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Crop rotation is one of the most relevant tools for Integrated Weed Management (IWM). In semiarid Mediter
ranean areas, the crop rotation is limited by climatic conditions. Camelina (Camelina sativa (L.) Crantz) is an
interesting option to introduce due to its tolerance to cold and drought and because of its short life cycle, which
allows a flexible management for weed control. In this study, the capacity of camelina to reduce the growth and
seed rain of corn poppy (Papaver rhoeas L.) was studied. The experiment was carried out at the University of
Lleida during three seasons (2018–19, 2019–20 and 2020–21). In each season, three camelina varieties (GP204,
Sonny and Joelle) and barley were sown on two sowing dates (SD) (between November and February) in 1.5 m
wide × 10 m long plots with three replications. Three 0.5 × 0.5 m2 quadrates were established, where five
P. rhoeas plants from a natural population were allowed to grow in each SD. Additionally, every season in March,
weed surveys were performed to observe the effect of the SD in the weed flora. Results show that delaying the SD
effectively controlled winter weeds, including P. rhoeas, which could not establish in the second SD plots. The
growth of P. rhoeas in the first SD was reduced similarly in the presence of the crops in 2018–19, but camelina
competed better against it in 2020–21, while barley competed better in 2019–20. Due to the short life cycle of
camelina and its earlier harvest date, the potential seed production of P. rhoeas was reduced by 34% in 2018–19,
52% in 2019–20% and 70% in 2020–21, while this reduction was of 23% in 2018–19% and 56% in 2020–21 in
barley. The capacity of camelina to reduce the presence of corn poppy and its seed production in semiarid
conditions should be considered as a tool for IWM.

1. Introduction
During the last decades, agricultural intensification has led to an
over-simplification of several cropping systems and of their protection
strategies (Barzman et al., 2015), leading to increased environmental
and economic costs (Liebman and Gallandt, 1997). For this reason, the
Food and Agriculture Organization (FAO) promoted the combination of
different management tools to achieve more resilient systems, and
established the Integrated Crop Management (ICM) concept, from which
Integrated Weed Management (IWM) is derived. This is based on the use
of different tools which, considered alone, have little effect on weeds,
but when combined can achieve successful results (Liebman and Gal
landt, 1997). Among the diverse available tools, crop rotation could be
considered as an alternative to monoculture, with a broad range of
long-term ecosystem benefits, such as improved soil organic matter and
fertility, reduced soil degradation and erosion, enhanced pest, disease
and weed control, and improved crop yields (Bowles et al., 2020). These

positive effects are influenced by crop selection and the sequence these
crops follow, highlighting the importance of having the highest crop
diversity for the greatest benefits (Scott et al., 2021; Smith et al., 2008).
Despite this, in Mediterranean semiarid dryland cropping systems, the
crop availability is scarce, and is mainly limited to winter cereals, peas
(Pisum sativum L.), oilseed rape (Brassica napus L.), and fallow. In the
Ebro Basin (Northeast of Spain), climate change forecasts an increase on
the evapotranspiration (García-Garizábal et al., 2014), which can
worsen this situation. Considering this background, crop diversification
is focused on drought tolerant crops, among which some industrial
oilseed crops are gaining interest.
Traditionally, oilseed rape has been the main oilseed crop used for
rotation with cereals but in the last decade, camelina (Camelina sativa
(L.) Crantz) has become another promising alternative for crop diver
sification. Compared with oilseed rape, yields are usually lower (Liu
et al., 2019). However, its low water requirements, environmental
benefits (Scott et al., 2021), and numerous potential uses (Zanetti et al.,
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2021), such as cosmetics, biofuels, and human food (oil) and animal feed
(cake), make this crop a viable alternative for farmers. Camelina is an
oilseed crop from the Brassicaceae family with interesting agronomic
characteristics, with two groups of biotypes (Wittenberg et al., 2019),
that provide morphological plasticity, and allow its adaptation to en
vironments of contrasting temperatures and water stress situations. Its
low input requirements also permit its growth in marginal lands with
low-quality soils and few nutrients (Putnam et al., 1993; Schillinger,
2019). Besides, its short life cycle, which lasts 59–134 days when sown
in spring, and 209–298 days when sown in autumn-winter (Angelini
et al., 1997; Putnam et al., 1993; Royo-Esnal and Valencia-Gredilla,
2018; Zanetti et al., 2021), allows diversification of soil management
practices compared with oilseed rape, enabling flexible sowing dates
(Gesch, 2014), which are highly desirable when formulating IWM
strategies.
In winter cereal systems of Mediterranean semiarid regions, weeds
are the major biotic threat to productivity (Wilson et al., 1995). Among
all winter weeds, Papaver rhoeas L. is considered the most important
dicotyledonous species (Torra and Recasens, 2008). Its competitive ca
pacity against crops is aggravated by its emergence period, from October
to April (Cirujeda et al., 2008), and a high reproductive capacity: up to
40,000 seeds per plant in the presence of wheat and more than 800,000
seeds per plant without competition (Holm et al., 1997). This can result
in a considerable seed bank build-up with a viability of up to 9 years, and
an annual seed loss of less than 20% (Lutman et al., 2002). In addition,
the presence of herbicide resistant biotypes to ALS inhibitors and/or to
synthetic auxin herbicides (Torra et al., 2021), makes the use of IWM
approaches through the implementation of crop rotation essential
(Rey-Caballero et al., 2017). The short life cycle of camelina implies a
fast growth and, hence, high consumption of resources in a water limited
area. This fact increases the interest to study the competitive capacity of
camelina against P. rhoeas. Although the scarcity of effective herbicides
against broadleaved weeds might be a handicap to production (Berti
et al., 2016), it becomes less important when the priority is the reduction
of herbicide selection pressure (Rey-Caballero et al., 2017).
The main objective of the present work was to determine the winter
weed suppression capacity of camelina in two ways: 1) by measuring the
reduction of the presence of winter weeds due to sowing delay from
autumn to winter, and 2) assessing the effect of the presence of three
camelina varieties on the growth and reproductive parameters of
P. rhoeas.

