zone.

Experiment 1 involved CH304/70 in 1990/1991 and
both CH304/70 and CH304/73 in 1991/1992. Sowings
were performed on 2 dates, on 05/10 and 22/10 in
1990, and on 05/10 and 25/10 in 1991. For each sow-
ing date, 2 plant densities were used, 13 and 20
plants/m2 in 1990/1991 and 10 and 20 plants/m?2 in
1991/1992. The densities were obtained by hand-
thinning plots at the beginning of March. The experi-
ment was in a randomized block design with 3 replica-
tions, and also included the indeterminate cv Lunoble
as a control. Lunoble is one of the highest yielding au-
tumn-sown cultivars currently available. Each year,
plots were irrigated as needed until the beginning of
July to avoid plant wilting. In 1990/1991 and 1991/
1992, 73 and 80 mm of water were added respectively
during the late spring (see Julier et al, 1993a). The
plot size was 7 x 7.2 m with 12 rows, 0.6 m apart. Dur-
ing the growing season, 8 samplings of 1 m2 each
were made, starting at the beginning of stem elonga-
tion and ending at maturity. Each sampling was separ-
ated from the following by 1 edge row. Plants were
separated into tap-root, and per inflorescence level,
into stems, leaves and pods. Basal branches were
also separated. Dry weights were obtained after oven-
drying at 80°C for 36 h. Maximum growth rate was cal-
culated as the slope of dry matter against thermal time
during the linear growth period, for the curves of total
and pod dry matter. The duration of the linear growth
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period was empirically determined on the graphs and
will be presented with the values of the slopes. Nitro-
gen content in each plant part was estimated by the
Kjeldahl method using an Auto-AnalyzerR Il, Techni-
conR. Sampling dates were transformed into sums of
degreeeday (°Ced) above 3°C from sowing (Huyghe,
1991). Specific leaf weight, calculated as the mass of
leaf tissue per unit leaf area, was estimated for each
genotype on the second, third and fourth samplings.
Three and 6 plants at low and high densities, respec-
tively, were taken to determine leaf area with a plani-
meter (Delta—T DevicesR) and leaf dry weight per lev-
el. The leaf weight per m?2 of soil in each sampling was
transformed into LAl through the specific leaf weight.
Plant morphology was described by the mean of 30
plants for the number of mainstem leaves, the number
of leaves on the first-order branches, and the number
of first-order branches. In this paper, A0 will refer to
the mainstem, A1 to first-order branches, A2 to sec-
ond-order branches (Farrington and Greenwood,
1975). Seed vyield and mean seed weight per level
were estimated at the last sampling.

In experiment 2, CH304/70 and CH304/73 were
sown at 3 dates in 1991 (18/09, 05/10 and 25/10) and
3 densities each (10, 20, 40 plants per m?). Rows were
0.6 m apart for the 2 lowest densities and 0.3 m apart
for the highest. The design had 3 replications, and in-
cluded the cv Lunoble as a control. This experiment
was not irrigated. The yield was measured on a plot of
3 x 1.2 m. On a subplot of 3 x 0.6 m, plants were sep-
arated at maturity into stems, and per level into seeds
and pod walls, and weighed. Seed number was count-
ed to calculate mean seed weight. Plant morphology
was recorded as previously described.

Experiments 1 and 2 were combined for the analy-
sis of variance of yield, number of seeds per m2,
mean seed weight and harvest index.

RESULTS AND DISCUSSION

Influence of climate on architecture

Winter weather was colder during 1991/1992
than during 1990/1991 resulting in a lower num-
ber of leaves on the mainstem in 1991/1992 (ta-
ble I) as modelled by Huyghe (1991). Each year,
delayed sowing reduced the number of main-
stem leaves. The number of leaves on first-
order branches and number of first-order
branches were strongly associated with the
number of mainstem leaves and only slightly de-
creased at the highest density (Julier and
Huyghe, 1993). The early-flowering line CH304/
73 carried fewer leaves on each level than
CH304/70. Spring and summer 1991 were hot
and dry. Spring 1992 was dry, and summer
1992 rather wet (Julier et al, 1993a). Irrigation
had no significant influence on the architecture
of the mainstem and first-order branches (table
l); this architecture was defined very early in the
season at a time when no water stress had oc-
curred.

