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ABSTRACT 
Several reports are in agreement with the fact that perennial grain yields do not match of the analog annual species, but others revealed 
that the perennials may be high. Not enough knowledge about the impact of nutritional conditions on the maintenance of yield stability 
along different growing seasons is available for perennial grain crops. Lesquerella mendocina is a promising species native from 
Argentina that produces oil with hydroxy fatty acids (HFA) in the seeds. The objective of this work was to test the hypothesis that seed 
production and yield components during the second year do not decrease in L. mendocina under optimal N availability. An experiment 
was carried out outdoors during two consecutive years. In 2004, treatments consisted of a control under optimal N availability measured 
during the first growing season (LM1-1), and two treatments which plants remained fertilized during the first year and analyzed during 
the second growing season (LM2) under low (N-) and high (N+) N availability. In 2005, two additional N- and N+ treatments were 
applied (LM1-2) in order to compare the production in the first season with LM2 plants. Similar yields were found for LM2 N+ than 
those for LM1-1 and LM1-2 N+, despite the drastic reduction of plant density in the former. Higher individual seed yield and inflores-
cence peduncles compensated the lack of plant stand. LM2 yield was more affected by N availability than LM1-2, while no changes in 
seed allocation were produced by N either plant age. The results suggest that L. mendocina performs as a promissory species with stable 
yields along years if future breeding programs improve seed allocation and resistance to fungal diseases. 
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INTRODUCTION 
 
Annual grain crops have dominated the agricultural land-
scape since the time of the earliest farmers 10,000 years ago 
(Cox et al. 2002). The increasing demand to expand food 
production under an increasing human population lead to 
the development of plant breeding programs for annual 
grain crops aimed at increasing grain yields. In this context, 
maximization of potential yield would have contributed to 
the discarding of several morphological and physiological 
traits that could be critical for the improvement of crop 
survival and stability under environmental limitations (Cec-
carelli and Grando 1996). The introduction of perennial 
grain crops has been proposed to reduce soil erosion in agri-
cultural systems, and breeding methodologies have already 
been described for at least twenty perennial grain species 
(Cox et al. 2002; Glover 2003). Breeders have the genetic 
resources for breeding perennial grains, but the possibility 
of a tradeoff between potential grain yield and perenniality 
(Jackson and Jackson 1999) has been posed as a limitation 
to its progress. 

Several reports for many grain crop species are in 
agreement with the fact that perennial grain yields are not 
as high as those for the analog annual species (Wagoner 
1990). However, other studies revealed that grain yields 
may be high in perennial Sorghum (Piper and Kulakow 
1995), and seed production can be increased without com-
promising the vegetative biomass invested in sustaining 
perenniality (Moffat 1996; Pimm 1997). In addition, other 
alternative perennial crops such as Illinois bundleflower 
(Desmanthus illinoensis) and wild senna (Cassia marilan-
dica), yielded up to 2000 Kg/ha (Piper 1998; Fischbach et 

al. 2005). 
Another important concern related to the performance 

of perennial grain crops is associated with the stability of 
yield along the different years. Unfortunately, evidence in 
perennial wheat suggests that yield could perform satisfac-
torily only in the year in which the crop is established from 
seed, while production is drastically reduced at the sub-
sequent reproductive periods (Suneson et al. 1963; Tsitsin 
1965; Cox et al. 2006). Not enough knowledge about the 
impact of nutritional conditions on the maintenance of yield 
stability along the different growing seasons is available for 
perennial grain crops, however. 

The genus Lesquerella (Brassicaceae) is a potential 
industrial crop due to the HFA in its seeds (Dierig et al. 
1993). It includes approximately 100 species with annual, 
biennial and perennial habits (Rollins and Shaw 1973). 
Lesquerella fendleri (A. Gray) S. Watson is a candidate for 
domestication because of its high seed and oil yield, low 
seed dormancy, and low fruit dehiscence (Roetheli et al. 
1991). Although the natural populations of this species have 
been described as short-lived perennial (Rollins and Shaw 
1973) and annual (Barclay et al. 1962), the cultivated types 
are cropped as an annual (Dierig et al. 1993) and behaves 
strictly as an annual in Argentina (Ploschuk et al. 2001). No 
perennial structures were found in this species, and all 
stems bear reproductive structures at flowering including 
the apical meristem (Windauer 2002; Ploschuk et al. 2003). 

