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Abstract

In Sub-Saharan Africa weeds represent a major constraint to food production, and over-
reliance on herbicides, including toxic ones, is a raising issue. Nonetheless, effective non-
chemical weed management practices are adopted by several Sub-Saharan farmers,
and may foster ecological intensification and agroecological crop management in
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the region. Ecological Weed Management (EWM) is a combination of methods aimed
to achieve long-term weed suppression through the use of ecological interactions
between crop, weeds, soil and/or other taxa fostered by appropriate agroecosystem
management, with the least possible use of direct weed control methods, chemical
or non chemical. The opportunities offered by EWM in Sub-Saharan Africa are synthe-
sized based on results of a comprehensive literature review. Ecological Weed Manage-
ment of Striga spp., emblematic parasitic weeds in the area, is treated in details
showing that effective methods exist and often work better when combined. These
methods include, e.g., the development of cultivars resistant or tolerant of infection,
improved crop rotations, cover crops, intercrops and mulches, other soil-based positive
interactions, and biocontrol via use of pathogenic fungi. Strategies including functional
biodiversity-based methods are expected to foster EWM and overall agroecological
crop management in the region. EWM methods can support other agroecosystem ser-
vices (e.g,, soil fertility) and at the same time be improved by methods aiming at other
services (e.g., push-pull strategies against maize cob borers). Transdisciplinary collab-
oration and scientists' engagement in participatory research and action with farmers
and other stakeholders would be instrumental to facilitate broader adoption of EWM in
Sub-Saharan Africa.

1. Introduction
1.1 Sustainable vs ecological intensification

The global quest for more sustainable cropping and farming systems should
be framed in the context of two paradigms that have recently emerged: sus-
tainable intensification and ecological intensification. Apparently, there is
not much difference between them. Pretty et al. (2011) defined sustainable
intensification, with special reference to Africa, as ““... producing more out-
put from the same area of land while reducing the negative environmental
impacts and at the same time increasing contributions to natural capital and
the flow of environmental services.” Doré et al. (2011) defined ecological
intensification as a system which produces more but differently, including
production of bio-energy and other unconventional services.

In fact, sustainable intensification is often interpreted as a system which may
rely on high-tech solutions like genetically modified organisms and robotics,
whereas ecological intensification usually relies on improved solutions stem-
ming from use of (mainly) local resources like agrobiodiversity at gene, species
and habitat/ecosystem level (see Barberi, 2013 for a working definition of
“agrobiodiversity”) and improved knowledge on biological interactions
occurring in an agroecosystem. In this context, environmentally-friendly
management of agricultural weeds is of utmost importance, considering that
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weeds are worldwide considered the major biological cause of crop yield loss
(Oerke, 2006). This is particularly relevant in socio-economically and envi-
ronmentally fragile areas like Sub-Saharan Africa, where weeds can exacerbate
food security problems and aggravate pollution and human health problems
due to overuse and misuse of herbicides.

In this framework, ecological weed management (EWM) should mainly
be seen as a set of practices which use locally available resources (mainly at
the gene or species level of agrobiodiversity) to attain long-term weed sup-
pression without the use of synthetic herbicides. Actually, limited and wise
use of the latter may not necessarily reduce the efficacy of an EWM strategy,
but whenever herbicides are part of a weed management strategy, they tend
to be overused with possible negative consequences (Enserink et al., 2013).
In fact, where herbicides are not used and where different practices are ade-
quately combined (the “many little hammer” approach; Liebman and
Gallandt, 1997) EWM can deploy its full potential. As such, this chapter
focuses on weed management strategies and methods that do not imply
the use of synthetic herbicides.

In Sub-Saharan Africa, there are serious concerns that increasing demog-
raphy and the consequent need for increased food production might trigger
increased and unsustainable use of herbicides. In 2010-11 the FAO carried
out an expert survey involving a number of regional experts, with the goal to
list the most difficult to control weeds as well as to highlight trends in her-
bicide use and in non chemical weed management methods (Gbehounou,
2011, 2013). The survey included both agricultural and environmental (i.e.,
alien invasive species in natural areas) weeds. Although it is not always easy to
make a clear-cut distinction between these two categories based on individ-
ual species, this chapter focuses on species which are mainly weeds in agri-
cultural contexts, and on non-chemical methods for their management. The
FAO survey was done in Ethiopia and Tanzania, as representative countries
for East Africa conditions. Priority weed species listed by regional experts
included weedy rice species and parasitic weeds of the genera Cuscuta, Striga,
Orobanche and Phelipanche. Besides these, other weeds more common in
West Africa were included in this study (see Table 2 for the full list of
species). The FAO survey also highlighted an increasing use of herbicides
(e.g., atrazine, bentazone, bromoxynil+ MCPA, glyphosate, paraquat and
2,4-D), which is exacerbated by labor scarcity in a context where manual
and hoe weeding are dominant practices. Fortunately, the survey revealed
the existence of effective non-chemical and labor saving alternative eco-
logical weed management practices adopted by farmers in a number of
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countries. As such, the study of non-chemical alternative weed management
practices in Sub-Saharan Africa, including their effects on biodiversity and
agroecosystem services, would provide baseline information for further
implementation of EWM in the area, as an important component of ecolog-
ical intensification and agroecological crop management (Gbeéhounou and
Barberi, 2016).

1.2 Ecological weed management: Definition, concept
and scope

The term “ecological weed management” is relatively new and was first
explicitly used in a book by Liebman et al. (2001), who intended it as
“weed management procedures that rely on manipulations of ecological
conditions and relationships.” Another cornerstone reference on EWM
was a review paper by Bastiaans et al. (2008), who basically identified
EWM with cultural weed control, i.e., “... any adjustment or modification
to the general management of the crop or cropping systems that con-
tributes to the regulation of weed populations and reduces the negative
impact of weeds on crop production” which “... involves the tactical
and strategic level of decision making.” Recently, Bagavathiannan and
Davis (2018) have framed EWM within Barry Commoner’s five laws of

99 <

ecology “everything is connected with everything else,” “everything must
go somewhere,” “everything is always changing,” “there are no zero cost
actions,” “resources are finite,” stressing once more the importance of a
long-term system approach to weed management.

All the three above-mentioned references underline the importance of
approaching weed management proactively rather than reactively, unlike
what is common in herbicide-based systems. Bastiaans et al. (2008) ascribed
EWM to three mechanisms which can be triggered by appropriate manage-
ment practices: (i) reduction of weed seedling emergence, (i) improved

crop competitiveness and (iii) reduced weed seedbank size.

1.2.1 Reduction of weed seedling emergence

Reduction of weed seedling emergence can, e.g., be obtained by photo-
control, i.e., soil cultivation performed at night or under a lightproof carter
to prevent that the light flash hitting weed seeds exposed to the soil surface
would trigger germination. However, this method has shown erratic results
(Ascard, 1994; Riemens et al., 2007), mainly due to the insensitivity of part
of weeds seeds to light and/or to variable seed dormancy levels in actual
weed populations.
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A second method to reduce weed seedling emergence is the use of mul-
ching, using either natural or artificial mulches to cover the soil surface.
Mulches exert their weed suppression eftect by making the environment
at the soil surface unsuitable for weed emergence (physical barrier, altered
radiation) or through the release of allelopathic compounds (Davis, 2010;
Marles et al., 2010).

1.2.2 Improved crop competitiveness

Improved crop competitiveness can be achieved by any management prac-
tice that shifts the temporal and/or spatial access to resources by crop and
weeds in a direction favorable to the former and unfavorable to the latter.
A first example is sowing or planting pattern. By increasing seeding rate,
crops can be made more competitive against weeds because creation of
a denser canopy would be accelerated (Anderson, 2009; O’Donovan
et al., 2013). However, it should be pointed out that there is a crop-
dependent upper limit of canopy density beyond which competitive rela-
tionships between crop plants become too strong hence making increased
seeding rate of no further practical use (Williams and Boydston, 2013). On
the same line of thought, use of transplanting instead of sowing would
make the crop straightforwardly more competitive than weeds by shifting
the temporal access to resources between a larger plant (the crop) and
smaller ones (the weeds) (Barberi, 2002; Tillett et al., 2008).

Competitive relationships between crops and weeds can also be altered
by proper management of fertilization and irrigation. Specifically, localiz-
ing application of fertilizers and water along the crop rows facilitates capture
of these resources by the nearest and stronger neighbor, which is usually the
crop (Petersen, 2005). This can be seen as a way to shift the spatial access to
resources between a closer—and usually larger—plant (the crop) and more
distant and smaller ones (the weeds).

Crop-weed competitive relationships can also be altered by using com-
petitive genotypes. This means selecting cultivars which possess competitive
traits within the available gene pool of a crop. In general, traits like higher
seed vigor, quicker emergence, higher height, higher attitude to tillering or
branching, more developed root system are associated with a higher com-
petitive ability (Andrew et al., 2015; Worthington et al., 2013). In addition,
some crop cultivars can produce a relatively high amount of secondary
metabolites with allelopathic potential, as it has been shown in the case of
wheat, sorghum and rice (Bertholdsson, 2010; Sangeetha and Baskar,
2015). Using cultivars with increased competitive ability against weeds is
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an important tool in EWM because it would reduce the need to apply
direct chemical or non-chemical weed control measures during the crop
growing cycle.

