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Abstract
Weed management in agriculture is hampered by inefficient intensive methods, such as 
monoculture, deep plowing, and herbicides, leading to health and environmental problems. 
Furthermore, the prevalence of herbicide-resistant weed ecotypes in the Mediterranean, 
particularly in France (with over 61 ecotypes), Spain (41), and Italy (37), is a major con-
cern, with a significant proportion of herbicides in the region. In this study, we examined 
the benefits of adopting agroecology as a sustainable approach for weed management in the 
Mediterranean region. Agroecology offers a variety of techniques and practices to improve 
sustainability and weed management, while preserving ecological balance and biodiver-
sity. However, solving these challenges is multifactorial and depends on local specifici-
ties, predominant weed species, crops, sowing dates, and pedo-climatic factors. In addition, 
this study included a systematic analysis of agroecological weed management in Medi-
terranean countries, assessing the effectiveness of existing practices, and identifying areas 
requiring further exploration in agroecosystems. A bibliometric analysis was also included 
to assess the literature on agroecology and weed management quantitatively, identifying 
major trends, influential studies, and research gaps. The bibliometric analysis highlighted 
the importance of alternative herbicides in Mediterranean “weed” (with a link strength of 
44), “agroecology” (22), and “biodiversity” (16). Italy has the strongest collaboration net-
work, with a link strength of 61, followed by Turkey (44), and France (42). Using specific 
keywords to agroecological practices for weed management in Scopus, France worked the 
most in this context (around 25% of studies), followed by Spain (17%) and Italy (17%), 
while all other countries contributed to less than 40% of studies carried out in the Medi-
terranean context. Clearly, it is imperative to foster collaboration between Mediterranean 
countries to develop effective and sustainable weed control strategies. Understanding the 
challenges of herbicide-resistant weeds, exploring their reasons and mechanisms, and 
using systematic studies and bibliometric analyses will help to develop effective strategies 
for managing weeds in the Mediterranean. Agroecological management favors effective 
control, while promoting healthy and sustainable ecosystems, preserving biodiversity, and 
ensuring long-term food security.
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1  Introduction

Globally, pesticides are widely used, consuming about 2–4 million tons annually (Martins 
et al., 2021; Sharma et al., 2019). However, they are often corroded by misuse and abuse, 
which is ecologically unacceptable (Hanif et  al., 2022). The main concerns of chemical 
pest control agents include contamination of water systems and deposition of residues with 
negative impacts on the environment; less than 0.1% of pesticides reach their intended pest 
targets (Marsala et al., 2020). They have unavoidable effects on the biodiversity of various 
aquatic and terrestrial non-target organisms and can negatively affect natural enemies by 
eliminating them or disrupting their life cycles (Sánchez-Bayo & Wyckhuys, 2019; Brühl 
et al., 2019; LeBuhn & Luna, 2021; Brühl & Zaller, 2019). Pesticides also cause possible 
harm to humans, animals, and other organisms, triggering a decrease in viability, migra-
tion, proliferation, and differentiation of neural stem cells and an increase in the risk of 
infertility in humans (Abdoli et al., 2022; Parrón et al., 2011). These negative effects can 
be amplified by the bioaccumulation of pesticide residues and potential synergy due to co-
exposure to other synthetic products (Dara & Drabovich, 2022; Tudi et al., 2021).

Most of the pesticides used are herbicides (47.5%), followed by insecticides (29.5%) and 
fungicides (17.5%) (Sharma et al., 2019). The losses caused by weeds are very important. 
They are estimated to be between 20 and 40% of the average crop production loss world-
wide, depending on the species of the weed flora, their density, biomass, and the period of 
their infestation (Kumar et al., 2021a). Arable weeds cause annual economic losses exceed-
ing US$100 billion worldwide (Esposito et  al., 2021). In contrast, plant diseases (plant 
pathogens) and insect pests cause economic losses of approximately US$220 and US$70 
billion per year, respectively (FAO, 2017). In addition, production losses caused by para-
sitic weeds are between 30 and 80%, with economic losses between 111 and US$200 mil-
lion and continuing to increase by about US$30 million annually (Rodenburg et al., 2016).

Since ancient times, farmers have always been concerned about weed control. At first, 
using herbicides proved to be an effective method for managing weed flora and increas-
ing crop productivity by farmers (Sharma et al., 2019). However, the misuse of herbicides 
has quickly resulted in many complications not only for environmental health but also for 
the reciprocal effect on the weed flora itself, especially the emergence of herbicide-resist-
ant ecotypes, due to the use of herbicides that have the same mode of action (Ghanizadeh 
& Harrington, 2021). Consequently, yield and economic losses are increasingly accentu-
ated by the emergence of resistant weed biotypes, which makes chemical treatment less 
effective (Lykogianni et  al., 2021). Hence, chemical crop protection is an overwhelming 
threat to effective and sustainable weed management at the global agroecosystem scale. 
The current challenge is to design alternative cropping systems that maintain food produc-
tion while reducing chemical input. Agricultural management models and paradigms have 
been proposed as part of climate-smart agriculture in Africa (Kaptymer et al., 2019), such 
as conservation agriculture, which has various advantages, i.e., conserving soil moisture, 
reducing energy, machinery costs, and soil erosion while improving soil structure (Brown 
et al., 2021; Page et al., 2020; Robert, 2018a). Also, organic farming, a certified farming 
system that bans the use of synthetic pesticides, has developed in recent decades, focusing 
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on increased biodiversity of crop rotations combined with shallow tillage, improving agro-
ecosystems’ life and structure (Kumar et al., 2021b; Rosati et al., 2021).

As an environmentally friendly paradigm, agroecology is an alternative to intensive 
farming. Agroecology is not a farming system. Still, it is a holistic approach to agriculture 
that promotes sustainability, biodiversity, and social equity in food production. It empha-
sizes the interconnectedness of ecological systems and recognizes the importance of local 
knowledge, traditional practices, and community participation in achieving agricultural 
sustainability (Rivera-Ferre et  al., 2021) and adapting to local conditions (Katre et  al., 
2022). Agroecology offers a promising alternative to conventional industrial agriculture, 
prioritizing profitability at the expense of environmental degradation and social injustice 
(Katre et al., 2022; Wezel et al., 2020).

Agroecological weed management is an agricultural approach emphasizing ecological 
principles to maintain system resilience, biodiversity, and productivity. In agroecology, 
reliance on synthetic herbicides is reduced; however, they can be used in critical situations. 
Agroecological systems can mitigate the negative environmental impacts of conventional 
herbicide-based weed management by balancing weeds, crops, and agroecosystem com-
ponents (Tournebize et  al., 2020). Furthermore, these methods have shown potential for 
maintaining long-term weed suppression without inducing herbicide resistance or adverse 
effects on non-target organisms (Table 1). As such, this approach has gained much atten-
tion globally, particularly in Mediterranean countries, where pressures from harsh climate 
conditions, such as drought, are high. This represents a critical part of sustainable crop 
production aimed at safeguarding food security without compromising biodiversity and 
human health. Within this framework, agroecology proposes various weed control strate-
gies based on ecological, social, and economic principles. However, there is no clear infor-
mation on studies conducted on agroecological weed management in Mediterranean coun-
tries. However, studies have investigated the effectiveness of legume cover crops for weed 
control in Mediterranean countries (Boulet et  al., 2021), the design of cropping systems 
for non-chemical weed management in European countries (Calha et al., 2019), the effects 
of weed management practices on plant communities in Mediterranean vineyards (Guerra 
et al., 2022), and the need for an ecological approach to weed science and management in 
different agricultural systems worldwide (MacLaren et al., 2020).

This literature review focuses on agroecological weed management, particularly in Med-
iterranean landscapes, and is underpinned by comprehensive rationale. This highlights the 
significance of considering authors’ specialized knowledge and research interests, empha-
sizing the scarcity of literature reviews dedicated to this geographic region. The review 
cautions against making overly broad generalizations owing to the inherent complexities of 
agroecosystems and agricultural practices, emphasizing the substantial influence of local 
factors. It also acknowledges regional variations within the Mediterranean, stressing the 
importance of recognizing the uniqueness of different locales and agroecosystems. Addi-
tionally, it underscores the universal principles of agroecology, while emphasizing the 
critical role of adapting these principles to local conditions for advancing sustainable agri-
culture. Ultimately, this literature review aimed to enhance the understanding of region-
specific challenges and contribute valuable insights to the global body of agroecological 
knowledge, emphasizing the crucial importance of adaptability in promoting sustainability. 
The primary focus of this study was to investigate agroecological weed management prac-
tices within Mediterranean agricultural landscapes, with the overarching goal of reducing 
herbicide-resistant weed proliferation. This study systematically examined the advantages 
of adopting agroecology as a sustainable approach to weed management in the Mediter-
ranean context. It also includes a rigorous bibliometric analysis to quantitatively assess the 



	 A. Boutagayout et al.

1 3

Ta
bl

e 
1  

S
om

e 
be

ne
fit

s a
nd

 c
ha

lle
ng

es
 o

f i
nt

en
si

ve
 a

nd
 a

gr
oe

co
lo

gi
ca

l w
ee

d 
m

an
ag

em
en

t i
n 

th
e 

M
ed

ite
rr

an
ea

n 
re

gi
on

A
gr

oe
co

lo
gi

ca
l m

an
ag

em
en

t
C

on
ve

nt
io

na
l m

an
ag

em
en

t

A
dv

an
ta

ge
s

C
on

str
ai

nt
s

A
dv

an
ta

ge
s

C
on

str
ai

nt
s

Fa
ci

lit
at

io
n 

of
 c

ro
p 

gr
ow

th
 a

nd
 p

ro
du

c-
tio

n 
(D

et
re

y,
 2

02
1)

; M
ai

nt
en

an
ce

 o
f 

bi
od

iv
er

si
ty

 (B
ar

ot
 e

t a
l.,

 2
02

1)
; N

at
u-

ra
l b

io
co

nt
ro

l o
f c

ro
p 

pe
sts

 a
nd

 d
is

ea
se

s 
(T

ho
m

in
e,

 2
02

1)
; E

nr
ic

hm
en

t a
nd

 
im

pr
ov

em
en

t o
f a

gr
ic

ul
tu

ra
l s

oi
l q

ua
lit

y 
(D

et
re

y,
 2

02
1)

 G
en

er
al

ly
 le

ss
 e

xp
en

-
si

ve
, e

nv
iro

nm
en

ta
lly

 fr
ie

nd
ly

, s
af

e,
 

fe
as

ib
le

, a
nd

 w
ith

 re
pr

od
uc

ib
le

 re
su

lts
 

(J
or

da
n 

&
 V

at
ov

ec
, 2

00
4;

 G
ab

a 
et

 a
l.,

 
20

14
; M

af
on

go
ya

 e
t a

l.,
 2

01
6)