GP204, Sonny and Joelle were provided by Camelina Company Spain SL,
KWS Saar SE, and the United States Department of Agriculture (USDAARS, Morris, Minnesota), respectively. GP204 is a spring variety that has
been grown in Lleida since 2014. For this reason, it could be considered
as the most adapted variety to the semiarid conditions of the area. Sonny
was included as a pure spring variety, originally from Central Europe,
while Joelle was as a winter variety, adapted to hard winters in North
America, in order to observe its adaptation to mild winters in the
Mediterranean.
Every year, each plot was tilled (10 cm) the day previous to the
respective sowing date. As the principle of our research line is the
implementation of crop rotation systems, the trial was carried out in
different areas of the same field, where the previous crops were barley,
vetch and barley, respectively, for 2018–19, 2019–20 and 2020–21.
Sowing was performed with a Plotseeder TC (Wintersteiger AG, Ried im
Innkreis, Austria) on two dates each season: on 14, 20 and 19 November,
in 2018, 2019 and 2020, respectively, for the first sowing date (SD1),
and on 27 December 2018, 12 February 2020 and 29 January 2021 for
the second sowing date (SD2). Sowing rates were 8 kg ha− 1 for GP204
and Sonny, 6 kg ha− 1 for Joelle, and 200 kg ha− 1 for barley.
Camelina and barley were sown at 1 and 3 cm depth, respectively,
and no fertilizer was applied. Every season, three 0.5 × 0.5 m2 quad
rates, each containing five plants of P. rhoeas from the natural popula
tion, were randomly placed in SD1. Because of very low emergences
after sowing SD2, these quadrates could not be established in this
sowing date. Control quadrates without crop were established near the
plots.
During the crops’ cycle, plots were hand weeded, starting after the
weed surveys in March, leaving only the already mentioned five
P. rhoeas plants. All P. rhoeas individuals were removed from the
quadrates the day before harvest. Ten plants per plot of each camelina
variety and of barley were also removed to measure their growth pa
rameters. Camelina and barley were harvested with a Wintersteiger plot
combine. Camelina was harvested at maturity, when over 80% of the
silicles changed from green to creamy yellowish color (in May), and
barley when it presented a golden color (in June).
2.3. Weeds surveys
Every season, in March, the weed flora was visually surveyed in three
randomly thrown 0.5 × 0.5 m2 quadrates in each plot. The number of
weed species and their respective coverage was measured, and values
were combined for winter weeds (WW) and summer weeds (SW). The
total weed coverage was also measured, as well as the crop coverage at
each sampling date.

2. Material and methods
2.1. Site description
Trials were conducted in experimental fields of the University of
Lleida (41◦ 37′ N; 0◦ 35′ E, 180 m.a.s.l.) during three growing seasons,
from 2018 to 2021. The soil was a well-drained clay loam (31.3% sand,
38.0% clay, 30.7% loam), with pH 8.43% and 0.95% of organic matter.
The climate is dry Mediterranean, the annual precipitation averaging
342 mm, irregularly distributed over the whole year, but autumn and
spring being the wettest seasons (AEMET, 2021). Climate data was ob
tained from a weather station situated in the Botanical Garden of Lleida,
50 m from the field trial.

2.4. Life cycles
For each crop –camelina and barley– and for P. rhoeas, periodical
phenological monitoring was carried out using the BBCH scale (Hess
et al., 1997). For camelina, the BBCH scale was based on Martinelli and
Galasso (2011). In order to describe the life cycles, the relevant growth
stages were considered, namely emergence, formation of the rosette,
shoot elongation, flowering (initial and 50%), and fruit maturation.
These relevant growth stages were described with growing degree
days (GDD), using the daily mean temperature, and the base tempera
ture (Tb), according to the following formula (Pruess, 1983):
∑
GDD :
(Tm − Tb )

2.2. Experiment design
The experimental design varied from the first to the second and the
third seasons, although every season consisted of a split plot design with
three replicates. The principal treatment was the sowing date (SD), also,
in each date, different camelina varieties were studied as a sub treat
ment. In season 2018–19, one camelina variety (GP204) and one of
barley (Ragt Planet) were sown in 1.5 × 10 m2 plots. In seasons 2019–20
and 2020–21, camelina varieties were increased to three (GP204, Sonny
and Joelle), while barley was maintained with only the same variety.

