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A B S T R A C T

Plants with pesticidal properties have been investigated for decades as alternatives to synthetics, but only a
handful have been commercialised and developed as non-food cash crops. One of the reasons why pesticidal
plants are failing to deliver new pesticidal products is that they are often not evaluated under field conditions by
farmers. Furthermore, many aspects of pesticide use related to environmental safety, such as their impact on
beneficial organisms, remain under-evaluated. With a view to overcoming these bottlenecks, extracts made from
six abundant weed species found across sub-Saharan Africa (Bidens pilosa, Lantana camara, Lippia javanica,
Tithonia diversifolia, Tephrosia vogelii and Vernonia amygdalina) were evaluated in on-station and on-farm trials
over two years (2015 and 2016) in two different countries (Tanzania and Malawi) on common bean plants
(Phaseolus vulgaris). All plant species offered effective control of key pest species that was comparable in terms of
harvested bean yield to a synthetic pyrethroid. Furthermore, the plant pesticide treatments had significantly
lower negative effects on natural enemies (hover flies, lacewings, ladybird beetles and spiders). Thus, pesticidal
plants were better able to support ecosystem services whilst effectively managing pests. Small holder farmer
rankings on their perceived efficacy of the different plant species indicated that T. vogelii was the most preferred
and effective, achieving bean yields as good as the synthetic, if not better. As T. vogelii is fast growing with a well-
known and understood phytochemistry, it is an excellent candidate for commercial development to supplement
pyrethrum production by African small holder farmers.

1. Introduction

Common beans (Phaseolus vulgaris L.) (Fabales: Fabaceae) are rich in
protein so are a critical food source for small holder African farmers but
are also a good source of key nutrients for physical and mental devel-
opment (Fuente Martínez et al., 2012; Messina, 1999). Insect pests are
one of the most common constraints affecting production of beans and
particularly affect production in sub-Saharan Africa (Food and
Agriculture Organisation Statistics Division, 2015). Due to the severity
of different insect pests affecting beans, many African farmers in-
creasingly resort to frequent use of commercial synthetic pesticides
(Abate and Ampofo, 1996). Such pest management practices are in-
creasingly criticised as unsustainable and difficult to incorporate into
agro-ecological intensification programmes aimed at developing sus-
tainable agricultural practices and promoting ecosystem services
(Bommarco et al., 2013; Pretty et al., 2011; Tittonell and Giller, 2013).

Plants with pesticidal properties have been investigated for decades

as alternatives to synthetics, but little progress has been made to de-
velop new products (Isman, 2008, 2006). Although research on pesti-
cidal plants is increasing, it is failing to address gaps in our knowledge
that constrain their adoption (Isman and Grieneisen, 2014). One of
these gaps is their evaluation under realistic field conditions to assess
their efficacy as well as whether their use can be beneficial to farmers.
In comparison to concentrated synthetic products, pesticidal plants
should be more environmentally benign due to their short persistence,
naturally low concentrations of a more diverse suite of active in-
gredients and anti-feedant/repellent modes of action. Although there
are some studies highlighting the relative benefits of pesticidal plants
for ecosystem services, such as increased biological control (Amoabeng
et al., 2013), there are relatively few studies which provide compara-
tive evidence of ecosystem impact of synthetics and pesticidal plants
under field conditions (Grzywacz et al., 2014).

Commercial production of non-food cash crops, such as pesticidal
plants, can be a way to provide small holder farmers with alternative
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income sources (Sibhatu et al., 2015; Sola et al., 2014). The best ex-
ample of this in Africa is the pyrethrum industry where many small
holder farmers across several East African countries grow the chry-
santhemum flower Tanacetum cinerariaefolium (Asterales: Compositae),
selling the product to an international export market (Cassida, 2012).
Efforts to increase pyrethrum production and to develop neem-based
(Azadirachta indica) (Sapindales: Meliaceae) products in Africa have
faced growing international competition from Australia, China, India
and Brazil (Isman, 2004; Wilson, 2014). However, many other plant
species with pesticidal properties have been documented to be used in
sub-Saharan Africa (Anjarwalla et al., 2016; Belmain and Stevenson,
2001), many of which could have potential to be developed as new non-
food crops. Particularly fast-growing weed species that are often highly
abundant and invasive could be relatively easy to propagate at large
scale for processing in to new botanical pesticides. Thus the aims of our
study were to: (1) investigate the field use of pesticidal plants, parti-
cularly weed species that are widely available and abundant in bean
production ecosystems, for insect pest control on common bean; (2)
compare the effects of a common synthetic pesticide and pesticidal
plants on the level of pest control and their potential effects on bene-
ficial insect species; and (3) determine which plant species may be most
suitable for development in to a natural pesticide as a non-food cash
crop.