Table L. Leaf number on the mainstem and first-order branches, for 2 determinate genotypes (CH304/70 and CH304/
73) grown in 1990/1991 and 1991/1992 at 3 sowing dates and 3 plant densities (10 or 13, 20 and 40 plants/m?2) at Lu-
signan, France, with (irrig) or without irrigation (un-irrig).

Sowing date Number of Number of leaves on first-order branches
mainstem leaves
13/10 plants/m? 20 plants/m2 40 plants/m2
irrig un-irrig irrig un-irrig irrig un-irrig

1990/1991 CH304/70

05/10 31.5 229 - 23.6 - - -

22/10 28.8 15.3 - 13.4 - - -
1991/1992 CH304/70

18/09 42.3 - 30.3 - 21.7 - 229

05/10 28.7 17.5 14.6 13.3 13.2 - 10.7

25/10 22.8 16.9 16.6 15.0 15.1 - 12.7
1991/1992 CH304/73

18/09 331 - 34.0 - 31.8 - 22.3

05/10 23.9 13.0 12.1 11.8 11.7 - 8.3

25/10 18.7 10.1 8.8 9.4 9.0 - 8.0
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Growth and development (experiment 1)

Total dry matter

Accumulation of total dry matter during the grow-
ing season followed the same general sigmoid
curve for each genotype, sowing date and dens-
ity (fig 1). The linear growth period started at
flowering of the mainstem (between 980 and
1 090°Ced from sowing depending on the geno-
types and the conditions) for the low density and
before flowering for the high density. The curves
were different for the slope of the linear growth
period, the maximum dry weight and the duration
of the season (table Il). Delaying sowing date
had little influence on maturity date, so the dura-
tion of the growing season expressed in °Ced
was reduced. Maturity occurred on average at
2352 and 2216 °Ced for the first and second
sowings respectively. This thermal time require-
ment allows us to estimate if CH304/70 or
CH304/73 can be cultivated in different regions,
considering their long-term average tempera-
tures. These 2 determinate genotypes matured
earlier than Lunoble (2 352°Ced for determinates
and 2 600 °Ced for Lunoble when sown in early-
October). This can allow the extension of au-
tumn-sown white lupin in northern Europe, under
cool and wet climates. Successful maturation
was actually observed in Rothamsted (UK) in
1990/1991 (Julier et al, 1993b).

The maximum dry matter tended to decrease
with low density and late sowing date (table II).

Total dry matter (g/m2)

———— 1013 piants/m2

T00 900 1100 1300 1500 1700 1900 2100 2300 2500

Thermal time from sowing ("C.D)

Fig 1. Total dry matter accumulation for 2 determinate geno-
types (Q,M: CH304/70 and O,®: CH307/73) in 1990/1991
and 1991/1992, sown at 2 dates (O,: early sowing, @ H:
late sowing) with 2 densities.

Maximum dry matter was 1 118 g/m2 on average
for the early sowing and 1 014 g/m2 for the late
sowing. Final dry matter mainly results from a
combination of the duration of the growing sea-
son and the maximum growth rate. The late sow-
ing reduced both the duration of the growing sea-
son and the maximum growth rate in 1990/1991,
and only the duration of the growing season in
1991/1992. The low plant density significantly re-
duced the dry matter only in 1991/1992 and this
was related to lower maximum growth rates.
Compared with Lunoble, the dry matter produc-
tion of determinate genotypes was strongly re-
duced (on average 1 118 versus 1 506 g/m?2 in
the early-October sowing). This was the conse-
quence of a shorter growing season associated
with a lower overall growth rate (1.05 and 1.34
gem—2e°C-1ed-1 for the determinates and Luno-
ble, respectively, when sown in early-October).

