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Abstract: Population models are particularly helpful for understanding long-term changes in the
weed dynamics associated with integrated weed management (IWM) strategies. IWM practices for
controlling L. rigidum are of high importance, mainly due to its widespread resistance that precludes
chemical control as a single management method. The objective of this contribution is to simulate
different IWM scenarios with special emphasis on the impact of different levels of barley sowing
densities on L. rigidum control. To this effect, a weed—crop population model for both L. rigidum and
barley life cycles was developed. Our results point out: (i) the necessity of achieving high control
efficiencies (>99%), (ii) that the increase of twice the standard sowing density of barley resulted in a
reduction of 23.7% of the weed density, (iii) non-herbicide-based individual methods, such as de-
layed sowing and weed seed removal at harvest, proved to be inefficient for reducing drastically
weed population, (iv) the implementation of at least three control tactics (seed removal, delay sow-
ing and herbicides) is required for weed infestation eradication independently of the sowing rate,
and (v) the effect of an increase in the sowing density is diluted as a more demanding weed control
is reached. Future research should aim to disentangle the effect of different weed resistance levels
on L. rigidum population dynamics and the required efficiencies for more sustainable IWM pro-
grams.

Keywords: weed population dynamics; crop—weed competition; integrated weed management

1. Introduction

Barley (Hordeum vulgare L.) is a major cereal grain grown globally in temperate cli-
mates, and it is mostly used as feed for animals, malt, and food for human consumption.
The annual world harvest of barley in the late century was approximately 140 million tons
from about 55 million ha [1]. Barley yield is seriously affected by weeds, especially by
annual ryegrass (Lolium rigidum Gaudin) in Mediterranean climates. Yield losses in cereal
crops due to L. rigidum competition can reach up to 80% depending on the season and
infestation level [2]. Its high seed production [3], high genetic variability [4], and high seed
banks [5] facilitate the long-term survival of this weed species. Its control relies heavily
on herbicides and, as a consequence, L. rigidum has evolved resistance to various herbicide

groups [6].
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Integrated weed management (IWM) practices for controlling L. rigidum are of high
importance mainly due to its widespread resistance that precludes chemical control as a
single management method [7]. Among the different control practices, crop competition
remains one of the most economically desirable and environmentally sustainable methods
for weed suppression [8]. Crop competitive ability could be improved by an increment of
sowing density, limiting soil water and nutrient availability as well as PAR interception
for weed species. A weed biomass suppression of 45% was obtained by doubling sowing
density in winter cereal crops [9]. High sowing rates in both wheat and barley reduced L.
rigidum biomass as well as individuals’ fecundity [8,10,11]. Lemerle et al. [12] observed
that wheat yield loss due to weed competition declined from 23 to 17 % when crop sowing
rate increased from 50 to 100 kg/ha in Western Australia. Similar results were obtained by
Izquierdo et al. [2] which registered L. rigidum biomass reductions of 15 and 29% when
the sowing rate of different barley cultivars increased by 50 and 100%, respectively.

However, as stated by Izquierdo et al. [2], more studies are required to address if
such relationships are consistent among different sites and years under Mediterranean
conditions. The confirmation of such relationships would be very useful from an IWM
perspective as it would allow estimating weed biomass suppression level as a function of
crop density increase. Interestingly, the same authors observed that an increment in crop
sowing density did not reduce yield losses in barley.

Mathematical models providing information about L. rigidum dynamics demon-
strated to be useful for predicting field emergence and spatial distribution as well as for
testing different management strategies [13-18]. In particular, the population model pro-
posed by Gonzalez-Andujar and Fernandez-Quintanilla [13] permits us to predict the ac-
tual population density based on its value in the previous year and the progress of the
species during its different life-cycle stages. Based on this model, the performance of dif-
ferent control strategies for L. rigidum was formalized by D’ Amico et al. [15]. Analytical
results related to the long-term behavior of the species showed that the population could
not reach extinction by applying an individual control action in the field. In fact, the use
of IWM strategies is of critical importance towards a sustainable long-term management
of L. rigidum [19].

The objective of the present contribution is to simulate and analyze different IWM
scenarios with special emphasis on the impact of different levels of barley sowing densi-
ties on L. rigidum control. To this effect, a weed—crop population model based on the inte-
gration of both L. rigidum and barley life cycles was developed.