 M
ul

ch
 

re
ta

in
s s

oi
l m

oi
stu

re
 a

nd
 re

du
ce

s p
la

nt
 

w
at

er
 re

qu
ire

m
en

ts
 (L

i e
t a

l.,
 2

02
1)

 It
 

al
so

 p
ro

m
ot

es
 e

ar
ly

 c
ro

p 
m

at
ur

at
io

n 
(C

ho
pr

a 
&

 K
ou

l, 
20

20
)

C
ov

er
 c

ro
pp

in
g 

re
du

ce
d 

w
ee

d 
se

ed
 b

an
k 

si
ze

 a
nd

 e
nh

an
ce

d 
so

il 
ni

tro
ge

n 
co

nt
en

t 
(N

ic
ho

ls
 e

t a
l.,

 2
02

0)
C

ro
p 

di
ve

rs
ity

 is
 le

ss
 su

sc
ep

tib
le

 to
 d

is
-

ea
se

s a
nd

 p
es

ts
 c

om
pa

re
d 

to
 p

ur
e 

cr
op

s 
(V

la
ho

va
, 2

02
2)

M
ul

ch
in

g 
is

 e
xp

en
si

ve
 o

n 
a 

la
rg

e 
sc

al
e,

 
an

d 
so

m
e 

or
ga

ni
c 

m
ul

ch
es

 h
av

e 
al

le
lo

pa
th

ic
 e

ffe
ct

s o
n 

cr
op

s (
Pe

dd
a 

et
 a

l.,
 2

02
0;

 M
on

te
iro

 &
 S

an
to

s, 
20

22
). 

M
an

ag
in

g 
m

ul
tip

le
 n

ut
rie

nt
s i

n 
cr

op
 

di
ve

rs
ifi

ca
tio

n 
(W

ee
ra

ra
th

ne
 e

t a
l.,

 
20

17
)

La
ck

 o
f e

qu
ip

m
en

t f
or

 g
oo

d 
m

an
ag

e-
m

en
t a

nd
 h

ar
ve

sti
ng

 o
f c

ro
p 

di
ve

rs
ity

 
(M

or
te

ns
en

 &
 S

m
ith

, 2
02

0)
A

gr
oe

co
lo

gi
ca

l t
ra

ns
iti

on
 is

 sl
ow

 in
 

de
ve

lo
pi

ng
 c

ou
nt

rie
s d

ue
 to

 th
e 

ne
gl

ec
t 

of
 lo

ca
l h

ou
se

ho
ld

 k
no

w
le

dg
e 

(E
in

-
bi

nd
er

 e
t a

l.,
 2

02
2)

C
ur

re
nt

 a
gr

ic
ul

tu
ra

l p
ol

ic
ie

s d
o 

no
t 

si
gn

ifi
ca

nt
ly

 su
pp

or
t a

n 
ag

ro
ec

ol
og

ic
al

 
tra

ns
iti

on
 (W

an
g 

et
 a

l.,
 2

02
2)

H
er

bi
ci

de
s c

an
 im

pr
ov

e 
pr

od
uc

tio
n 

effi
-

ci
en

cy
 a

nd
 re

qu
ire

 le
ss

 c
os

t a
nd

 h
um

an
 

eff
or

t (
Sc

av
o 

&
 M

au
ro

m
ic

al
e,

 2
02

0)
. 

M
ec

ha
ni

ca
l w

ee
d 

co
nt

ro
l c

an
 p

ro
vi

de
 

eff
ec

tiv
e 

w
ee

d 
m

an
ag

em
en

t (
B

an
ik

 &
 

Jh
a,

 2
02

0)

H
er

bi
ci

de
 re

si
st

an
ce

 o
f s

om
e 

w
ee

d 
bi

o-
ty

pe
s (

To
rr

a 
et

 a
l.,

 2
02

2)
 In

te
ns

iv
e 

m
ec

h-
an

iz
at

io
n 

in
cr

ea
se

s s
oi

l e
ro

si
on

, l
ea

di
ng

 
to

 a
 lo

ss
 o

f f
er

til
ity

 (M
ar

tín
ez
‐C

as
as

no
-

va
s, 

&
 C

on
ce

pc
io

n 
R

am
os

, 2
00

9)
 H

er
-

bi
ci

de
 u

se
 c

on
ta

m
in

at
es

 so
il,

 w
at

er
, f

oo
d 

an
d 

ai
r a

nd
 c

au
se

s d
is

ea
se

 in
 h

um
an

s a
nd

 
an

im
al

s (
Sh

ar
m

a 
et

 a
l.,

 2
01

9)
 C

he
m

ic
al

 
he

rb
ic

id
es

 c
an

 si
gn

ifi
ca

nt
ly

 d
ec

re
as

e 
ea

rth
w

or
m

 c
om

m
un

iti
es

 a
nd

 p
op

ul
at

io
ns

 
(M

on
te

iro
 &

 S
an

to
s, 

20
22

)
M

ec
ha

ni
ca

l m
et

ho
ds

 a
re

 g
en

er
al

ly
 in

ef
-

fe
ct

iv
e 

(M
on

te
iro

 &
 S

an
to

s, 
20

22
) 

En
vi

ro
nm

en
ta

l p
ol

lu
tio

n 
(R

os
cu

le
te

 
et

 a
l.,

 2
01

9)
 L

ac
k 

of
 a

pp
lic

at
io

n 
te

ch
no

l-
og

y 
(R

ad
i, 

20
07

) R
is

k 
of

 p
hy

to
to

xi
ci

ty
 

on
 c

ro
ps

 (G
ul

lin
o 

&
 T

av
el

la
, 2

02
0)

 L
ow

 
pe

rs
ist

en
ce

 a
nd

 av
ai

la
bi

lit
y,

 e
sp

ec
ia

lly
 in

 
de

ve
lo

pi
ng

 c
ou

nt
rie

s (
R

ad
i, 

20
07

) T
he

 
in

co
m

e 
of

 su
bs

ist
en

ce
 fa

rm
er

s i
s g

en
er

-
al

ly
 to

o 
lo

w
 to

 a
ffo

rd
 th

em
 (C

on
st

an
tin

e 
et

 a
l.,

 2
02

0)
 In

cr
ea

se
d 

ca
rb

on
 d

io
xi

de
 

un
de

r c
lim

at
e 

ch
an

ge
 m

ay
 in

cr
ea

se
 th

e 
he

rb
ic

id
e 

to
le

ra
nc

e 
of

 so
m

e 
w

ee
d 

sp
ec

ie
s 

(C
he

n 
et

 a
l.,

 2
02

0)
 Im

pa
ct

 o
n 

po
lli

na
to

rs
 

(S
po

ns
le

r e
t a

l.,
 2

01
9)

 R
eq

ui
re

s p
ro

pe
r 

ap
pl

ic
at

io
n 

pr
ac

tic
es

 (C
ha

uh
an

, 2
02

0)



Agroecological practices for sustainable weed management…

1 3

existing literature on agroecology and weed management and identify key trends, influen-
tial studies, and research gaps in this field. The fundamental objective of this research is to 
elucidate the primary agroecological methods and perspectives that underlie sustainable 
weed management approaches within the Mediterranean region, drawing from recent sci-
entific research to inform the discourse.

2 � Methodology

This literature review provides an overview of agroecological weed management practices, 
especially in the Mediterranean region. A general overview of the different agroecological 
methods of weed management, including definitions, potential mechanisms, and concrete 
examples specific to the Mediterranean region, is presented in the following sections. Thus, 
the scientific search engine Scopus was consulted to study the topic systematically. The 
search criteria focused on literature dealing with different agroecological practices with the 
use of keywords such as (“weed management” OR “agroecological weed management” OR 
“Mediterranean landscapes” OR “herbicide-resistant” OR “alternative weed control” OR 
“Biological weed control”) AND (“Allelopathy” OR “Crop diversity” OR “Cover crops” 
OR “Mulching”) AND (LIMIT-TO AFFILCOUNTRY, All Mediterranean countries). In 
addition, an in-depth analysis was performed using bibliometric data from the Scopus 
database to create a network of articles associated with agroecological weed management 
methods in Mediterranean countries. Data from 243 papers were exported as CSV and 
Tab-delimited files from the most recent version of Scopus to provide an overview of the 
state of the research and its trajectory. The VOSviewer software used for the bibliometric 
analysis included various indices, such as keyword indices (for Scopus) and co-authorship 
distribution by country (Boutagayout et al., 2023a; Lee & Thierfelder, 2017).

3 � Mediterranean characteristic

The Mediterranean spans three continents, including Spain, Italy, Greece, Tunisia, 
Morocco, and Egypt (Fig.  1). The region’s climate is characterized by warm summers 
and mild winters with low precipitation, offering a wide variety of produce, such as olive 
groves, vineyards, citrus orchards, and grain crops that dominate the agricultural land-
scape. Thus, the Mediterranean climate protects plant diversity and endemism worldwide. 
The terrain varies from fertile plains to rugged mountain ranges and coastal cliffs, allowing 
farmers to produce these crops at both small and large scales (Ulbrich et al., 2012). Occa-
sionally, agriculture is practiced on steep and hilly terrains with low soil fertility, which 
requires traditional agroecological practices for sustainable land use. Livestock is also 
important to rural communities, with pasturelands being particularly important for pasto-
ralism; however, they are increasingly under pressure from urbanization and conversion to 
croplands or forests (Zeder et al., 2008).

Despite the challenges facing agricultural systems in the Mediterranean region due to 
climate variability and socioeconomic factors such as population growth and changing 
market demands, agroecology remains a key tool for the sustainable management of natu-
ral resources while ensuring food security for local communities (Lionello et  al., 2014; 
Papamichael et al., 2022).
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4 � Herbicide‑resistant weeds in Mediterranean farming landscapes

Herbicide-resistant weeds are a significant challenge in Mediterranean agricultural land-
scapes (Garibaldi et al., 2023). Herbicide resistance is an inherited trait weeds acquire to 
survive and reproduce under herbicide exposure (Torra et al., 2022). The evolution of weed 
resistance to herbicides poses a serious threat to sustainable agriculture as it can lead to 
reduced crop yields and increased herbicide use (Gherekhloo et al., 2021). The presence 
of resistant ecotypes among weed species introduces a heightened level of complexity in 
weed control efforts. These ecotypes possess the ability to endure soil for extended peri-
ods, facilitating robust and enduring development. For example, weed seeds can persist in 
the soil for several years and germination is influenced by factors such as humidity, plant 
exudates, and environmental conditions (Long et al., 2015; Travlos et al., 2019). This per-
sistence extends into the subsequent growing seasons and significantly contributes to the 
proliferation of resistant weed ecotypes. It is crucial to note that the impact of resistant 
ecotypes extends beyond self-sustainability, as there is a potential for cross-contamination 
with non-resistant populations, further exacerbating the existing challenge (Merotto et al., 
2016; Vencill et al., 2012).