Where Tm is the mean daily temperature, and Tb is the base temperature
for each crop and weed species. The considered Tb values were 5 ºC for
the spring varieties GP204 and Sonny (Blackshaw et al., 2011), and 4 ºC
for the winter variety (Joelle) (Gesch and Cermak, 2011). The Tb for
barley and P. rhoeas was established at 1 ºC (Izquierdo et al., 2009).
2

N. Codina-Pascual et al.

Industrial Crops & Products 184 (2022) 115063

2.5. Fitness parameters

distribution of the rainfalls during the third season (271.8 mm) was
more homogenous throughout the crop cycle, without important dry
periods. Air temperature followed a similar pattern throughout the three
seasons, with similar mean temperatures over the cycle of the first
sowing date (12.7 ◦ C, 13.5 ◦ C and 12.9 ◦ C in 2018–19, 2019–20 and
2020–21, respectively).

Fitness parameters from the plants removed on the day before har
vest were measured in the laboratory. For P. rhoeas, 45 plants were
collected in each variety of camelina and in barley (15 plants per
replicate) each season, while in the controls (without crop competition)
15 plants were analyzed each season. For each plant, the height, and the
dry weight were measured and considered as vegetative parameters, and
the number of ripe and unripe fruits, the number of flowers, and the
number of seeds per fruit were counted and considered as reproductive
parameters. The number of seeds in 10 P. rhoeas ripen fruits were
counted, and those values were extrapolated to estimate the number of
seeds that each plant would have produced, that is, viable seeds that will
contribute to the soil seed bank. Considering ripen and immature fruits
together permits the estimation of the potential seed rain of the plants,
which is the total seed rain that the plants would have produced if
immature fruits had been allowed to ripe. In the case of the camelina
varieties, only reproductive parameters, such as number of fruits per
plant, number of seeds per fruit, and total seed number were measured
in 2019–20 and 2020–21, but not in 2018–19.

3.2. Crops’ cycle
The life cycle of camelina varied from one season to the next: it lasted
between 173 and 188 days for the first sowing dates (SD1) and between
110 and 124 days for the second sowing dates (SD2). It should be
highlighted that camelina in the SD2 in season 2018–19 did not emerge,
thus no data is available for analysis. The shortest cycle for SD1 was
observed in GP204 in 2018–19 (173 days), followed by Sonny in
2019–20 (174 days) while for SD2, Sonny and GP204 showed the
shortest cycle (110 and 114 days, respectively). Joelle was the variety
that took more time to complete its cycle in both sowing dates (186–188
days for SD1, and 124 for SD2). The barley cycle ranged between 192
and 196 days for SD1 and between 124 and 137 days for SD2.
The spring varieties of camelina (Sonny and GP204) showed lower
GDD requirements for full crop development, in comparison to the
winter variety (Joelle) and barley (Fig. 2 and Complementary Table A).
This pattern was repeated over the three seasons and in both sowing
dates, and SD2 always required more GDD than SD1, except on Joelle
2019–20 where the GDD accumulation was similar between the two
sowing dates.
Similar to the accumulated GDD required from sowing to harvest, the
different growth stages of camelina varieties required less GDD in SD1
than in SD2 (Fig. 2). For example, emergence happened between 30.4
and 43.8 GDD in the spring varieties of SD1, while in SD2 it occurred
between 45.8 and 117.1 GDD. To reach 50% flowering stage, in SD1,
GP204 needed between 471.9 and 570.0 GDD, depending on the season,
Sonny needed between 471.9 and 570.0 GDD, and Joelle between 555.9
and 751.9 GDD; in SD2, these values increased to 590.1–601.6 GDD for
GP204 and Sonny and 879.2–929.9 GDD for Joelle.

2.6. Statistical analysis
All parameters were tested for normality and homoscedasticity.
Those that fulfilled both conditions with or without transformation (ln
(x) or arcsin(root(x))) were analyzed with a two two-way ANOVA,
considering crop (control, barley and camelina varieties) and season as
fixed factors, followed by Tuckey test (p < 0.05). If normality and ho
moscedasticity were not fulfilled, the analysis were performed with nonparametric one-way ANOVA (Kruskal-Wallis) to compare the results
between growing conditions within each season and between seasons for
each growing condition.
3. Results
3.1. Weather data

3.3. Crop and weed cover

Precipitation during the crop cycle differed over the three seasons,
both in amount and in distribution (Fig. 1). The first season (302.1 mm)
was characterized by a wet autumn (202.8 mm only between October
and November), followed by a dry winter (30 mm between December
and February) and spring (69.3 mm, between March and May). The
second season was very humid (505.5 mm), being affected by the Gloria
storm in January (80 mm in three days) and by significant rainfalls to
wards the end of the cycle (232.9 mm from April to June). The