Thus, environmental and cultural effects on the growth 
and yield in annual crop systems of Lesquerella sp., have 
been reported for N (Nelson et al. 1996, 1999; Ploschuk et 
al. 2005), sowing date and plant density (Brahim et al. 
1996; Rodriguez Garcia et al. 2007), water availability 
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(Puppala et al. 1997; Ploschuk et al. 2001; Puppala et al. 
2005), salinity (Grieve et al. 1997; Dierig et al. 2003), phe-
nology (Windauer et al. 2004, 2006), germination (Adam et 
al. 2007; Windauer et al. 2007) and temperature (Dierig et 
al. 2006; Alvarez Prado and Ploschuk 2008). 

Alternatively, other species of the genus such as the 
perennial native from Argentina L. mendocina (Phil.) Kurtz 
(Cabrera 1967; Correa 1984), could be developed as a 
source of HFA in regions with cool temperatures and arid or 
semi-arid lands (Ploschuk et al. 2001, 2003, 2005). In con-
trast to L. fendleri, L. mendocina develops perennial rosettes 
with lateral spicate inflorescences every year, including the 
first year of establishment (Fig. 1). This trait could contrib.-
ute to increased crop stability (across sites and years), 
making L. mendocina a promising perennial alternative to L. 
fendleri for sustainable systems in marginal environments. 

Previous studies revealed that L. mendocina first-year 
yields were similar to those of L. fendleri (Ploschuk and 
Ravetta 2003; Ploschuk 2005; Ploschuk et al. 2005). Grea-
ter root and vegetative shoot allocation in the former spe-
cies were counterbalanced by a lower allocation to non seed 
reproductive structures compared to the latter. However, 
little is known about the performance of perennial grain 
crops such as L. mendocina during the years following 
sowing and the effect of nutrient availability during this 
period. The objective of this work is to test the hypothesis 
that seed production and yield components during the sec-
ond year do not decrease in L. mendocina under optimal N 
availability. 

 
 
 
 

MATERIALS AND METHODS 
 
Plant handling and treatments 
 
An experiment was carried out under field conditions, during 2004 
and 2005 at the Facultad de Agronomía, Universidad de Buenos 
Aires, Argentina (34° 35� S, 58° 29� W) on a salty clay loam soil 
(Vertic Argiudoll). Seeds of L. mendocina were collected from a 
native stand at Lihuel Calel, La Pampa, Argentina (37° 57� S, 65° 
33� W) and previously multiplied in plots at the Facultad de Agro-
nomía. The experiment was arranged in three randomized com-
plete blocks with five treatments. Each replicate consisted of a plot 
with eight rows, 0.2 m apart and 1 m long for a total initial plant 
density of 50 plants m-2. Plants were grown under adequate water 
conditions and kept free from weeds by manual removal. Cipermin 
(Cipermetrine 25%, 20 cm3 hl-1) and Zineb Azul Brometan (Zineb 
70%, 20 g hl-1) were applied at monthly intervals to prevent dam-
age from insects and fungi, respectively. 

The experiment was sown on June 4 2004 (Fig. 2). In this year, 
the sown treatments consisted of a L. mendocina control under 
optimal N availability analyzed and harvested during the first 
growing season (LM1-1), and two treatments which plants 
remained fertilized during the first year and were analyzed during 
the second growing season (LM2) under low (N-) and high (N+) N 
availability. In 2005 (sowing date June 3), two additional N- and 
N+ treatments were arranged (LM1-2) in order to compare under 
the same environmental conditions plants producing seeds under 
the first and the second growing season. Sowing date was chosen 
in order to maximize the synchronization of the flowering phase 
between LM1-2 and LM2 treatments (Ploschuk et al. 2005). Nitro-
gen fertilization consisted of urea applications (150 Kg of N ha-1) 
applied before sowing for LM1-1, LM2 N+, LM2 N- in 2004. The 
same dose was also applied in 2005 for LM1-2 N+ before sowing 
and for LM2 N+ at the same date, while LM1-2 N- and LM2 N- 
remained unfertilized. 
 