The worldwide spread of herbicide-resistant weeds is exponential (Garibaldi et  al., 
2023). Herbicide resistance has been reported in various weed species, including Phalaris 
spp., which are self-pollinating annual grasses commonly grown in Mediterranean climates 
(Gherekhloo et al., 2021).

Currently, 520 herbicide-resistant weeds exist worldwide, comprising a combination of 
species and sites of action. There were 268 distinct species, including 154 broadleaf weeds 
and 114 monocots. Weeds developed resistance to 31 known herbicide sites of action, 
resulting in resistance to 165 different herbicides. Herbicide-resistant weeds have been 
reported in 98 crops across 72 countries (Heap, 2023).

Fig. 1   Map of the study area (Mediterranean region) on agroecological weed management
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Herbicide resistance in Mediterranean carrier countries has been reported for a long 
time (since 1975). According to an international database on herbicide-resistant weeds, 
more than 213 unique cases of herbicide resistance have been reported in the Medi-
terranean region. These cases were distributed across 10 countries, including France 
(61), Spain (41), Italy (37), Israel (33), Greece (17), Turkey (14), Egypt (3), Syria (3), 
Cyprus (2), Slovenia (1), and Tunisia (1). Other countries have not yet been reported in 
the databases. However, a study in Morocco reported that Lolium rigidum was resist-
ant to clodinafop propargyl (Topik) in the Gharb region. Atrazine was reported in 50 
cases of herbicide resistance in the Mediterranean region; 25, 21, and 19 cases were 
generated by glyphosate, diclofop-methyl, and tribenuron-methyl, respectively. The dif-
ference between countries regarding the remaining weed cases can be explained by the 
difference in the quantity of herbicides used per country since France was the country 
that used more herbicides, followed by Spain and Italy (Fig. 2). According to the FAO, 
the global amount of herbicides used in the Mediterranean countries was approximately 
54,815.65 tons against a total of 1,397,465.09 (tons) worldwide in 2020, with the USA 
and China being the largest countries (Fig. 3).
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Fig. 2   Quantity of herbicides uses (tons) in agricultural landscapes of the Mediterranean countries 
(FAOSTAT, 2023). The results represent the data mean of 6 years (from 2015 to 2020)
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5 � Reasons and mechanisms of weed resistance to herbicides

Several factors can contribute to the development of herbicide-resistant weeds, includ-
ing repeated use of the same class of herbicides, overuse of herbicides, use of narrow-
spectrum herbicides, inadequate weed management, and the transfer of resistance genes 
through hybridization (Dong et  al., 2021; Kaur et  al., 2022). This selection pressure 
favors individuals capable of herbicide resistance and increases the proportion of resist-
ant weeds in the population. Resistance can occur at different levels, and herbicides 
are not responsible for the genetic mutations that lead to resistance (Hall et al., 2018; 
Hawkins et al., 2019). However, it can be difficult to distinguish resistant biotypes from 
weed escape caused by other factors, such as climate and herbicide failure (Peterson 
et al., 2018).

According to the literature, herbicide-resistant weeds have developed mechanisms 
to detoxify or avoid the effects of herbicides. One such mechanism is plant metabolism, 
allowing weeds to degrade herbicides rapidly (Nandula et al., 2019; Perotti et al., 2020). 
Another mechanism is herbicide cross-resistance; a weed or crop biotype has developed a 
resistance mechanism to one herbicide that allows it to resist other herbicides (Bobadilla 
& Tranel, 2023; Hall et al., 2018). Resistance can also occur by pumping herbicide into 
the cell vacuole, which involves specific transporters for the herbicide (Gaines et al., 2020; 
Ghanizadeh & Harrington, 2017). The genetic basis of non-target site resistance (NTSR) 
mechanisms has also been studied (Baucom, 2019; Franco-Ortega et al., 2021). Resistant 
plants carry a mutation in either ALS1 or ALS2 gene, with all mutations resulting in an 
amino acid substitution at the Pro1975 residue (Lu et al., 2023; Travlos et al., 2020).

6 � Systematic study on agroecological weed management 
in the Mediterranean countries

According to the Scopus database, only 191 studies were revealed in countries of the 
Mediterranean region using these keywords. France took first place with 61 documents, 
followed by Spain and Italy (42 documents). When using specific keywords related to 
agroecological practices for weed management in Scopus, France was the most active in 
this context, accounting for approximately 25% of the studies, followed closely by Spain 
(17%), and Italy (17%). In contrast, all other countries collectively contributed less than 
40% of the studies conducted in the Mediterranean context (Fig. 4). According to the 
Scopus database, other Mediterranean countries that are not listed in Fig. 4 have only 
one or no studies. These studies include various fields and research disciplines, nota-
bly agriculture and biological sciences (43%) and environmental sciences (21%), which 
reflect the multifaceted nature of agroecology (Fig. 5).

These studies on agroecological practices began in 1996, but the frequency of publi-
cation in Mediterranean countries remains very low, with a maximum of 19 documents 
in 2020 (Fig.  6). Studies focusing on agroecological weed management practices are 
limited. MacLaren et al. (2020) mention that most publications focus on weed control, 
and very few studies have focused on the ecological management of weed species glob-
ally. Although studies on weed control in the Mediterranean region have been published 
since 1966 in the Scopus database, the keyword agroecological weed management 
appeared only in Scopus after 2016 (Fig. 7).
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7 � Bibliometric analysis

From the selected keywords, the bibliometric analysis of Scopus focused on research on 
weed management in Mediterranean landscapes, with a particular emphasis on alterna-
tive herbicide methods. Network analysis revealed a strong correlation between keywords 
related to agroecological management practices in the studied documents. One hundred 
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Fig. 4   The number of documents published by country using the mentioned keywords in Scopus
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Fig. 5   Percentage of documents per subject area using the mentioned keywords in Scopus
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and eight keywords were identified, each appearing at least five times and generating four 
clusters comprising 39 items. The keywords with the highest link strength among the Sco-
pus databases were “weed,” “yield,” “agroecology,” “ecofriendly,” and “biodiversity,” with 
total link strength values of 44, 24, 22, 22, and 16, respectively. Similarly, an increasing 
interest in the topics of “climate change adaptations,” “agricultural modeling,” and “sus-
tainability” has been observed in recent years (Fig. 8A). This suggests that herbicide use, 
especially in the context of herbicide-resistant weeds, is a major concern in Mediterranean 
agriculture, and researchers are actively exploring alternative weed control methods.
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Fig. 6   The number of documents published annually in the Mediterranean using the mentioned keywords 
in Scopus
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Analysis of co-authorship patterns offers valuable insights into global collaboration 
networks among various Mediterranean countries in agroecological weed management 
research. In this context, Italy stands out as a key player, boasting the most robust col-
laborative network, with a remarkable link strength of 61. Turkey (44), France (42), 
Spain (38), Greece (13), Egypt (12), and Slovenia (10) were notable contributors to 
this network of cooperation. By contrast, several other countries exhibit cooperative 
networks with link strengths below 10. Co-authors from Mediterranean countries and 
researchers from other countries were divided into 32 items and 7 clusters. The last 
seven clusters comprised less than eight items due to the need to strengthen collabo-
rative links between Mediterranean countries (Fig. 8B). This suggests that researchers 
from these countries need to collaborate to conduct studies in the field of weed manage-
ment and to share their knowledge, which could lead to results that are more compre-
hensive and better management practices. This collaboration could lead to the develop-
ment of sustainable and effective weed management strategies.

Overall, bibliometric analysis suggests a growing interest in agroecological weed 
management in Mediterranean agricultural landscapes devoid of herbicide-resistant 
weeds. The results of this analysis could inform future research and policy decisions 
in weed management in the Mediterranean region and contribute to the development of 
sustainable and effective weed management strategies.

Fig. 8   Bibliometric analysis of research paper published on agroecological weed management in Mediter-
ranean landscapes according to the Scopus database (A) and their worldwide co-authorship distribution (B). 
The circle diameter is proportional to the intensity of scientific activity
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8 � Understanding weed nuisance in agroecosystems is a key to their 
control

Understanding weed nuisance in agroecosystems is crucial for their control. Weeds cause 
adverse effects on the growth and development of the crop plant, reflected in the loss of 
quantity and quality of the harvested product (Benramdane, 2017). Weed nuisance is 
caused by the actual flora (species that emerge during the crop cycle), which has its nui-
sance (specific nuisance), or the potential flora, whose risk must be reduced in forecasts 
(Benramdane, 2017). Weed nuisance on crop yield is divided into three main types: direct, 
indirect, and secondary (Fig.  9) (Chemouri & Belmir, 2014; Cordeau et  al., 2016), and 
includes various phenomena such as competition, allelopathy, and parasitism (Hannachi, 
2010).

Weed competition with the crop is a direct type of nuisance, where different species 
compete for resources such as water, sunlight, and nutrients to survive and reproduce 
(Cordeau et al., 2016). Crop-weed competition occurs when individual species share the 
same limited resources in the same niche (temporal and spatial). However, the degree of 
competition depends on climatic factors, crop identity, physiological and phenological 
properties, crop density, weed biomass, and density, and the spatial and temporal distri-
bution of other accompanying species. Competition determines which plants thrive and 
which perish (Liu et  al., 2009). Weeds have developed various strategies to outcompete 

Fig. 9   Crop-weed nuisance process



Agroecological practices for sustainable weed management…

1 3

other plants, such as faster growth rates, deeper root systems, or adaptations to drought 
(Petit et al., 2018; Singh et al., 2022). Understanding weed competition in agroecosystems 
is essential for effective weed control strategies. Weed identification, growth habits, and 
reproductive behavior should be considered when selecting agroecological weed manage-
ment methods that disrupt their growth cycle at critical stages of development (Radicetti & 
Mancinelli, 2021). The critical period when weed control yields the best economic results 
is when crop-weed competition is maximal for available resources (Hussen, 2021).

The allelopathic effect results from releasing secondary metabolites (allelochemical 
compounds) that affect the growth and development of other weed and crop species (Li 
et  al., 2019). Like some crops, various weeds can produce substances with high allelo-
pathic potential, given that they are normally grown under stress conditions (Farooq et al., 
2020). These allelopathic properties can likely make weed species more aggressive, such 
as Avena fatua L., Chenopodium album L., Malva parviflora L., Chenopodium murale, etc. 
(Dmitrović et al., 2015). Indeed, allelopathy of weed species can cause considerable losses 
in agroecosystems (Zohaib et al., 2016).

