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Abstract: Legumes have become important crops, due to an increasing global population and
its demand for feed protein. Furthermore, legumes can improve the characteristics of the soil,
improve biodiversity levels in crop rotations, and be cultivated in both organic and sustainable farming
systems. In this study, a two-factor field experiment was conducted in Gorzyn, Poland in 2011-2015.
The first factor was the farming system: low-external inputs (LL; without fertilization and chemical
protection), medium-input (MI; medium fertilization level and chemical protection), and high-input
(conventional —CONYV; high fertilization level and chemical protection). Narrow-leaved lupin cultivar
was the second factor; the indeterminate cv. Kalif and the determinate cv. Regent. We evaluated (a)
weed infestation levels, (b) seed and protein production, and (c) the economic effects of narrow-leaved
lupin cultivation under different farming conditions. A total of 12 weed species were identified,
with the lowest weed density level and biomass production observed in CONV, and the greatest weed
density level observed in LI. Seed yield was determined by the farming system; the greatest in CONV
and significantly lower in LI (by 0.73 t h~!) and MI (by 0.18 t ha™). Little difference was observed in
seed yield between cultivars. The greatest production values for the Kalif and Regent cultivars (996€
and 949€ ha™!, respectively) were recorded in CONYV, although LI proved to be the most profitable
(with the highest gross agricultural income and lowest total cost of production). LI farming systems,
in conjunction with chemical weed control, should be investigated in future studies.

Keywords: lupin; yielding; weed infestation; cultivation intensification; production cost

1. Introduction

With an ever-increasing human population, the agricultural sector is confronted with a number of
critical challenges, namely, how to produce sufficient volumes of food for this population, while at the
same time preventing the pollution of natural ecosystems [1]. According to Fess et al. [2], high-input
farming systems become less sustainable and practical as the global population increases, because of
reduced requirement of resources.

Legume crops can be cultivated under both organic and sustainable farming systems [3].
Pulse crops, such as white lupin (Lupinus albus L.), yellow lupin (Lupinus luteus L.), and narrow-leaved
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lupin (Lupinus angustifolius L.) are native European plants, and could provide an excellent source of plant
protein [4,5]. Legumes are also very important in plant production systems, as they fix atmospheric
nitrogen (Nj), thereby increasing the soil concentration of a fundamentally important plant nutrient.
In European conditions, the most widely cultivated grain legumes (e.g., lupin, faba bean, and field pea)
accumulate an average of 130-153 kg N ha™! (from biological fixation) in their aboveground biomass [6].
Indeed, the potential range of N fixation in lupin is even wider, with values of 300 kg N ha~! reported
in some studies [7]. Crews and Peoples [8] concluded that the supply of N from legumes (biological)
may be a more sustainable source than synthetic (chemical) sources. Moreover, while some countries
are very dependent on the latter for food production, many have the capability to substantially reduce
synthetic N dependence through the adoption of less meat-intensive diets, and through the reduction
of food waste [8]. While many national governments in Europe support the production of legume
crops, economic impetus for legume cultivation is lacking, especially in areas where cereal and oilseed
crops grow well [9]. However, legume cultivation could provide more plant protein, and also lead
to increased biodiversity levels in crop rotations [10]. Modern, high-performance crop varieties are
usually bred for high-input farming systems [2], although more environment-friendly cultivation
methods have been sought [11,12]. In studies concerning white lupin, the highest income and the
lowest cost of production for 1 t of seeds and 1 kg protein were provided by LI, but this type of farming
system poses a risk of weed infestation, and reduces seed and protein yields. That is why LI farming
system should be supplemented with chemical crop protection against weeds. As such, the low-input
technology, along with supplemented chemical weed control, may be considered for higher seed and
protein yields of lupin [13].

The objective of this study was to assess the influence of three farming systems (LI, MI, and CONV)
on (a) weed infestation, (b) seed and protein yield, and (c) the economic effects of cultivation of two
narrow-leaved lupin cultivars.