One last method to increase crop competitive ability against weeds is
recourse to polycultural systems. These are all those cropping and farming
systems in which two or more plant species co-occur in the same area
(e.g., field), providing more productive and non productive agroecosystem
services compared to when each species is grown alone. In annual systems,
polycultures take the form of either intercrops or living mulches. In inter-
cropping all plant species (usually two) are cash crops whereas in living
mulch systems a cash crop is grown side by side with a companion plant
(the living mulch), whose biomass is not taken out of the system because
it is recycled to improve the system itself and performance of the cash crop.
Actually, in agricultural systems of Sub-Saharan Africa it is not easy to dis-
tinguish between an intercrop and a living mulch because the companion
plant may at times be used as fodder or for other on-farm purposes.

Companion plant species in intercrops and living mulches can co-occur
for a variable period of time, identifying different typologies of polycultures.
For example, “relay cropping” is when a second species is interseeded within
an already existing crop and concludes its life cycle after the crop has been
harvested. Polycultures also include agroforestry systems, where annual and
perennial plants (shrubs and/or trees) co-occur. Where animals are also
included, the resulting mixed farming system is more properly called an
“agrosylvopastoral system.” Polycultural systems are quite common in many
tropical and sub-tropical areas of the world and hold clear potential for
improved weed suppression anywhere (Picasso et al., 2008).

1.2.3 Reduced weed seedbank size
The major part of weeds in agricultural land reproduce and survive as seeds,
thus the soil weed seedbank represents the main source of future weed infes-
tations. Depletion of the weed seedbank can be obtained by increasing seed
losses and/or reducing seed inputs. Losses can occur through seed predation,
seed decay, and increased germination (Gallandt, 2006).

Weed seed predation, especially after seeds have been shed on soil, may
be an important determinant of seedbank losses (Davis et al., 2013;
Westerman et al., 2011). Insects and small rodents are the main contribu-
tors to weed seed predation, thus manipulation of agricultural habitats as to
attract them (e.g., no-till, delayed stubble cultivation, introduction of
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uncultivated strips within fields or as field margins) is expected to increase
the number of weed seeds predated (Landis et al., 2005). Carabid beetles
are among the most important consumers of weed seeds. It should be kept
in mind that seed consumption by carabids is influenced by several factors,
including weed species, seed physiological state, insects gender, activity-
density level, and seed burial depth (Kulkarni et al., 2015, 2016).

Weed seed decay is a mechanism so far poorly understood and conse-
quently poorly exploited. It refers to the creation of soil conditions that are
conducive to increased seed mortality through, e.g., fungal attack. Recently,
some interesting results have been obtained by Gomez et al. (2014), who nev-
ertheless pointed out that are differences in weed species susceptibility to
decay, indicating the need to develop species- and cropping system-specific
management solutions.

Increased weed seed germination results in an output to the seedbank.
This can be achieved, e.g., by the application of the false- and stale-seedbed
techniques, i.e., the anticipated soil seedbed preparation which allows stim-
ulation of germination and emergence of weed seedlings that are subse-
quently destroyed before the actual crop seeding or crop emergence takes
place (Cloutier et al., 2007). In the false seedbed technique seedling destruc-
tion usually occurs by harrowing or similar mechanical tools whereas in
the case of the stale seedbed technique it occurs by chemical herbicides
or by thermal methods (flame weeding or soil steaming), to avoid any further
soil disturbance. Weed seed losses can also occur when seed germination
is not followed by seedling emergence, usually because the seed is placed
too deep down the soil and has not enough reserves in its endosperm
to sustain seedling growth until it reaches the soil surface and becomes
autotroph. This phenomenon is referred to as “fatal germination” (Fenner
and Thompson, 2005).

Weed seedbank replenishment can also be avoided by preventing pro-
duction and shedding of new seeds. This can be obtained as an outcome of
increased competition or as an effect of a well planned crop rotation (Légere
et al., 2011). However, it is also important to prevent seed shedding from
late emerging weeds that, although usually unable to diminish crop yield in
the same growing season, may create potential weed problems in subse-
quent crops or growing seasons through their seed inputs. Similarly, it is
important to avoid weed seed shedding (e.g., by stubble cultivation or
mowing) in the period between two crop growing cycles, an important
issue that many farmers tend to disregard.
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1.3 Ecological weed management vs integrated weed
management

In Bastiaans et al.’s (2008) definition, EWM does not include direct weed
control methods, 1.e., the in-crop application of chemical or non-chemical
(mechanical, thermal, biological) methods that are deliberately used by
farmers to eliminate weeds during crop growing cycle. Although the objec-
tive of EWM is to reduce recourse to direct weed control methods, it is
undeniable that they are and will continue to be an important component
of Integrated Weed Management (IWM). Since IWM is a widely recog-
nized concept and EWM is an emerging one it is important to focus the sim-
ilarities as well as the differences between them.

Shaw (1982) was probably the first to adopt the term Integrated Weed
Management System, as an extension of the aims and concepts of Integrated
Pest Management (IPM). He considered weed management (just like pest
management) as one important component of overall agroecosystem man-
agement. In his view, the best approach to weed management is to design an
agroecosystem that is less vulnerable to weed interference, by integrating all
possible means of control (agronomic, genetic, biological, physical, and
chemical) but with a main emphasis on prevention. As such, IWM and
EWM look very similar, and arguably the main difference is that EWM
(sensu Bastiaans et al., 2008) does not include direct weed control methods.
However, it should be pointed out that, although there is an ongoing trend
in bringing IWM closer to its intended approach, most papers published
since 1982 considered IWM as just a combination of the use of synthetic
herbicides with other non chemical direct weed control methods (mainly
mechanical).

In the author’s view, the distinction between preventive, cultural (sensu
stricto) and direct methods (Barberi, 2002) is still preferable because it clearly
distinguishes weed management methods based on (i) their main eftect and
(11) the time when this effect manifest itself (before or during the crop grow-
ing cycle). In this framework, a preventive method is one applied before a
crop is grown and whose main effect is to reduce weed emergence during
the crop growing cycle. A cultural method is applied during the crop grow-
ing cycle and its main effect is to increase the competitive ability of the crop
against weeds. Lastly, a direct method is any method applied during the crop
growing cycle with the specific aim to eliminate emerged weeds.

Any WM system should be composed of an appropriate integration of
methods belonging to each of the three categories (preventive, cultural and
direct), but with the main goal of reducing the use of direct methods,



Ecological weed management in Sub-Saharan Africa 227

especially herbicides. As such, IWM becomes very similar to EWM, because
emphasis is mainly placed on preventive and cultural methods. An updated
definition of EWM could then be: “a combination of methods aimed to
achieve long-term weed suppression through the use of ecological interac-
tions between crop, weeds, soil and/or other taxa fostered by appropriate
agroecosystem management, with the least possible use of direct weed con-
trol methods, either chemical or non chemical.” There are two main advan-
tages in this definition. The first is that it stresses the importance of reducing
both chemical and non-chemical (e.g., mechanical or thermal) inputs, the
latter being increasingly recognized as an environmental problem due to fuel
consumption, soil degradation, and production of greenhouse gases also in
systems with no synthetic herbicide use like organic farming (Armengot
et al., 2015; Peigné et al., 2007). The second advantage is that it can be
applied to any cropping, farming or management system anywhere. It is
worthwhile noting that, according to this definition, an IWM system with
a strong focus on ecological interactions is as a matter of fact an EWM
system.

To better clarify the concept, the different typologies of methods
highlighted in Sections 1.2.1-1.2.3 have been classified according to the
above-mentioned definition of EWM (Table 1). Please note that if we con-
sider “cover crop’—as often done—as one typology including green
manure, dead mulches and living mulches, it should be considered a preven-
tive method in the case of'a green manure or dead mulch whereas it is a cul-
tural method in the case of a living mulch. This classification has the
advantage of clarifying the link between objectives, practical methods avail-
able to meet them, and their timing, and largely encompasses the methods
and tools available for EWM in Sub-Saharan Africa.

2. Methodology
2.1 Literature search strategy

A comprehensive literature search was done in March 2015 and updated in
August 2018 using the Elsevier Scopus® search engine (www.scopus.com).
No time limit was initially set, but since the vast majority of records were
related to ca. the latest 25-30 years, the search was subsequently adjusted
to the 1990-2018 period. Although some potentially interesting “gray
literature” on the subject exists, it was decided to focus only on scientific
publications.
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Table 1 Classification of the different methods ascribed to ecological weed
management according to their main effect, application timing and category, with

relevant examples.?

Application
Method Main effect timing Category Examples
Photocontrol Reduction in weed Before crop Preventive  Night-time cultivation
emergence cycle
Mulching Reduction in weed Before/during Preventive/ Dead mulching/plastic
emergence/ crop cycle cultural mulching
increase in crop
competitive ability
Sowing/ Increase in crop During crop Cultural Increased seeding rate,
planting competitive ability cycle reduced inter-row
pattern distance
Transplanting Increase in crop During crop  Cultural Use of transplants
competitive ability cycle instead of seeds
Fertilization  Increase in crop During crop ~ Cultural Banded fertilization,
(localized) competitive ability cycle seed dressing
Irrigation Increase in crop During crop Cultural Drip row irrigation
(localized) competitive ability cycle
Competitive/ Increase in crop During crop Cultural Use of cultivars with
resistant competitive ability cycle higher tillering ratio
genotypes and/or allelopathic
potential, or resistant
to parasitic weeds
(e.g., Striga spp.)
Polycultures  Increase in crop During crop ~ Cultural Intercropping, living
competitive ability cycle mulches, agroforestry
Seed Reduction in weed Before crop Preventive  Untilled field margin
predation emergence cycle strips to attract seed
predators
Seed decay  Reduction in weed Before crop Preventive Incorporation of
emergence cycle residues, green manures
or composts
Increased Reduction in weed Before crop Preventive  False/stale seedbed
germination  emergence cycle technique, use of
germination stimulants
Preventing ~ Reduction in weed Before crop Preventive  Stubble cultivation or
seed shedding emergence cycle spraying
Direct weed  Elimination of During crop Direct Chemical, physical

control emerged weeds
methods

cycle

(e.g., mechanical,
thermal), biological

“Elaborated upon Bastiaans et al. (2008) and Barberi (2002).
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Given the complexity of the subject, several search runs were done using
various search terms and combinations thereof. “Ecological weed manage-
ment” was searched as a stand alone term, with the intention of gathering
also relevant records not necessarily related to Sub-Saharan Africa. Instead,
the other general terms that were expected to yield many results relevant for
this study, i.e., “integrated weed management” and “cover crop™” were
matched with the regional term “Africa.” The 23 weed species or genera
highlighted as most difficult to control in the above-mentioned FAO report
were searched individually without any geographical restriction, adding the
search term “control” or “weed™” to narrow the search in the case of species
or genera with known alternative use (e.g., Cynodon dactylon is not only a
weed but also a valued turf grass species as well as the Ipomoea genus include
both noxious weeds and sweet potato). Also, three cover crops (Arachis
pintoi, Canavalia ensiformis and Desmodium uncinatum) and one crop (banana)
were searched individually, adding the term “weed™”.