Parasitic weed species can grow partially or totally at the expense of crop species to 
design their life cycle by utilizing the resources necessary for their growth (Fernández-
Aparicio et al., 2020). Parasites, mainly annual root parasites from the Orobanchaceae fam-
ily, can kill the host and cause considerable economic damage (Masteling et al., 2019). In 
the Mediterranean area, namely broomrape (Orobanche crenata Forks) is a major limiting 
factor in faba bean production, with yield losses ranging from 80% (Hu et al., 2020) to the 
total crop loss (Masteling et al., 2019). However, successfully implementing agroecologi-
cal weed control methods requires a detailed understanding of parasitic plant biology and 
ecology and the socioeconomic context in which farming communities operate.

9 � Advantages and disadvantages of weeds in the Mediterranean 
agroecosystem

Commonly, weed species are plants characterized by a negative aspect greater than their 
benefits in the agroecosystem (Cordeau et al., 2016) (Table 2). However, it is important to 
know that weed species can benefit agroecosystems. There may also be synergistic (posi-
tive) relationships between weed diversity, biomass, and crop species (Adeux et al., 2019; 
Berquer et al., 2023). Weed community diversity can mitigate the negative effects of dom-
inant and competitive weeds on crop yield by potentially promoting ecosystem services 
(Adeux et al., 2019). This is because they provide food and shelter for beneficial insects 
such as bees, which help pollinate crops and reduce soil erosion by stabilizing soils with 
their roots. In addition, weeds are a natural source of fertility when left to decompose in 
place, and traditional herbicides cannot do so, as they leach nutrients from the soil instead 
of returning them. Weeds can also host many beneficial and predatory organisms against 
pests and diseases affecting crops or nearby plants (Table 2).
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10 � Agroecological weed management (AWM) in the Mediterranean 
landscape

Separating the prevention, control, eradication, and management strategies is important in 
agroecological weed management (AWM). Prevention involves preventing weeds (a poten-
tial problem) from contaminating a given agricultural area. Control consists of minimiz-
ing the competition of weeds (an existing problem) and limiting their infestations to meet 
economic needs and objective yields. Eradication aims to eliminate all living weed flora 
(100% removal of vegetative reproductive organs and seeds) (Robert, 2018a). However, 
weed management can be viewed as combining all these techniques to manage weeds, con-
sidering the cropping system, environment, field history, expected production goals, tech-
nology, and available and appropriate financial resources (Robert, 2018a).

Figure 10 shows the main inputs and outputs of intensive and agroecological weed man-
agement. Intensive weed management can ensure immediate weed efficiency and improve 
crop yields and is aimed at weed eradication based on new herbicide generations, weed 
seed destroyers, and gene manipulation to develop pesticide-resistant crop varieties, etc. 
This approach can lead to the emergence of herbicide-resistant ecotypes and fail to provide 
truly sustainable outcomes (MacLaren et  al., 2020). Contrary, agroecological practices 
aim to keep the weed population below economic thresholds but also at an environmen-
tally sound level while ensuring higher incomes and yields (short to long term) for farmers 
and conserving biodiversity rather than eradicating all weed flora (Berquer et  al., 2023; 
Catarino et al., 2019; Lechenet et al., 2017; MacLaren et al., 2020). Therefore, to imple-
ment efficient management programs, it is essential to understand the biology and ecol-
ogy of weed flora in a given agroecosystem (Chauhan, 2020). AWM aims to improve crop 
productivity and ecosystem health while reducing weed pressure by relying on ecological 
processes, biodiversity, and the characteristics of the whole agroecosystem components 
(Tataridas et al., 2022) (Fig. 11).

Table 2   Some advantages and disadvantages of weed species

Advantages of weeds Disadvantages of weeds

Biodiversity, ecosystem, and ecological functions 
(Smith et al., 2020)

Crop yield losses can be mitigated by the presence 
of a diverse weed community (Adeux et al., 2019)

It regulates the abundance of dominant weeds and 
pest populations (Petit et al., 2018)

Weed diversity can help improve the health, 
diversity, and contribution of bees to crop yields 
(MacLaren et al., 2020)

Weed diversity can help design sustainable manage-
ment that promotes the provision of multiple 
services while maintaining food production (Gaba 
et al., 2020)

It can help protect soils from erosion (Seitz et al., 
2019)

Can be exploited as feed for livestock (Ekwealor 
et al., 2019)

Some weed species have aromatic and medicinal 
properties and are exploited in agribusiness (Saini 
& Saini, 2020; Tlemcani et al., 2023)

Competition with resource crops (water, nutrients, 
light, etc.) (Renton & Chauhan, 2017)

Crop yield losses (Soltani et al., 2018) Increased farm 
labor costs (Sharma et al., 2021)

Effect on crop health status (Peerzada et al., 2019)
Decreased quality of agricultural products (Monteiro 

& Santos, 2022)
Hosted pests and pathogens (Kumar et al., 2021b)
Risk of having more resistant crop-weed hybrids than 

both (Campbell et al., 2009)
They are also highly flammable, which contributes to 

the risk of bushfires in areas where drought is com-
mon (Pausas & Keeley, 2021)

Weeds can accumulate N and cause nitrogen (N) 
depletion in the soil (Pradhan et al., 2022)

Some weeds result in the deterioration of animal 
health and production through poisoning and 
injury, etc. (Ekwealor et al., 2019)
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For each agroecological practice, definitions, different forms, benefits, and mechanisms 
of weed management have been illustrated below. In addition, Table  3 shows examples 
of recent studies concerning AWM in the Mediterranean region. Typically, these stud-
ies lack an explicit mention of the specific weed species they target. Nonetheless, these 
investigations have shed light on the efficacy of cover crop mixtures in achieving com-
prehensive weed suppression. Scavo et al. (2018) highlighted that Amaranthus retroflexus 
L., Diplotaxis erucoides (L.) DC., Portulaca oleracea L., Lavatera arborea L., Brassica 
campestris L., and Solanum nigrum L. are among the six most prevalent weeds in Mediter-
ranean agroecosystems. The primary weed species in agroecological weed management 

Fig. 10   Main inputs and outputs of intensive and agroecological weed management (AWM)

Fig. 11   Illustration of conventional and agroecological weed management in agroecosystems
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studies are shown in Table 3. Table 4 presents an additional illustration of weed flora asso-
ciated with arable crops across various Mediterranean countries. In Europe, particularly 
in France, approximately 1200 field crop weeds have been identified, with 300 species 
considered common occurrences (Gaba et al., 2016; Jauzein, 1995). Similar to other win-
ter pulse crops and cereals, faba beans in Europe and North Africa compete with diverse 
weed species. These include Polygonum aviculare L., Chenopodium album L., Anthemis 
arvensis L., Sinapis arvensis L., Fumaria officinalis L., Glebionis coronaria L., Papaver 
rhoeas L., Cirsium arvense (L.) Scop., as well as grass species Avena sterilis L., Phalaris 
spp., Lolium rigidum Gaud., and Alopecurus myosuroides Huds (Karkanis et  al., 2016a 
and b; Karkanis et  al., 2018; Boutagayout et  al., 2023a, 2023b, 2023c, and d). Further-
more, in various Mediterranean countries, such as Spain, Greece, and Morocco, numerous 
broomrape species (Orobanche spp. and Phelipanche spp.) are capable of parasitizing faba 
beans (Rubiales et al., 2016, 2022). Notably, Orobanche crenata Frosk, commonly known 
as bean broomrape, is the predominant species infesting faba beans in this region (Ennami 
et al., 2017; Negewo et al., 2022; Ntatsi et al., 2018). According to Gualbert Gbèhounou 
(2010), some of the most challenging weeds to control in North Africa include Ammannia 
coccinea, Avena sterilis, Bromus rigidus, Cardaria draba, Centaurea diluta, Echinochloa 
phyllopogon, Gladiolus segetum, Papaver rhoeas, Solanum elaeagnifolium, Viscum cru-
ciatum, and Ziziphus lotus.

10.1 � Allelopathy

Allelopathy, which involves the release of chemical compounds by plants and microor-
ganisms, can have stimulatory and inhibitory effects on other nearby plants (Farooq et al., 
2020; Muhammad et al., 2019). Allelopathic substances can be used as valuable tools for 
agriculture, such as crop rotation with allelopathic crops, incorporation of allelopathic 
plant residues into the soil, use of allelopathic cover crops and mulches, and association of 
an allelopathic plant to control weeds without competing with the cash crop (Jabran et al., 
2015). Allelopathy can provide natural weed control and reduce soil fungal and bacterial 
species, leading to a healthier environment for crop development, reducing nematode pop-
ulations, and increasing root size and crop yields. It can also help reduce the environmental 
damage caused by pesticides, which can disrupt the ecological functions of agroecosys-
tems (Benmeddour & Fenni, 2018).

However, not all allelochemicals effectively control weed growth, and their effects 
can vary depending on plant species. Some allelochemicals can inhibit crop germina-
tion, growth, and reproduction but mainly affect weed populations by altering the apical 
meristem’s morphological, biochemical, physiological, and growth, which prevents shoot 
and root development. Allelochemicals can also affect cell walls, reduce the growth and 
number of new cells formed on root and shoot meristems, alter various cellular activities 
(membranes, photosynthesis, nutrient uptake, growth hormones, etc.), and cause biochemi-
cal imbalances (increased reactive oxygen species (ROS), antioxidants, toxins, stress hor-
mones, etc.) (Radhakrishnan et al., 2018).

In the Mediterranean landscape, allelopathy is a common interaction between species 
(Chaves Lobón et al., 2003) and can be utilized for sustainable weed management (Li et al., 
2019). Sorghum, sunflower, rye, wheat, rice, and barley have high allelopathic potential 
and can be used for weed management. In particular, sorghum is considered an important 
candidate for crop rotation to suppress weed flora because it releases various allelopathic 
compounds from its grains, stems, and root hairs, which can provide significant control 
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over weeds compared to a rotation without an allelopathic crop (Naeem et al., 2022). Addi-
tionally, a study identified 17 wild plant species from the Mediterranean area with a poten-
tial for weed management (Araniti et al., 2012). Therefore, incorporating allelopathic crops 
such as sorghum, sunflower, rye, wheat, rice, and barley can provide natural pest control, 
preserve agroecosystem ecology, and produce high-quality plants with less overhead.

10.2 � Crop diversity

Crop diversification is a sustainable agricultural practice that involves growing multiple 
crop species in the same field for significant periods of growth. This practice promotes 
interactions between crops, leading to increased yields and improved soil health (Pelzer 
et al., 2014). Agroforestry systems, which include trees or shrubs on at least 10% of farm-
land, are also a form of crop diversity (Burgess et al., 2022). The selection of the right spe-
cies, variety, date, and seeding rate is crucial and should be based on the soil-climatic char-
acteristics and cropping system. This strategic choice ensures optimal growth and yields 
while maintaining soil and environmental health (Gardarin et al., 2022).