2. Materials and Methods

2.1. Site Description

The study was part of a long-term field experiment carried out at the Gorzyn Research Station,
Poland (52°34’ N, 15°54’ E). The soil type, according to the World Reference Base, is an Albic Luvisol
that overlies a gray-brown podzolic. Total N content in the soil was 527 mg kg ™! soil, plant available
phosphorus (P) was 13.9 mg kg™ soil, and potassium (K) was 10.9 mg kg™! soil. Weather conditions
during the study are expressed as the hydrothermal coefficient of water supply according to the
Sielianinov index (K) (Table 1).

Table 1. Sielianinov index (K) during the narrow-leaved lupin growing season (2011-2015), recorded at
the Agrometeorological Observatory in Gorzyn, Poland.

Year (Y) April May June July August Sum of Rainfall (mm)

2011 0.25 0.58 0.89 3.18 0.48 287
2012 0.80 0.84 2.26 227 1.90 412
2013 0.53 1.63 2.10 0.87 0.49 278
2014 1.99 2.50 0.97 1.18 1.74 390
2015 1.30 0.43 1.02 1.22 0.17 184

K: <0.5 = drought, 0.5-1.0 = semi-drought, 1.0-1.5 = border of optimal moisture, >1.5 = excessive moisture.
The following formula was applied:
K = (Mo x 10)/(D; X days)

where K is the hydrothermal coefficient for an individual month during the growing season, Mo is
total monthly precipitation, and D; is the mean daily temperature in a particular month.
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During the study, there were considerable differences in the weather conditions during the
growing season (Table 1). On average, 2011 and 2015 were least favorable for growth, because of low
hydrothermal coefficients (K). However, it should be noted that the Sielianinov coefficient was at least
1.0 during the period of greatest demand for water by the plants, i.e., during florescence (June) and
pod emergence (July), which means that the narrow-leaved lupin plants had a relatively good supply
of water during their most critical development period.

2.2. Experimental Design and Agronomic Management

The field experiment was replicated at the same location every year over a 5-year period (2011-2015).
Four replicates of the two-factors were evaluated in a split-plot design. The main plot factor was the
farming system: low-external input (LI), medium-input (MI), and high-input (conventional —CONV).
The second plot factor was narrow-leaved lupin cultivar (indeterminate cv. Kalif and determinate cv.
Regent). A detailed description of the farming systems employed in this study can be found in Table 2.
In MI and CONYV systems, herbicides were used to target particular plant species: chlorothalonil was
used once in 2011, and then three times in each growing season (2012-2015); alfa-cypermethrin was
applied once per growing season.

Table 2. Characteristics of the farming systems evaluated in this study.

Agronomic Farming System
Treatment LI MI CONV
L carboxin, thiram carboxin, thiram (350 mL per
conc?ie’fjning Bmd]l/;}rz)z;(;bzum (350 mL per 100 kg of seeds) 100 kg of seeds)
Bradyrhizobium lupini Bradyrhizobium lupini
linuron (1.0 L ha™1) + clomazone
Mechanical (02Lha™1)
Weed control mechanical linuron (1.01h™1) (direct after sowing)
(direct after sowing) metamitron (1.5 L ha™1)
(after emergence)
Soil fertilization
3 - N-15; P-21.8; K-58.1 N-30; P-30.5; K-83
(kg ha™)
Foliar application multiple micro- and
of fertilizers - - macroelements
chlorothalonil (2.0 1 ha™1) chlorothalonil (2.0 L ha™1)
Disease control - (tatrachloroizoftalonitryl) (tatrachloroizoftalonitryl)
for Anthracnose for Anthracnose
alfa-cypermethrin (0.1 L ha™1)
Insects control - - (after emergence)
for Sitona spp.
Desiccation diquat (2.5 L ha™1)
before harvest B B (dibromide formula)

Farming system: LI = low external input; MI = medium input; CONV = conventional.