The average crop cover in SD1 was 54.4 ± 13.4% in 2019–20 and
68.3 ± 7.8% in 2020–21, with no significant differences between years
(Table 1). In SD2 average covers decreased to 1.2 ± 0.2% in 2019–20,
and were significantly lower than in 2020–21 (5.0 ± 2.5%) (Table 1).
Despite the lack of statistical differences in the average cover between
seasons for SD1, the crops showed different performances between the

Fig. 1. Mean monthly temperature (straight line), mean of the minimum temperatures (dotted line) and mean of the maximum temperatures (dashed lines), and total
monthly precipitation (black bars) over the three seasons. Horizontal black arrows, life cycles of camelina from sowing to harvest; vertical light-gray arrows, first
sowing date of camelina; vertical dark-gray arrows, second sowing date of camelina.
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Fig. 2. Accumulated GDD from sowing to emergence (Brick bar); to elongation (gray bar); to flowering (dot bar); to 50% of flowering (black bar) and to harvest
(stripes bar).

in 2020–21 (86.2%). GP204 and Joelle had significantly higher cover
ages in 2020–21 than in 2019–20, while barley cover was lower in
2020–21 than 2019–20. In SD2, barley cover was higher than camelina
varieties in 2019–20, but both camelina and barley cover values were
very low across the two seasons.
A total of 31 weed species were identified in the surveys, of which 30
appeared in SD1 and 18 in SD2 (Complementary Tables B and C). Weed
cover was similar in SD1 within and between seasons (Table 1); in SD2
the weed cover was also similar within seasons, but was significantly
lower in 2019–20 (0.1 ± 0.03%) than in 2020–21 (1.3 ± 0.66%)
(Table 1). In SD1 the average cover of winter weed species (3.6% and
6.2%, respectively in 2019–20 and 2020–21) was always higher than
that of the summer weed species (1.4% and 0.6%, respectively), while in
SD2 the summer weed average cover (0.9%) was higher than that of the
winter weed species (0.2%). Among the winter weed species, the most
abundant were Anacyclus clavatus (Desf.) Pers, Diplotaxis erucoides (L.)
DC, and P. rhoeas, whereas in SD2 Chenopodium album L., Convolvulus
arvensis L., and Polygonum aviculare L. were the predominant species.

Table 1
Crop and weed cover, and total number of weeds, their general coverage, and
separately for winter weeds (WW) and summer weeds (SW) in each crop for the
first sowing date (SD1) and for the second sowing date (SD2) in March of 2020
and 2021. Results of the Kruskall-Wallis analysis are provided: different letters
denote significant differences with p < 0.05; capital letters, between seasons for
each crop; low-case letters, between crops within seasons.

SD1

2019–20

Barley
GP204
Sonny
Joelle

2020–21

Aver.
Barley
GP204
Sonny
Joelle

SD2

2019–20

Aver.
Barley
GP204
Sonny
Joelle

2020–21

Aver.
Barley
GP204
Sonny
Joelle
Aver.

Cover
Crop
(%)

Weed
cover
(%)

Total
weed
species

WW
cover
(%)

SW
cover
(%)

90.8
Aa
29.9
BCE
57.5
Ab
39.5
Bbc
54.4
48.3
BCE
68.3
Ab
70.4
Ab
86.2
Aa
68.3
0.67
Ab
1.19
Aa
1.67
Aa
1.20
Aa
1.2
5.56
Ba
5.50
Ba
4.33
Ba
4.58
Ba
5.0

3.1 Aa

11

1.92

1.43

6.1 Aa

18

6.25

0.99

3.8 Aa

9

2.82

1.27

4.6 Aa

10

3.34

1.83

4.41
7.6 Aa

6

3.6
3.97

1.4
0.01

4.5 Aa

11

4.08

0.77
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8.9 Aa

12

8.19

0.71

8.8 Aa

13

8.58

1.04

2

6.2
0

0.6
0.04

2

0

0.16

2

0

0.04

0

0

0

5

0.0
0.28

0.1
0.33

11

0.16

1.07

9

0.31

0.92

9

0.08

1.22

0.2

0.9

All considered fitness parameters of P. rhoeas were significantly
influenced by the presence of the crops, except the height in 2018–19
and 2020–21 (Fig. 3. A). Only in 2019–20, the presence of the crops
significantly reduced the height of P. rhoeas in GP204 and Sonny, but not
in Joelle. Contrary to the height, the weight of P. rhoeas individuals was
significantly reduced by the presence of the crops (Fig. 3. B). In general,
the barley and the different varieties of camelina reduced P. rhoeas
weight similarly, except in 2019–20, when P. rhoeas was heavier in the
presence of Joelle, and in 2020–21, when the competition exerted by
camelina was stronger than that of barley.
The competition with the crops significantly reduced the average
number of fruits of P. rhoeas, both ripe and unripe (56 and 15–9 fruits,
respectively in the control and in competition), and the number of seeds
per fruit (1064 and 314–331 seeds/fruit, respectively) with respect to
the controls (Table 2). Competition with all crops and varieties also
reduced P. rhoeas mature fruit number similarly each season, except in
2020–21, when it produced more fruits with barley than with camelina
varieties. The proportion between ripe and unripe fruits was always
lower in the camelina varieties than in barley or the control, except in
2019–20, when this proportion was much lower in the control (0.19). In
general, in the last two seasons, the proportion between ripe and unripe
fruits in the camelina varieties was 0.41 on average, while in the first
season, it was 0.68. Meanwhile, in barley it ranged between 0.67 and
0.82. The number of seeds per fruit was lower in competition with a crop