Crop diversification has several advantages, including reduced pesticide use. By chang-
ing environmental conditions, associated crops are less susceptible to diseases and pests 
than pure crops (Gardarin et al., 2022; Vlahova, 2022). In addition, it promotes biodiver-
sity and offers benefits on sloping or marginal lands, such as soil stability, erosion control 
(water and wind), and improved water flow, while increasing the overall biodiversity of the 
species (Sollen-Norrlin et al., 2020). These benefits make intercropping more productive 
per unit area than pure crops (Gardarin et al., 2022).

Crop diversification is an effective method to control weeds in the Mediterranean 
region. By reducing crop-weed competition and the success rate of weed seed germination, 
different species and/or plant varieties make the farming environment less favorable for 
weed growth. Intercropping is an integral part of successful weed control, and understand-
ing the different mechanisms involved can help farmers ensure a higher success rate.

Intercropping involves several mechanisms that can effectively control weeds. Intercrops 
physically prevent the germination and growth of weeds by blocking the light, which is 
essential for weed growth. Intercropped tall and wide species can effectively shade weeds 
on the ground while creating a spatial barrier that prevents weed establishment (Maitra 
et  al., 2020). Closely planted intercrops inhibit weed growth horizontally and vertically, 
making it more difficult for weeds to establish and compete with the desired crops (Xiang 
et al., 2022). Fast-growing intercrops with dense roots and aerial systems can effectively 
control weeds (Ali et al., 2020). Intercrops can also include those that secrete allelochemi-
cals that inhibit weed seed germination and block the growth of young seedlings (Carton 
et al., 2020). In addition, woody mulch that accumulates through agroforestry practices can 
suppress weed growth (Kato-Noguchi, 2021). Intercropping can encourage populations of 
beneficial insects that prey on noxious weeds and enhance the process of complementarity 
and facilitation between crops (Blessing et al., 2022).

Understanding the different mechanisms behind intercropping is critical for a successful 
diversification strategy that can facilitate weed management and better harvest over time, 
which helps improve farmers’ livelihoods. Crop diversification can help reduce weeds in 
the Mediterranean landscapes. Studies have shown it significantly reduces parasitic weed 
density (Scott et al., 2022). Crop diversification negatively affects weed seed germination 
and growth, which helps to reduce weed density (Sharma et al., 2021). However, the effects 
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of crop diversification on weed dynamics can be positive but variable (Beillouin et  al., 
2021). Agricultural intensification has caused a decrease in weed richness and changes 
in species composition; therefore, diversification can help prevent this (José‐María et al., 
2010). Overall, crop diversification could be an effective strategy for weed management in 
Mediterranean landscapes.

10.3 � Cover crops

Any plant or combination of plants that are planted after (catch crop or no crop) or during 
the main crop (intercrop) and will not be harvested or destroyed is considered a cover crop 
(Haider et al., 2019). Cover crops offer a range of benefits for agroecosystems beyond soil 
cover and weed management. They can help control erosion, reduce surface water pollu-
tion, fix atmospheric nitrogen, increase soil organic matter, improve soil structure, retain 
moisture, recycle nutrients, enhance pest control, increase microbial activity, improve grain 
quality, and boost soil productivity. In Mediterranean farming landscapes, where herbicide-
resistant weeds are becoming more prevalent, cover crops can be a particularly valuable 
tool for weed management.

Cover crops can be categorized based on three primary criteria: the extent of the occu-
pied area, the number of sown species, and employed crop management techniques (Scavo 
et al., 2020a). As a “living mulch,” cover crops are grown in association with cash crops 
and can act as a protective barrier for the soil. Cover crop residues are “dead mulch” cre-
ated by cutting and depositing plant material onto the soil surface. This mulch remains 
intact until it becomes too tall or accumulates too much biomass (Scavo et al., 2022).

The number of species planted in cover crops can vary, depending on the farmer’s pur-
pose. Cover crop monocultures (single crop species) have advantages such as reduced input 
costs but may not offer many benefits beyond weed control. Polyculture cover crops (mix-
tures of crop species) can offer various benefits, such as further reducing weed populations 
with different plant species, producing diverse root structures, nutrient uptake at different 
depths, and decomposition of organic matter to increase soil microbial populations (Barai-
bar et al., 2018).

Cover crops suppress weeds through a variety of mechanisms, including limiting 
resource availability (competition for water, light, and space), trapping nutrients, block-
ing sunlight, altering the soil microclimate through mulching, releasing allelochemicals 
through decomposed residues, and reducing weed seed stocks (Kumar et al., 2020). How-
ever, the cover crops must be properly managed to achieve optimal results. These include 
proper fertility management, well-timed termination, and appropriate planting times for 
the desired cover crop species. Some properly managed species that can provide uniform 
and dense ground cover include winter vetch (Vicia villosa Roth) and rye (Secale cereale 
L.). Other species that could be used as cover crops in Mediterranean farming landscapes 
include crimson clover (Trifolium incarnatum L.), red clover (Trifolium pratense L.), white 
clover (Trifolium repens L.), peas (Pisum spp.), birdsfoot trefoil (Lotus corniculatus L.), 
common oats (Avena sativa L.), ryegrass (Lolium spp.), fescue (Festuca spp.), bluegrass 
(Poa spp.), smooth brome (Bromus inermis Leyss.), timothy (Phleum pratense L.), and 
orchardgrass (Dactylis glomerata L.) (Korres, 2018).

Cover crops are an effective tool for weed management in Mediterranean agroecosys-
tems. For example, a 5-year study found that subterranean clover cover cropping is a good 
option for weed management in Mediterranean agroecosystems (Restuccia et  al., 2020). 
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Table 4   Weed species documented in diverse arable crop-growing nations within the Mediterranean region

Weed species Crops Countries References

Calendula arvensis L Orchards Spain Mas et al. (2007)
Convolvulus arvensis L
Papaver rhoeas L Wheat Izquierdo et al. (2009)
Parietaria judaica L Orchards Greece Thanou et al. (2021)
Abutilon theophrasti Medik Corn Spain San Martín et al. (2015)
Aeschynomene afraspera L Rice Algeria FAO (2023)
Agropyron squarrosum (Link) Roth Wheat Lebanon
Alopecurus aequalis Sobol Vegetables
Amaranthus blitoides S. Watson Sugar beet Morocco
Amaranthus retroflexus L Corn France Fried et al. (2019)

Orchards Spain Mas et al. (2007)
Corn Syria FAO (2023)

Amaranthus sp. Orchards Greece Thanou et al. (2021)
Cotton Syria FAO (2023)
Soybean
Sugar beet Lebanon
Wheat

Ammannia coccinea Rottb Rice Morocco FAO (2023)
Ammannia spp. Egypt
Anagallis arvensis L Orchards Spain Mas et al. (2007)

Wheat France Barilli et al. (2017)
Anagallis foemina Miller Sugar beet Morocco FAO (2023)
Anthemis cotula L Vegetables Lebanon

Wheat
Apium nodiflorum (L.) Lag
Astragalus echinops Boiss Vegetables
Avena fatua L Cereals Cyprus

Flax Egypt
Vegetables Algeria
Wheat Egypt

Algeria
Avena sterilis ssp. Sterilis L Greece Travlos (2012)

Spain Ponce and Santin (2001)
Beta vulgaris L Vegetables Egypt FAO (2023)
Brassica deserti Danin & Hedge Wheat Libya
Bromus danthoniae Trin Lebanon
Bromus rigidus Roth Sugar beet Morocco
Bromus sterilis L Wheat France Barilli et al. (2017)
Bromus spp. Libya FAO (2023)

Wheat and barley Morocco
Wheat Algeria

Bupleurum subovatum Link ex Spreng Lebanon
Calendula arvensis L Citrus Morocco

Faba bean
Sugar beet
Wheat and barley

Capsella bursa-pastoris (L.) Medic Orchards Greece Thanou et al. (2021)
Sugar beet Morocco FAO (2023)
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Table 4   (continued)

Weed species Crops Countries References

Wheat Lebanon
Syria

Cardaria draba (L.) Desv Corn Morocco
Faba bean
Vegetables Lebanon

Centaurea iberica Trev. ex Spreng
Wheat

Cephalaria syriaca (L.) Roem. & Schult Wheat
Chenopodium album L Corn France Fried et al. (2019)

Orchards Greece Thanou et al. (2021)
Wheat Spain Izquierdo et al. (2009)
Corn Syria FAO (2023)
Faba bean France Karkanis et al. (2018)
Flax Egypt FAO (2023)
Sugar beet Lebanon
Vegetables
Wheat Egypt

Chenopodium murale L Sugar beet Morocco
Chenopodium spp. Vegetables Egypt

Wheat Libya
Chrysanthemum coronarium L Sugar beet Morocco
Cirsium arvense L Wheat Spain Romero et al. (2008)
Cirsium arvense (L.) Scop France Barilli et al. (2017)

Syria FAO (2023)
Lebanon

Convolvulus arvensis L Bananas Cyprus
Citrus
Orchards Algeria
Vegetables Lebanon
Wheat

Libya
Conyza canadensis L Orchards Spain Mas et al. (2007)
Coronopus squamatus (Forsskäl) Vegetables Egypt FAO (2023)
Cuscuta campestris Yunck Pastures Lebanon
Cuscuta spp. Alfalfa Morocco

Citrus
Clover & Alfalfa Egypt
Pastures Algeria
Sugar beet Lebanon
Vegetables
Vines Cyprus
Wheat Lebanon

Cynodon dactylon (L.) Pers Bananas Cyprus
Citrus Cyprus
Sugar beet Lebanon
Wheat Lebanon

Cyperus difformis L Rice Egypt
Cyperus iria L
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Table 4   (continued)

Weed species Crops Countries References

Cyperus longus L Cotton
Cyperus rotundus L Corn Spain San Martín et al.  (2015)

Rice Egypt FAO (2023)
Sugar beet Morocco

Cyperus spp. Vegetables Lebanon
Datura ferox L Corn Spain San Martín et al. (2015)
Datura stramonium L Syria FAO (2023)

Vegetables Lebanon
Daucus carota L Wheat France Barilli et al. (2017)
Digitaria sanguinalis (L.) Scop Vegetables Lebanon FAO (2023)
Dinebra retroflexa (Vahl) Panz Rice Egypt
Diplotaxis erucoides L Orchards Spain Mas et al. (2007)
Ecballium elaterium (L.) A. Richard Vegetables Lebanon FAO (2023)
Echinochloa crus-galli (L.) Beauv Corn France Fried et al. (2019)