In details, the search terms used were:

*  “ecological weed management”;

*  “integrated weed management” AND “Africa’”;

«  “cover crop®” AND “Africa”;

e “banana” AND “weed*”;

o “Arachis pintoi” OR *““Canavalia ensiformis” OR *Desmodium uncinatum”

AND “weed*”;

o “Amaranthus spinosus”;

o “Argemone mexicana”;

e “Chromolaena odorata’;

o “Commelina benghalensis”;

e “Convolvulus arvensis” ANND “control”;
e “Cuscuta” AND “control”

e “Cynodon dactylon” AND “control”;
e “Cyperus” AND “control”;

*  “Digitaria” AND “control”;

o “Ipomoea” AND “‘weed*”;

e “Leptochloa”;

e “Mikania micrantha’;

e “Orobanche cernua’;

e “Orobanche crenata”;

e “Phelipanche ramosa”;

*  “Oryza longistaminata’;

e “Oryza punctata’;
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o “Parthenium hysterophorus” AND “weed*”;

s “Prosopis juliflora” AND “weed*”;

e “Rottboellia cochinchinensis”;

o “Snowdenia polystachya”;

o “Striga asiatica”;

o “Striga hermonthica.”

Asterisks (*) indicate a truncated search term. For example, “weed*” would
yield records containing the term “weed” and all its derivatives, e.g., “weeds,”
“weeding” or “weedy” in the article title and/or abstract.

2.2 Literature search outcome

Overall, the combination of all search runs yielded 7046 records, reduced
to 6232 after purging duplicates. These records were thoroughly screened
to identify those related to EWM, and classified in sub-groups using the
EndNote™ (version X3) literature archiving software. In some cases
(e.g., Convolvulus arvensis and Cynodon dactylon) numerous records were
retrieved but only few of them were relevant to EWM applications in Africa
hence the rest was discarded. In contrast, in the case of Striga spp. the major-
ity of records were relevant to this study, because of the high regional impor-
tance of this genus and the proven effectiveness of some EWM solutions for
its control. Only one record was retrieved for Snowdenia polystachya.

Opverall, the database was constructed as to favor representation of the
diversity of approaches, techniques and uses over complete retrieval of what
was published on the subject. In the end, the various selection criteria used to
refine the database yielded a total of 641 articles (Table 2). The vast majority
of papers retrieved were published after 2000.

2.3 Presentation of results

Results are presented by first introducing the general subject of EWM in
Sub-Saharan Africa. Subsequently, EWM of Striga spp. will be treated in
details: these are key agricultural weeds which yielded by far the highest
number of published records (Table 2), and against which a vast array of
EWM tactics is being deployed.

The direct or indirect contribution of EWM practices to the provision of
agroecosystem services besides weed suppression has been indirectly drawn
from the literature using the above-mentioned search terms and is presented
in Section 4. Using search queries like “ecological weed management”

AND “ecological” OR “(agro)ecosystem service®*” would not yield
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Table 2 Subjects included in the EndNote™ literature database on ecological weed
management in Sub-Saharan Africa, respective number of records,® and prevailing
weed type in the study region for the selected species

Prevailing weed type

Subject Number of records in the region
Ecological weed management 33 -

Integrated weed management 10 -

Cover crops 56 -

Herbicide resistant crops 1 -

Sowing time 1 _

Tillage 8 -

Amaranthus spinosus 23 Agricultural
Argemone mexicana 23 Agricultural
Chromolaena odorata 54 Agricultural
Commelina benghalensis 25 Agricultural
Convolvulus arvensis 12 Agricultural
Cuscuta spp. 10 Agricultural
Cynodon dactylon 4 Agricultural
Cyperus spp. 25 Agricultural
Digitaria spp. 6 Agricultural
Echinochloa spp. 3 Agricultural
Imperata cylindrica 5 Agricultural
Ipomoea spp. 11 Environmental
Leptochloa chinensis 4 Agricultural
Mikania micrantha 24 Environmental
Orobanche and Phelipanche spp. 38 Agricultural
Oryza longistaminata 5 Agricultural
Parthenium hysterophorus 51 Environmental
Prosopis juliflora 10 Environmental
Rottboellia cochinchinensis 8 Agricultural
Snowdenia polystachya 1 Agricultural
Striga spp. 192 Agricultural

Total’ 641 -

“Literature search performed on the Scopus™ database (17 August 2018). For details on the search strategy see Section 2.1.
Recordsrelated to Arachis pintoi, Canavalia ensiformis and Desmodium uncinatum spanned across several subjects and therefore
are not presented separately. No records relevant to the scope of this study were retrieved for Oryza punctata.

The sum of records by subject is 643 because two papers dealt with two of the selected weed species at once.
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appreciable results because both terms are quite novel, especially when used
in conjunction. A reverse perspective, i.e., the contribution of selected
weeds to the provision of agroecosystem services important for Sub-Saharan
agriculture is also included.

3. Ecological weed management in Sub-Saharan Africa

Most of the examples of EWM applications refer to studies carried out
in West Africa (e.g., Benin, Cameroon, Ghana, Ivory Coast, Nigeria), with
the noticeable exceptions of Kenya and—to a lower extent—Ethiopia. All
the records that explicitly figured EWM as term in title and/or abstract date
from 2001 onward, witnessing the recent acquisition of the term in the
scientific literature. It is worth noting that none of the remaining 608 papers
(94.8% of the total) used the term Ecological Weed Management despite the
fact that they actually deal with EWM approaches and solutions.

Just like EWM, a large number of papers actually dealt with [IWM with-
out mentioning it explicitly. Due to ample overlapping in concepts and
practices between papers explicitly referring to IWM and EWM no further
distinction between them has been done.

Interestingly, one of the first proofs of EWM success in Africa—which
has become a classic case—was likely driven by serendipity. Khan et al.
(2000) developed an intercropping and trap crop system using a “push-pull”
strategy for the control of stem borers in small scale maize farming systems.
Their strategy involved trapping stemborers on highly susceptible trap
plants (pull) and driving them away from the crop using repellent inter-
crops (push). Napier grass (Pennisetum purpureum) and Sudan grass (Sorghum
vulgare var. sudanense) were used as trap plants, whereas molasses grass
(Melinis minutiflora) and two legume species (Desmodium uncinatum and
D. intortum) were used as repellents of ovipositing stemborers. Although
the system was meant to control stemborers, it was observed that the intro-
duction of silver leaf desmodium (D. uncinatum) drastically reduced maize
damage by parasitic Striga species.

Striga spp. are here treated as model weeds for the implementation of
EWM in Sub-Saharan Africa. Indeed, the severe problems caused by striga
infestations have triggered a wealth of research on the development of alter-
native control methods, spanning from cropping system diversification (crop
rotation, cover crops, intercrops) to soil amendments and mulching, allelop-
athy, tolerant or resistant cultivars, biological control and others.
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3.1 Ecological weed management of Striga spp.

Striga (witchweeds), of the family Orobanchaceae, is a genus of parasitic
plants occurring in part of Africa, Asia, and Australia and—to a lower
extent—in the Americas. Some species are serious weeds of cereal crops
(e.g., maize, sorghum, millet, rice), especially in African savannah-type agri-
culture, but can parasitize other crops, e.g., legumes and sugarcane. Striga
spp. has been estimated to aftect ca. 40 million ha of cropland in Sub-Saharan
Africa, where it can be devastating in smallholders subsistence farming
(Anonymous, 20006).

The three species causing most damage are Striga asiatica, S. gesnerioides,
and S. hermonthica. The only other Striga species considered of some agricul-
tural importance is S. aspera, a rice weed found in both free-draining uplands
and hydromorphic soils (Rodenburg et al., 2010).

S. asiatica (Asian witchweed) has a very wide geographical range, from
Africa to South and East Asia down to Australia, and is also present in the
United States since the 1950s. S. gesnerioides (cowpea witchweed) is a parasite
of cowpea, while S. hermonthica (purple witchweed) parasitizes grasses, espe-
cially sorghum and pear]l millet, across all Sub-Saharan Africa. Another
25 Striga species exist but at the moment are not considered of agricultural
importance. Alectra vogelii (yellow witchweed), a parasitic weed of legume
crops similar to striga, has been found on groundnut in Ethiopia (Hussien
et al., 2006) and in other semi-arid Sub-Saharan African countries, but is
considered a widespread species only in Botswana, Malawi, Tanzania, and
Zimbabwe (http:/www.cabi.org/isc/datasheet/4234).