At maximum dry matter stage (table Ill), level
A0 represented the heaviest part of the plants,
between 48 and 66% of the total dry matter; A1
accounted for 24 to 37%; and A2 represented
only between 4 and 15% of total weight, and was
more important for CH304/73 than for CH304/70.
At the lower density, A0 was reduced, A2 was in-
creased, and A1 was increased only in 1990/
1991. Late sowing reduced dry matter on AQ in
relation with the reduction of number of main-
stem leaves. While the weight of A0 was similar
for determinates than for Lunoble (Julier et al,
1993a), A1 and A2 were less developed on de-
terminates than on Lunoble as a consequence of
the modification of the structure of the first-order
branches (Julier and Huyghe, 1993). Some basal
branches developed and always weighed less
than A2.

Leaf dry weight

Mean specific leaf weight was similar for CH304/
70 and CH304/73: 59.5 + 0.3 g/m2 of leaves.
Leaf dry matter was transformed into LAl using
this coefficient (fig 2). LAl increased rapidly dur-
ing spring, then reached a maximum and de-
clined to 0. At maturity, all the leaves had fallen.
Maximum LAl averaged 2.64 but varied between
1.84 and 3.50 depending on the season, sowing
date and density. LAl was greater in 1990/1991
than in 1991/1992, at high density than at low
density, and under an early sowing date than un-
der a late sowing date. An LAl of 2.5 which al-
lows 90% interception of incident radiation
(Huyghe, 1992) was not reached by the 4 low-
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Table Il. Date of maturity, maximum total dry matter, growth rates (gem-2¢°C—1ed=") for total dry matter and for pod dry
matter during the linear growing period (duration of this period in brackets), and pod dry matter at maturity for 2 deter-
minate genotypes (CH304/70 and CH304/73) grown in 1890/1991 and 1991/1992 at 2 sowing dates and 2 plant den-
sities at Lusignan.

Sowing Plant Maturity Maturity date Maximum total Total growth  Pod dry matter  Pod growth rate
date density  date (°Ced) dry matter (g/m2)  rate (duration) at maturity (g/mé) (duration)

1990/1991 CH304/70

05/10 13 07/08 2376 1214 1.166 (1021) 554 1.144  (503)
05/10 20 ! " 1224 1.214 (1 021) 549 1.120 (503)
22/10 13 13/08 2270 1044 0.976 (1042) 577 0.962 (605)
22/10 20 ! " 1045 1.011 (1 042) 542 0.939 (605)
1991/1992 CH304/70
05/10 10 05/08 2340 916 0.943 (1003) 602 0.875 (633)
05/10 20 " " 1210 1.143 (1 003) 741 1.038 (633)
25/10 10 04/08 2189 928 0.943  (996) 518 0.911 (595)
25/10 20 " " 1149 1.134  (996) 604 1.114 (595)
1991/1992 CH304/73
05/10 10 05/08 2340 978 0.925 (1003) 628 0.884 (633)
05/10 20 " ! 1164 1.065 (1003) 662 1.053 (633)
25/10 10 04/08 2189 809 0.942  (996) 465 1.037 (595)
25/10 20 " " 1108 1.124  (789) 684 1.098 (389)
Mean 2284 1 061 1.049 594 1.015
LSD genotype 0 94.8 0.0727 101.2 0.0977
LSD sowing date 18.8 89.3 0.1260 97.7 0.0944
LSD density 0 89.3 0.0702 87.6 0.1597

LSD : Least significant difference.

