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Abstract White lupin (Lupinus albus) and narrow-
leafed lupin (L. angustifolius) have special interest as
high-protein feed crops but their cultivation is limited
by low grain yields. This study aimed to support breed-
ing programs targeting Italy or other climatically
variable south-European regions by investigating
within-species adaptation patterns across contrasting
Italian environments. An additional aim was compar-
ing species for yielding ability. Eight narrow-leafed
and six white lupin cultivars featuring diVerent origin,
phenological type (Mediterranean in both species; win-
ter in white lupin; spring in narrow-leafed lupin) and
plant architecture (determinate or indeterminate in both
species; tall or dwarf in white lupin) were evaluated in
a Mediterranean and a subcontinental-climate site
under autumn and late-winter sowing. Additive main
eVects and multiplicative interaction was preferable to
joint regression for modeling yield responses. In both
species, cross-over GE interaction was observed
(P < 0.05), autumn-sown Mediterranean and subconti-
nental environments were the most-contrasting for GE

eVects, and widely adapted material included cultivars
of Mediterranean phenological type with indeterminate
growth. Material with determinate growth was not
among the best-yielding entries in any environment,
whereas a dwarf winter-type white lupin entry was
speciWcally adapted to autumn-sown subcontinental
environments. White lupin displayed larger genetic
variation than narrow-leafed lupin for phenology and
other traits. Relationships of morphophysiological traits
with grain yield were environment-speciWc and were
locally high for some white lupin traits (early Xower-
ing, long reproductive phase, high aerial biomass, low
proportion of pod wall). White lupin exhibited higher
yielding ability than narrow-leafed lupin in all environ-
ments but the late-winter sown Mediterranean one,
when comparing locally top-yielding cultivars.
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Introduction

Feed grain legumes are strategically important to
decrease the marked deWcit of high-protein feedstuV
and increase in various respects (safeguard of soil
fertility and biodiversity; reduction of greenhouse gas
emissions and nitrogen fertilizers) the sustainability
of European crop-livestock systems (Carrouée et al.
2003; Jensen and Hauggaard-Nielsen 2003). Amongst
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them, white lupin (Lupinus albus) and narrow-leafed
lupin (L. angustifolius) have outstanding grain protein
content and are particularly suited to diets for rumi-
nants, where they can replace completely the soybean
meal (e.g., in traceable, GM-free feed chains) even
for high-producing lactating cows (Froidmont and
Bartiaux-Thill 2004). In addition, lupin grains have
good potential as ingredients of functional or healthy
food products (Arnoldi 2005). However, the eco-
nomic sustainability of these or other feed legumes
depends on the ability to increase their grain yields
(Dronne 2003). Currently, the cultivation of lupins
extends over just 3,000 ha in Italy, 5,000 ha in France
and 6,000 ha in the Iberian peninsula (http://fao-
stat.fao.org/).

Previous grain yield comparisons of lupin species
were based on a few cultivars and provided region-
speciWc results, e.g., the advantage of white lupin in
southern Spain (Lopez-Bellido and Fuentes 1990) and
that of narrow-leafed lupin in Australia (Siddique
et al. 1993). Recent breeding work has considerably
widened the range of lupin plant types available for
cultivation, but there is little information on the adap-
tation of these types to south-European environments
and its implications for the choice of species and plant
type for local breeding targeted to these environ-
ments. The selection of deWnitely winter-hardy white
lupins has enhanced the opportunities for autumn
sowing which, in comparison with spring sowing,
allows for increasing the yield potential through the
longer crop cycle (Papineau and Huyghe 2004). How-
ever, winter hardiness is related to delayed Xoral initi-
ation (via greater vernalization requirement) besides
intrinsic frost tolerance (Huyghe and Papineau 1990)
and may, therefore, increase the crop susceptibility to
terminal drought. Indeed, improved adaptation of
narrow-leafed lupin to autumn-sown, drought-prone
environments of Australia has largely relied on the
selection for earlier phenology by removing the ver-
nalization requirement (French and Buirchell 2005).
Large genotype £ environment (GE) interaction in
south-European regions may arise from the simulta-
neous diversity in: (1) phenological germplasm type,
including Mediterranean (adapted to autumn sowing
in mild-winter areas), European winter and European
spring types (Stoddard et al. 2006); and (2) climate,
ranging from subcontinental (e.g., northern Italy) to
Mediterranean (e.g., southern Italy), or sowing time
(autumn or late-winter sowing, the latter being

adopted when unfavourable climatic conditions pre-
vent the autumn sowing).