Witchweeds are obligate root hemiparasites and require a living plant
host for triggering germination and initial development. Host plant symp-
toms include stunting, wilting, and chlorosis, and can be confused with those
of drought, nutrient deficiency or vascular disease. Host root parasitization
may progress for up to 7 weeks after root colonization. When the weed
emerges, much of the damage has already been done; the parasitic plant then
rapidly flowers and sets seeds.

Much of the problem of Striga spp. is due to their high fecundity (each plant
can produce up to 500,000 seeds) and seed longevity in soil (>10 years). The
tiny witchweed seeds can be easily spread by wind, water, soil movement
or animal vectors, including human transportation through machinery, tools,
and clothes.

Seeds germinate in the presence of host root stimulating exudates
(strigolactones) and develop haustoria which penetrate host root cells
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(Charnikhova et al., 2017; Pageau et al., 2003). Optimum witchweed seed
germination occurs with soil temperatures between 30 and 35°C
(T min=20°C) and adequate moisture. Striga seeds can survive very low soil
temperatures, down to —15°C. These weeds thrive in light-textured poor
soils with low nitrogen level but can adapt to different soil textures. Climate
change may indirectly worsen striga problems due to negative effects on soil
fertility, yet the impact of S. hermonthica on upland rice (a C;5 crop) may be
lower because witchweed infection can delay down-regulation of photosyn-
thesis in rice grown at elevated CO, (Watling and Press, 2000).

Striga spp. populations from Kenya have been found to have a relatively
low genetic diversity (Gethi et al., 2005) but Welsh and Mohamed (2011)
and Estep et al. (2011) observed high genetic diversity in Ethiopian and
Malian populations of S. hermonthica, respectively. This was mainly attrib-
uted to the geographical barrier posed by the Rift Valley in the first case
and to inadvertent human transportation of seeds across regions in the sec-
ond. East African S. hermonthica populations, especially those from Sudan,
had significantly greater average infestation success across 16 sorghum geno-
types than West African populations (Bozkurt et al., 2015). High genetic
variation among individuals of each population points out the high potential
this weed has to adapt to different hosts and environments. S. hermonthica
populations parasitising rice in Kenya appeared to be genetically distinct
from those parasitising maize and sorghum. The presence of distinct
populations in East and West Africa suggests the importance of developing
and testing striga control technologies in multiple locations (Unachukwu
et al., 2017).

3.1.1 Striga-tolerant and resistant genotypes
Besides classical agronomic prevention measures based on common sense,
e.g., sowing uncontaminated crop seeds in striga-clean soil and accurate
cleaning of agricultural machinery, tools and clothes, selection of crop geno-
types tolerant of or resistant to witchweeds is one major preventive route.
Considerable research on this subject has been carried out since the early
2000s. Resistance to S. hermonthica through screening of 274 wild Pennisetum
glaucum subsp. monodii and stenostachyum accessions was searched in Mali
(Wilson et al., 2000). Visual maize damage score at 8 weeks after planting
was significantly correlated (r=0.82—0.88) to shoot reduction at late crop
growth stages hence, under high and uniform infestation, maize mature
plant resistance can be detected at that stage, i.e., the onset of flowering
(Adetimirin et al., 2000).
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Complete resistance to striga infection is hard to find in cereals, but
screening of crop wild relatives may provide useful genes for the develop-
ment of resistant crops. For example, Sorghum arundinaceum, a wild relative
of cultivated sorghum, demonstrated tolerance to infection by S. asiatica
although not to S. hermonthica (Gurney et al., 2002). Other wild sorghum
species have been screened for this purpose, with some success (Mbuvi
etal., 2017). Screening of sorghum landraces can also provide valuable tol-
erant or resistant germplasm to be utilized in future breeding programmes
(Abate et al., 2014, 2017a). Lower root length, root length density, root to
shoot ratio and root dry weight are root traits characterizing tolerant or
resistant sorghum genotypes (Abate et al., 2017b). Tripsacum dactyloides,
amaize wild relative, and a maize-T. dactyloides hybrid showed partial resis-
tance to S. hermonthica (Gurney et al., 2003), possibly due to production of
a signal inhibiting haustorial development. Another wild relative of maize
thought to provide useful striga-resistant genes is Zea diploperennis (Y allou
et al., 2009).

Cowpea lines resistant to S. gesnerioides have been developed, showing
an average grain yield increase of 156% over standard, susceptible lines
(Carsky et al., 2003). Several cowpea resistance genes effective against
specific races of S. gesnerioides have been identified, giving the potential
to develop cowpea varieties with multiple resistance genes (Boukar
et al., 2004).

Both resistance and tolerance are important in determining sorghum
yield potential under striga infestation (Rodenburg et al., 2005). Tolerance
and resistance seems relatively more important under low and high infes-
tation levels, respectively. However, only at very low infestation levels the
use of high resistant genotypes seems able to reduce striga seedbank
(Rodenburg et al., 2006). Photosynthesis-related highly heritable traits
like CO, assimilation rate and photochemical quenching are reliable esti-
mators of striga tolerance in sorghum genotypes (Rodenburg et al., 2008).
Combination of (at least partly) striga-tolerant varieties and N fertilizer
application (50-100kgha™") has been suggested as optimum I'WM/EWM
solution in sorghum (Showemimo et al., 2002).

Substantial work on striga-resistant maize has been done in Ivory Coast,
where promising early maturing inbred lines have been found (Badu-
Apraku and Lum, 2007; Badu-Apraku et al., 2006; Menkir, 2006). Sodium
azide (NaNj3)-induced mutagenesis can transform striga-susceptible maize

cultivars into resistant ones with stable performances, as shown in western
Kenya (Kiruki et al., 2006).
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One important mechanism conferring resistance to striga is lower pro-
duction of strigolactones, as found in several maize landraces (Karaya
et al., 2012), that can be used to develop new striga resistant inbred lines.
Higher levels of striga germination were observed in some inbred lines
known to be resistant, suggesting the existence of a parasitization avoidance
mechanism in the host root system that is independent of the amount of
strigol produced. On top of this, it was recently found that maize can possess
both pre-attachment and post-attachment (inability to penetrate host endo-
dermis) resistance mechanisms (Mutinda et al., 2018). Interestingly, some
S. hermonthica-resistant maize hybrids have shown consistent levels of resis-
tance across different locations and seasons in Nigeria and Kenya (Menkir
et al., 2012).

Striga-tolerant or resistant genotypes have also been found in rice, where
putative quantitative trait loci have been identified (Gurney et al., 2006).
Low germination induction is an important tolerance/resistance mechanism
also in rice. Besides this, a negative correlation between rice tillering capacity
and strigolactone production has been found (Jamil et al., 2012a). Cissoko
et al. (2011) screened the interspecific upland NEw RICe for Africa
(NERICA) cultivars (developed from crosses between high-yielding Oryza
sativa and weed competitive and disease resistant Oryza glaberrima and quite
popular among subsistence farmers) for their post-attachment resistance
against ecotypes of S. hermonthica and S. asiatica. Some NERICA cultivars
showed good broad-spectrum resistance against several striga ecotypes, while
others showed intermediate or no resistance. In western Kenya, NERICA 1
and NERICA 10 have been classified as resistant to S. hermonthica, whereas
NERICA 4 is highly susceptible (Atera et al., 2012). In the most resistant
NERICA cultivars, damage from striga interference is limited but even a small
striga density can cause some reduction in rice aboveground biomass. Nev-
ertheless, use of competitive NERICA cultivars is an excellent EWM tactic
in striga-free soils (Rodenburg and Johnson, 2009; Rodenburg et al., 2009).
Additional rice genotypes with either ecotype-specific or broad-spectrum
resistance to striga have recently been identified (Rodenburg et al., 2017).

In the latest years, research has directed efforts toward the selection of
cereal cultivars combining tolerance to multiple stresses, e.g., tolerance to
drought and S. hermonthica in maize (Kamara et al., 2012; Mengesha et al.,
2017), and tolerance to striga and downy mildew (Sclerospora graminicola)
in pearl millet (Pennisetum glaucum) (Kountche etal., 2013). In this latter case,
infestation in Nigerien and Malian fields was reduced by 51% (striga) and
46—-62% (downy mildew), determining pearl millet panicle yield gains of
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31-49%. The germplasm screened showed significant genetic variation and
high genotype X environment interaction, suggesting local target selection
of parentals. An interesting side effect of some striga-tolerant varieties of
maize is that they are also resistant to maize streak virus and other diseases
endemic in West and Central Africa (Kim et al., 2002).

A recent technological advancement proposed for the genetic improve-
ment of maize resistance against striga is the use of RNA interference
(RINAI), i.e., the transformation of the host crop by the inclusion of RNAi
sequences targeted at critical striga genes (Kirigia et al., 2014). At present,
application is limited by lack of efficient high throughput screening proto-
cols for silencing candidate genes, and by sub-optimal delivery of silenced
RNA:s into the parasite. Compared to stable transformation, viral induced
gene silencing (VIGS) seems a more rapid and powerful tool for effective
screening of candidate genes to target through RINAi. Tobacco rattle virus
(TRV1 and TRV2) vectors had 60% efficiency in silencing the phytoene
desaturase (PDS) gene in S. hermonthica, showing that the system is reliable
and can be used for candidate gene validation, with the ultimate goal of
developing striga-resistant transgenic maize.