CH304/70 CH304/73
4 4
— X plantsm2
- 10 planis/m2
-y S
g |l £
@2 g2
0 0
8 @
Vo [T Y=
Lf g
] ]
0 T T T T T ! ] OI 1
800 1000 1200 1400 1600 1800 2000 2200 2400 800 1000 1200 1400 1600 1800 2000 2200 2400
Thermal time from sowing (°C.D) Thermal time from sowing (°C.0)

Fig 2. Leaf area index per level (0: AO; 1: A1; 2: A2) and total leaf area index (lines without symbols) for 2 determinate genotypes
(CH304/70 and CH304/73) in 1991/1992, sown on 05/10 with 2 densities. Leaves on basal branches were omitted. SE are for the
total leaf area index curves.
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Table Ill. Dry matter (g/m?2) per level at maximum dry
matter stage, for 2 determinate genotypes (CH304/70
and CH304/73) grown in 1990/1991 and 1991/1992 at
2 sowing dates and 2 plant densities at Lusignan.

Sowing  Plant Basal A0 Al A2
date density branches

1990/1991 CH304/70

05/10 13 - 725 347 68
05/10 20 - 808 295 43
22/10 13 - 602 320 54
22/10 20 - 672 265 31
1991/1992 CH304/70
05/10 10 17 546 246 60
05/10 20 0 798 278 63
25/10 10 13 442 345 80
25/10 20 0 682 351 53
1991/1992 CH304/73
05/10 10 45 429 311 147
05/10 20 9 671 315 106
25/10 10 49 347 256 120
25/10 20 10 605 347 96
Mean 12 611 306 76
LSD genotype 8.6 49.0 426 153
LSD sowing date 8.1 46.2 402 14.4
LSD density 8.1 46.2 402 144

density crops in 1991/1992. During the growing
season, A1 and A2 never intercepted 90% of in-
cident radiation (fig 2). As a consequence, the
AO was never totally shaded. The duration of the
period during which LAl of the whole plant ex-
ceeded 2.5 varied between 0 and 652°Ced, al-
though it varied between 797 and 1128°Ced on
Lunoble. The duration of LAl above 2.5 (y) was
related to the maximum total dry matter (x) for
the 2 growth habits (fig 3), but the regression
lines were very different (y = 273 + 0.46x for Lu-
noble, r=0.90, P < 0.001; y =-1420 + 1.58x for
determinates, r= 0.88, P < 0.001).

Pod growth

Pod growth followed sigmoid curves (fig 4). Ex-
pressed in °Ced from sowing, pod growth started
earlier for late sowing than for early sowing. In-
deed late-sown plants had less mainstem leaves
to expand before flowering and pod set. In 1990/
1991, final pod dry matter was affected by
neither sowing date nor density. But in 1991/

800 *

Duration of LAl above 2.5 (*C.D)

T T T
800 1000 1200 1400 1600 1800 2000

Maximum dry weight (g/m2)

Fig 3. Maximum dry weight as influenced by duration of LAl
above 2.5 for 2 determinate genotypes (1,l: CH304/70 and
O,@: CH304/73) in 1990/1991 and 1991/1992, sown at 2
dates (O,d: early sowing, @ M: late sowing) with 2 densities
and for 2 indeterminate cultivar (*: Lunoble) during 4 seasons
and 2 or 3 densities.

1992, it decreased for late sowing and low densi-
ty (table 11). On the determinate lines, pod growth
became significant when the vegetative growth
(stems and leaves) was finished (fig 5). On the
contrary, on Lunoble, the pod growth was con-
comitant with the vegetative growth.

For the conditions studied, pod growth rate
was significantly lower at low density but was not
affected by sowing date (table II). Pods on AO
represented the largest part of total pods espe-
cially at high density (fig 4). Pod weights on A1
were similar at low and high densities in 1991/
1992, but were significantly higher in 1990/1991
at low density than at high density. Pods on A2
and basal branches always represented a negli-
gible proportion of the total pods. Pod growth
rate was higher on determinates (1.02 gem—2e
°C—1ed-1) than on Lunoble (0.81 gem—2e°C-Ted-1),
The reduction of vegetative development in de-
terminates could explain this better feeding of
growing pods. This feature has also been ob-
served by Milford et al (1993a) for the growth in
length of the individual pods.