Syria FAO (2023)
Cotton
Rice Egypt

Morocco
Echinochloa phyllopogon Koss Morocco
Echinochloa stagnina (Retz.) P Egypt
Eclipta prostrata L Egypt
Emex spinosus (L.) Campd Wheat Libya
Eryngium spp. Lebanon
Erysimum officinale L
Euphorbia spp. Fruit Trees

Vines
Fallopia convolvulus L Wheat France Gaba et al. (2010)

Cereals Cyprus FAO (2023)
Faba bean France Karkanis et al. (2018)
Wheat and barley Morocco FAO (2023)

Fumaria parviflora Lam Sugar beet
Galium aparine L Wheat France Barilli et al. (2017)

Wheat Spain Izquierdo et al. (2009)
Fruit Trees Lebanon FAO (2023)
Vines
Wheat

Syria
Galium tricorne Stokes Algeria
Geranium spp. Vegetables Lebanon
Hordeum murinum L Wheat Syria
Hordeum spontaneum K. Koch Lebanon
Imperata cylindrica (L.) C.E. Hubb Dates Algeria FAO (2023)
Ipomoe sp. Orchards France Le Bellec et al. (2012)
Kickxia spuria ( L.) Mill Wheat Spain Izquierdo et al. (2009)
Lactuca scariola L Vegetables Egypt FAO (2023)

Faba bean Spain Giambalvo et al. (2012)
Lamium amplexicaule L Faba bean France Karkanis et al. (2018)
Leontice leontopetalum L Wheat Libya FAO (2023)



Agroecological practices for sustainable weed management…

1 3

Table 4   (continued)

Weed species Crops Countries References

Lisea syriaca L Vegetables Syria
Lolium rigidum L Wheat Spain Izquierdo et al. (2009)
Lolium rigidum Gaud Cereals Cyprus FAO (2023)

Sugar beet Morocco
Wheat and barley

Lolium spp. Vegetables Algeria
Wheat Libya
Wheat Algeria

Malva sp. Orchards Greece Thanou et al. (2021)
Malva sylvestris L Vegetables Cyprus FAO (2023)
Medicago hispida Gaertner Vegetables Egypt
Melilotus indica (L.) All Vegetables
Mikania micrantha Orchards France Le Bellec et al. (2012)
Myagrum perfoliatum L Wheat Lebanon FAO (2023)
Orobanche aegyptiaca Pers Vegetables Algeria

Cyprus
Egypt
Lebanon
Syria

Orobanche crenata Forssk Faba bean Egypt
Faba bean Morocco
Faba beans Algeria
Legumes Tunisia
Leguminous Syria

Orobanche foetida Poir Legumes Tunisia
Orobanche ramosa L Leguminous Turkey

Sugar beet Lebanon
Vegetables Algeria

Cyprus
Egypt
Lebanon
Syria
Turkey

Persicaria lapathifolia Corn France Fried et al. (2019)
Papaver hybridum L Sugar beet Morocco FAO (2023)
Papaver rhoeas L Faba bean Spain Giambalvo et al. (2012)

Wheat France Barilli et al. (2017)
Faba bean Karkanis et al. (2018)
Wheat and barley Morocco FAO (2023)

Papaver spp. Vegetables Lebanon
Wheat

Persicaria maculosa L Corn France Fried et al. (2019)
Phalaris brachystachis L Citrus Syria FAO (2023)
Phalaris minor Retz Wheat Greece Travlos (2012)

Wheat and barley Morocco FAO (2023)
Phalaris spp. Faba bean Spain Giambalvo et al. (2012)

Wheat Syria FAO (2023)
Phalaris spp. Vegetables
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Table 4   (continued)

Weed species Crops Countries References

Wheat
Algeria

Vegetables
Phytolacca spp. Egypt
Poa annua L Legumes
Poaceae sp. Orchards Greece Thanou et al. (2021)
Polygonum aviculare L Wheat France Barilli et al. (2017)

Spain Izquierdo et al. (2009)
Sugar beet Morocco FAO (2023)

Polygonum spp. Lebanon
Vegetables
Wheat Libya

Portulaca oleracea L Corn Syria
Vegetables

Ranunculus arvensis L Fruit Trees Lebanon
Vines

Raphanus raphanistrum L Fruit Trees
Vegetables
Wheat Syria

Rapistrum rugosum (L.) All Citrus Libya
Wheat

Ridolfia segetum Faba bean Spain Giambalvo et al. (2012)
Setaria glauca (L.) Beauv Wheat Egypt FAO (2023)

Citrus Syria
Setaria verticillata (L.) Beauv Bananas Cyprus

Cereals
Citrus

Setaria viridis P. Beauv Corn Syria
Cotton

Setaria spp. Soybean Lebanon
Sugar beet

Silene adenoclada Gandoger Fruit Trees
Vegetables

Silene neglecta Ten Wheat Libya
Sinapis arvensis L Faba bean Spain Giambalvo et al. (2012)

Wheat Greece Dhima and Eleftherohorinos (2005)
Faba bean France Karkanis et al. (2018)
Sugar beet Morocco FAO (2023)
Vegetables Syria
Wheat

Sisymbrium irio L Vegetables Egypt
Sisymbrium sp. Orchards Greece Thanou et al. (2021)
Solanum elaegnifolium Cab Fruit trees Tunisia FAO (2023)

Citrus Morocco
Corn
Faba bean
Vegetables Tunisia
Wheat
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Therefore, agroecological weed management strategies utilizing cover crops can be a sus-
tainable and effective way to manage weeds in Mediterranean farming landscapes without 
herbicide-resistant weeds.

10.4 � Crop rotation

Crop rotation is a form of temporal crop diversification and a key element in agroecosys-
tem management. It involves the cultivation of different crops in the same field for dif-
ferent years to prevent the buildup of weeds and pests specific to certain crops (Tataridas 
et al., 2022). Crop rotation can take many forms, such as two-year, three-year, four-year, 
and long-term rotations. For example, a three-year rotation could involve growing cereals 
such as wheat for a year, followed by legume-like peas as a green manure crop, and then 
growing cereals again as a cover crop before finally harvesting cereals or fodder crops, 
such as barley, in the third season. Four-year rotations could involve adding a short-term, 
intensively managed vegetable plot or an additional grain or summer fallow period into the 
rotation cycle (Kanatas, 2020; Shah et al., 2021; Zhao et al., 2020).

Crop rotation effectively minimizes fertilizer and herbicide use, reduces weed pressure, 
improves soil health, and increases yields, gross margins, and economic benefits, particu-
larly when legumes are included (Adesina et al., 2020; Selim, 2019; Yigezu et al., 2019). 

Table 4   (continued)

Weed species Crops Countries References

Wheat and barley Morocco
Cotton Syria

Solanum nigrum L Corn Spain San Martín et al. (2015)
Orchards Greece Thanou et al. (2021)
Cotton Syria FAO (2023)

Sonchus oleraceus L Sugar beet Morocco
Sonchus spp. Citrus Libya

Cotton
Sorghum halepense (L.) Pers Corn Spain San Martín et al. (2015)

Syria FAO (2023)
Cotton
Sugar beet Lebanon
Vegetables

Urtica urens L Sugar beet Morocco
Vaccaria pyramidata Medik Wheat Syria
Veronica hederaefolia L
Veronica spp. Faba bean France Karkanis et al. (2018)
Vicia sativa L Sugar beet Morocco FAO (2023)
Vicia spp. Vegetables Egypt
Xanthium brasilicum Vell Lebanon
Xanthium strumarium L Corn Spain San Martín et al. (2015)

Syria FAO (2023)
Cotton Turkey
Leguminous
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Moreover, crop rotation has a particularly effective impact on weed control because it 
breaks the annual cycle of weeds and crops, changing the crops’ environment and reducing 
the growth of weeds. Crop rotation relies on crop protection through natural mechanisms, 
such as allopathy, shading, nutrient acquisition, physical smothering of weed seedlings, 
and deterrence of fungal pathogens that target certain weed types (Marques et al., 2020; 
Kanatas, 2020b).

Crop rotation has been shown to significantly decrease weed flora in diverse agroeco-
systems with different production systems, making it an effective method for weed man-
agement in the Mediterranean landscape (Calha et  al., 2019; Mohler & Johnson, 2009; 
Royo-Esnal & Valencia-Gredilla, 2018). Furthermore, diversified grain-based cropping 
systems provide long-term weed control while limiting herbicide use and yield loss (Cord-
eau, 2022). In addition to crop rotation, other agroecological weed management practices 
such as no-till farming, the use of living mulch, mulching, cover crops, water management, 
sanitation, and fertility can be used in combination to promote sustainable and effective 
weed management in the Mediterranean landscape (Calha et al., 2019; Cordeau, 2022).

Finally, specific crops such as B. carinata and Camelina sativa can improve rotation-
level integrated weed management strategies for summer crops by reducing the seed banks 
of summer weed species, making them feasible options for weed control in organic farm-
ing systems (Royo-Esnal & Valencia-Gredilla, 2018; Tiwari et al., 2021). Cropping strate-
gies that prevent weed seed production include successive planting of short-season crops, 
alternating short-cycle cover crops with cash crops, and intercropping (Mohler & Johnson, 
2009).

10.5 � Mulching

Mulching, the practice of applying a material to the soil surface as a cover, has been used 
for centuries in various agricultural settings (Ranjan et  al., 2017). There are three main 
types of mulch: organic, inorganic, and mixed. Organic mulches such as cereal straws, 
leaves, bark, and grass residues decompose naturally and add organic matter and nutri-
ents to the soil. Inorganic mulches, such as rocks or black and white plastic, are primarily 
used in horticulture, nurseries, viticulture, and field crops (Ranjan et al., 2017; Telkar et al., 
2017; Zhang et al., 2021). The appropriate mulch material used is determined by crop type, 
management practices, and climate conditions (Kader et al., 2019).

Mulch can be a physical barrier that blocks light transfer, reduces water loss, prevents 
heat uptake, releases toxic allelochemicals, and limits the moisture available to weed seeds 
within the mulch layer. Mulching is an effective weed management strategy in organic 
agriculture. However, it is important to note that some mulches have allelopathic effects on 
the crop species. Therefore, a strategic choice of mulch type is necessary.

In addition to weed control, the application of organic mulch has several benefits, 
including improved soil structure and quality, increased soil infiltration and water-holding 
capacity, serving as a refuge for insects and earthworms, reduced evaporation, preserving 
moisture, controlling soil structure and temperature, and providing a neat and consistent 
border around landscaped areas (Saha et al., 2018). Organic mulch facilitates root penetra-
tion and development, nutrient uptake from deeper soil layers, and reduces erosion (Telkar 
et al., 2017). Decomposition also increases soil microbial activity, encouraging beneficial 
organisms to thrive and compete with weeds for moisture and other resources (Ranjan 
et al., 2017).
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Although biodegradable plastic mulches are not ecologically acceptable, they protect 
the soil from weather, limit potential mineral leaching, and are more effective at blocking 
weed growth than natural mulches. However, they do not provide nutrients or improve soil 
quality because they do not decompose quickly (Bandopadhyay et al., 2018; Boutagayout 
et al., 2020; Ngosong et al., 2019).