3.1.2 Arbuscular mycorrhizal fungi

Role of arbuscular mycorrhizal fungi (AMF) in sorghum resistance to
S. hermonthica has been suggested, pointing out the need to consider side eftects
on AMF colonization when breeding for striga resistance (Lendzemo and
Kuyper, 2001). This hypothesis was later explored by Gworgwor and
Weber (2003), who found that Glomus (Funneliformis) mosseae reduced striga
density by 62%, increased sorghum growth and aboveground biomass by
30%, and did not affect root biomass unlike other AMF species, which
increased the root: shoot ratio.

Field inoculation of AMF (Glomus clarum and Gigaspora margarita) in
Cameroon significantly reduced S. hermonthica shoots (by 30% in maize
and >50% in sorghum) and biomass (40% in maize, and 46—63% in sor-
ghum) after AMF inoculation, but beneficial effects on grain yield were
observed only in sorghum (Lendzemo et al., 2005). It has been hypoth-
esized that the negative effect of AMF colonization on striga seed germi-
nation, haustoria attachment and shoot emergence could be mediated
through the production of signaling molecules (strigolactones) for both
AMF and the parasitic species (Lendzemo et al., 2007). However, not
all plants that are AMF hosts stimulate striga seed germination through
their root exudates, whereas AMF non host plants never showed such
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effect (Lendzemo et al., 2009). Lack of germination stimulation in some
AMEF host plants may be due to differences in type and/or concentration
of strigolactones in root exudates linked to the two processes (striga seed
stimulation and establishment of AMF symbiosis).

3.1.3 Stimulation or inhibition of seed germination

Stimulation of suicidal witchweed seed germination by exudates of non host
“trap” crops is another eftective preventive method in a striga EWM strat-
egy. This effect can, e.g., be triggered by limonoids, a class of compounds
isolated from the root bark of the African shrub Harrisonia abyssinica
(Rutaceae), which showed up to 98% stimulatory activity of conditioned
S. hermonthica seeds when applied at 107°—10> M concentrations under lab-
oratory conditions (Rugutt et al., 2001).

Cotton (Gossypium hirsutum and G. barbadense) is a known trap crop for
Striga spp., being able to stimulate suicidal germination. Cotton genotypes
showed high variability for this trait (13-50% striga seed germination),
which is qualitatively inherited with monogenic control: this would make
it possible to select and breed cotton cultivars able to produce high amounts
of germination stimulants while maintaining or improving other positive
agronomic traits (Botanga et al., 2003).

The effectiveness of root exudates from varieties of cowpea, groundnut
and soybean on S. hermonthica seed germination depends on striga popula-
tion hence geographical origin of the weed, host crop, period of the year,
and seed age should be taken into account to better target potential trap
crops (Gbehounou and Adango, 2003).

Considerable variation among soybean varieties in their ability to induce
germination of S. hermonthica (from 8% to 66%, compared to 70% of the syn-
thetic stimulant strigol) was found in a maize-soybean intercropping trial
(Odhiambo et al., 2011). Some varieties showed high stimulation but low
haustoria attachment. Intercropping reduced striga shoot emergence and
increased maize yield. Similarly, significant differences between 9 cotton,
15 cowpea, and 6 groundnut genotypes in their ability to induce suicidal
germination of S. hermonthica seeds was detected in a bioassay (Traoré
et al., 2011).

Striga management can be improved also by aiming at the opposite
effect, i.e., seed germination inhibition. Sorghum seed treatment with
NaCl at 1.5M significantly reduced striga emergence in both resistant
and susceptible varieties, and had a positive eftect on crop growth and
grain yield, although the mechanism is unclear (Gworgwor et al., 2002).
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Neem (Azadirachta indica) seed powder and parkia (Parkia biglobosa) fruit
powder or fruit peel powder eftectively reduced S. hermonthica germination
and growth in sorghum (17%, 29% and 39% striga emergence, respectively),
with positive effects on crop grain yield (Marley et al., 2004b).

Cultivation of high-value medicinal herbs with S. hermonthica germina-
tion induction properties has been proposed as a viable agronomic strategy
in striga-infested soils (Ma et al., 2004). Twenty out of 383 water and
methanolic extracts of traditional Chinese medicinal herbs were found to
induce S. hermonthica germination, some at rates >50%. On the opposite
side, water or undiluited extracts from 27 herbs inhibited S. hermonthica
germination, with Curcuma longa undiluted extract showing a complete
inhibitory effect. A stimulatory effect was also observed from fresh plant
tissues, tissue powder and root extracts of Houttuynia cordata (Saururaceae)
(Ma et al., 2005). Aqueous extracts or lyophilisats from four burkinabé
plant species reduced striga seed germination by at least 96%, whereas
1% aqueous extracts of Ceiba pentandra and Eucalyptus camaldulensis stim-
ulated striga seed germination by 39% compared to the control (Yonli
et al., 2010).

Recently, detection of compounds inducing suicidal germination in
witchweeds has been improved by using a high-throughput Arabidopsis-
based strigolactone perception system. Through Arabidopsis-based assays,
three compounds with in planta strigolactone activity stimulating suicidal
germination in S. hermonthica were found (Toh et al., 2014).

3.1.4 Cropping system diversification (crop rotation, cover crops,
intercropping, agroforestry)

In northern Nigeria, soybean was shown to be an effective preceding crop in

reducing S. hermonthica emergence in subsequent maize, increasing yield by

an average 90% as compared to sorghum (Carsky et al., 2000). Application of

P to soybean grown at higher soybean densities enhanced weed reduction

and the positive effect on maize.

Oswald and Ransom (2001) evaluated the effect of eight crop rotations
including striga non-host crops on striga seedbank reduction and low-input
rainfed maize yield in western Kenya. Several crops (e.g., peanut, soybean,
sunflower and pigeon pea) showed greater economic potential than maize.
The best crop rotation under low soil fertility had a five-fold productivity
than maize mono-cropping. All crop rotations reduced striga seedbank, and
lower striga emergence occurred where maize was planted after a two-
season rotation including pigeon pea. Crop rotation diversification should
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be systematically included in smallholder farming in eastern Africa because
it is a cheap and effective way to control striga and boost maize and overall
farm productivity.

Introduction of legume food crops like soybean or bambara groundnut
(Vigna subterranea) as an alternative to bush fallow system in the Sudan savan-
nah zone of Ghana dramatically decreased S. hermonthica infestation, con-
firming that increasing soil fertility is an ecological and easy way to
reduce problems caused by witchweeds (Abunyewa and Padi, 2003). Similar
results were obtained in north-eastern Ghana when matching the introduc-
tion of soybean as preceding crop with the use of striga-tolerant maize vari-
eties (Abdulai et al., 2006).

Growing sesame in rotation with pearl millet has also been shown to
strongly reduce striga density and reproduction potential compared to sole
millet. In the Sahel, this technique has to be matched with soil fertility
enhancement and water conservation to obtain stable effects (Hess and
Dodo, 2004). Results of a simulation modeling study (Van Mourik et al.,
2008) showed that intercropping millet with sesame or cowpea (plus
weeding) was able to reduce S. hermonthica seedbank in the long term. How-
ever, rotation of millet with trap crops was not effective because seedbank
replenishment during the years of millet monoculture was not offset by
seedbank depletion in the years of trap crop cultivation.

In the northern Guinea savannah of Nigeria, intercropping tolerant
maize varieties with either soybean or groundnut proved to be a successtul
strategy to reduce striga interference and increase crop yield (Kuchinda et al.,
2003). Similar results, although with some variation among locations, were
obtained in the same area with cowpea or soybean as a trap crop and by
maize-cowpea intercropping (Ellis-Jones et al., 2004; Kureh et al., 20006).
Sorghum-cowpea intercropping in alternate ridge pattern was also found
to be successful, although care should be taken in choosing the most suitable
cowpea cultivar (Udom et al., 2007). Farmers in the area seemed to prefer a
legume-cereal rotation over other 14 potential witchweed control means
(Emeghebe et al., 2004). Interestingly, resource-poor and -intermediate
farmers were more likely to adopt IWM/EWM solutions for striga control
than resource-rich farmers. Introduction of soybean cultivation was partic-
ularly liked by women because of the opportunity to sell new food products
based on this legume (Douthwaite et al., 2007). These results were con-
firmed by a participatory project carried out in the same region (Kamara
etal., 2008), that also highlighted the importance of farmer-to-farmer exten-
sion to turn potential into real innovation. Increased labor requirements,
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sometimes associated to the introduction of new varieties and management
practices, was not perceived as a major obstacle.

As mentioned before, two commonly used plants in intercropping systems
are the legumes silverleaf'and greenleat desmodium (Desmodium uncinatum and
D. intortum, respectively), which not only suppress S. hermonthicabut also repel
maize stem borers through allelopathic effects (Khan et al., 2000, 2006b).
Similar effects have been found on sorghum (Khan et al., 2006a) and finger
millet (Eleusine coracana) (Midega et al., 2010). The allelopathic effect of
D. uncinatum involves production of a germination stimulant as well as of
an inhibitor of haustorial development (Khan et al., 2002). Hooper et al.
(2009, 2010) identified the responsible allelochemical as isoschaftoside, a
di-C-glycosylflavone isolated from desmodium root extracts and exudates.
It is worth noting that the biosynthetic pathway of this compound class
is often present in edible legumes and in cereals, thus there is potential
to introduce this striga-protection mechanism in crops. Intercropping
sorghum with cowpea, greengram (Vigna radiata) or crotalaria (Crotalaria
ochroleuca) provided stable striga suppression, but only a sorghum-greenleaf
desmodium intercrop was able to increase sorghum yield (Khan et al.,
2007). On the agronomic side, maize-desmodium intercrop also provides
valuable forage for cattle, an important asset for subsistence cereal produc-
tion systems of Sub-Saharan Africa. Agronomic benefits can be further
improved by selecting an appropriate desmodium biomass cutting regime
(Kifuko-Koech et al., 2012). Maize residues applied as mulch in combina-
tion with N fertilization can reduce striga emergence in a subsequent maize
crop, but far less than what can be obtained by a well managed maize-
desmodium intercrop (Midega et al., 2013). Integration of edible beans
(Phaseolus vulgaris) in maize-desmodium intercrops retained S. hermonthica
and stem borers control efficacy while increasing attractiveness to Kenyan
farmers, despite the increase in labor (Khan etal., 2009). Where laborisnota
limiting factor, maize and beans should be planted in separate holes to avoid
competition for water and nutrients. In a perspective of climate change, use
of Desmodium incanum and D. ramosissimum may become preferable due to
better retention of leaves and their functionality under drought stress con-
ditions compared to other desmodium species, coupled with higher above
ground biomass, effective striga suppression and increased grain yield
(Midega et al., 2017).