Determinate growth (i.e., restricted branching) of
white or narrow-leafed lupin, which is under mono-
genic control (Huyghe 1997; Adhikari et al. 2001), has
been selected as a means to increase the crop earliness
and harvest index. However, the advantage of this plant
type has proved region-speciWc. Determinate white
lupin germplasm outyielded conventional, indetermi-
nate one in cool, short-season environments of UK
while being outyielded in temperate environments of
France (Julier et al. 1993). The advantage of determi-
nate narrow-leafed lupins emerged in a favourable,
high-rainfall site but not in two drought-prone sites of
Australia (Galwey et al. 2003). No consistent advan-
tage of determinate narrow-leafed lupins was found in
areas of northern Europe (Joernsgaard et al. 2004).
DwarWsm, which is controlled by two recessive genes
which reduce the internode length on the main stem,
also has a major impact on the white lupin plant archi-
tecture and showed the potential for increasing the crop
harvest index and tolerance to lodging (Harzic et al.
1995, 1996). A novel white lupin type which combines
dwarfness and determinacy has recently become avail-
able (Papineau and Huyghe 2004). However, the adap-
tation pattern of dwarf versus tall genotypes has not
been thoroughly compared.

In this study, several narrow-leafed and white lupin
cultivars featuring diVerent phenological types and
plant architectures were evaluated across Italian envi-
ronments which contrasted for climate and sowing
time, with the objective of: (a) investigating the adap-
tive response of cultivars within species in relation to
their plant type and morphophysiological characteris-
tics; (b) assessing the environment similarity for GE
interaction eVects; and (c) comparing the lupin species
for yielding ability as determined by the locally best-
performing cultivar. The generated information can
support the deWnition of objectives and selection strate-
gies for breeding programs targeting Italy or other
climatically-variable south-European regions.

Materials and methods

Experimental data

The study included: (a) eight recent genotypes of nar-
row-leafed lupin released by two breeding institutions
123
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of Australia, two of Germany and one of Byelorussia,
of which seven were indeterminate and one was
determinate; (b) four recent genotypes of white
lupin bred in France or Spain, of which two were tall
determinate, one was dwarf determinate and one
was dwarf indeterminate, and one Italian landrace
and one Italian cultivar of white lupin with conven-
tional plant architecture (Table 1). Phenological
types as inferred from the origin of entries or other
sources (e.g., Papineau and Huyghe 2004) were
Mediterranean or European spring for narrow-leafed
lupin, and Mediterranean or European winter for
white lupin (Table 1). Australian narrow-leafed
lupins were considered Mediterranean-type as they
relied largely on Mediterranean genetic resources
(Buirchell and Cowling 1998).

The evaluation sites were: i) Lodi (Lombardy),
representative of the subcontinental climate with
extended frosts in winter and moderate terminal
drought which is typical of northern Italy; ii) Sanluri

(Sardinia), representative of the Mediterranean cli-
mate with occasional short frost periods within mild
winters and terminal drought which is widespread in
southern Italy and coastal areas of central Italy (Perini
et al. 2004). The soils, featuring pH values of 6.2 in
Lodi and 7.4 in Sanluri and active lime below 0.4%,
were suitable for lupins (Dracup et al. 1998; Papineau
and Huyghe 2004). The study included Wve test envi-
ronments deWned by the combination of location and
sowing time. They represented an early- and a late-
autumn sowing (in the cropping season 2002–2003)
and a late-winter sowing (in 2004–2005) in Lodi, and
an autumn and a late-winter sowing (in 2003–2004)
in Sanluri (Table 2). The autumn-sowing dates were
site-speciWc depending on the climatic area. The
adoption of two autumn sowings in the cold-prone
site was justiWed by the fact that winter plant mortal-
ity may arise from too early Xoral initiation under
early sowing or from insuYciently thick root paren-
chyma under late sowing (Huyghe and Papineau