2. Materials and Methods

The proposed model consists of two population submodels connected by means of
interspecific competition (Figure 1). The mathematical formulation for L. rigidum is based
on the annual life-cycle model developed by Gonzalez-Andujar and Fernandez-Quinta-
nilla [13]. The model for barley corresponds to a typical semelparous species behavior
[20]. Regarding IWM scenarios, different management practices are introduced along the
different L. rigidum phenological stages and their impacts are quantified by using sensi-
tivity indices and information related to the long-term population dynamics of both weed
and barley.



Agronomy 2021, 11, 1565

3 of 15

Weed-crop model
Lolium rigidum

Barley

delayed sowing

N

n!;v still' viable P
— .
herbicide seed bank sowing
SBlt density  SBp;

proportional emergence
proportional emergence

. Chd 0
Ic—h> seedlings seedlings
ZIt Zb,t
) o crop ) S
proportional survivorship proportional survivorship
competition
\J
adult plants adult plants
My * Mp,¢
weed
density-dependent > Che weed density-dependent
fecundity  } competition fecundity
seed seed
production production
Sie seed removal Sb,t
biotic reduction
fully harvested
x, seeds entering
- harvest

the bank

Figure 1. Scheme of L. rigidum-barley model, considering the life cycles of both populations and the weed control actions.
Both interspecific and intraspecific competitions are included. Black arrows indicate the course of changes through the
different stages in the life cycles of the weed and the crop. Red arrows represent the control and competitive interventions.

2.1. Lolium Rigidum Submodel

The L. rigidum life-cycle model was divided into stages (Figure 1) following the ap-
proach of Gonzalez-Anddujar and Fernandez-Quintanilla [13].
For a year t, the seed bank is composed of the seed stored in the soil from previous

years (still viable) plus the new seed R,, ; entering in the soil at year ¢ — 1. This amount

per unit area (seed m=) is

SB,, = (1 — ¢)(1-m,)SB,,, + R

M

where ¢ is the proportional emergence and m, is the proportional seed bank mortality.

1t Lt-1 Lt-17

The number of seedlings (plants m) emerged in year f is proportional to the seed
bank as well as to the control actions considered at that stage. Thus,

Z, = el(l_ch)(l_cbd)SBl/t’ (2)

where ¢ and c,, representthe proportions of seedlings suppressed by the application of
selective herbicides and the use of barley delayed sowing action, respectively. This last
tactic implies that the sowing date is delayed as to facilitate the weed suppression [21].
The population density of adult plants (plants m2) depends on the rate of seedling
survival g so that
M, =s2,.

(©)

Each of these adult plants produces a number of seed given by
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fi

_ _ 1
F,=( C*’“)—1+a, M (4)

where f is the fecundity of an isolated plant (seed plant™) and g, is the area required to
produce the fseed. The density-dependent function on M, represents the intraspecific
competition while parameter ¢, stands for the fractional reduction provoked by the in-

terspecific competition of the barley crop. This last effect varies according to the barley
sowing density chosen annually.
The total seed production (seed m™) at year ¢ is

Si,=F M, )
and the effective fraction entering to the seed bank is defined as
R, = (1_11)(1_Cc)sl,t’ (6)

Where [, indicates the proportion of newly produced seed that is lost due to biotic factors
and cis the fractional reduction caused by the action of weed seed removal at harvest.

2.2. Barley Submodel

The barley life-cycle model starts with the sowing and ends with the grain harvest
(Figure 1). Since seed are fully harvested year after year, the seed bank at year ¢ is directly
modeled as S,, =SB where SB is the number of seed sown per m> The next two stages

behave proportionally with respect to the sowing. So, seedlings emergence per unit area
(seedlings m™) are
2y, =e,5,,, 7)
with ¢ is the proportional emergence, and the adult plants per unit area (plants m-2) are
M,,=s,2,,, 8)

with g as the rate of seedling survival.
The effect of the interspecific competition caused by L. rigidum is represented in the
barley fecundity stage. Each plant produces a given seed amount which depends on A/[,,t

in the form

r,M
E,o=fi| 1-————|, )
1+=M,,
Ti
where f, are the seed produced by an individual barley plant without the weed. In this
density-dependent function, r, stands for the proportional decrease originated by M,
when it goes to zero and r is the fecundity reduction when M,, — o . Thus, the total

seed production (seeds m=) of the barley crop at year ¢ is

Sb,z = Fh,th,z . (10)

2.3. Weed—Crop System Analysis

Different factors and sensitivity indices are used to evaluate the long-term effects of
the control decisions and, specifically, the barley sowing rate on the weed population be-
havior and the crop yield. For that purpose, control actions are first summarized as an
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equivalent efficiency given by (1-c¢)=(1-¢,)(1-c,,)(1-c.) facilitating the analysis for
all the possible combinations.
Depending on the weed parameters, there exists a critical c value defined as
__e+m(l-e)
efisi(1=1)(1-c;)’

which permits us to determine if the IWM programs can achieve (or not) weed extinction
in the long-term horizon [15]. In particular, if a specific program results in an equivalent
efficiency value such that c¢>¢,, then the adult L. rigidum population goes to the extinction.