In moderately striga-infested fields, fallows planted with Desmodium dis-
tortum, Sesbania sesban, Sesbania cinerascens, Crotalaria grahamiana and Tephrosia
vogelii reduced striga infestation by 40—72% and increased maize grain yield
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by 224-316% compared with continuous maize, an effect likely due to a
combination of suicidal germination induction and increase of inorganic
N soil availability (Gacheru and Rao, 2005). In fact, Senna didymobotrya
reduced striga emergence but did not increase maize yield due to low
N content in foliar biomass; the opposite effect was observed with Tithonia
diversifolia. Senna occidentalis, Cajanus cajan and natural fallow affected neither
striga control nor maize productivity. However, on a highly infested field,
C. grahamiana, Crotalaria spectabilis and S. sesban were unable to reduce striga
infection.

Under dry rainfed conditions of Nigeria, alternating sorghum and bam-
bara groundnut plants within the same row reduced striga shoots by 56-91%,
whereas alternate row intercropping reduced it by 45-96% compared to sole
sorghum (Gworgwor, 2002).

In western Kenya, Oswald et al. (2002) showed that the intercropping
planting scheme (ridge vs flat or in-row vs alternating rows) did not influ-
ence maize grain yield, but ridge planting improved intercrop yield and
reduced striga density. The best companion plants for maize were peanut,
bean, yellow gram (a chickpea type), bambara nut and soybean, increasing
farm productivity by 40-120%. Yellow gram showed the higher and more
stable striga control across years and locations. Shading, higher humidity and
lower temperatures under the intercrop canopy were likely the mechanisms
responsible for striga suppression. Coupling intercropping with hand
weeding of mature striga plants would impede replenishment of the weed
soil seedbank. However, less consistent effects of intercropping and of relay
cropping of sorghum with legume shrubs (e.g., Sesbania sesban) on striga
control were observed in the dry Tigray region of northern Ethiopia
(Reda et al., 2005a, b). In the same region, Wubeneh and Sanders (2006)
advocated development of intermediate and longer season striga-resistant
cultivars to increase productivity in moderate and good rainfall years instead
of overemphasizing short cycled varieties to deal with both drought and
witchweed. This would increase farmers’ adoption rate of potential
innovations.

Improved striga control in agroforestry systems has been observed in
western Kenya (Kiwia et al., 2009), especially using coppicing fallow legume
species (Gliricidia sepium, Leucaena trichandra and Calliandra calothyrsus) because
of up to eight-fold higher biomass production than non-coppicing legume
species (Sesbania sesban, Mucuna pruriens, and Tephrosia vogelii). The amount of
leafy biomass incorporated into the soil was positively correlated with striga
reduction (r=0.87). However, in the same region, Sjogren et al. (2010)
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found that continuous maize cultivation with good direct weed control may
provide more effective S. hermonthica control than fallowing with sesbania,
regardless of fallow duration.

Recent findings showed that integrating Faidherbia albida (a legume tree)
into an Ethiopian sorghum field reduced striga infestation and improved
mycorrhiza spore density and colonization (Birhane et al., 2018).

3.1.5 Soil amendment, plant residues and mulching

Besides allelopathic effects, intercropping cereals with legumes or introduc-
ing legumes in crop rotations is expected to increase soil fertility and hence
create less favorable soil conditions for striga establishment and growth
(Schulz et al., 2003). Similarly, soil application of fertilizers or amendments
is expected to reduce striga problems (Sauerborn et al., 2003). Overall,
increasing soil fertility is considered a key component of any IWM strategy
against striga (Ekeleme et al., 2014), although very recently this assertion has
been challenged (Rodenburg and Bastiaans, 2018). Higher striga infestation
in low fertility soils may depend on higher strigolactones production by
roots of nutrient stressed crops, as shown on maize (Jamil et al., 2012b),
sorghum (Jamil et al., 2013) and pear] millet (Jamil et al., 2014). In Nigeria,
Adagba et al. (2002) showed that FARO 48 and FARO 11, two upland rice
varieties normally susceptible to S. hermonthica, exhibited resistance and
tolerance, respectively, when N fertilizer (30—120kg N ha™') was applied,
whereas three other cultivars still showed susceptibility. These results suggest
that susceptible rice varieties may require higher N rates than resistant ones
to reduce striga interference.

Recent large-scale on-farm studies conducted in western Africa pro-
vided sound evidence on soil parameters that are expected to favor or dis-
favor striga. Ekeleme et al. (2014) showed that S. hermonthica infestation
severity in maize was positively correlated with soil pH and content of sand
and silt, and negatively correlated with total N, exchangeable K and Ca.
Kamara et al. (2014) showed that S. hermonthica infestation severity in sor-
ghum and millet was positively correlated with soil pH and negatively with
available P, Cu (in sorghum), Zn (in millet) and exchangeable K (in sor-
ghum). S. gesnerioides infestation severity in cowpea was positively correlated
with pH and negatively with total N, organic C, exchangeable Ca, cation
exchange capacity, available Mn and Cu.

Reduction of S. hermonthica by organic residues depend on their decom-
position and N mineralization rates, mainly affected by C:N ratio and lignin +
polyphenols: N ratio. In western Kenya, residues with higher tissue
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N concentration and lower lignin and polyphenols concentration, and
thus more rapid N mineralization (e.g., Tithonia diversifolia) had a higher
effect on striga suppression, similar to that of N fertilizer application.
Sesbania sesban biomass also decomposed rapidly but its effect on striga
reduction was limited (Gacheru and Rao, 2001). Residues of Lantana
camara and Croton megalocarpus, despite having limited effect on striga,
increased crop yield due to supply of 10-13kg Pha™' season™'. In the
same region, white lupin (Lupinus albus) grown as a cover crop grown
before maize or as a companion crop increased maize yields in fields highly
infested with S. hermonthica, likely due to an allelopathic eftect (Weisskopf
et al., 2009).

Application of composted chicken manure, either alone or in combina-
tion with N fertilizer, reduced and delayed striga growth and early infesta-
tion in sorghum by 62%. Application of N alone reduced striga infestation by
83% (Hassan et al., 2010).

Soil incorporated organic amendments of different C:N ratios signifi-
cantly reduced S. hermonthica seed survival (Ayongwa et al., 2011). Soil
ethylene concentration between 2 and 3 ppm was high enough to stimulate
striga seed germination, but did not depend upon quality of the applied
organic matter. Nutrient release through decomposition of organic matter
is thought to be the cause of striga seedbank losses through enhanced
seed decay.

An unusual approach to striga control has been proposed by Andrianjaka
et al. (2007), who applied Cubitermes (a termite genus) mound powder as
amendment to S. hermonthica-infested soil. In the amended soil, sorghum
growth and mycorrhizal (AMF) colonization of sorghum plants were signif-
icantly greater than in the control. AMF colonization was negatively corre-
lated with striga emergence and enhanced sorghum growth. It was suggested
that addition of Cubitermes mound powder reduces S. hermonthica infestation
indirectly, through its effect on the indigenous soil microflora.

3.1.6 Sowing and planting technique

Transplanting under rainfed field conditions of Kenya significantly increased
grain yield compared to direct seeding in maize but not in sorghum (Oswald
et al., 2001). Improved maize productivity was largely due to lower striga
attachment and density, which were especially noticeable when maize seed-
lings were older than 17 days at transplanting. Due to high labor require-
ment, maize transplanting is likely feasible only in small areas highly
infested with striga and where a plant nursery can be established, but in these
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conditions crop grain yield can be more than doubled. Rainfed maize trans-
planting was shown to reduce striga emergence in both resistant and suscep-
tible varieties (Oswald and Ransom, 2002), improving grain yields from
50% to 100% compared to direct seeding.

A combination of deep planting, use of transplants and shallow soil tillage
was found to strongly delay and reduce S. hermonthica emergence and growth
in both a sensitive and a tolerant sorghum cultivar (Van Ast et al., 2005). All
three measures combined delayed first emergence of striga by 4 weeks and
substantially reduced yield loss. Field testing of this technique in Mali
reduced striga infestation by 85% but neither delayed witchweed emergence
nor improved sorghum yield, possibly because of a high natural striga soil
seedbank.

Several EWM solutions against S. hermonthica in sorghum or S. gesnerioides
in cowpea were tried in low-fertility soils of southern Benin (Vissoh et al.,
2008). Changing cowpea sowing dates did not prove to be feasible due to
drought risk. Compared to direct sowing, sorghum transplanting raised
crop yield two to threefold and greatly reduced striga infestation, but filling
the field gaps by transplanting sorghum from plant hills did not work out.
Cowpea and groundnut trap crops increased subsequent maize yield but
had only a slight eftect on S. hermonthica infestation.