Table 1 Origin, plant architecture and phenological type, mean grain yield and score on the Wrst genotype £ environment interaction
principal component (PC) axis, and mean onset of Xowering, for narrow-leafed and white lupin cultivars grown in Wve environments

a T tall; D dwarf
b I indeterminate; D determinate
c M Mediterranean; S European spring; W European winter
d Means within species followed by letters ‘a’ and ‘b’ do not diVer from the top- and the bottom-ranking mean, respectively, according
to Newman–Keuls test (P < 0.05)

Cultivar Origin Plant staturea Plant habitb Phenological 
typec

Mean 
yield 
(t/ha)d

PC 1 
score 
(t/ha)0.5

Flowering 
(dd from 
March 1)d

Narrow-leafed lupin

Arabella Germany T I S 3.28 a ¡0.24 52.6 b

Belara Australia T I M 3.25 a ¡0.27 52.3 b

Boltensia Germany T I S 3.10 ¡0.13 55.0

HP 39-1 Byelorussia T I S 2.42 b 1.43 59.0 a

Jindalee Australia T I M 3.46 a ¡0.48 59.6 a

Quilinock Australia T I M 3.35 a ¡0.03 54.5

Tanjil Australia T I M 3.10 0.04 56.7

Walan 2053 Australia T D M 2.97 ¡0.32 54.8

White lupin

AB 47 Spain T D M 2.86 ¡0.59 62.9

Molise landrace Italy T I M 3.93 a ¡0.35 58.1

Lucille France D D W 2.43 b 0.73 80.5 a

Ludet France T D W 2.75 ¡0.05 76.8

Luxe France D I W 2.81 0.91 67.8

Multitalia Italy T I M 4.11 a ¡0.65 55.0 b
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1990). Narrow-leafed and white lupin cultivars were
tested together in each trial. The two sowing dates of
Lodi in 2002–2003 or Sanluri were assigned to main
plots, and the cultivars grouped for species to sub-
plots, combining features of strip-plot and group-
block designs (Gomez and Gomez 1984, pp. 75–83).
The trial of Lodi in 2004–2005 was designed as a
group-block design, grouping cultivars of same spe-
cies within each randomized complete block. There
were always three replications per treatment.

Prior to sowing, seeds were treated with Germipro
UFB (350 g/l Iprodione + 177 g/l Carbendazim) at
the rate of 2.6 ml/kg and were inoculated with NPPL
HiStick (Becker Underwood). Seed rates, deWned as a
compromise between Fagnano and Bozzini’s (2001),
Perry et al.’s (1998) and Papineau and Huyghe’s
(2004) indications, were 80 and 45 germinating seeds/
m2 for narrow-leafed and white lupin, respectively.
The sowing depth was 30 mm. The plots were 9 m2,
and included 16 rows 3 m long, 180 mm apart for nar-
row-leafed lupin, and 8 rows 3 m long, 360 mm apart
for white lupin. The plot harvest area excluded 8 (nar-
row-leafed lupin) or 4 (white lupin) edge rows. Grain
yield was expressed at 13% seed moisture (after
moisture determination on a random sample of 250
seeds per plot).

Days to onset of Xowering (from March 1 to when
50% of plants had the Wrst open Xower) was recorded
in all experiments. The entries were characterized for
the following traits across Lodi’s autumn-sown envi-
ronments: i) winter plant mortality, based on plant
counts at the onset and the end of winter along one
linear m in each of two rows; ii) days to maturity
(from March 1 to when 50% of the plants were ripe

for harvesting), and length of the reproductive period;
iii) percent of lodged plants at maturity, based on
plant counts on two central rows; iv) aerial
(grain + straw) dry matter and harvest index, weight-
ing as straw all the residues from threshing from the
combine cutting height and assessing their moisture
on a sample of about 1 kg; v) proportion of seeds on
the main stem, individual seed weight, and proportion
of pod wall on pod biomass for pods on the main stem
[as: (pod weight ¡ seed weight)/pod weight], esti-
mated on the oven-dried seeds or pods as average val-
ues of six random ripe plants per plot.