7.4
0.03
Aa
0.10
Aa
0.10
Aa
0.00
Aa
0.1
1.41
Ba
1.26
Ba
1.27
Ba
1.31
Ba
1.3

two seasons. In SD1, barley presented the highest cover of all crops in
2019–20 (90.8%), but the lowest in 2020–21 (48.3%), while GP204
presented the lowest values in 2019–20 (29.9%), and Joelle the highest
4
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Fig. 3. A, height of P. rhoeas in different seasons in SD1
(with standard errors). B, Weight of P. rhoeas in different
seasons in SD1 (with standard errors). Cut stripes bars,
control without competition; white dots bars, P. rhoeas
with competition of Barley; black squares bars, with
competition of camelina variety GP204; large gray stripes
bars, with Sonny and gray-bars with Joelle. Kruskall-Wallis
analysis results are provided, different letters denoting
significant differences at p < 0.05; capital letters, between
seasons for each crop; low-case letters, between crops
within seasons.

compared with the control (308 and 1118 seeds/fruit with crops and in
the control, respectively) in all crops every season.
The seed rain (real seeds/plant, Table 2) of P. rhoeas was always
significantly lower in competition with the crops than in the controls.
Despite the observed differences between barley and camelina varieties,
these were not significant. The sum of mature and immature fruits
permitted the estimation of the potential seed rain that P. rhoeas plants
could have produced. The presence of the crops significantly reduced
this estimation down to similar values. The relation between the real and
potential seed rain was always lower in the camelina varieties than in
barley, but not significant.

sowing date, except between GP204 and Sonny in SD2 in 2019–20. The
highest seed production was obtained by Joelle, followed by GP204 in
SD1 in 2019–20 (Table 3), while the lowest number was produced by
GP204 followed by Sonny in SD2 in 2020–21 (Table 3).
Camelina yields were always significantly higher in SD1 than in SD2,
except for Joelle in 2020–21, when they were similar (Table 3). In
contrast, yields were similar between seasons, except for Sonny in SD1
and Joelle in SD2. Finally, significant differences were found between
the camelina varieties in SD1 in 2019–20, but not in 2020–21. In SD2,
GP204 produced higher yields than Sonny and Joelle in 2019–20, but in
2020–21 Joelle produced higher yields than GP204 and Sonny.
4. Discussion

3.5. Fitness of Camelina sativa

This study has demonstrated the ability of camelina to effectively
compete against one of the most important dicotyledonous weed in
winter cereal fields of Spain, P. rhoeas; first, by directly competing with
the weedy plants and reducing their growth, and second, by reducing
their potential seed rain due to an earlier harvest date.

The number of camelina fruits per plant was much greater in
2019–20 than 2020–21, as well as in SD1 than SD2 (Table 3). In
2019–20, for both sowing dates, the highest fruits/plant production was
observed in GP204, but it was only significantly higher than that of
Sonny. However, GP204 also produced the lowest number of seeds per
fruit in all seasons and sowing dates, although differences were signifi
cant only in SD1 and SD2 in 2020–21. The total seed production per
plant was significantly higher in SD1 than in SD2 in both seasons, and in
2019–20 than in 2020–21 for both sowing dates, whilst no significant
differences were observed between the varieties within each season and

4.1. Climatic conditions affecting camelina
Semiarid regions are characterized by erratic rainfall during a sea
son. Although the total rainfall can be similar from one year to the next,
5
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Table 2
Number of P. rhoeas ripe, unripe fruits, and their ratio; number of seeds per fruit; number of seeds per plant produced estimated from the ripe fruits, and the average
number of seeds per plant; number of potential seeds per plant that could have been produced, and the ratio between the real seed production and the potential seed
production per plant in each competitive situation, in 2018–19, 2019–20 and 2020–21.
Year

Comp.

Ripe fruitsa

Unripe fruitsa

Ratio

Seeds/fruita

Real seeds/plantb

Potential seeds/plantb

Ratio

Average

Control
Barley
Camelina
varieties
Control

25.4 ± 3.40
10.4 ± 1.72
3.8 ± 0.34

30.7 ± 8.02
4.9 ± 1.42
5.1 ± 0.69

0.45
0.68
0.43

1064.4 ± 252.8
314.1 ± 81.15
330.8 ± 30.51

39,359.6 ± 14,500.6
4063.1 ± 1411.8
1434.3 ± 200.7

83,670.9 ± 30,363.6
9042.3 ± 3572.5
4750.9 ± 947.4

0.470
0.449
0.301

2018–19

Barley
GP204
2019–20

Control
Barley
GP204
Sonny
Joelle

2020–21

Control
Barley
GP204
Sonny
Joelle

21.5
± 4.88
3.7
± 0.84
4.2
± 0.57
21.8
± 7.30
1.0
± 0.00
2.2
± 0.33
2.1
± 0.92
7.4
± 2.72
32.6
± 5.99
14.2
± 2.22
4.7
± 0.63
3.1
± 0.33
4.4
± 0.93