In Ethiopia, combination of resistant variety, tied-ridge tillage and
N fertilizer application to improve striga control in highly infested soils was
tested (Tesso and Ejeta, 2011). This strategy increased sorghum grain yield
by 121% compared to the opposite strategy (susceptible variety, flat bed plant-
ing and no N fertilization). Although striga emergence was 152% higher in
tie-ridged plots, vigor of the parasitic plants was unaftected.

In directly sown upland rice in Tanzania, delayed sowing time
decreased S. asiatica infestation, possibly because part of seeds would return
to a state of dormancy from which they are unable to germinate (Tippe
et al., 2017a). However, the opposite effect was observed in lowland rice
fields on Rhamphicarpa fistulosa, a facultative parasitic plant which is becom-
ing a new threat for Sub-Saharan lowland rainfed rice systems (Rodenburg
et al., 2015), likely because of the slow early development of this weed
(Tippe et al., 2017b).

3.1.7 Biological control

Biological control of striga has shown promising results, either alone or
combined with other EWM tactics. Combining a Fusarium oxysporum-based
mycoherbicide with a resistant or tolerant sorghum cultivar reduced striga



246 Paolo Barberi

densities by 95% and increased crop growth and yield by 50% in the
Sudano-Sahelian savannah of Nigeria (Marley et al., 2004a). Excellent
striga control (65—84% reduction) has been observed by using two granular
mycoherbicides (Foxy 2 & PSM 197) on both susceptible and resistant
maize and sorghum, although effects on yield were limited (Schaub
et al., 2006).

One important technical issue in fungi-based biocontrol is the retain-
ment of mycoherbicide formulation efficacy in the long-term. In this respect,
encapsulated propagules of Fusarium oxysporum (Foxy 2 or PSM 197) in
“Pesta” granules during storage has been proposed (Elzein et al., 2004;
Venne et al., 2009). Pesta granules chlamydospore-based inoculum retained
higher viability (up to 100%) across different inoculum concentrations and
storage temperatures, whereas microconidial and mycelial preparations were
not viable after 1-year storage at room temperature. Pesta formulation made
by incorporating Foxy 2 in a matrix composed of durum wheat-flour, kaolin,
and sucrose proved to be fully effective after 5 years of storage (Elzein et al.,
2008). However, Pesta formulations of Fusarium nygamai and F. abuharaz
have shown contrasting results (Zahran et al., 2008a, b).

A host range study under controlled environment conditions showed
that only S. asiatica and S. hermonthica were susceptible to Foxy 2, which
completely prevented shoot emergence and proved to be highly selective,
thus it was proposed to classify it as F. oxysporum f. sp. strigae (Elzein and
Kroschel, 2006). It has been proposed to use this fungus as seed coating treat-
ment in sorghum, to minimize inoculum amount and formulation cost,
and to place the biocontrol agent in the potential infection zone of the host
plant (Elzein et al., 2006). The best results were given by seed coating with
40% arabic gum plus dried chlamydospores. However, Avedi et al. (2014)
reported failure in using Foxy 2 as biocontrol agent against S. hermonthica
in maize fields in western Kenya.

Fourteen Fusarium isolates indigenous to Burkina Faso were greenhouse-
screened for striga control in sorghum. Isolates grown on compost were
more effective in reducing striga seed germination than those grown on
chopped sorghum straw (Yonli et al., 2006).

Twelve promising sorghum lines characterized by good agronomic
traits, resistance to striga and compatibility with Fusarium oxysporum have
been identified and proposed as suitable candidates for EWM/IWM strate-
gies against S. hermonthica (Rebeka et al., 2013). Combination between host
resistance and biocontrol is thought to be a key EWM strategy for striga in
the years to come (Mrema et al., 2017, 2018; Shayanowako et al., 2018).
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Selected bacteria have also proved effective as biocontrol agents against
striga. Hassan et al. (2009a) screened 36 bacterial isolates and strains, and
found that a Pseudomonas putida strain and nine bacterial isolates reduced
striga incidence by 90—100% at peak emergence (12 weeks after sorghum
sowing). Bacterial inoculation of sorghum seeds also proved effective in
delaying and reducing striga emergence, especially when combined with
N application (47-70% reduction). Combination of Azospirillum brasilense +
Azomonas spp. reduced striga germination by 18-34%, whereas P. putida,
Bacillus spp., Azotobacter sp., and Bradyrhizobium japonicum + Azotobacter sp.
inhibited haustorial establishment by 12-50% (Hassan et al., 2009b). Bacte-
rial treatments were effective regardless of sorghum cultivar susceptibility to
striga, but it was suggested to combine them with the use of tolerant or resis-
tant cultivars (Hassan et al., 2009¢). More recently, new bioactive bacterial
isolates belonging to the genera Bacillus, Streptomyces and Rhizobium have
been found (Neondo et al., 2017).

An elegant paper by Musyoki et al. (2015) showed that, contrary to their
expectations, soil application of Foxy 2 promoted total rhizosphere native
prokaryotes and ammonia-oxidizing archaea (AOA) in a sandy soil, while
abundance of ammonia-oxidizing bacteria was unaffected. The effect on
AOA was fastened by incorporation in soil of Tithonia diversifolia residues.
In a S. hermonthica-intested clayey soil cropped to maize, AOA abundance
was promoted, suggested their ability to adapt to the presence of biotic
stressors. The underlying mechanism for the promoting eftect of Foxy 2
on AOA is still to be elucidated.

Contrary to many other key weeds of Sub-Saharan Africa, no paper
reported any potential agroecosystem service associated with Striga spp.,
with the only exception of Kiendrebeogo et al. (2005), who found that
S. hermonthica extracts can have antioxidant potential.

4, Ecological weed management and agroecosystem
services

4.1 Contribution of ecological weed management
to ecological intensification in Sub-Saharan Africa
Many approaches and methods pertaining to EWM have been developed
and proved to be successful in Sub-Saharan Africa. As such, EWM has full
potential to meet one of the most important goals of ecological (and sustain-
able) intensification, i.e., reduction in the use of external (especially chem-
ical) inputs in agroecosystems.
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Remarkably, effective EWM solutions exist for many weed species per-
ceived as “worst” in Sub-Saharan Africa. Examples of success stories in
EWM are (i) the use of trap crops to stimulate suicidal seed germination
in parasitic weeds (Orobanche spp., Phelipanche spp., Striga spp.); (i1) the con-
tinuous development and use of resistant or tolerant crop cultivars to min-
imize damage from parasitic weeds; (ii1) the introduction of legume-based
intercrops or fallows to improve weed management and soil fertility and
then considerably reduce or eliminate the use of synthetic herbicides and
fertilizers.

The concept of EWM is still in its infancy, as demonstrated by the fact
that use of this term is still rare in the scientific literature. R efinement of the
EWM concept and clarification of its role in the context of the well
established (although at times misused) concept of Integrated Weed Man-
agement could be important to foster its adoption. The definition of EWM
proposed here (Section 1.3) may facilitate this process.

The number of studies addressing EWM approaches and solutions
targeted to Sub-Saharan Africa for some of the commonly recognized
“world’s worst weeds” (Holm et al., 1977) is surprisingly limited. This is
the case of, e.g., Convolvulus arvensis (12 records), Cuscuta spp. (10), Cynodon
dactylon (4), Cyperus spp. (25), and Imperata cylindrica (5). Some of these spe-
cies are perennials, i.e., species for which use of systemic herbicides (mainly
glyphosate) has long represented an efficient and relatively cheap method
(Baylis, 2000). However, the worldwide increasing occurrence of glypho-
sate resistant weed biotypes (Heap and Duke, 2018), and the success of some
EWM methods on other troublesome perennial weeds should encourage
scientists to increase the number of studies on EWM for these “worst”
species too.

4.2 Biodiversity: A tool to foster ecological weed management

There is ample potential to apply biodiversity-based approaches and tools to
improve weed management in agroecosystems. However, this potential is
not yet fully exploited because the concept itself is fuzzy. Talking about
“biodiversity” in general does not help to understand how it can contribute
to EWM. A much better concept would be that of “functional biodiversity,”
here defined as “that part of the total biodiversity composed of clusters of
elements (at the gene, species or habitat level) providing the same (agro)eco-
system service, that is driven by within-cluster diversity” (Moonen and
Barberi, 2008). Applied to EWM, this definition highlights the importance
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of selecting (cluster of ) elements (e.g., cultivars, companion species, man-
agement/habitat types) possessing traits that confer them a better weed sup-
pression ability (i.e., the target agroecosystem service).

It is important to note that, depending on the context, the weed suppres-
sion service can be provided by (i) traits possessed by one single element, e.g.,
a striga-resistant cultivar or the use of desmodium as companion crop to
maize or sorghum (functional identity); (ii) the complementarity of traits
between elements, e.g., the use of a striga-resistant maize or sorghum cul-
tivar in an intercrop with desmodium; (iii) the diversity of traits within an
element, e.g., the use of a NERICA rice cultivar with broad-spectrum resis-
tance against several striga ecotypes (functional diversity) (see Costanzo and
Barberi, 2014 for a more detailed description of these functional categories).
A functional trait approach has recently been proposed as criterion for the
selection of multiservice cover crop species in banana, including enhanced
weed suppression (Damour et al., 2015).

Understanding and embracing the concept of functional (agro)biodiver-
sity would help fully unravel its potential to improve weed management in
agroecosystems and would consequently foster EWM.