Statistical analysis

A combined analysis of variance (ANOVA) was per-
formed separately for each species on grain yield
data, holding environment and genotype as Wxed fac-
tors and considering each environment as a random-
ized complete block experiment. GE interaction was
partitioned by joint regression (Finlay and Wilkin-
son 1963) and additive main eVects and multiplica-
tive interaction (AMMI) (Gauch 1992) analysis,
selecting the AMMI model whose principal compo-
nent (PC) axes reached P < 0.01 signiWcance accord-
ing to the FR test recommended by Piepho (1995).
AMMI-modeled yield responses, which improve the
prediction of cultivar responses theoretically (Gauch
1992, pp. 134–153) and empirically (Annicchiarico
et al. 2006), were graphically displayed as entry
nominal yields as a function of the environment PC
1 score. Nominal yields, which sum up the estimated
entry mean value and the product of the entry by
the site scaled scores on PC 1 (excluding site

Table 2 DeWnition of test environments in Lodi and Sanluri, and species comparison for grain yield (t/ha) based on mean yield and
on the additive main eVects and multiplicative interaction-modeled yield of the top-yielding cultivar in each species

a Lodi, subcontinental climate; Sanluri, Mediterranean climate
b ns, +, * row means not diVerent and diVerent at P < 0.10 and P < 0.05, respectively. Top-yielding entries are graphically displayed
by nominal yields of Fig. 1 for narrow-leafed lupin and Fig. 2 for white lupin

Environment Mean yieldb Top-yielding cultivarb

Locationa Sowing time Sowing date 
(dd/mm/yy)

Narrow-leafed 
lupin

White lupin Narrow-leafed 
lupin

White lupin

Lodi Early autumn 23/10/02 3.11 3.49 ns 3.52 4.02 +

Lodi Late autumn 7/11/02 3.33 3.61 ns 3.55 4.10 *

Lodi Late winter 15/02/05 3.50 4.23 + 3.85 5.29 *

Sanluri Autumn 10/11/03 3.65 3.54 ns 4.62 4.96 +

Sanluri Late winter 19/02/04 2.00 1.17 * 2.33 2.31 ns
123



Euphytica (2009) 166:71–81 75
main eVects, irrelevant for entry ranking), allow for
linearizing the adaptive responses (Gauch and Zobel
1997). Entry diVerences in a given environment
were assessed according to the ANOVA’s LSD
value for the relevant environment.

Within-species variation for morphophysiological
traits was assessed by an ANOVA including the Wxed
factors: i) environment and genotype, for onset of
Xowering in Wve environments; ii) sowing time and
genotype, for all traits recorded in Lodi’s autumn-
sown environments (according to the split-plot lay-
out of these factors). The relationship of mean grain
yield or AMMI-modeled yield in each of the most-
contrasting environments for GE interaction with
morphophysiological traits of the cultivars (averaged
across environments) was assessed by simple correla-
tion analysis.

Other ANOVAs aimed at comparing species and
assessing species £ environment interaction. They
included the Wxed factors species, genotype within
species, and environment (for grain yield or onset
of Xowering in Wve environments) or sowing time
(for morphophysiological traits recorded in Lodi’s
autumn-sown environments). Species £ block inter-
action (nested into environment, when relative to Wve
environments) acted as the error term for testing spe-
cies main eVects, species £ environment or species £
sowing time interaction, to take account of the group-
block lay-out of species and cultivars (Gomez and
Gomez 1984, pp. 75–83).

Species were also compared in each environment
for: i) mean grain yield; ii) AMMI-modeled grain
yield (inclusive of the site main eVect) of the top-
yielding entry of each species. Both comparisons held
the ANOVA species £ block interaction mean square
for the speciWc environment as the error term. The
entry comparison was based on the LSD value includ-
ing this error.

Statistical Analysis System software (SAS 1999)
was used for all analyses but AMMI and joint regres-
sion, which were performed by CropStat (IRRI 2008).