The area of each single experimental plot was 20 m?. Lupin was cultivated in crop rotation:
legumes, winter rape, and cereals. The forecrop was winter wheat (Triticum aestivum), which was
cultivated in a conventional tillage system, where P and K fertilizers were applied in autumn
(80 kg P ha~1, 100 kg K ha~1). Winter wheat N fertilization rates (NH4NO3; N 34%) were as follows:
60 kg N ha~! (early spring, before the start of crop growth); 120 kg N ha~! (the second rate during
straw shooting phase); and 180 kg N ha™! (the third rate during earing). Each year, the soil was
ploughed after harvest of the forecrop (winter wheat) in autumn, and was harrowed in spring before
lupin was sown. Recommended sowing rates were as follows: 100 seeds m~2 for indeterminate Kalif,
and 115 seeds m~2 for determinate Regent. Seeds were sown at a depth of 4 cm in rows spaced at
18 cm intervals in early April. In all systems, plots were drilled with a double disk drill (Great Plains,
Solid Stand 100 equipped with a fluted coulter for residue cutting, a double disk for seed placement,
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and a press wheel (3 m wide). Weight of the tractor was 2885 kg). Each year, lupin was harvested in
August with a 1.5-m-wide Wintersteiger plot combine harvester.

2.3. Data Collection

During each growing season, weed infestation was assessed on each plot two weeks before
harvest. Weeds collected from the site were dried in a laboratory at 80 °C for 48 h. Weed infestation
was expressed as the number and dry mass of weeds per unit area (m?) and as the percentage share of
specific species in the total number of weeds in each farming system.

For narrow-leaved lupin, the following traits were assessed: plant density/m? before harvest,
the biometric traits of 10 randomly selected plants before harvest (the number of pods/plant, number of
seeds/plant, and number of seeds/pod), and the mass of 1000 seeds (seeds collected from the harvested
seed mass; 2 X 500 seeds were counted and weighed). Seed yield/ha was calculated at the 15% moisture
level. Analyses of seed protein content were carried out in the laboratory, according to Kjeldahl
(N values were multiplied by 6.25) [14]. Seed protein content was expressed on a dry weight basis
(g kg!), and was recalculated as protein yield (kg ha™).

Economic analysis of each farming system was evaluated with data from the experimental
plots, i.e., machinery operations, inputs, and average yields. Direct costs for all farming systems
included seeds, cultivation, seed conditioning, mechanical weed control, and harvest. For the MI and
CONYV systems, additional direct costs accrued from disease and insect control, and desiccation before
harvest (only in CONV). Overall costs included the cost of seeds, fertilizers, chemical crop protection,
machinery operations, labor, and services. All calculations were based on 2015 prices. The cost of
seeds, fertilizers, and plant protection (herbicides, fungicides, and insecticides) were estimated from
agricultural dealers and from national-level market prices [15]. Crop subsidy data were taken from
the Agency for Restructuring and Modernization of Agriculture [16]. Subsidies included single area
payment (107.59€), additional payment for legumes (241.18€), and direct payments for seeds (30.83€).
All prices and costs were recalculated in euro (€) according to the monthly average exchange rate in
September 2015 [17].

2.4. Statistical Analysis

The impact of farming system on lupin cultivar traits was examined with two-way analysis of
variance (ANOVA) using SAS PROC GLM (SAS Institute Inc. 1996). Least significant difference was
verified with Tukey’s multiple range test at p < 0.01 and p < 0.05 significance levels. Relationships
between parameters were determined with the Pearson correlation coefficient. Interpretation of
Pearson’s linear correlation coefficient was conducted according to Stanisz [18]. Correlations between
traits in each farming system were determined using SAS PROC CORR.

3. Results

Weed community composition was affected by the farming system (Table 3). A total of 12 weed
species were identified: 11 in LI, 8 in MI, and 8 in CONV. POLCO (Polygonum convolvules (L.)
A. Love) and CHEAL (Chenopodium album L.) were the most frequently observed species across all
farming systems, at 43-49% and 27-32%, respectively. Less frequently observed species were LYCAR
(Anchusa arvensis L.), CAPBP (Capsella bursa-pastoris (L.) Medik.), CONAR (Convolvulus arvensis L.),
GALAP (Galium aparine L.), and LAMAM (Lamium amplexicanle L.), and accounted for <1% in all
farming systems. Lowest weed density and biomass values were recorded in CONYV, and the greatest
values were recorded in LI (Table 4). Weed dry weight was significantly lower in MI and CONV
(approximately 18% and 33%, respectively), compared to LI The number of weeds/m? was 54% greater
in LI compared to CONYV, but there was no difference between MI and CONV. Cultivar factor did
not influence the number of weeds, although weed dry mass was significantly lower (by 18%) under
Regent cultivation than Kalif.
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Table 3. Effect of farming system on botanical composition of weeds in the study plots (share, %).