Aa

0.1 ± 0.10

Cb

1.00

351.4 ± 76.61

Ba

9608.9 ± 4605.5

Ba

9631.4 ± 4601.3

Ba

0.998

Bb

0.8 ± 0.36

Bb

0.82

187.0 ± 37.52

Aa

741.0 ± 290.9

Ab

966.9 ± 391.7

Ab

0.766

ABb

2.0 ± 0.39

Aa

0.68

231.7 ± 40.17

Aa

966.0 ± 232.1

ABb

1465.9 ± 360.7

Ab

0.659

Aa

Aa

0.19

0.121

–

–

122,409.5
± 23,071.1
38.0 ± 0.0

Aa

–

14,827.5
± 1337.1
38.0 ± 0.0

ABa

–

1041.4
± 428.15
38.0 ± 0.00

ABa

–

90.4
± 13.08
–

–

1.000

Bb

2.8 ± 0.37

Ac

0.44

359.9 ± 57.71

Ab

389.9 ± 125.3

Bb

868.6 ± 245.0

Ab

0.449

Ab

3.5 ± 1.32

Abc

0.38

Ab

391.1 ± 319.9

Ab

940.0 ± 811.6

Ab

0.416

Ab

Ab

0.30

Ab

683.3 ± 218.6

Aab

1161.9 ± 368.1

Ab

0.588

Ba

0.51

0.496

Ab

Ab

0.438

Ac

5.0 ± 1.11

Ab

0.48

Ab

2476.4 ± 677.9

Ab

166,535.8
± 71,610.1
13,766.4
± 5349.7
7890.9 ± 3345.1

Aa

0.67

82,681.1
± 34,044.5
6023.5 ± 2098.0

Aa

Ab

1961.4
± 526.23
391.5
± 121.83
373.6 ± 91.43

Aa

Ab

17.0
± 7.21
31.8
± 5.93
7.0 ± 2.02

256.5
± 128.53
331.6 ± 57.36

Ab

0.314

Ac

4.3 ± 0.49

Ab

0.42

263.8 ± 34.28

Ab

983.4 ± 166.4

Ab

2714.8 ± 479.5

Ab

0.362

Ac

5.1 ± 0.98

Ab

0.46

380.7 ± 86.85

Ab

1445.5 ± 491.1

Ab

6316.1 ± 2310.1

Ab

0.229

Aa

Ab

Superscripts indicate the type of statistics performed for each comparison: a Non-parametric Kruskall Wallis test; b Non-parametric Kruskall-Wallis test between crops
within seasons, and ANOVA between seasons for each crop. Different letters denote significances differences; capital letters, between seasons for each crop; low-case
letters, between crops within seasons; ± error standard (p < 0.05).
Table 3
Density of plant population (D), number of fruits per plant, seeds per fruit, seeds per plant and yield of the three camelina varieties (GP204, Sonny and Joelle) in
2018–19, 2019–20 and 2020 for the November sowing date (SD1) and the January-early February sowing date (SD2).

SD1

Year

Variety

D (plants/m2)

Fruits/Planta

Seeds/Fruita

Seeds/Planta

Yield
(kg ha− 1)b

2019–20

GP204
Sonny
Joelle
GP204
Sonny
Joelle
GP204
Sonny
Joelle
GP204
Sonny
Joelle

486.7
523.5
331.6
544.0
553.3
454.7
230.7
114.0
81.6
314.7
221.3
273.3

281.7 ± 22.3 AaA
185.7 ± 27.7 AaB
273.6 ± 23.7 AaAB
84.6 ± 5.2 AbA
84.5 ± 7.7 AbA
81.1 ± 5.5 AbA
269.5 ± 18.9 AaA
160.4 ± 17.0 AaB
203.2 ± 16.8 AaAB
78.3 ± 3.9 AbA
77.1 ± 5.2 AbA
77.6 ± 5.6 AbA

14.1 ± 0.46 AaA
15.9 ± 0.65 AbA
15.3 ± 0.58 AaA
14.1 ± 0.11 AaC
18.2 ± 0.31 AaA
15.2 ± 0.08 AaB
13.4 ± 0.49 BaA
14.6 ± 0.52 BaA
14.2 ± 0.53 BaA
10.8 ± 0.24 BbC
12.5 ± 0.41 BbB
14.8 ± 0.14 BbA

4079 ± 380 AaA
2936 ± 453 AaA
4281 ± 457 AaA
1196 ± 74 AbA
1531 ± 138 AbA
1236 ± 84 AbA
3674 ± 339 BaA
2336 ± 272 BaB
2885 ± 239 BaAB
852 ± 49 BbA
972 ± 77 BbA
1136 ± 80 BbA