Results

The subcontinental-climate site (Lodi) conWrmed the
expected greater extent and severity of winter frosts
relative to the Mediterranean site (Sanluri) and, in
comparison with long-term values, exhibited a drier
spring in 2002–2003 (Table 3). Sanluri had a some-
what colder winter and a wetter spring in the test year
relative to the long term (Table 3). Potential evapo-
transpiration in spring was not available but was
known to be over 50 mm greater from March 1 to
June 15 in Sanluri relative to Lodi in the long term
(Perini et al. 2004), justifying the fairly similar mean
grain yield of Sanluri’s and Lodi’s autumn-sown
environments (Table 2). Sanluri’s late winter-sown
environment was the lowest-yielding environment for
both species (Table 2).

Entry mean values for grain yield and onset of
Xowering across environments are given in Table 1.
In narrow-leafed lupin, top-yielding material had
indeterminate habit and was mostly bred in Australia.
The range of Xowering time was fairly narrow (about
7 days) and unrelated to phenological type or mean
yield (r = ¡ 0.34, P > 0.10) of the genotypes. In
white lupin, the Italian cultivars with conventional
plant architecture were top-yielding and early-Xower-
ing, whereas the bottom-yielding entry was dwarf
determinate and notably late-Xowering. The entry
range for onset of Xowering was large (over 25 days),
associated with phenological type (early in Mediterra-
nean entries, and intermediate or late in winter-type
germplasm: Table 1), and inversely related to entry
mean yield (r = ¡ 0.88, P < 0.05).

Table 3 Climatic variables of the test environments in the test years and the long term (average of 20 years)

a Lodi, subcontinental climate; Sanluri, Mediterranean climate

Locationa Season Abs. min. 
temp. (°C)

No. frost 
days

Mean temp. January 
1–March 31 (°C)

Rainfall March 
1–June 15 (mm)

Lodi 2002–2003 ¡7.8 54 4.4 83

Lodi 2004–2005 ¡9.0 78 4.2 182

Lodi Long term ¡7.7 56 4.4 240

Sanluri 2003–2004 ¡2.2 10 10.0 198

Sanluri Long term 1.4 2 9.8 109
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For both species, GE interaction for grain yield
was highly signiWcant (P < 0.001) and the selected
AMMI model, including one PC axis, was preferable
to joint regression on the basis of: i) its greater GE
interaction variation accounted for (R2 = 85% vs.
12% for narrow-leafed lupin, and 89% vs. 3% for
white lupin); ii) the highly signiWcant deviations from
regression term (P < 0.001) (Table 4). The autumn-
sown Mediterranean environment and the autumn-
sown subcontinental environments were the most-
contrasting for GE eVects in both species according to
the environment ordination on the Wrst GE interaction
PC axis (Figs. 1, 2). Spring-sown environments of the
two sites exhibited similar entry responses, and were
more similar to Lodi’s autumn-sown environments in
narrow-leafed lupin (Fig. 1) and to Sanluri’s autumn-
sown environment in white lupin (Fig. 2).

Tall determinate genotypes, namely ‘Walan 2023’
in narrow-leafed lupin and ‘AB 47’ and ‘Ludet’ in
white lupin, were markedly unadapted to Lodi’s
autumn-sown environments (Figs. 1, 2) but failed to
enter the top-yielding set (P < 0.05) also in the other
environments. The Byelorussian narrow-leafed line
‘HP 39-1’ and the dwarf indeterminate white lupin
‘Luxe’ tended to the opposite adaptive response,
being speciWcally adapted to Lodi’s cold-prone envi-
ronments and poorly adapted to the other environ-
ments (Figs. 1, 2). Cross-over GE interaction
(P < 0.05) occurred between ‘HP 39-1’ and ‘Walan
2023’ in narrow-leafed lupin, and between ‘Luxe’ and
‘AB 47’ in white lupin. The sizeable extent of GE
eVects was also supported by the fact that the two

most-contrasting environments for PC 1 score tended
towards inverse correlation in narrow-leafed lupin
(r = ¡ 0.66, P < 0.10) and were not correlated in
white lupin (r = 0.27, P > 0.30) for AMMI-modeled
entry yields. However, widely adapted material could
also be found, such as ‘Jindalee’ in narrow-leafed
lupin (Fig. 1) and ‘Multitalia’ and the Italian ecotype
in white lupin (Fig. 2).