Seed yield and relative allocation 
 
Four plants per block were harvested after PM (when fruits were 
dehiscent at touch and contained reddish seeds, see Fig. 2), and 
plant biomass was divided into vegetative shoots (leaves and 
stems), roots, seeds and non-seed reproductive biomass (inflores-
cence peduncles and siliques). Samples were dried at 70°C for at 
least 48 h and weighed. The dry weights of the different fractions 
were measured for each treatment. Previous studies revealed that 
seed-oil concentrations were around 20% and the patterns of vari-
ation in carbon content measured as glucose equivalents were 
similar to those for biomass in all vegetative and reproductive 
organs (Penning de Vries et al. 1974; Ploschuk 2005). Thus, 
relative allocations to vegetative and reproductive organs (Bazzaz 
and Ackerly 1992) were made using biomass as a representative 
currency for carbon units. When LM2 plots in their first year 
reached PM, all reproductive fractions (seeds and non-seed repro-
ductive organs) were removed, in order to ensure that the repro-
ductive biomass harvested the following year was entirely pro-
duced during this second season. Relative allocations (percentage 
of total biomass) for LM2 plants were calculated in terms of the 
dry mass produced during the second year. Thus, mean vegetative 
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Fig. 1 Lesquerella mendocina plant growing during the first (A) and 
second (B) growing season. 
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Fig. 2 Scheme of the treatments arranged in the experiment. Horizon-
tal bars indicate the period between sowing and harvesting after physio-
logical maturity, under high (solid bars) and low (empty bars) nitrogen 
availability. Asterisks indicate the moment when fertilization was applied. 
F = Onset of flowering. 
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shoot and root biomass were estimated by the difference between 
the mean biomass harvested at the end of the second year (LM2) 
and the mean biomass from LM1-1 plants. Yield measurements 
(Kg ha-1) were estimated by harvesting the entire plot at PM. 
 
Plant density and phenology 
 
The number of inflorescence peduncles was measured on four 
plants per block at harvesting for each treatment. No significant 
change in plant density was detected during the first reproductive 
cycle until PM (LM1-1 and LM1-2 plants, data not shown). In 
LM2 plants, a measurement of plant density (plants m-2) was made 
at PM in 2005, in order to estimate plant mortality during the sec-
ond growing season. 
 
Statistical analyses 
 
Analyses of variance were performed for yield, biomass allocation 
and phenology, using the InfoStat software (Grupo InfoStat, FCA, 
Universidad Nacional de Córdoba, Argentina). When significant 
differences were found, Tukey’s test was conducted to detect 
significant differences among the factor combinations (P < 0.05). 
Natural logarithm transformations were performed when variance 
differed between treatments, while arcsine �x transformations 
were made for relative allocation measurements. 
 
RESULTS 
 
Seed yield 
 
The onset of flowering (plots with at least one plant flow-
ered) was September 25, 2004 for LM1-1, August 26, 2005 
for LM1-2 and August 28 2005 for LM2 plots (Fig. 2). 
Yields of around 400 kg ha-1 were produced by plants under 
high N availability during the first growing season, both for 
plants sown during the first (LM1-1) and second (LM1-2 
N+) year (Fig. 3). Similar yields were obtained for fertilized 
plants during the second growing season (LM2 N+). Under 
low N availability, yield reductions were found for LM1-2 
N- and LM2 N- plants. However, the reduction was higher 
for the later treatment during the second growing season, 
reaching 75% of that for fertilized plants (P < 0.05). 