Root/stem ratio

Plotting tap-root dry matter (x) against dry matter
of stems (y: mainstem and branches) showed an
allometric relationship (y = 1.128x1-344, r = 0.99,
P < 0.001, fig 6). All genotypes including Luno-
ble, sowing dates, densities and growth stages
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Fig 4. Pod dry weight per level (0: AO; 1: A1; 2: A2) and total pod dry weight (lines without symbols) for 2 determinate genotypes
(CH304/70 and CH304/73) in 1991/1992, sown on 05/10 with 2 densities. SE are for the total pod curves.
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Dry matter (g/m2)
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Fig 5. Overall (3,3%), pod (P), and stem (S) growth during the
growing season on CH304/70 (---1---) and Lunoble (---:---)
sown on 05/10/1991 at 20 plants/m2.

fitted this general relationship. The development
of the tap-root followed exactly that of all the
stems, during all the growing season, and repre-
sented between 4 and 16% of the total weight
and about 21% of the stem dry weight. The allo-
metric relationship found between root and stem
weights is very common in the vegetable king-
dom (France and Thornley, 1984). This relation-
ship shows that the modification of the architec-
ture of the branches by the introduction of the

Stern dry weight (g/m2)

“ L %
Tap root dry weight (g/m2)

Fig 6. Relationship between tap-root dry weight and stem
dry weight for 2 determinate genotypes (1,: CH304.70 and
0,8: CH304/73) in 1990/1991 and 1991/1992, sown at 2
dates (O,0: early sowing, @ R: late sowing) with 2 densities
and for 1 indeterminate cultivar (% : Lunoble) sown at the
early date with 2 densities. Eight samplings were made du-
ring the growing season.

determinate trait induced a reduction of the tap-
root, but did not change the relationship be-
tween the root and the stems. No data is avail-
able on whether the volume of the tap-root is re-
lated to the volume of soil prospected by the
rootlets. Passioura (1983) argued that the root
system of many crops may be unnecessarily
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large and that, if it was smaller, more assimilate
could be available for the shoot and grain pro-
duction. In this context, the reduction of tap-root
dry weight in determinate lupin might not be a
problem for the plant nutrition and growth.
Charles-Edwards (1982) stated that the growth
of roots or stems depends on their activities. He
suggested that the root and stem activities were
proportional. This could explain their parallel de-
velopment.

Nitrogen accumulation

Nitrogen (N) accumulation in the plants during
the growth period was parallel to total dry matter
accumulation (data not shown). At maturity, the
mean total N amount was 23.8 g/m2; 95% of this
was in pods (table IV) and the rest was in the
stems and tap-root. N amount was lower at the
late sowing date and low density. Total accumu-
lated N was lower than for Lunoble (30.4 g/m2,
Julier et al, 1993a) as a consequence of lower
total dry matter. The mean N content of the plant
was on average 2.8% with variation during the
growing season (fig 7). The leaves had on aver-
age 4.5% N. The N content of the leaves was

maximum at 1 500°Ced after sowing and de-
creased during the senescence of the leaves.
The root and stems had 1.6% of N in early spring
and this content decreased to less than 0.5% at
maturity. The pods had a constant N content,
3.8%, throughout the growing season.

Seed yield and mean seed weight
(experiments 1 and 2)

Total seed yield

In both experiments, mean seed yields were sim-
ilar (3.68 and 3.63 t/ha in experiments 1 and 2
respectively, least significant difference (LSD) =
0.253). Significantly higher yields were obtained
in early sowing and at high plant density (table
V). CH304/70 and CH304/73 yields were signifi-
cantly different, on average 3.47 and 3.89 tha
respectively (LSD = 0.251). Distribution of yield
on the plant levels was significantly affected by
genotype and density, but not by sowing date.
Yield on AO increased with the density and was
more significant for CH304/70 than for CH304/
73. It averaged 70% of the total yield. In con-

Table IV. Nitrogen yield (g/m?2) at maturity for 2 determinate genotypes (CH304/70 and CH304/73) grown at Lusignan,
at 2 sowing dates and 2 densities in 1990/1991 and 1991/1992.