¢y = (11)

Howeover, if the equivalent efficiency verifies that c<c,, then the population reaches an
equilibrium level (plants m-2) that is calculated as

e [1—1111 _flsl(l_ll)(l_c)(l_cbc)]

1o , (12)
a, [el (m, —1)—mlJ
with a growth rate A<1 that is adequately estimated by means of
1 oM, ,
= ’ 13
aMl’t_l My =M, ( )

The sensitivity index of the infestation level (Equation (12)) to variations in the crop
competition ¢, is specifically calculated. By considering the derivative-based method,

oM, , c,

SI,, =
M8, M

(14)

1,0

This index determines if the variation of ¢, originated by a change in the sowing
density can cause a large modification in the L. rigidum population level achieved by a
determined IWM program.

In the absence of weeds, the barley production would present its maximum level of
Sy max = €5, f,SB - Under a L. rigidum infestation, the barley submodel (Equations (7)-(10))

shows thats, , is lower thans

b, max

. To quantify the decrease on the barley crop, the sensi-
tivity index to L. rigidum is also considered. This is obtained by using again the derivative-
based method, i.e.

_ 05, M,

Sl., =
M, S,

(15)

Another useful factor is the long-term relative production of the crop respect to the
maximum S, . Based on the barley equations (Equations (7)—(10)) and considering that

b,max
the L. rigidum population has reached its equilibrium level, the respective formula in per-
centage is given by

rle

1+ M,
7.

1

RP, =|1- 100. (16)

This expression combined with the infestation level M,  (Equation (12)) permit us
to directly relate the barley production with the interspecific competition ¢, and the dif-
ferent control actions represented by c.
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2.4. Simulation Condition and Parameter Values

An initial L. rigidum seed bank of 10 seed m2is considered. For barley, two sowing
densities, 500 seed m=2 (160 kg ha!; standard) and 1000 seed m= (350 kg ha'; high) are
chosen. The complete weed—crop system is run over a 10-year simulation horizon which
is long enough to evaluate long-term dynamic trends. Parameters values on average were
obtained from the literature and unpublished data on barley production in central Spain
(Table 1).

Table 1. Parameter values and control efficiencies used in the simulation of the weed-crop model.

Parameter Model Value Reference
Barley Emergence (seedlings/seed) & 0.75 [22]
Seedling survivorship S, 1 [22]
(plants/seedlings)
(Gonzalez-An-
Fecundity (seed/plants) fo 18.40  dujar, personal
communication)

Interspecific competition

(m?/plant) T, 0.0022 [2]
(part per unit) r; 0.5100 [2]
L. rigidum Emergence (seedlings/seed) 6 0.64 [3,13]
Seedling survivorship 5 0.76 [3,13]
(plants/seedlings)
Fecundity (seed/plants) fi 935 [3,13]
Area (m?/plant) G 0.34 [3,13]
Seed bank mortality (parts per unit) m, 0.84 [3,13]
Biotic reduction (parts per unit) l 0.19 [13]
Control Crop competition (parts per unit) Cpe [3,13]
Standard barley density 0.24
High barley density 0.42
Sowing delay (parts per unit) Cpa 0.65 [13]
Herbicide control (parts per unit) Cy 0.90 [13]
Seed removal at harvest (parts per unit) G 0.90 [13]

2.5. Control Programs

Both individual and integrated control strategies are considered (S1-S7; Figure 2).
Besides the classical herbicide-based method, other alternatives implying the use of
nonchemical practices are analyzed. All these scenarios incorporate the possibility of
choosing standard or high crop sowing densities as an additional control alternative. Pro-
grams are organized so that the equivalent efficiency c increases gradually from S1 to S7.
Although S2 and S3 present the same efficiency value (Table 1), they are intentionally in-
dividualized since herbicides and harvest seed removal affect the weed seed bank differ-
ently. The same phenomenon applies to the 5S4 and S5 control scenarios.
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Figure 2. Different control scenarios combined with both standard and high barley sowing densities to control L. rigidum
are evaluated. Actions such as delayed sowing, herbicide application and seed removal at harvest are considered in this
scheme. The obtained programs are organized so that the equivalent efficiency increases gradually.