Plant density was drastically reduced by plant mortality 
during the second growing season (11.5 ± 0.73 pl m-2 and 
12.8 ± 0.70 pl m-2 for LM2 N+ and LM2 N- plants res-
pectively), representing a reduction of around 75% respect 
to the 50 pl m-2 established by LM1-1 and LM1-2 plots. 
This mortality was not associated with senescence pro-
cesses related with the grain filling process during the pre-
vious season, but with fungal diseases during the second 
growing season (data not shown). Thus, different patterns 
were found when seed yield was analyzed per plant (Fig. 4). 
Greater individual seed yields near 4 g plant-1 were reached 
by LM2 N+ plants compared to plants growing during its 
first season under high N availability (LM1-1, LM1-2 N+). 
Significant reductions under low N availability around 37% 
and 57% were detected for both LM1-2 N- and LM2 N- 
plants respectively (P < 0.05). However, individual seed 
yield in LM2 N- plants was similar to that measured under 
high N availability in the first growing season (LM1-1 and 
LM1-2 N+). 
 
Plant phenology 
 
The number of inflorescence peduncles was similar for 
plants growing in their first reproductive cycle during 2004 
(LM1-1) and 2005 (LM1-2) (Fig. 5). This variable was 
significantly higher for plants flowering during the second 
growing season (LM2), reaching 95 inflorescence pedun-
cles per plant for the N+ treatment (P < 0.05). On the other 
side, significant reductions of up to 50% of the number of 
inflorescences were found for LM2 plants under low N 
availability (P < 0.05), while no significant changes in 
LM1-2 N- plants were detected by this limitation. However, 
even under low N availability, inflorescence peduncles in 

Fig. 3 Seed yield (Kg ha-1) for Lesquerella mendocina during the first 
growing season (LM1-1), second growing season (LM2) and first 
growing season sown in the second year (LM1-2) for fertilized (N+) 
and non fertilized (N-) treatments. Error bars indicate standard errors (n 
= 3). Different letters indicate significant differences between treatments 
(P < 0.05). 
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Fig. 4 Individual seed yield (g plant-1) for Lesquerella mendocina 
during the first growing season (LM1-1), second growing season 
(LM2) and first growing season sown in the second year (LM1-2) for 
fertilized (N+) and non fertilized (N-) treatments. Error bars indicate 
standard errors (n = 9-12). Different letters indicate significant differences 
between treatments (P < 0.05). 
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Fig. 5 Number of inflorescence peduncles per plant for Lesquerella 
mendocina during the first growing season (LM1-1), second growing 
season (LM2) and first growing season sown in the second year (LM1-
2), measured at harvesting after PM for fertilized (N+) and non ferti-
lized (N-) treatments. Error bars indicate standard errors (n=9-12). Dif-
ferent letters indicate significant differences between treatments (P < 
0.05). 
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LM2 N- plants were higher than that for the high N avail-
ability treatment measured in the first growing season 
(LM1-1 and LM1-2 N+). 
 
Biomass production and allocation 
 
Results for total plant biomass produced by the different 
treatments had a similar pattern to individual plant seed 
yield (compare Fig. 6A with Fig. 4). As a consequence, no 
significant changes in relative biomass allocation for seeds 
were found between plants flowered during their first 
flowering cycle, both for the first (LM1-1) and the second 
(LM1-2) year of treatments, although allocation to roots 
was higher in the latter (Fig. 6B). Independently of N avail-
ability, allocation to seeds was higher in the LM2 treatment 
than that for the first reproductive period in LM1-2 plants, 
growing in the same season under the same environmental 
conditions (P < 0.05). A higher allocation to non-seed 
reproductive structures was also found for LM2 N- plants as 
compared to that observed for the LM1-2 N- treatment (P < 
0.05). These patterns were associated with a higher alloca-
tion to roots and shoot in LM1-2 plants, as compared to that 
observed for the LM2 treatment (P < 0.05). However, seed 
allocation for the same crop flowered during the previous 
year (LM1-1) did not differ from LM2 plants, although it 
tended to be lower in the former. 

In general terms, high N availability (N+ treatment) did 
not affect relative allocation to seeds compared to plants 
under low N conditions (N- treatment) in both LM1-2 and 
LM2 plants, but did result in decreased allocation to roots 
relative to N- treatments (P < 0.05). Although no significant 
changes were found for allocation to shoot and non-seed 
reproductive structures, tendencies show that the lower 
allocation to roots in N+ treatments was produced at ex-

penses of a higher allocation to some of these biomass frac-
tions. 
 