Farming System

Latin Binomial Bayer Code
LI MI CONV
Agropyron repens (L.) Beauv. AGRRE 4 2 0
Anchusa arvensis L. LYCAR 1 0 1
Capsella bursa-pastoris (L.) Medik. CAPBP 1 0 0
Chenopodium album L. CHEAL 27 31 32
Convolvulus arvensis L. CONAR 0 0 1
Echinochola crus-galli (L.) Beauv. ECHCG 4 8 11
Galinsoga parviflora Cav. GASPA 2 3 0
Galium aparine L. GALAP 1 1 0
Lamium amplexicanle L. LAMAM 1 0 1
Polygonum convolvules (L.) A. Love POLCO 49 46 43
Polygonum lapathifolium L. POLLA 5 1 6
Viola arvensis Murr. VIOAR 5 8 5
LSD Value 4.72**
Number of species No. 11 8 8

Significance: ** p < 0.01. Farming system: LI = low external input; MI = medium input; CONV = conventional.

50f10

Table 4. Effect of farming system and cultivar type on level of weed infestation, yield, and seed

protein content.

Farming System

Specification 1L MI CONV LSD Value
Dry weight of weeds (g) 2439 199.0 162.7 24.02 **
Number of weeds 97.7 80.8 63.5 17.83 **
Plant density (no. m?) 729 777 75.2 NS
Number of pods per plant 6.0 7.3 7.7 1.09 **
Number of seeds per plant 23.2 254 27.1 NS
Number of seeds per plant pod 39 35 35 0.24 **
Mass of 1000 seeds (g) 137.1  136.6 137.0 NS
Protein content in seeds (g kg‘l) 307 304 317 NS
Cultivar
Kalif Regent
Dry weight of weeds (g) 2215 182.2 37.82*%
Number of weeds 85.3 76.9 NS
Plant density (no. m?) 68.9 81.6 3.38 **
Number of pods per plant 7.6 6.4 0.71**
Number of seeds per plant 27.7 22.8 3.08 **
Number of seeds per plant pod 3.6 3.6 NS
Mass of 1000 seeds (g) 1415 132.2 3.58 **
Protein content in seeds (g kg‘l) 313 306 NS

NS: non-significant; * p < 0.05 and ** p < 0.01. System: LI = low external input; MI = medium input; CONV = conventional.

Farming system intensity substantially affected the numbers of pods and seeds/plant pod (Table 4).
However, this factor did not have an impact on plant density, seeds/plant, or the 1000 seed mass.
A significantly greater number of pods/plant were observed in the MI and CONV systems, although the
number of seeds/plant pod were significantly lower than in LI. Cultivar type was found to modify
yield components; a significantly greater plant density was observed in the Regent cultivar, and a
significantly lower number of pods and seeds/plant and 1000 seed mass compared to Kalif. There was
no significant difference in seed protein content between experimental factors.

No significant interactions were observed between the experimental factors and protein and seed
yield (Table 5). The greatest protein yield was observed in CONV, and was significantly lower in LI
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and MI (by 31.3% and 11%, respectively). Although no significant differences were observed in seed
yield between cultivars, the protein yield in Regent was substantially lower (by 54 kg ha™). Seed yield
was strongly affected by farming system, and the greatest yield was recorded in CONV, and was
significantly lower in LI (by 0.73 t ha™') and MI (by 0.18 t ha™!).

Table 5. Narrow-leaved lupin protein yield (kg ha™') and seed yield (t ha™).

Farming System (FS)
Cultivar (C) LI MI CONV Mean
Protein Yield
Kalif 488 641 714 614
Regent 452 575 654 560
Mean 470 608 684
LSD value FS—33.3 **; C—46.4 *; FS x C—NS
Seed Yield
Kalif 1.85 2.45 2.26 2.31
Regent 1.75 2.25 244 2.15
Mean 1.80 2.35 2.53
LSD value FS—0.13 **; C—NS; FS x C—NS

NS: non-significant; * p < 0.05 and ** p < 0.01. System: LI = low external input; MI = medium input; CONV = conventional.