3. Results
3.1. Lolium Rigidum Control

According to the proposed model, a control program needs to achieve a minimum
efficiency (Equation (11)) of ¢, =0.9966 in the case of a standard barley sowing density (
¢, =0.24) and ¢, =0.9955 in the case of a high barley sowing density (¢, =0.42) to
reach the ‘theoretical eradication” of L. rigidum in the ten year horizon. Such efficiencies
indicate that only the management scenario composed of control program S7 (¢=0.9%5)
combined with a high sowing density could lead to the extinction of L. rigidum, at least, in
theory. The rest of the proposed scenarios (Figure 2) are unable to avoid the weed popu-
lation build up reaching a determined long-term equilibrium.

In the absence of control actions, the weed population achieves a maximum of 871
and 664 plants m2when barley is sown at standard and high density, respectively (Table
2). In both cases, infestation levels are further reduced when programs S1-57 are adopted.
Long-term levels (Equation (12)) go proportionately from 303 to 0.12 plants m2in the
standard sowing scenario (blue squares; Figure 3a) and from 230 plants m=2to the theoret-
ical eradication in the high sowing scenario (red squares; Figure 3a). Comparing the weed
populations for both scenarios, the percentage of reduction caused by doubling the barley
sowing density notably increases when programs 54-S7 are used (Table 2).

The sensitivity index SI,; (Equation (14)) is practically equal to -0.32 for control ef-

ficiencies equal or lower than 0.9 while it goes abruptly to -1 for control efficiencies greater
than 0.90 (Figure 3b). This result corroborates the fact that the control effect of the sowing
density depends on the efficiency of the rest of the control actions (Figure 3a). Specifically,
changes in the barley sowing density produce the same moderate weed control impact
over programs S1-53. However, that decision provoked marked differences over control
programs S4-S7. The point is that barley competition greatly influences L. rigidum when
highly efficient control actions are used. Therefore, the increase of barley sowing density
as a cultural action does not allow us to reduce the efficiency or the number of IWM prac-
tices.
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Figure 3. Dynamical behavior of the L. rigidum population under different control efficiencies. (a) Long-term adult plant
equilibrium (M«); (b) Sensitivity index (SIm) to variations in the barley sowing density calculated at cie = 0.24; (c) Growth
rate (A).

Table 2. Long-term L. rigidum population M;. considering control programs S1-S7 and standard
and high barley sowing densities.

Long-Term Density M 1 [Plants m~]

Control Equivalent Standard Sowing  High Sowing Reduction
Scenarios Efficiency Density Density [%]
without control 0 871 664 23.7
S1 0.6500 303 230 24.1
52-S3 0.9000 84 64 23.8
54-S5 0.9650 28 20 28.6
S6 0.9900 6 4 333
S7 0.9965 0.12 Extinction 100

The weed population growth rate (Equation (13)) presents a similar dependence on
the control actions. This rate is practically constant for control efficiencies lower than 0.90
while it increases sharply for control efficiencies greater than 0.90 (Figure 3c). For control
programs S1-53, the A values are almost the same, keeping below 0.1, and they do not
manifest differences concerning the sowing density options. This implies that M, , goes

to the equilibrium with a predominantly fast rise dynamic. However, for control pro-
grams S4-5S7, the A presents pronounced variations according to the control or the sowing
density increase. The tendency is a population response becoming progressively slower
as ¢ closes to 1 and the barley crop is sowed at a high density.
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3.2. Impact on the Barley Seed Production

The proposed model also permits us to estimate the crop yield while taking the be-
havior of the weed population into account. Barley seed production can reach a maximum
of 6900 seed m2 (2760 kg ha') or 13,800 seed m=2 (5520 kg ha-') depending on whether a
standard or high sowing density is adopted. However, as expected, L. rigidum infestations
can substantially reduce barley yield. The barley sensitivity index ( Sy, ) indicates that the
highest reductions occur when the weed population is between 300 and 900 plants m-2
since it keeps close to a mean value of —0.17 without showing significant differences (Fig-
ure 4). Conversely, when the weed population is <300 plants m=, the Sl curve de-
creases to zero (as the weed density is reduced) evidencing a potential increment on barley
yield. In particular, for the long-term infestation levels achieved by control programs
S1-S3 (which reduce L. rigidum density from 303 to 64 plants m=2; Figure 3a), S, varies
from —-0.17 to —0.1, projecting a moderate increase on barley yield. For control programs
S4-57, the worst case of long-term infestation is given by 28 plants m2and Slg, values
are appreciably smaller (from -0.051 to 0). As a consequence, the barley yield is marginally
influenced by the weed population level, maintaining close to the maximum value. This
result reinforces the previous concept that high L. rigidum sensitivity to barley sowing
density (Figure 3b) occurs when long-term weed infestation levels are appreciably low
due to the high efficiency control methods. Therefore, any potential benefit associated
with an increment on barley sowing density is finally diluted on the yield component.