DISCUSSION 
 
Under optimal N availability, yield in L. mendocina during 
the second reproductive cycle did not decrease from that 
produced during the first season. Yield (Kg ha-1) was main-
tained even under the drastic reduction in plant density of 
75% resulting from plant mortality with respect to the 50 pl 
m-2 established during the first flowering cycle. Yields were 
maintained by a great increase in individual seed yield and 
the number of inflorescence peduncles. These results con-
trast with the drastic reductions reported for perennial 
wheat during the second year of establishment (Suneson et 
al. 1963; Tsitsin 1965; Cox et al. 2002). Thus, our results 
are in agreement with the hypothesis that seed production 
and yield components during the second year do not de-
crease in L. mendocina under optimal N availability. 

The performance of L. mendocina have been tested in 
Argentina by comparative experiments with the candidate 
species L. fendleri (Ploschuk et al. 2003; Ploschuk and 
Ravetta 2003; Ploschuk 2005; Ploschuk et al. 2005). These 
studies revealed that yields and reproductive allocations 
were similar between the two species when managed as 
annual crops, but no information was available about yields 
during subsequent growing seasons under different nutrient 
availability. Previous reports in other herbaceous species 
detected meristem limitations and apical dominance asso-
ciated with the vegetative perpetuation organ (rosette) of the 
perennial (Watson 1984; Geber 1990; Bazzaz and Ackerly 
1992; Obeso 2002). The results obtained in this work cor-
roborate the capacity of L. mendocina to generate a great 
number of inflorescence peduncles during the second grow-
ing season. This effect was exacerbated by the drastic re-
duction in plant density produced in our experiment by 
plant mortality, and is in accordance with the idea that a 
perennial grain crop could perform well under optimal envi-
ronmental conditions, at least during the second year. Fur-
ther research is needed to investigate the causes of plant 
mortality and to analyze the performance of this species as 
a perennial crop under optimal plant densities. 

Low levels of N availability resulted in decreased yields 
of L. mendocina both under its first (LM1-2 N-) and second 
(LM2 N-) reproductive cycle by 37% and 75% respectively 
compared to their respective N+ treatments (Fig. 3). The 
greater reductions of LM2 N- plants could be in part attrib-
uted to the low plant density with respect to that for LM1-1 
plants. However, a similar pattern was found for individual 
seed yield (37% for LM1-2 N- and 57% for LM2 N-, Fig. 
4). This effect was clearly associated with the pattern found 
for the number of inflorescence peduncles produced per 
plant (Fig. 5). In contrast, no changes in seed allocation 
were produced by N availability. The impact of N was fun-
damentally affected on total plant biomass and no signifi-
cant changes in allocation to the different biomass fractions 
were produced by the low N availability, with the exception 
of the higher allocation to roots (Fig. 6). Lower producti-
vities under low N availability were reported for the total 
biomass production of alternative perennial species for bio-
fuel production, such as miscanthus (Miscanthus x gigan-
teus Greef et Deu.) and switchgrass (Panicum virgatum L.) 
(Boehmel et al. 2008). These results are also in agreement 
with previous measurements done during the first growing 
season (Ploschuk et al. 2005). Thus, the results show that 
the negative impact of N availability on yield was higher in 
the oldest plants, although the pattern of seed allocation was 
not affected by the treatment. 