4.3 Ecological weed management and small scale farming

A considerable number of studies carried out in Sub-Saharan Africa was
conducted in the framework of small scale farming. Noticeably, quite a
number of these studies have seen the direct involvement of farmers
through on-farm research and/or collective participatory actions, although
top-down approaches—mainly linked to provision of technical inputs like
seeds of improved cultivars or fertilizers—are also present. The outcome of
on-farm participatory studies are particularly valuable to capture the attitude
of smallholders to EWM-related innovations and their priority options, and
taking into account their perspective is of paramount importance (see, e.g.,
Tippe et al., 2017b).

Despite regional differences, in general small-scale farmers are sensitive
to EWM methods and willing to try them in their fields where clear benefits
are demonstrated. However, risk aversion is an issue that should always
be taken into account in the definition of the operational context because
it may invalidate technically feasible solutions. Although EWM methods
may increase labor requirement, this does not seem to be an important deter-
rent for EWM adoption (Kamara et al., 2008). Interestingly, farmers tended
to prefer multi-purpose solutions, i.e., those providing simultaneously more



250 Paolo Barberi

agroecosystem services. An example of this is the inclusion of silverleat or
greenleaf’ desmodium as intercrop with maize or sorghum, which provides
excellent control of Striga hermonthica, control of stemborers, and forage for
cattle (Khan et al., 2007). Tactics able to provide more agroecosystem ser-
vices at once (multifunctional agrobiodiversity) should then be prioritized in
EWM because they will have higher chances to become real innovations.

The goal of EWM is to use functional biodiversity to improve weed sup-
pression and not to protect general on-field or on-farm biodiversity. As a
matter of fact, only few studies incidentally addressed this point. Although
it can be expected that cropping system diversification and agricultural
inputs reduction may benefit biodiversity, this remains to be fully demon-
strated. Unfortunately, so far there is little recognition of the importance and
possibility of reconciling protection of biodiversity with use of biodiversity,
both in agricultural science and practice (Barberi, 2015).

4.4 Interactions with other agroecosystem services

In several studies, besides enhanced weed suppression EWM approaches
and methods simultaneously provided other agroecosystem services
(e.g., enhanced soil fertility and crop production, biological pest control).
Other studies, instead, highlighted the existence of trade-offs between
improved weed management and other services (e.g., reduced crop yield,
increased pest or pathogen attack). The vast majority of both situations
refer to methods like cover cropping or intercropping, and is a quite nor-
mal outcome of functional agrobiodiversity studies, especially in complex
agroecosystems (see, e.g., Moonen et al., 2006). Where acceptable com-
promises are not possible, between-service conflicts can only be resolved
by prioritizing one service (the most important in that context) at the
expense of the others.

Application of EWM methods is likely to result in more diverse weed
communities that can support a more diverse herbivore community provid-
ing an effective biological pest control service. The most classical example of
synergy between the weed suppression and the biological pest control
services 1s the intercrop between maize and desmodium (D. wuncinatum or
D. intortum), which can concurrently abate populations of the maize
stemborer and of Striga hermonthica (e.g., Khan et al., 2000). Another classical
example of synergy is the inclusion of legumes in managed fallows, that can
significantly suppress weeds while increasing soil nitrogen status and yield of
the following cereal crop (e.g., Cheruiyot et al., 2003).
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Examples of trade-offs in which higher weed suppression reduced pro-
vision of other agroecosystem services are (i) reduced biological control with
soil tillage, (i1) reduced crop yield with narrow row spacing or use of grass
mulch, (i) increased maize cob borer presence with mucuna or canavalia
cover crops. It should be noted that the opposite effect has also been found,
see, e.g., the case of Tithonia diversifolia living mulch, which was beneficial
to soil fertility and crop yield but increased the risk of Striga hermonthica
infestation (Thor Smestad et al., 2002).

4.5 Weeds as providers of agroecosystem services

Numerous studies highlighted opportunities of using “weeds” for various
useful purposes. The vast majority of key weed species—with the noticeable
exception of Striga spp.—could be exploited in many ways, some of which
are unusual and may open up interesting entrepreneurial opportunities for
small-scale farmers in Sub-Saharan Africa.

It is known that some weeds may support organisms belonging to
higher orlower trophic levels, e.g., natural enemies of crop pests delivering
the biological control service (Norris and Kogan, 2000). In the context of
Sub-Saharan Africa, the most important agroecosystem services that can be
provided by weeds are: (i) increase in soil fertility; (ii) biological regulation
of pests, diseases, nematodes, and other weeds; (iii) alternative produce for
humans and animals.

As to soil fertility, one species emerges above all the others: Chromolaena
odorata, that is not at all perceived as a weed in some areas of, e.g., West
Africa, where it is valued as a very useful fallow plant that can considerably
increase soil fertility even in a short time period and therefore boost crop
productivity (e.g., Koutika and Rainey, 2010). As to biological regulations,
aqueous extracts of many weeds have been discovered to negatively inter-
efere with the establishment of important insect pests, crop diseases and par-
asitic nematodes, and some may also be used to control other weeds through
allelopathic mechanisms (e.g., Amoabeng et al., 2014; Shaukat et al., 2002).
As to novel produce, many weeds have shown to be used, e.g., a potential
source of medicines, as feed for cattle, poultry or fish, as renewable biomass
for on-farm use, and for bioremediation of polluted soils (e.g., Atagana,
2011; Lanyasunya et al., 2008; Lewu and Afolayan, 2009; Saikia et al., 2015).

In an EWM approach, it is important to distinguish between plant spe-
cies that are real weeds from those that can be beneficial. This distinction can
only be done in any given agroecosystem context and in a participatory
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manner, i.e., with the active involvement of local farmers and other relevant
stakeholders (see, e.g., the distinction between “good” and “bad” weeds in
the classical paper of Chacon and Gliessman, 1982).

4.6 Perspectives

A synthesis of the scientific evidence and of the perspectives of on-farm appli-
cation of the different EWM methods in Sub-Saharan Africa is presented in
Table 3. New agroecological knowledge, e.g., on soil-crop-weed interactions,

Table 3 Scientific evidence and perspectives of on-farm application of EWM methods in
Sub-Saharan Africa (scale: nil/limited/moderate/good/very good/excellent).

Method Evidence  Perspectives Notes
Photocontrol Limited Nil Not a priority in the region
Mulching Good Very good  Should be favored by adoption of

reduced and no-till systems

Sowing pattern Very good Very good  So far not fully exploited

Transplanting Very good Moderate  High cost may limit adoption

Fertilization Very good Good To be coupled with other methods

Irrigation Good Moderate  Increased water scarcity may limit
adoption

Competitive/ Excellent  Excellent  Useful genepool is expected to

resistant genotypes expand

Polycultures Excellent Excellent  Should be fostered by increased

recognition and importance of
functional agrobiodiversity

Seed predation Moderate  Limited Highly dependent on site-specific
conditions, may be obtained as side
effect

Seed decay Limited Moderate  So far largely untapped, may be
obtained as side effect

Increased Very good Very good  Use of trap crops is expected to

germination increase

Preventing seed  Excellent  Good Labor scarcity may limit adoption

shedding

Direct weed Good Very good Development of simple mechanical

control methods tools may partially replace hand

weeding and hand hoeing




Ecological weed management in Sub-Saharan Africa 253

may lead to the expansion of this list in the near future. Indeed, EWM should
be seen as a flexible approach merging the best information available from
science and practice and turning it into locally feasible strategies.

Sub-Saharan Africa is expected to be one of the world regions most likely
to suffer from the effects of climate change (Barrios et al., 2006). The con-
sequences of climate change on weeds and weed management are still to be
elucidated. Rodenburg et al. (2011) reviewed the expected effect of climate
change on weed communities and weed management in Africa rice produc-
tion systems. Higher temperatures and limited water availability is expected
to favor C4 over Cj species like rice. In contrast, elevated CO, levels will
improve the competitiveness of rice as relative to C4 weeds, and tolerance
of rice against parasitic weeds, although the latter may be favored by indirect
effects of climate change like increased frequency of extreme events or soil
degradation. Elevated CO, levels should promote below-ground growth
more than above-ground growth, especially in perennial (Cs) species, mak-
ing mechanical weed control more difficult. Rainfed rice production sys-
tems would probably be more vulnerable than flooded systems, whereas
in irrigated, non-flooded systems, weeds are expected to become more trou-
blesome, especially perennial rhizomatous Cj species and species adapted to
hydromorphic conditions.

Undoubtedly, climate change will challenge existing crop production
systems, yet EWM-—due to the diversity of solutions—seems the best
approach to face future weed problems in sub-Saharan Africa in a sustain-
able manner.

Issues like lack of farmers’ motivation, insecure land tenure status, lim-
ited capability and facilities of extension staff, poor communication among
scientists and, in general, among stakeholders have been recognized as
serious obstacles against adoption of EWM in Africa. In East Africa,
Kristjanson et al. (2012) observed the existence of a knowledge lock-in
that hinders the pathway to innovations, especially where innovation
would be particularly needed.

Recently, a “mental models” approach has been proposed to facilitate
knowledge exchange and collaboration between scientists and practitioners
with the ultimate goal of fostering EWM (Zwickle et al., 2014, 2016). It
would be interesting to adapt such an approach to socio-economic contexts
of Sub-Saharan Africa.

Transdiciplinary collaboration and scientists’ engagement in participatory
research and action has been recognized as key to future weed science (Jordan
etal., 2016) and will be of fundamental importance to speed up and broaden
the adoption of ecological weed management approaches and methods.
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