Mulching is an effective weed management method in the Mediterranean landscape 
(Farooq et  al., 2020; Hussain et  al., 2022; Verdú & Mas, 2007). It has effectively con-
trolled weeds in orchards, maize, and sunflower crops (Verdú & Mas, 2007). In tomato 
crops, degradable plastic mulch has been found to control weeds, such as C. album, D. 
sanguinalis, and P. oleracea (Jabran, 2019). Different mulch materials, including organic 
and inorganic, have been evaluated to suppress weed flora in maize and sunflower crops 
(Hussain et al., 2022). In Morocco, organic mulches have also been found to ensure high 
weed control and reduce weed biomass by more than 80% in faba beans (Boutagayout 
et al., 2020).

10.6 � Biological control

Biological weed control employs living organisms, known as biological control agents 
(BCAs), to reduce the population of target weeds to a desirable level. BCAs can range 
from microscopic rhizobacteria to large mammals and may include insects, herbivorous 
fish, other animals, pathogens, bio-herbicides, or allelopathic plants (Schaffner et al., 2020; 
Uludag et al., 2018).

Livestock, such as sheep, goats, and pigs, have long been used as a biological weed 
control method and can be effective under certain circumstances. Grazing animals can con-
sume vegetation, reduce ground cover, limit seed production by eating plant flowers and 
buds, and break down weed root systems. This method aims to maintain a low weed popu-
lation in pastures without using herbicides, promoting a healthier environment for the land 
and its inhabitants (Banda & Tanganyika, 2021). Additionally, livestock can increase eco-
system biodiversity by adding nutrient-rich organic matter to the soil through excrement 
(MacLaren et al., 2019).

Another approach for biological weed control is the exploitation of natural enemies. 
Depending on the presence of natural enemies in the agroecosystem, a distinction is made 
between augmented biological control (if natural enemies are already present) and classi-
cal biological control (if exotic natural enemies must be introduced) (Singh et al., 2020). 
Augmentation biological control aims to maintain the natural population in the best condi-
tion if it exists in a sufficient quantity. In contrast, classical biological control targets and 
attacks specific weeds, reducing their numbers and allowing preferred plants to thrive in 
the ecosystem. This approach involves the introduction of appropriate bio-agents, such as 
herbivorous insects (e.g., weevils, beetles, or caterpillars), that feed on the seeds or plants 
(above or below ground) of a target weed species (Osadebe et al., 2021).

Initially, the population of the target weeds may be large. The introduction of a biologi-
cal control agent reduces weed populations. As the population of natural enemies rebal-
ances with a lack of food, the control agent re-establishes itself. The system continues 
cyclically until the weed and biocontrol agent populations stabilize at a low level, reducing 
the competitiveness of the weed with the crop. This process can be very effective in manag-
ing weed growth and spread but requires time for populations of these organisms to begin 
to have an effect. Biological control agents must be selected based on their ecology and 
adaptation to agroecosystem conditions. They must be host-specific, starvation-resistant, 
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have feeding habits adapted to the target weed, and be easy to multiply for maximum effec-
tiveness. Monitoring target and non-target weeds is necessary to avoid ecosystem disrup-
tion (Ani et al., 2018; Telkar et al., 2015; Uludag et al., 2018).

Biological control agents can be vital in promoting sustainable agriculture and main-
taining an ecological balance in Mediterranean landscapes. For example, bats are important 
arthropod predators, and in recent decades, an increasing number of studies have focused 
on the role of bats as natural enemies of agricultural pests, providing multiple ecosystem 
services to agroecosystems (Tuneu-Corral et al., 2023).

Some resources discuss biological control agents for weeds in Mediterranean countries. 
For example, one study examined the use of biological control of weeds globally, including 
in Mediterranean countries (Shaw et al., 2018). Another study investigated the effects of 
weed management (ground cover, pre-emergence herbicides, etc.) on the parasitoid com-
munity (Lymaenon litoralis, Ceranisus sp., Telenomus sp., etc.), which can be an essential 
biological control agent (Möller et  al., 2020). An assessment of the leading 20 environ-
mental exotic weeds in Europe, which includes several species discovered in Mediterra-
nean countries, has been conducted to identify their potential as classical biological targets 
for various biocontrol agents. Some of the biocontrol agents considered include Cleopus 
japonicas, Mecyslobus erro, Pseudocercospora buddleiae, Septoria merrillii, Lixus sp., 
Aphalara sp., Puccinia polygoni amphibii, Mycosphaerella sp., and others. (Sheppard 
et al., 2006).

10.7 � False seedbed

The false seedbed technique is a method of soil preparation that can be used directly after 
harvest or plowing (Manisankar et al., 2022). This technique involves plowing the top layer 
of the soil to create an optimal environment for weed seeds to germinate before crop sow-
ing. Thus, weed elimination becomes easier and more effective through manual weeding, 
flaming, or tilling, among other methods. This method is considered a preventative meas-
ure for weed control because it reduces the soil seed bank before crop sowing.

To ensure that most weeds have emerged completely, the delay period between soil 
preparation and crop sowing must be sufficiently long, spanning several days, weeks, or 
months (Merfield, 2019; Pavlović et al., 2022). Once most weeds have emerged, they can 
be beaten with very shallow tillage, ideally less than 2 cm deep but up to a maximum of 5 
cm. After weed control, the crop can be planted under appropriate conditions such as depth 
and density.

The false seedbed technique helps disrupt germination and temporarily delays weed 
growth due to shock caused by the crop. However, it also creates a more uniform stand of 
crops once planted, providing more competition for resources, such as light and nutrients 
(Kanatas et al., 2020b). Reducing competition with other plants provides more opportuni-
ties for good crop establishment and healthy harvest.

One of the main advantages of the false seedbed technique is that it presents an alterna-
tive to herbicides, preventing environmental pollution while ensuring high yields of safe 
and healthy food, consistent with ecological weed management. In this way, crop germina-
tion is facilitated without disturbing the distribution of seeds in the seed bank while reduc-
ing the potential for in-season weed control (Pavlović et al., 2022).

Studies have shown that the false seedbed technique reduces weed seed banks and com-
petition for annual weeds in Mediterranean countries (Benvenuti et  al., 2021; Gazoulis 
et al., 2023). Recent studies conducted by Gazoulis et al. (2022) demonstrated that false 
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seedbeds reduced weed biomass by 27–34% compared to normal seedbed preparation. 
Consequently, the competitiveness of barley in a system that includes the false seedbed 
technique is greater than in no-till systems (Kanatas et al., 2020b).

10.8 � Competitive cultivars

Cultivars that exhibit strong competitive traits, such as rapid growth in the early stages, 
large leaf area, and high root competition, offer an excellent option for reducing herbicide 
use in weed management (Beckie et al., 2019). These cultivars are selectively bred to grow 
taller or denser than their surrounding weeds, creating a physical barrier that reduces nutri-
ent uptake and sunlight exposure and ultimately inhibits weed growth. In addition, allelo-
pathic cultivars have been proposed to offer benefits in weed control and yield improve-
ment (Jha et al., 2017). Crops exhibiting superior competitive ability against weeds may 
also enjoy higher yields, larger grains, and stronger stems (Dhillon et al., 2021).

Integrating traditional “local varieties” adapted to extreme climatic conditions, weeds, 
pests, and diseases can also enhance weed management (Sharma & Gupta, 2020). In Medi-
terranean landscapes, crop cultivars with enhanced weed competitiveness, such as wheat, 
which has a fast early canopy growth rate, offer an excellent example of utilizing com-
petitive cultivars for weed management (Aharon et al., 2021). Adopting competitive culti-
vars can provide a more sustainable and environment-friendly approach to weed control in 
Mediterranean landscapes, particularly because conventional weed management practices 
can lead to biodiversity loss (Guerra et al., 2022).

10.9 � Planting arrangement and density

Planting crops densely allows them to compete for soil nutrients, water, and light, which 
weeds need to survive and grow (Daramola et al., 2021). At higher crop densities, canopy 
closure is accelerated, reducing the light transmitted to the soil surface and consequently 
reducing weed growth. This decreases weed density, biomass, and seed production (Alba 
et al., 2020; Scavo & Mauromicale, 2020; Sharma et al., 2021). Additionally, the direction 
and rotation of the beds or furrows can help control weeds by providing more light and air 
on one side of the seedbed while shading the other, making it difficult for weeds to succeed 
(Brar & Gill, 2021).

However, when planning a planting arrangement and layout for weed management, 
growers must consider several important factors, including managing intraspecific compe-
tition between crops by ensuring an even spatial distribution and seeding rate of sunlight, 
water, and nutrients (Merfield, 2019).

Previous studies have shown that row spacing can affect weed growth and biomass. For 
example, Marín and Weiner (2014) found a 75% decrease in Brachia brizantha “invasive 
weed” biomass when comparing row spacing with a uniform spatial grid. The biomass of 
P. minor was reduced by 17% when wheat was planted with narrow row spacing (15 cm) 
compared with wide spacing (22.5 cm) (Mahajan & Brar, 2002). Similarly, another recent 
study concluded that narrow row spacing (50 cm) (at the same planting density) was ben-
eficial for suppressing weed growth (55% less) and obtaining a higher cotton fiber yield 
(26% more) than wide spacing (100 cm) (Iqbal et al., 2022). Therefore, carefully consider-
ing the planting site and selecting appropriate plants can help weed control in Mediterra-
nean landscapes.
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10.10 � Sowing date

The planting date can significantly impact weed management, and early planting can give 
adapted cultivars a competitive advantage over weeds. Early planting offers a competitive 
advantage for adapted cultivars because they emerge before weeds and do not receive suffi-
cient sunlight for weed emergence and growth (Osipitan et al., 2019). However, the sowing 
date must be carefully chosen based on crop maturity, local weather conditions, and weed 
species present to manage weed infestation and composition during the growing season 
effectively. “One of the keys to effective weed management is to ensure that the sowing 
date is chosen carefully” (Kurtenbach et al., 2019).

Timing is crucial for planting to control weed growth, and finding the correct balance 
between early planting and exposure to pests, diseases, and extreme weather conditions is 
crucial. Seeding dates can be used to establish crops much earlier than the optimal date for 
weed emergence. This places crops in a competitive position against weeds later in devel-
opment (Osipitan et  al., 2019). In addition, drilling dates can influence weed emergence 
and the window for weed control.