Allocation to seeds during the second growing season 
did not differ from that observed during the previous year 
(LM1-1 plants). Lower allocation, however, was found in 
LM1-2 plants under the same meteorological conditions 
than LM2 plants, as a consequence of the higher allocation 
to shoot produced in the former (Fig. 6). The higher prod-
uctivity of total biomass in LM2 plants under optimal N 
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Fig. 6 Total biomass (g plant-1) for the entire plant (A) and relative bio-
mass allocation (% of total plant biomass) to the different fractions for 
Lesquerella mendocina (B) during the first growing season (LM1-1), sec-
ond growing season (LM2) and first growing season sown in the second 
year (LM1-2) for fertilized (N+) and non fertilized (N-) treatments. Bio-
mass and allocations for LM2 were calculated in terms of produced during 
the second year. Error bars indicate standard errors (n = 9-12). Different 
letters indicate significant differences between treatments for each fraction 
(P < 0.05). 
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conditions contrasts with the low values found by Ploschuk 
et al. (2005) in non fertilized plots during the second grow-
ing season. In general terms, seed-allocation reported here 
was lower than that found for major grain crops (Lopez 
Pereira et al. 2000; Vega et al. 2000) possibly reflecting the 
lack of selection on L. mendocina. Great efforts in future 
plant breeding programs will be needed in order to improve 
harvest index and yield in this species. 

Related to the previous comments, the highest yields 
obtained in this work under high N availability of around 
400 kg ha-1 are low with respect to that expected for a grain 
crop. Although these values were similar to those obtained 
for L. fendleri under similar conditions (Ploschuk and 
Ravetta 2003; Ploschuk 2005), yields up to 2000 kg ha-1 
were obtained for the same germplasm in the latter species 
in Arizona (Dierig et al. 1993; Thompson and Dierig 1994). 
Besides the lack of breeding on L. mendocina, three other 
possible explanations of the lower yields could be related to 
environmental factors: i) the later sowing date for LM1-1 
and LM1-2 plots (chosen to maximize the synchronization 
of the flowering phase between LM1-2 and LM2 treat-
ments) ii) the lower initial plant density used compared to 
those reported by other studies (Brahim et al. 1996; Rodri-
guez Garcia et al. 2007) and iii) the climatic conditions of 
the site where the experiment was performed. In addition, 
the extremely low density reached by LM2 treatments dis-
card the possibility to compare yields under the same den-
sity with those of plants in their first reproductive cycle. 
Notwithstanding, our experiment allowed us to reveal the 
potential of L. mendocina to develop high individual seed 
yields plant-1, as a consequence of a high number of inflo-
rescence peduncles. Although no radiation interception 
measurement was done in this experiment, visual observa-
tions reveal that less than 50% of the incident radiation was 
intercepted by the crop in LM2 plots, suggesting that yields 
could have been higher under normal densities without im-
portant increases in plant competition. 

Finally, previous studies revealed that a selection breed-
ing program could be successful in L. mendocina, since an 
increase of seed allocation may be produced at expense of 
secondary reproductive structures, instead of the perpetua-
tion organ (Ploschuk et al. 2005). Although it is usually 
believed that selection for higher yields should shorten the 
plant’s lifespan in accordance with the phenotypic trade-off 
model, recent research suggests that environmental and 
genetic changes can result in increases in both lifespan and 
yield simultaneously (DeHaan et al. 2005). In the case of L. 
mendocina, plant mortality was not due to the above men-
tioned trade-off but to fungal diseases that might be over-
come by breeding programs. Even in the case that seed 
yield in a perennial crop was lower than that expected for a 
traditional annual crop, this could have a number of advan-
tages for improving the sustainability of the vast extension 
of semiarid lands and marginal environments in Argentina, 
as the ones reported for the use of perennial crops in the 
Australian dryland agricultural systems (Bell et al. 2008). 
 
CONCLUSIONS 
 
Our work shows that L. mendocina could maintain yield 
stability during the second year under high N availability, in 
spite of the drastic reduction in plant density, by a great 
compensation of individual seed yield associated with the 
higher number of inflorescences, relative to those produced 
during the first growing season. Low N availability de-
creased yield and individual seed yield and the effect was 
more emphasized during the second growing season, al-
though no changes in seed allocation were produced by N. 
The results suggest that yield could be clearly higher during 
the second growing season if plant stand could be main-
tained, and further breeding programs are needed in order to 
reduce plant mortality by fungal diseases and to improve 
allocation to seeds. Hence, L. mendocina performs as a pro-
mising species to be developed as a perennial crop for semi-
arid lands such as the vast marginal environments in Argen-

tina. 
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