Sowing date  Plant density Tap-root Stems Pods Total N Harvest index
Walls Seeds
1990/1991 CH304/70
05/10 13 0.43 1.49 1.53 20.30 23.75 0.855
05/10 20 0.50 212 1.61 20.26 24.49 0.827
22/10 13 0.36 1.44 217 21.1 25.03 0.843
22/10 20 0.33 1.25 1.60 19.38 22.55 0.859
1991/1992 CH304/70
05/10 10 0.18 0.92 4.37 17.77 23.16 0.767
05/10 20 0.27 1.25 3.90 26.10 31.57 0.827
25/10 10 0.16 0.75 2.69 15.78 19.38 0.814
25/10 20 0.20 0.79 3.18 19.08 23.25 0.821
1991/1992 CH304/73
05/10 10 0.13 0.72 4.20 17.92 22.92 0.781
05/10 20 0.16 0.88 3.46 22.43 26.94 0.833
25/10 10 0.13 0.51 3.13 12.94 16.66 0.777
25/10 20 0.15 0.67 3.48 20.94 25.25 0.829
Mean 0.25 1.07 2.94 23.75 0.820
LSD genotype and year 0.058 0.258 0.739 3.974 4.354 0.0309
LSD sowing date and density 0.055 0.243 0.697 3.747 4.105 0.0292
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Fig 7. Nitrogen content in the different organs (P: pods; L: leaves; S: stems; R: tap-root; ¢: overall) during the growing season, for 2
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curves.

trast, yield on A1 increased at low density but its
contribution to total yield only averaged 26%. A2
only yielded on CH304/73 in the irrigated experi-
ment 1. Basal branches only contributed to total
yield in early sowings at low density. Despite cov-
ering a wide range of husbandry techniques and
environmental conditions, the seed yield proved
to be stable. The standard deviations of the
means were 0.37 t/ha for CH304/70 and 0.66 t/
ha for CH304/73. This stability was achieved
through compensation between levels. In Luno-
ble, where the average yield was higher (4.09 t/
ha), such a stability was not observed, and the
standard deviation of the mean was 0.87 t/ha in
the experiments described by Huyghe et al
(1993). Indeed, in 1991/1992, the determinates
yielded similarly with or without irrigation while
Lunoble yield was negatively affected by irriga-
tion because of an excessive vegetative develop-
ment. In contrast, the irrigation did not change
the vegetative development of the determinates.
This better stability of both determinate geno-
types confirms the results of Julier et a/ (1993b).

Mean seed weight

Mean seed weight was significantly affected by
experiment, genotype, sowing date and plant
density (table V). Mean seed weight was higher
in the unirrigated experiment 2 than in experi-
ment 1 (288 and 269 mg respectively, LSD =

9.1), for CH304/70 than for CH304/73 (295 and
261 mg, LSD = 9.0) and in late sowing (267, 279
and 289 mg for the first, second and third sow-
ings respectively, LSD = 11.5). Mean seed
weights were similar on AQ0 and A1 (280 versus
274 mg). When available, mean seed weight on
A2 and on basal branches appeared very small.

Yield was highly correlated with seed number
per m2 (r = 0.84, P < 0.001), but was indepen-
dent of mean seed weight (r = —0.15, P > 0.05).
The same trends were observed for each level.
As seed number per pod is a very stable compo-
nent (Withers, 1984), this showed that pod set-
ting was the main limiting factor for higher yield
on determinates. Flower production was impor-
tant on each inflorescence, and the percentage
of flower abscission was large, as on indetermi-
nates; about 80% of the flowers did not produce
a mature pod (unpublished data). However, the
fact that pod setting was almost synchronous on
the mainstem and the branches could induce a
lack of assimilates available for pod growth at a
given moment of the season, and then induce
early pod or seed abortions. But seed filing was
not limited. Indeed, during seed filling, vegeta-
tive growth stopped, and so assimilates pro-
duced were available for reproductive growth.
On Lunoble, yield was related to both seed num-
ber per m2 and mean seed weight (Huyghe et
al, 1993). In indeterminate plants, seed filling
and vegetative growth occur at the same time,
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Table V. Yield (Vha), mean seed weight (mg) per level and harvest index for 2 determinate genotypes (CH304/70 and
CH304/73) grown at Lusignan, at 2 sowing dates and 2 plant densities in 1990/1991 and 1991/1992 (experiment 1)
and at 3 sowing dates and 3 densities in 1991/1992 (experiment 2).