0
-0.02

-0.04 T,
-0.06F S4 to S7
-0.081 V
Slg,-0.10
-0.12¢

-0.14rt
-0.167T /
| control efficiency |

-0.18 S1 to S3 smaller than 0.65

-0.20 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900

M,

[plants m?]

—

Figure 4. Index SIs indicating the sensitivity of the barley seed production to L. rigidum adult
plants M. Variation ranges corresponding to the long-term infestation levels reached by using
control programs S1-S7 are also indicated.

The relative production (Equation (16)) reached by the barley crop in the long-term
horizon permits us quantifying these effects more precisely (Figure 5). As it is expected,
RP, approaches 100% as the efficiencies of the control actions are increased. However, in

consonance with the information given by the sensitivity indices, results corresponding
to high sowing density (red curve; Figure 5a) tend to be closer to those corresponding to
standard sowing density (blue curve; Figure 5a) as the IWM programs are more exigent.
This fact is also observed in the production losses (Figure 5b), where differences between
standard and high sowing densities are evident for programs S1-S3 consisting of individ-
ual actions. The improvement introduced by the high sowing density in the barley crop
using, for example, control program S1 is around 3.47%. However, the improvement
caused by the incorporation of another action (defining programs S4 or S5) but maintain-
ing the standard density is 20% higher.
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Figure 5. Barley yield when the ryegrass achieved its long-term equilibrium level under different control programs and
sowing densities. (a) Relative production respect to Svmax; (b) Loss percentages corresponding to control programs S1-S7.

3.3. Dynamical Behavior of the Weed—Crop System

The proposed model is simulated to show L. rigidum and barley dynamics over a ten-
year planning horizon, considering standard and high barley sowing density and control
programs S1-S3 (Figure 6) and 54-S7 (Figure 7). Weed seed bank reached by programs
S1-S3 (gray curve; Figure 6) permits us to appreciate that the use of herbicide in the seed-
ling emergence stage and the harvest seed removal have the same effects on the adult
plant population but they lead to different seed bank densities.
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Figure 7. Simulations of the weed—crop model over a ten-year planning horizon applying different
integrated control programs and considering standard and high sowing density. L. rigidum mature
plant population M:+in blue; barley seed production Sitin orange; (a) S4; (b) S5; (c) S6; (d) S7.

For programs S1-S3 (Figure 6), behaviors reach long-term equilibria after approxi-
mately five years. In the case of program S1, L. rigidum adult plants achieve the level of
303 plants m-2with standard sowing density and 230 plants m-2with high sowing density
(Figure 6a). Thus, the barley seed production falls from 6900 to 4907 seed m-2and from
13,800 to 10,291 seed m2, respectively. Better scenarios are obtained with programs S2 and
S3 where long-term infestation levels are 84 and 64 plants m=2for standard and high sow-
ing density, respectively, and the barley seed production maintain in 5960 and 12,282 seed
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m-=2in the last five years (Figure 6b-c). The L. rigidum seed bank does not present high
differences comparing programs S1 and S2 but it is appreciably reduced when the pro-
gram S3 is used.

For the IWM scenarios 54-57 (Figure 7), equilibrium levels are reached in the long
run more gradually as more control actions are incorporated. Conversely, the extra cost
of sowing the crop with a high density does not translate into a higher barley yield. Con-
sidering, for example, the scenario of standard sowing density, L. rigidum adult plants can
achieve densities in the order of 28 plants m=2for control programs 54-S5 (Figure 7a,b) and
6 plants m=for control program S6 (Figure 7c). This resulted in barley seed production of
6525 (13,231) and 6814 (13,689) seed m?, respectively. These amounts are just 5.43% below
the maximum production in the worst case (Figure 5). In the high sowing density scenario,
results are practically equal as maximum barley losses do not exceed 4.12%. Finally, pro-
gram S7 (Figure 7d) keeps the L. rigidum population at the limit of theoretical extinction
(0.12 plants m—2 with standard sowing) and the barley seed production practically in its
maximum value. This scenario requires the integration of all the possible control actions
and the application of herbicides along the complete planning horizon.