In each farming system, functional relationships were observed between the number of
pods/plant and the number of seeds/plant, and seed yield and protein yield (Figure 1). However,
correlations between the number of seeds/plant pod and seed yield and the protein yield in LI were
also practically functional relationships. Negative relationships were observed between the number of
weeds and seed yield and protein yield; strong in LI, poor in MI, and practically functional in CONV.

o e

CONV MI

Interpretation of Pearson’s linear correlation coefficient
. 0<r<0.2 - practically no relation between characters;
. 0.2<r<0.5 - poor relation between characters;
. 0.5 <r<0.75 - medium relation;
. 0.75 <r <0.95 - strong relation;
. 0.95 <r <1.00 — practically functional relation.

T o w W e W s e

LI

Figure 1. Correlation coefficients between analyzed parameters. System (FS): LI = low input;
MI = medium input; CONV = conventional. Parameters compared: DMW = dry mass of weeds;
NW = number of weeds; PD = plant density; NP = number of pods/plant; NS = number of seeds/plant;
NSP = number of seeds/plant pod; MTS = mass of 1000 seeds; SY = seed yield; PRC = protein content;
PRY = protein yield.
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In both cultivars, the highest production values were recorded in CONYV, which also had the
greatest cost of seeds and protein production, and the lowest gross agricultural income (Table 6). The LI
system proved to be the most profitable (i.e., gross agricultural income) for both Kalif and Regent
cultivation, and the total cost of production was also lowest.

Table 6. Economic analysis of the profitability of narrow-leaved lupin cultivation under different
farming systems (all values expressed in euro).

Kalif Regent
Specification Farming System

LI MI CONV LI MI CONV
Production value * ha™! 830.17 972.45 996.16 806.45 925.00 948.74
Total cost ha™! 353.87 546.40 886.16 387.98 580.50 920.28

Gross agricultural income ha™! 476.30 426.06 110.00 418.47 344.50 28.46
Cost of 1 t seed production ** 186.25 218.56 340.83 215.54 252.39 383.45

Cost of 1 kg protein production *** 0.73 0.85 1.24 0.86 1.01 1.41

System: LI = low external input; MI = medium input; CONV = conventional. * (average yield ha™ x € 237. 14, price of
1 t seeds) + € 379.60 EU subsidies, ** Total cost/ average yield ha™!, *** Total cost/ average protein yield ha™'.

4. Discussion

Our study suggests that weed community assembly was affected by the farming system. A total
of 12 weed species were identified, and the lowest weed ckensi’cy/m2 and biomass/m? values were
observed with the CONV system, and the greatest were observed in LI The number of weeds/m? was
54% greater in LI compared to CONV, and there was no difference between MI and CONV. The greater
weed infestation is due to the absence of herbicide use, and the mechanical treatment employed in
the LI system was insufficient to improve lupin competitiveness. Our results are in agreement with
Poudel et al. [19], who also found that low-input systems generally have greater aboveground weed
biomass and more weed competition in comparison to conventional systems. Others researchers
who have analyzed the influence of farming systems on the cultivation of lupin species (yellow,
narrow-leaved, and white lupin) have reported significantly greater weed infestation levels in plots
that received only mechanical treatment [20]. In the study by Borowska et al. [20], the application
of herbicides in medium-input and high-input systems significantly reduced both the level of weed
infestation and the weed dry weight of all lupin species. However, additional herbicide application
after sowing and post-emergence in the high-input system did not significantly reduce weed dry
weight. Chemical weed control should carefully consider the sensitivity of the crop to the herbicide,
followed by observation of the application technology, as well as important aspects, such as compound
mixture, ambient environmental conditions, and the use of adjuvants [21].

Weed infestation intensity in individual farming systems can be modified not only by the type of
treatment applied, but also by the number of lupin plants per area unit. In our study, significantly
lower weed dry mass was observed with Regent cultivation, compared to Kalif. We suggest that
the determinate cultivar Regent is more competitive than the indeterminate cultivar Kalif, because it
exhibited a significantly greater density of plants per area unit, due to higher recommended sowing
rates. Farming system did not influence plant density in our study, in contrast to Suliman [22],
who showed that conventional tillage and mechanical weed control significantly increased legume
plant density.