Sowing date Plant density Yield Mean seed weight Harvest index
Total Basal A0 Al A2 Total Basal A0 Al A2
Experiment 1
1990/1991 CH304/70
05/10 13 350 O 258 092 0 306 - 307 306 - 0.38
05/10 20 339 O 292 047 O 322 - 323 314 - 0.35
22/10 13 362 0 225 134 0.08 284 - 284 283 - 0.40
22/10 20 344 O 257 086 0 300 - 304 287 - 0.40
1991/1992 CH304/70
05/10 10 356 022 197 117 0.20 265 - 267 262 - 0.46
05/10 20 467 001 321 140 0.05 274 - 279 263 - 0.44
25/10 10 3.02 001 161 133 0.06 245 - 250 240 - 0.47
25/10 20 359 0 250 1.07 0.02 293 - 300 272 - 0.48
1991/1992 CH304/73
05/10 10 392 025 171 1.48 047 230 - 224 237 - 0.51
05/10 20 419 0 273 129 0.18 247 - 246 247 - 0.50
25110 10 285 009 142 110 0.25 208 - 213 201 - 0.51
2510 20 436 0.02 261 153 0.20 248 - 252 241 - 0.54
Experiment 2
CH304/70
18/09 10 322 024 231 067 0.01 287 258 289 288 255 0.37
18/09 20 339 005 281 051 0.01 267 228 272 246 245 0.32
18/09 40 323 0 303 019 O 277 - 276 297 - 0.28
05/10 10 330 006 241 083 O 309 276 307 317 233 0.50
05/10 20 348 O 302 045 O 301 - 305 274 - 0.45
05/10 40 332 0 329 003 O 283 - 283 262 - 0.38
25/10 10 307 O 1.89 1.16 0.01 302 150 306 298 151 0.52
25/10 20 331 O 278 051 0.02 350 - 352 338 336 0.53
25/10 40 388 0 372 017 O 347 - 347 341 - 0.47
CH304/73
18/09 10 461 088 207 166 O 259 259 267 248 - 0.45
18/09 20 465 035 242 188 0 266 264 271 260 - 0.40
18/09 40 440 0.12 291 137 0 246 215 255 230 - 0.40
05/10 10 341 013 191 134 0.03 272 267 267 284 237 0.57
05/10 20 367 003 279 085 0 257 239 260 245 - 0.53
05/10 40 411 0 364 047 O 280 - 283 255 - 0.48
25/10 10 271 010 1.60 0.95 0.06 278 241 283 277 242 0.56
25/10 20 319 0O 234 085 O 304 - 307 297 214 0.57
25/10 40 446 O 3.71 073 0.01 308 - 312 289 - 0.52
Mean 365 009 256 095 0.05 281 244 283 274 231 0.46
LSD genotype 0.251 0.06 0.15 0.14 0.03 91 266 9.0 111 109 0.012
LSD experiment 0.253 0.06 0.15 0.14 0.03 92 - 91 112 - 0.012
LSD date 0.321 0.07 0.19 0.18 0.04 11.6 370 115 142 147 0.016
LSD density 0.321 0.07 0.19 0.18 0.04 116 415 115 142 122 0.016
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so available assimilates were shared between
these 2 sinks.