4. Discussion

The necessary field experiments to explore long-term effect of IWM programs would
require a temporal scale that would make them difficult to conduct. Therefore, population
models are particularly helpful for understanding long-term changes in the weed popu-
lation dynamics associated with IWM strategies [23]. Our results point out the necessity
of achieving high L. rigidum control efficiencies (>99%), indicating the extreme difficulty
for controlling this weed in barley crops, in accordance with other authors [13] and farmer
perceptions. Under this type of cropping, traditional herbicide-based tactics (selective
graminicides at standard rate with 90% control) will leave a significant number of indi-
viduals (seed bank) which will rapidly increase the population size year after year. The
increase of herbicide resistance has also led people to consider the implementation of IWM
strategies in cereal crops.

Cultural practices such as the increment of sowing rate favors crop competition
[11,12]. Our results suggest that, in the absence of other control actions, an increase of
twice the standard sowing density of barley resulted in a reduction of 23.7% of L. rigidum
density as a consequence of the interspecific competition. Such results coincide with field
experiments of other authors [11,12] as a high-density crop is expected to compete more
efficiently than a low-density crop. Conversely, Cirujeda and Taberner [24] did not find
that an increase in the sowing density of crop density affects the L. rigidum density or
biomass. Probably, as the authors indicated, their experiments were irrigated and, there-
fore, water was not a limiting factor as in our study. Increasing sowing density could have
a more important effect on weeds in rainfed environments [2].

Other non-herbicide-based individual control methods, such delayed sowing [25]
and weed seed catching at harvest [26,27] have been proposed as alternative ways to sup-
press weed competitiveness or deplete the soil seed bank. Our in silico results indicate
that these individual control methods (51-S3) are ineffective for reducing the L. rigidum
population (Figure 6). As expected, the combination of two control tactics (S4 to S6), re-
gardless of the sowing density level, notably reduced the populations of L. rigidum but not
enough to be effective (Figure 7). Therefore, more than two control tactics are necessary
to reach an effective control. These results are in line with Anderson [28], which suggests
that more than two cultural control tactics may be necessary to be effective in the semiarid
steppe of the United States. Other authors [5,13,24] also pointed out that effective control
of L. rigidum requires the combination of more than two control strategies. Our findings
confirm that the integration of three control actions (strategy S7) drove the population to
0.12 plants m, an infestation level sufficient to maintain L. rigidum populations in a “safe”
level and maximize barley yield independently of the sowing rate. Under this control tac-
tic, it is not worth increasing the sowing rate.
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Therefore, our results support the theory of using ‘many little hammers’ to suppress
weeds [29]. As observed, a decrease in weed infestation implies an increment in barley
yield (Figure 5) as the efficiencies of the control actions are increased. Nevertheless, the
effect exerted on barley yield by an increase in the sowing density is diluted as a more
demanding control is reached (e.g., S7; Figure 5). Some authors suggest that an increase
in the sowing barley rate does not produce any significant yield increase [2,22,30]. Our in
silico results suggest that doubling the number of barley seeds (yield proxy) essentially
doubles the yield (Figure 7d), but this is likely not occur under field conditions. Doubling
the sowing rate could have negative consequences such as a decreased in the grain rate
and quality, increased lodging and potential problems with pests and diseases [31].
Lacasta et al. [30] suggest the optimal sowing barley rate is in the order of 160 kg ha-,
similar to the standard sowing used in this work.

5. Conclusions

Our results show the need of applying a strong IWM program with at least three
control strategies to carry out an effective management of L. rigidum populations. Moreo-
ver, they evidence that the use of the high sowing density as a weed control option might
be not necessary in Mediterranean dryland, if the indicated strong IWM program is ap-
plied. The proposed model offers a practical guidance regarding the possibilities and lim-
itations of strategic approaches for the long-term weed control, but to be able to use it as
a decision tool by farmers, it is necessary to perform its validation in a large range of sit-
uations [23,32]. Improvements of this model should include specific field validations, con-
sidering different environments, barley cultivars, tillage types, and frequency. The eco-
nomic feasibility of the proposed strategies should also be stablished to assist farmers in
the decision-making process [17,32]. Future research should aim to disentangle the effect
of different weed resistance levels on L. rigidum populations and the required non-chem-
ical control efficiencies for more effective and sustainable IWM programs.
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