1707 ± 104 AaB
2122 ± 114 AaA
1334 ± 91 AaC
1533 ± 140 AaA
1317 ± 87 AbA
1432 ± 192 AaA
1112 ± 135 BaA
722 ± 63 BaB
604 ± 42 BbB
1213 ± 50 BaB
981 ± 60 BaC
1579 ± 113 AaA

2020–21
SD2

2019–20
2020–21

Superscripts indicate the type of statistics performed for each comparison: a Non-parametric Kruskall Wallis test; b Parametric ANOVA test. Significant differences at
p < 0.05. Different letters denote significances differences; First capital letters, between sowing dates each season; low-case letters, between seasons for each variety;
Second capital letters, between crops within seasons and sowing dates; ± error standard.

the distribution of the precipitation, and thus, of the drought periods,
can vary dramatically. This is the situation that was observed during the
three growing seasons in the present work. Enough soil moisture
availability after sowing and at the reproductive stages, like in 2019–20
(SD1 and SD2) and in 2020–21 (only SD1), improved germination,
growth and yield (Obeng et al., 2019) but excessive rainfall at sowing,
like in autumn 2018, or at the rosette stage, in January 2020, can reduce
the plant density by washing away seeds or killing the seedlings. In
2018–19 (SD1) and in 2020–21 (SD2), high temperatures provoked
earlier flowering and a shorter life cycle, with smaller plants and
reduced fruit quantity, as observed by Masella et al. (2014).

In general, crop cycle was similar between varieties of the same
sowing date each season, with an average of 181 days in SD1 and 120
days in SD2, with a slight delay of the winter variety (Joelle) with respect
to the spring varieties (GP204 and Sonny) (Supplementary Table A).
These values were lower for SD1 than those obtained by Righini et al.
(2019) in Italy (211–221 days) because the sowing date in that study
was one month earlier; but for SD2 the length of the crop cycle was
similar (111–129 days). The cumulated GDD was also similar between
camelina varieties, with some more GDD needed by Joelle, which is
explained by the longer crop cycle, the lower considered Tb and the
necessity of a vernalization period (Anderson et al., 2018; Wittenberg
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et al., 2019). But cumulated GDD varied for the same sowing dates from
one year to the next. Camelina varieties of SD1 needed, on average, 176
GDD less in 2020–21 (1055) than in 2019–20 (1231) to complete their
cycle, and this difference decreased to 103 GDD in SD2 (1141 and 1244,
in 2020–21 and 2019–20, respectively). Nevertheless, these results are
in accordance with those obtained by Righini et al. (2019), with values
ranging from 982 to 1123 GDD when camelina is sown in October, and
between 1023 and 1158 GDD when sown in February-March. In
contrast, Royo-Esnal and Valencia-Gredilla (2018) obtained higher
values in the same site (Lleida) for the variety GP204, ranging from 1700
GDD up to 2600 GDD (approx.); but these authors considered a lower Tb
for germination (− 0.7 ºC) based on Allen et al. (2014). If the current Tb
(5ºC) is applied to the temperature data of these authors, the cumulated
GDD become similar to those of the present study (800–1200 GDD). For
Joelle, the total GDD cumulated are similar to the results obtained by
Wittenberg et al. (2020), with values ranging from 1186 to 1492 at the
later sowing dates, in autumn.
The differences in the crop cycle between SD1 and SD2 affected the
productivity of camelina, except in Joelle in 2020–21, which was the
only result in line with Royo-Esnal and Valencia-Gredilla (2018), who
did not observe significant differences between both sowing dates. The
yields obtained in Joelle (604–1579 kg ha− 1) were similar to those ob
tained by Wittenberg et al. (2020) in autumn sowings
(840–1176 kg ha− 1); in contrast, these authors observed higher number
of fruits per plant than in the present work (77–273 fruits plant− 1 vs
650–740 fruits plant− 1). This difference might be explained by two
factors that probably interact: the different climatic conditions, with
colder and longer winter in North Dakota (ND), compared to northeast
of Spain (SP), and the lower final plant density (24–94 plants m− 2) in ND
than in SP (81–450 plants m− 2).
In 2020–21, a significant reduction on the seed production by plant
was observed between GP204 and Sonny, as well as of the number of
seeds per fruit, which had also been observed by Berti et al. (2011). The
storm in January 2020 followed by a drought period in February and
March killed many of the seedlings of camelina (between 50% and 80%
of density reduction, depending on the variety), but the surviving in
dividuals were able to compensate these losses with greater growth and
seed production by each plant, as observed by McVay and Khan (2011),
which resulted in no significant differences in the total yield in SD1 for
GP204 and Joelle.
Gesch (2014), Righini et al. (2019) and Wittenberg et al. (2020)
pointed out that the distribution of the precipitation is more important
than its quantity. This was true mainly in SD2, when even with lower
amount of precipitation, yields were higher (either significantly or not)
in 2020–21 than in 2019–20. On the contrary, the rainfall distribution
only affected Sonny, and not GP204 and Joelle in SD1.