Genetic variation for morphophysiological traits
(P < 0.10) was detected for all traits but susceptibility
to lodging in narrow-leafed lupin. This species dis-
played narrower genetic variation than white lupin also
for other traits besides onset of Xowering and lodging,
such as maturity time, length of the reproductive phase,

Table 4 Analysis of variance for grain yield of eight narrow-leafed and six white lupin cultivars grown in Wve environments

a Genotype £ environment interaction variation partitioned by (i) joint regression analysis and (ii) additive main eVects and multipli-
cative interaction analysis
b ns, *, ** not signiWcant and signiWcant at P < 0.05 and P < 0.01, respectively

Source of variation Narrow-leafed lupin White lupin

Degrees of 
freedom

Mean squareb Degrees 
of freedom

Mean squareb

Genotype 7 1.57 *** 5 7.54 ***

Environment 4 10.40 *** 4 21.94 ***

Genotype £ Environmenta 28 0.80 *** 20 0.74 ***

(i) Genotype regressions 7 0.38 ns 5 0.10 ns

Deviations from regression 21 0.95 *** 15 0.96 ***

(ii) PC 1 10 1.92 *** 8 1.65 ***

Residual 18 0.19 ns 12 0.14 ns

Pooled error 70 0.14 50 0.14

Fig. 1 Nominal grain yield of eight narrow-leafed lupin cultivars
as a function of the score on the Wrst genotype £ environment
interaction principal component (PC) axis of Wve environments
(average LSD at P < 0.05 = 0.61; LEA, LLA and LW Lodi’s early-
autumn, late-autumn and late-winter sowings, respectively; SA
and SW Sanluri’s autumn and late-winter sowings, respectively)
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proportion of seeds on the main stem, dry seed weight
and proportion of pod wall, while exhibiting wider var-
iation than white lupin only for winter plant mortality,
according to range values reported in Table 5. White
lupin also showed genotype £ sowing time interaction
(P < 0.05) for some morphophysiological traits across
Lodi’s autumn-sown environments, i.e., onset of Xow-
ering, maturity date, length of the reproductive phase,
aerial dry matter and winter plant mortality. GE inter-
action for onset of Xowering across Wve environments
was sizeable in narrow-leafed lupin (P < 0.01) and large
in white lupin (P < 0.001), where it was largely due to
quantitative interaction of phenological type with loca-
tion. In particular, the Xowering delay of winter white
lupins relative to Mediterranean ones was much wider in
Sanluri’s environments (averaging 25 days) than in
Lodi’s environments (averaging 12 days).

Correlation results between morphophysiological
traits over Lodi’s autumn-sown environments and
grain yield of entries in the most contrasting environ-
ments for GE interaction, i.e., autumn sowing in
Sanluri (for both species) and early-autumn (for nar-
row-leafed lupin) or late-autumn (for white lupin)
sowing in Lodi, are reported in Table 5. Higher yield
in the Mediterranean environment was a feature of
entries with earlier onset of Xowering and longer
reproductive phase in white lupin (P < 0.05), whereas
no distinct relationship emerged in narrow-leafed
lupin (where the trend to inverse correlation with har-
vest index was associated with the low level of

genetic variation for this trait) (Table 5). Higher yield
in the relevant autumn-sown subcontinental environ-
ment was related (P < 0.10) to later maturity and
greater aerial biomass in both species, and to lower
proportions of pod wall and of seed on the main stem
in white lupin (Table 5). As expected, determinate
lines had higher proportion of seed on main stem than
indeterminate lines in both species (P < 0.05). ‘Luxe’
and ‘Ludet’ in white lupin, and ‘Walan 2053’ and ‘HP
39-1’ in narrow-leafed lupin, were top-ranking for
harvest index.