Nitrogen content

N seed yield averaged 19.50 g/m2 (table IV), and
the N content of the seeds was 5.4%. In the pods
at maturity, pod walls stored 13% of N, most of
the N stored here during the pod growth had
been remobilized towards the seeds. N content
of the seeds were similar to that of Lunoble,
showing no deleterious effect of reduction of veg-
etative vigour on seed quality. Nitrogen harvest
index (N seed yield divided by total above-ground
N) varied between 0.78 and 0.86, and averaged
0.82 (table V). Similar N harvest indices of 0.88
and between 0.80 and 0.91 were reported by
Duthion et al (1987) and Larson et al (1989), re-
spectively.

Relationship between yield
and plant structure

Relationships between yield and vegetative de-
velopment were assessed. Yield on AQO (y) was
non-linearly linked to number of mainstem leaves
per m2 (x) (fig 8). The curve equation was: y =
0.885 + 4.587 x 10-3 x—2.034 x 10-6 X2 (r= 0.89,
P < 0.001). The maximum vyield on A0 was ob-
tained for 1 134 mainstem leaves per m2, and
was 3.5 t/ha. It can be reached by early sowing
(leading to numerous leaves on the mainstem)
and high density. An excess of mainstem leaves
per m2 was detrimental to AQ yield. In the condi-

Yield on AQ (tha)

[4 250 500 0 1000

Number of mainstem leaves per m2

Fig 8. Yield on AO as influenced by the number of mainstem
leaves by unit area, for 2 determinate genotypes (O,Q:
CH304/70 and @ W: CH304/73), in 1990/1991 and 1991/
1992, in experiment 1 (1,M) and experiment 2 (O,®).

tions experienced at Lusignan, plants sown ear-
ly at high density lodged, which induced bad
pod setting and seed filling. Yield on A1 was not
correlated with the number of A1 leaves per m2
(r=-0.27, P> 0.05). Yields on A0 and A1 were
negatively correlated (r = —0.58, P < 0.001). As
the first-order branches of the determinates bear
few leaves (Julier and Huyghe, 1993), the delay
between flowering of the mainstem and of these
branches is short. Consequently, the seed filling
of the pods of these 2 levels occurs almost si-
multaneously. The mainstem pods and the
branch pods formed a unique sink (Milford et al,
1993a); they shared the same pool of assimi-
lates. This explains the negative relationship be-
tween the yields on A0 and A1 and the compen-
sation between pod levels for the total seed
yield. Total yield could not be directly predicted
by any of the morphological characters studied
and may not be obtained with the conditions
maximizing yield on AD. On Lunoble (Huyghe et
al, 1993; Julier et al, 1993a) and on indetermi-
nate spring-sown genotypes (Porter, 1982; Pi-
geaire et al, 1992), yield on A0 was negatively
correlated with upper branch development, but
this feature was not observed on determinates.

Harvest index (HI), calculated as seed yield
divided by total above-ground dry matter at ma-
turity (table V), varied between 0.28 and 0.57. In
1991/1992, for the same sowing dates (05/10
and 25/10) and the same densities (10 and 20
plant/m2), HI was significantly higher in the unir-
rigated experiment 2 than in the irrigated experi-
ment 1 (0.52 and 0.45, respectively, LSD =
0.012). HI was influenced by genotype (0.42 for
CH304/70, 0.50 for CH304/73, LSD = 0.012),
sowing date (delaying sowing increased HI),
and density (HI increased at lower density).
Yield was not correlated with H! (r = -0.03, P >
0.05), but was correlated with total above-
ground dry matter (r = 0.61, P < 0.001). How-
ever, HI and total above-ground dry matter were
negatively correlated (r = —0.76, P < 0.001). HI
was higher on determinates than on Lunoble
(0.46 versus 0.41). In the determinates, the low-
er within-plant competition between vegetative
and reproductive growth during the growing sea-
son could explain a more efficient partitioning of
the dry matter into pods.

This study has shown that the modification of
plant architecture leads to a modification of the
accumulation and partitioning of dry matter dur-
ing all the growing season. The determinate
architecture induces the reduction of dry matter
production, and causes the reproductive growth
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to be almost entirely separated from the vegeta-
tive growth so within-plant competition was less-
ened.
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