while it began that of SW. For this reason, a replacement of the weed
flora is observed from SD1 to SD2. Despite this, both for WW and SW, the
early harvest date of camelina compared with barley affected the weed
population dynamics. In the area surrounding Lleida, most WW shed
their seeds around mid-June or at harvest (Westerman et al., 2012),
while when camelina is harvested (usually in May) only Diplotaxis eru
coides has almost all seeds ripened. This fact would result in that most
WW, as it will be exposed later for P. rhoeas, would have mainly unripe
fruits at the time of camelina harvest and therefore, their seed rain
would be significantly reduced, contributing to reduce the soil seedbank
of these species. In the case of SW, none of the species present in the field
could even develop fruits.
4.3. Effect of camelina on the presence and growth of P. rhoeas
The presence of P. rhoeas was successfully reduced with the sowing
delay of camelina in 2019–20 and 2020–21, when no plants were
observed in SD2. In both seasons autumn precipitations had been
abundant, either in October or November, and this could have advanced
the emergence of P. rhoeas, as observed by Recasens et al. (2020) and
Torra et al. (2018). Conversely, in both seasons there was a drought
during winter (Fig. 1), just after sowing SD2, and this could have pre
vented P. rhoeas seedlings from emerging. But the reduction of P. rhoeas
from SD1 to SD2 in this study differed from that obtained by Royo-Esnal
and Valencia-Gredilla (2018), who only estimated a 42% reduction for
the same sowing dates. This difference can be explained by the drier
autumns and wetter winters in that study, which would have delayed the
emergence of P. rhoeas in autumn and have provided enough moisture
for emergence and early growth of the weed in winter.
In SD1, all fitness parameters of P. rhoeas, except height, were
significantly reduced by the presence of the crops, both camelina and
barley. But the different climatic characteristics that conditioned the
growth of both crops provoked dissimilar effects on their suppression
capacity on P. rhoeas. The growth of this weed was more effectively
reduced by camelina than by barley in 2020–21, but less effectively in
2019–20, and it was similar in 2018–19. Being that camelina is drought
tolerant, it seems that its competitive capacity was greater when
droughts occurred during winter and spring (2018–19 and 2020–21),
while without moisture limitation (2019–20) this competitive capacity
decreased and the growth of P. rhoeas (and of barley) increased.
But, even if the growth of P. rhoeas was greater in camelina than in
barley in wetter years, the crop’s capacity to reduce the reproduction of
the weed still remained. The ratio between ripe and unripe fruits and
flowers shows the reduction of the potential seed rain of the weed. This
proportion was always lower in camelina than in barley (Table 2)
because the harvest of camelina was, in all cases, around mid-May, while
the harvest of barley was always in June. This is in accordance with the
seed rain period data observed by Westerman et al. (2012) for P. rhoeas,
which is around mid-June, coinciding with the harvest time of the
cereal. Thus, presumably, those P. rhoeas individuals surviving weed
control strategies in camelina fields will produce less viable seeds than
those individuals growing in barley fields. This proportion of ripe to
unripe fruits was, anyway, greater in Joelle than in GP204 and Sonny
because of Joelle’s longer life cycle. The results of this study show that,
camelina is able to contribute to a mid-long term IWM strategy by
effectively reducing P. rhoeas seed additions to the soil seedbank.

4.2. Camelina affecting weeds as a community
Sowing delay is an efficient tool for weed management (Kanatas,
2020), and it has been demonstrated useful in the Ebro Valley in the case
of camelina (Royo-Esnal and Valencia-Gredilla, 2018).
The presence of WW was eliminated (100% and 96% reduction) from
SD1 to SD2 in 2019–20 and 2019–20, respectively. Summer weeds were
94% reduced in 2019–20 probably due to an earlier emergence caused
by high soil moisture availability and a mild winter. Contrary, in the
2020–21 season, SW cover increased from SD1 to SD2, although abso
lute numbers were very low (<1% of coverage on average). The snow
and cold temperatures and the drought suffered from mid-February to
the end of March probably delayed SW emergence.
The delay of the sowing date provoked (or caused) a change on the
weed community composition present in the field, decreasing the pro
portion of WW and increasing that of SW. In the absence of an initial
crop and WW canopy, SW will ultimately prevail in SD2. This change is
explained by the different emergence periods of WW and SW: WW were
killed before SD2, when their emergence period was almost finishing,

5. Conclusions
The yields of the different camelina varieties were similar, but the
yield reduction from SD1 to SD2 was significant in most cases. On the
contrary, the growth and yield of camelina was more dependent on the
distribution of the precipitation throughout its life cycle. The sowing
delay, which helps to kill all the emerged weeds, together with the short
life cycle of camelina, which decreases the seed rain of most weed
species, makes it an effective crop to implement in a rotation with winter
7
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cereals becoming an effective IWM strategy to manage P. rhoeas and
other winter weeds.
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Kiprovski, B., Monti, A., 2021. Camelina, an ancient oilseed crop actively
contributing to the rural renaissance in Europe. A review. Agron. Sustain. Dev. 41.
https://doi.org/10.1007/s13593-020-00663-y.

9