Species comparison for grain yield was aVected by
species £ environment interaction (P < 0.05). On
average, white lupin was higher yielding in Lodi and
lower yielding in Sanluri than narrow-leafed lupin
under late-winter sowing (P > 0.10), whereas the two
species did not diVer in the autumn-sown environ-
ments (Table 2). The comparison of greater practical
interest, based on material which maximized locally
the species yielding ability (i.e., ‘Multitalia’ in all
cases for white lupin, and ‘Quilinock’ or ‘Jindalee’
for narrow-leafed lupin), highlighted a trend towards
higher yield of white lupin, as: i) ‘Multitalia’ outyiel-
ded the top-yielding narrow-leafed entry also in all
autumn-sown environments besides the late winter-
sown in Lodi (P < 0.10); ii) the two species did not
diVer in Sanluri under late-winter sowing (Table 2).
On average, white lupin had later onset of Xowering
and maturity, longer reproductive phase, lower winter
mortality, somewhat greater lodging, greater propor-
tion of seed on the main stem, lower proportion of
pod wall and heavier seed than narrow-leafed lupin
over Lodi’s autumn-sown environments (Table 5).

Discussion

The present indications on species adaptation and
within-species GE interaction patterns should not be
considered as conclusive, given the limited sampling
of germplasm (especially for some plant types within
species) and of environments within each climatic
area. The sharp contrast between subcontinental-
climate and Mediterranean-climate environments
under autumn sowing which emerged for both species
in the AMMI ordination for GE eVects agrees with
previous studies performed in Italy on faba bean
(Annicchiarico and Iannucci 2008) and small-grain
cereals such as bread wheat, durum wheat or oat

Fig. 2 Nominal grain yield of six white lupin cultivars as a
function of the score on the Wrst genotype £ environment inter-
action principal component (PC) axis of Wve environments
(average LSD at P < 0.05 = 0.78; LEA, LLA and LW Lodi’s ear-
ly-autumn, late-autumn and late-winter sowings, respectively;
SA and SW Sanluri’s autumn and late-winter sowings, respec-
tively)
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(Annicchiarico 1997), where genotype £ location
(GL) interaction eVects for autumn-sown environ-
ments were large and mainly accounted for by the two
climatic areas. The substantial repeatability across
years of GL eVects in these studies (whose trials were
repeated also in time at each site) could not be veri-
Wed here but suggests, on the whole, the overwhelm-
ing impact of the climatic area on the genotype
adaptive response of autumn-sown grain legume or
small-grain cereal crops in Italy. Indeed, the climatic
diVerences between lupin test locations were less
marked in the test years than the long term, especially
for rainfall amount, suggesting that even larger GL
interaction may emerge on test years whose rainfall
amount in each site represented more faithfully the
average diVerence between the two climatic areas.

Although preliminary, our Wndings have implica-
tions for Italian lupin breeding programs and may
support the breeding work in other south-European
regions which include a Mediterranean and a subcon-
tinental (or oceanic) climatic area (such Spain, Portu-
gal, southern France or the Balkan peninsula). The
limited cropping area of lupins in south-European
regions may lead breeding programs to concentrate
resources on the improvement of only one lupin spe-
cies. White lupin may be preferable to narrow-leafed
lupin, as its lack of superiority according to top-yielding
material (and its inferiority based on species mean
yield) emerged only in the Mediterranean environ-
ment including late-winter sowing. This sowing time
as determined by unfavourable climatic conditions for
autumn sowing is expected to be much less frequent
in Mediterranean-climate than subcontinental-cli-
mate areas. However, novel narrow-leafed lupin vari-
eties selected in southern Europe (which may become
available within a few years: Crinò and Saccardo
2008) may widen the adaptation of this species and
reduce its disadvantage relative to white lupin in this
region. An additional advantage of white lupin over
narrow-leafed lupin is its higher grain quality for
energy value (Petterson 1998) and protein content
(averaging 39.5% vs. 31.2% for the present sets of culti-
vars over Lodi’s autumn-sown environments: Colom-
bini et al. 2004). On the other hand, the greater earliness
of maturity of narrow-leafed lupin may allow for the
earlier sowing of a summer crop in irrigated areas.