Several studies have demonstrated the significance of sowing dates in weed control, 
with different sowing dates having varying effects on weed suppression and crop yields. 
The critical period for weed control in corn in the Mediterranean region was determined to 
be from 131 to 927 growing degree days (Uremis et al., 2009). The effect of sowing date on 
yield and weed control was also studied in lentils, with earlier sowing resulting in higher 
grain yield (Wang et al., 2013). Therefore, carefully considering the sowing and drilling 
dates can significantly contribute to weed control in Mediterranean landscapes.

10.11 � Nutrient management

Organic or synthetic amendments can directly influence the level of nutrients in the soil 
and affect the dynamics and competition of weeds with crops (Kaur et  al., 2018; Little 
et al., 2021). Conversely, biofertilizers can stimulate crop growth and control bio-aggres-
sors such as weeds, diseases, and pests (Sansinenea, 2021).

Effective nutrient management for weed control can be achieved by following two gen-
eral principles: preventing weeds from thriving in the cropping environment and using the 
soil nutrient balance to promote positive weed growth. The use of concentrated organic 
matter, such as brassica manure, seed cake, and neem cake, can reduce weed populations. 
Composting these materials leads to high temperatures that decrease weed seed viabil-
ity, whereas lower nutrient uptake by weeds under these conditions results in higher crop 
yields. Long-term application of organic manure enhances its efficacy in reducing weed 
growth and nutrient removal by weeds (Ghosh et al., 2020, 2022). However, soil nitrogen, 
particularly nitrate, can stimulate the germination of many weed seeds. Applying fertilizers 
containing large amounts of nitrogen, such as manure (especially liquid manure), immedi-
ately before or during crop establishment can lead to significant weed flushes. It is crucial 
to delay the application of these materials until the crop is established to prevent weed 
germination through crop competition and shade (Merfield, 2019). In addition, the use of 
biochar can indirectly affect weed management by improving soil fertility and crop growth, 
which can reduce weed pressure (Brozović et al., 2021).

It is important to apply nutrients accurately and at the right time to ensure their avail-
ability to crops rather than weeds (Chauhan, 2020). Thus, plant residues and nutrient 
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management could be effective methods for weed control in Mediterranean countries. 
However, the effectiveness of soil amendments for weed control may vary depending on 
the specific conditions in the Mediterranean region and the type of amendment used. Fur-
ther research is needed to assess the efficacy of different soil amendments for weed control 
in this region.

10.12 � Automating agroecology

Agroecology is a valuable approach to sustainable agriculture, and its automation offers 
great potential for weed management. Robotics and modeling are becoming increasingly 
important for weed management. Tools such as precision farming robots (ecological weed-
ers), GPS-guided weeders, and technology database systems can enable smart agroecologi-
cal practices to identify problematic weeds with greater accuracy and target them more 
effectively to reduce their infestation in the agroecosystem (Ditzler & Driessen, 2022). 
Instead of toxic chemicals, these robots use sensors, cameras, and special algorithms to 
identify weeds and pull them out of the ground. This automation also reduces the labor and 
time spent on weed control, so that farmers can focus their resources on other aspects of 
production while achieving efficient and more resilient outcomes (Fennimore & Cutulle, 
2019). This data-driven approach reduces the time required to search for noxious weeds 
in a given area while reducing the impact on human and environmental health (Chauhan, 
2020; Gerhards et al., 2022; Singh et al., 2019). Additionally, the use of digital technolo-
gies in agroecology promotes better communication between farmers and researchers, 
which can lead to innovations in this field.

10.13 � Integrated agroecological weed management in the Mediterranean 
landscape

Integrated agroecological weed management practices encompass a holistic approach to 
weed control, which prioritizes biodiversity and ecosystem health. This strategy involves 
a combination of various agroecological practices cited in the literature and preventative 
measures, such as using high-purity seeds suitable for specific agroecosystem conditions, 
cleaning seeding tools, filtering irrigation water, composting manure, and proactively man-
aging hard-to-control exotic species before dispersal. Traditional chemical control and 
deep tillage methods are used to minimize the environmental impacts. By monitoring field 
conditions and understanding the factors that influence weed growth, producers can select 
the most appropriate techniques for their situation while minimizing potential crop impacts 
(Robert, 2018b).

Transitioning to agroecology and diversified cropping systems, such as selecting the 
most suitable crop and cover crop cultivars, and implementing practices such as no-till 
farming, living mulch, crop rotation, mulching, cover crops, water management, sanitation, 
and fertility, can be effective in reducing herbicide use and promoting soil fertility, pest 
management, climate change mitigation, and biodiversity (Cordeau, 2022). Weed suppres-
sion can also be achieved through intercropping and cover cropping, with higher planting 
densities leading to better weed control (Calha et al., 2019; Fernando & Shrestha, 2023). 
However, the adoption of these practices in the Mediterranean region requires careful 
consideration, and more research is needed to develop effective integrated agroecological 
weed management strategies tailored to the Mediterranean climate (MacLaren et al., 2020).
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Agroecological weed management practices exhibit a variety of interactions that can be 
synergistic, antagonistic, or indifferent, depending on their combination. For example, crop 
diversity, crop rotation, and cover crops act synergistically to create a complex farming 
environment, discourage weed growth, and promote biodiversity (Nicolétis et  al., 2019). 
Similarly, biological controls, false seedbeds, and competitive cultivars can amplify each 
other by reducing weed competition. However, certain associations can be antagonistic, 
such as the use of mulch with competitive cultivars, which can hinder growth of the latter. 
Sometimes, practices, such as sowing date or nutrient management, can seem indifferent 
when implemented in isolation. Ultimately, the effectiveness of automating agroecology 
and integrated agroecological weed management in the Mediterranean landscape depends 
on its implementation in combination with other practices. Adaptation to local conditions, 
including the soil type, climate, and crop growth, is fundamental (Altieri & Nicholls, 
2017). This customization is essential, with different approaches for sandy and clay soils, 
as well as for Mediterranean climatic variations. Crop sensitivity to weed competition must 
also guide the practice. Thus, the agroecological management of adaptive weeds promotes 
sustainable agriculture in the Mediterranean region. This requires a thorough understand-
ing of weed species and the personalization of practices, an approach that integrates vari-
ous methods and recognizes the value of useful weeds (Page et al., 2020; Tu et al., 2001). 
The adoption of local agroecological practices and collaboration between farmers is also 
essential for preserving biodiversity and promoting sustainable and resilient agriculture in 
the Mediterranean landscape (Fig. 12).

11 � Conclusion and recommendations

The management of herbicide-resistant weeds in Mediterranean agricultural land-
scapes is a crucial challenge that requires a transition to sustainable management prac-
tices. Traditional chemical herbicides have largely contributed to the emergence of 
such resistance, making agroecology a promising solution for achieving more balanced 

Fig. 12   Schematic representation of the tactics of an agroecological weed management (AWM) strategy. 
Diagnosis and prevention form the basis and must be combined with direct agroecological control following 
an appropriate decision-making process linked to the specific weed flora/diversity/effectiveness/synergy/
recycling/interaction/socioeconomic suitability/soil-climatic conditions/risks and benefits of management/
risks and benefits of weeds
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management, while preserving biodiversity. This study highlights the advantages of 
agroecological practices in this region. It emphasizes that solving the challenges of 
agroecological weed management in Mediterranean landscapes is a complex, multifac-
torial process. This highlights that agroecological practices focus primarily on manag-
ing weed flora rather than eradicating it, maintaining an economically viable threshold 
while preserving the biodiversity of agroecosystems. Furthermore, it reminds us that 
there is no universal solution for weed management in the Mediterranean, as the suc-
cess of agroecological strategies is highly dependent on site-specific conditions such as 
predominant weed species, crop growth, sowing date, and pedo-climatic factors, among 
others. Finally, this review highlights the importance of systematic studies and biblio-
metric analyses in guiding the development of effective weed management strategies 
in Mediterranean agricultural landscapes. This highlights that the integration of agro-
ecological practices enables farmers to implement more sustainable weed management 
methods, while preserving biodiversity and guaranteeing long-term food security.

However, to promote the optimal integration of agroecological weed management 
practices, it is imperative to continue developing and adapting them to the specific fea-
tures of each local agroecosystem. Meta-analyses are essential to assess the effective-
ness of current practices and identify areas for improvement. To overcome the limita-
tions of the current methods, it is necessary to initiate a paradigm shift that emphasizes 
the promotion of diverse weed communities beneficial to agroecosystems. Interdisci-
plinary collaboration among ecologists, weed scientists, and agronomists is central to 
developing tailor-made approaches for each agroecosystem. Simultaneously, it is crucial 
to strengthen agroecological management skills and facilitate access to information and 
resources for farmers. Research must continue to explore the benefits offered by weeds, 
integrate traditional knowledge, assess environmental and social impacts, and promote 
the social acceptability of agroecological transition.

Farms embarking on agroecological transition should consider several important rec-
ommendations. First, the adoption of integrated agroecological management practices 
is crucial, emphasizing a holistic approach that prioritizes biodiversity and ecosystem 
health. This encompasses a combination of practices and preventive measures, includ-
ing the use of high-purity seeds, maintaining clean seeding tools, employing filtered 
irrigation water, composting manure, and managing exotic species. The transition to 
agroecology and diversified cropping systems is essential, involving the exploration of 
agroecology, selection of suitable crops and cover crop cultivars, and implementation 
of practices such as living mulch, crop rotation, mulching, cover crops, water manage-
ment, sanitation, and nutrient management to reduce herbicide use and foster sustain-
ability. Customizing practices based on local conditions and tailoring agroecological 
approaches to factors such as soil type, climate, and crop growth are paramount for 
effective implementation. The application of ecological principles in agroecosystems 
enhances weed control, emphasizing the investigation of synergies among different 
agroecological weed management practices. Cultivating an agroecological observer’s 
perspective extends beyond agronomy, development of observational skills to diagnose 
interactions within the agroecosystem, including the management of weeds rather than 
their eradication, and recognition of the benefits of beneficial weed flora. Balancing an 
economically viable threshold while preserving biodiversity is crucial, highlighting the 
importance of economic viability while conserving biodiversity and recognizing the 
value of useful weeds. Regularly monitoring field conditions and tailoring techniques 
to specific situations are critical steps to minimize potential crop impacts and ensure a 
responsive and adaptive approach. Encouraging collaboration and knowledge sharing is 
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vital, fostering collaboration among farmers to exchange local agroecological practices, 
emphasizing the significance of preserving biodiversity, and collectively promoting sus-
tainable and resilient agriculture. Strengthening farmers’ agroecological management 
skills and facilitating access to information and resources are paramount for successful 
integration into the agroecological transition. Lastly, promoting ongoing research is cru-
cial, encompassing the exploration of the benefits offered by weeds, integration of tra-
ditional knowledge, assessment of environmental and economic impacts, and enhance-
ment of the social acceptability of agroecological transition.
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