Our results show that the weed infestation can influence narrow-leaved lupin productivity.
Pearson’s linear correlation indicated a negative relationship between number of weeds and seed and
protein yields, which was strong in LI, poor in MI, and practically functional in CONV. This means
that when the number of weeds increase, protein and seed yields decrease, depending on the farming
system employed. Weeds in lupin crops have become increasingly difficult to control [23]. In our
study, the greatest narrow-leaved lupin protein and seed yields were found in CONV (compared to
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LI and MI), although the yield in this system primarily depended on the number of weeds present.
Borowska et al. [20] found that seed yield in white and narrow-leaved lupin was significantly greater in
the high-input system, while yellow lupin yield was greatest in the high- and medium-input systems.
A significant increase in seed yield, along with an increasing intensity of the cultivation in the case of
traditional and self-completing cultivars of white and yellow lupin, as well as self-completing cultivars
of narrow-leaved lupin, resulted mainly from the development of a higher number of pods. Szymariska
et al. [24] also studied the influence of farming system on the development and yield of yellow lupin,
and observed that seed yield was 13.1% and 22.0% greater in the MI and CONYV systems, respectively,
than in LI Their research also highlighted differences in cultivar yield; the indeterminate cultivar
Mister produced more seeds than the determinate cultivar Perkoz (1.95 t ha™! vs. 1.81 t ha™). In our
experiment, there was no significant difference in seed yield between lupin cultivars. We observed
significantly lower pod numbers, seeds/plant, and the 1000 seed mass in Regent, compared to Kalif.
Determinate lupin cultivars have been reported to exhibit a reduced number of branches to improve
the maturation of the plants.

In our study, farming system was also found to modify the yield components. We found a
significantly greater number of pods/plant in MI and CONV (compared to LI), but substantially lower
numbers of seeds/plant pod. Borowska et al. [20] observed a non-significant difference in the number
of pods/plant between medium- and high-input systems, as well as between low- and medium-input
systems for all lupin species in their study. Szymanska [24], studying yellow lupin yield components,
found that differences in farming system intensity and cultivar type significantly influenced the number
of pods and seeds/plant. However, these factors had no influence on the number of seeds/pod or the
1000 seed weight.

Lupin is valued mainly for its high protein content. In our experiment, protein content in seeds
ranged from 304 to 317 g kg™!. Protein yield in Regent was lower (by 54 kg ha™') compared to Kalif, and
the greatest protein yield was found in CONV and was significantly lower in LI and MI. A practically
functional relationship was observed between protein yield and seed yield in each farming system.
This is because of method of calculation of protein yield. In our experiment, the cost of protein
and seed production was greatest in CONV, but gross agricultural income was also lowest in this
system. According to Czerwirniska-Kayzer and Florek [25], gross agricultural income is a basic economic
category that is indicative of the profitability of agricultural production. In our study, the LI system
(greatest gross agricultural income and lowest total cost of production) proved to be the most profitable
for both cultivars. According to Szymariska et al. [24], increased expenditure in CONV farming systems
can lead to a decrease in gross agricultural income; in our experiment, the cost of production of 1 tonne
of seeds (for on-farm feed production) was lowest in the LI system. Although production was greatest
in CONV, the greater cultivation intensity (in yellow lupin) observed in Szymariska et al. [24] was not
economically justified (compared to cultivation of narrow-leaved lupin in our experiment). Moreover,
work by Panasiewicz et al. [26] showed that the increase in narrow-leaved lupin seed yield produced
by a more intensive tillage option (conventional tillage) compensated for the increase in overall costs.

Aside from economic performance, high-input farming systems may lead to increased
environmental problems, as a consequence of the fertilizers and pesticides applied during the course
of cropping operations. As legumes support biological N fixation, they offer a more environmentally
robust and sustainable N source for cropping systems [8]. At zero fertilization levels, weeds (due to
extremely strong competition for soil N) might force lupin plants to depend more on N fixation, thereby
making the N fixation process more efficient.

5. Conclusions

Our economic analysis indicates that the greatest income and the lowest cost of production for
both narrow-leaved lupin cultivars were provided by the LI farming system, although this type of
farming system does carry a risk of elevated weed infestation levels and reduced seed and protein
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yields. Therefore, LI farming systems, used in conjunction with chemical weed control, should be
investigated in future studies.
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