Despite the large GE interaction eVects observed in
white lupin, the wide adaptation displayed by two cul-
tivars having Mediterranean phenological type and

conventional plant architecture (‘Multitalia’ and the
Italian ecotype) suggests that breeding for wide adap-
tation may be feasible through the exploitation of
Mediterranean-type genetic resources and the parallel
selection of novel germplasm across a subcontinental-
climate and a Mediterranean-climate site under
autumn sowing (i.e., across two selection environ-
ments which contrast for GE eVects and are represen-
tative of major target environments). The potential
usefulness of a dwarf plant type requires further
assessment, as one such entry (‘Luxe’) was as yield-
ing as the best tall material in the cold-prone environ-
ments and may have failed to respond well to the
other environments because of its winter phenological
type (implying late cycle) rather than its dwarf stat-
ure. Indeed, the markedly delayed Xowering of
‘Luxe’ and other winter varieties in Sanluri could be
attributed to the diYculty of this mild-winter site to
satisfy the high vernalization that is required by win-
ter-type white lupins (Huyghe and Papineau 1990).
Spring-type white lupins were not evaluated here,
because earlier results highlighted their susceptibility
to winter cold in subcontinental-climate environments
and late frosts in Mediterranean environments of Italy
(Annicchiarico and Iannucci 2007). The substantial
lack of adaptation across environments of determinate
white lupins of Mediterranean or winter phenological
type suggests the greater interest of an indeterminate
habit for south-European environments. Correlation
results revealed no morphophysiological trait consis-
tently related to higher white lupin yield across
autumn-sown Mediterranean and subcontinental envi-
ronments. However, they suggested that the features
of the Mediterranean, conventional-type material
(early onset of Xowering, long reproductive phase,
high aerial biomass), as well as low proportion of pod
wall on pod biomass, were useful in one of these envi-
ronments without being detrimental in the other. The
usefulness of low proportion of pod wall agrees with
results reported by Lagunes-Espinoza et al. (1999) for
a larger set of white lupin genotypes.

The similarity between spring and Mediterranean
narrow-leafed lupins for Xowering and maturity time
could be expected on the ground of selection for low
or nil vernalization which Mediterranean germplasm
bred in Australia usually underwent (French and
Buirchell 2005). The slight advantage of Australian
over central-European germplasm in terms of overall
adaptation was probably due to better tolerance of this
123
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material to the terminal drought which features south-
European environments. GE interaction in this spe-
cies was mainly due to the marked speciWc-adaptation
response of the Byelorussian entry ‘HP 39-1’. The
great climatic contrast between selection and test
environment may account for its very poor adaptation
to Mediterranean environments, although no recorded
morphophysiological trait could be related to its adap-
tation pattern. The adaptive response of the determi-
nate Mediterranean narrow-leafed line ‘Walan 2023’
paralleled that of the determinate Mediterranean
white lupin line ‘AB 47’, namely, a positive GE inter-
action eVect in the autumn-sown Mediterranean
environment insuYcient to attain the yield level of the
top-yielding material even in this environment
(Figs. 1, 2). Our results suggest that also narrow-
leafed lupin selection for wide adaptation may conve-
niently rely on Mediterranean germplasm with
indeterminate habit. Within this germplasm, the lim-
ited GE interaction currently observed would allow to
limit the evaluation across climatically contrasting
environments to late selection stages. The identiWca-
tion of useful morphophysiological traits was hin-
dered in this species by the only moderate genetic
variation and the lack of high and consistent correla-
tion with grain yield of these traits. Proportion of
pod wall was not related to grain yield in any envi-
ronment, despite the potential usefulness of this trait
advocated also for this species (Clements et al.
2005).

In conclusion, this study supports the somewhat
greater interest of white lupin over narrow-leafed
lupin across Italian environments and, within both
species, the usefulness of indeterminate, Mediterra-
nean-type germplasm in breeding for wide adaptation.
Breeding speciWcally for a Mediterranean- and a sub-
continental-climate area may also be of interest for
white lupin, where it could exploit diVerent phenolog-
ical types (e.g., winter material for subcontinental
areas) and speciWc adaptive traits (e.g., early Xower-
ing for Mediterranean areas). Further work based on a
large germplasm sample is required to verify whether
the advantage in terms of yield gains provided by
speciWc adaptation over wide adaptation is large
enough to justify this adaptation strategy for a species
whose seed market is fairly limited. The scope for
speciWc breeding may be widened when targeting a
Mediterranean and a subcontinental area across
south-European countries, as suggested for faba bean

by a tentative deWnition of variety adaptive zones
(Metayer 2004).
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