2. Materials and methods

2.1. Study site

The study was conducted at field sites in Tanzania and Malawi over
two years. During 2015, a central field trial was carried out at
Lyamungo, Hai District, Tanzania (Latitude 3°13′59.59”S Longitude
37°14′54”E). This was supported by 40 additional smaller field plots
(< ha) provided by 40 different small holder farmers around Hai
District carrying out field trials over two cropping seasons (March–June
2015 and 2016). All field sites in Tanzania were at an elevation be-
tween 1100–1300 masl with a mean annual rainfall of 1200 mm, mean
maximum temperature of 21.7 °C and mean minimum temperature of
13.6 °C. For Malawi, a central field trial was carried out during 2015 at
Bunda, Mitundu, Malawi (Latitude 14°13′.200 S Longitude 33° 48.218
E). This was supported by 40 additional smaller field plots (< ha)
provided by 40 different small holder farmers around Mitundu carrying
out field trials over two cropping seasons (January to April 2015 and
2016). All field sites in Malawi were at an elevation between 1100 and
1200 masl with a mean annual rainfall of 700 mm, mean maximum
temperature of 29 °C and mean minimum temperature of 17 °C.

2.2. Experimental design

The central field trials were disc harrowed and ridged prior to
planting. The common bean (P. vulgaris) seeds used for planting were of
the variety Lyamungo 90 in Tanzania and Kalima in Malawi. The seeds
were planted at a spacing of 50 cm between rows and 20 cm within
rows in 5 × 5 m plots which were 1 m apart. Three seeds were seeded
per hill and then thinned to two plants. Diammonium phosphate fer-
tilizer was applied according to manufacturer’s instructions during
planting of the seeds. The experimental layout was a randomized
complete block design, and the treatments were replicated on four
blocks.

The 40 farmer fields in both countries had considerable variation in
terms of land preparation and in the spacing of plants and we made no
attempt to control these variables as we wanted to understand whether
the pesticidal plant treatments would perform similarly under farmer
field conditions. Furthermore, in order to reflect common bean growing
practices in Tanzania, half of the farmers (20) planted beans as a mono-
crop whilst the other half (20) planted beans as an intercrop with maize
(Zea mays).

2.3. Plant species collection and processing

Fresh leaves of Tephrosia vogelii (Hook f.) (Fabales: Fabaceae),
Vernonia amygdalina (Delile) (Asterales: Asteraceae), Lippia javanica
(Burm.f.) Spreng. (Lamiales: Verbenaceae), Tithonia diversifolia (Hemsl.)
A. Gray (Asterales: Asteraceae), Bidens pilosa L. (Asterales: Asteraceae)
and Lantana camara L. (Lamiales: Verbenaceae) were collected from
different locations around Hai District and Mitundu District (voucher
specimens and GPS coordinates lodged at Nelson Mandela African
Institution of Science and Technology, Arusha, Tanzania and Lilongwe
University of Agriculture and Natural Resources, Bunda, Malawi). The
first four plant species were included in all field and farm trials over
2015 and 2016. B. pilosa and L. camara were added to the farmer trials
carried out in 2016. These six species were chosen due to their wide
abundance around farms, roadsides and bushland, their familiarity to
farmers and considerable existing knowledge on their efficacy, bioac-
tive constituents and safety (Adedire and Akinneye, 2004; Adeniyi
et al., 2010; Ambrósio et al., 2008; Asawalam et al., 2008; Bagnarello
et al., 2009; Belmain et al., 2012; Gadzirayi et al., 2009; Ganjian et al.,
1983; Gu et al., 2002; Kawuki et al., 2005; Madzimure et al., 2011;
Mujovo et al., 2008; Oyewole et al., 2008; Pereira et al., 1997;
Stevenson et al., 2012; Viljoen et al., 2005). To ensure uniformity, the
leaves from each seasonal collection were mixed together for each
species before drying. Leaves were dried under shade for a week and
then crushed using a mill and sieved into a fine powder. Powders were
stored in black plastic bags in dark, dry conditions until required.

2.4. Field treatments

For the 2015 field trial carried out in Tanzania and Malawi, three
different concentrations of each of the four plant species (T. vogelii, V.
amygdalina, L. javanica, T. diversifolia) were made (0.1%, 1.0% and 10%
w/v) in order to determine potential concentration effects. In making
all extracts, the correct amount of plant powder was weighed and added
to water to extract at ambient temperature (20 ± 5 °C) for 24 h. In all
cases 0.1% soap was added to the water during extraction as this has
been shown previously to increase the extraction efficiency of nonpolar
compounds present in the plant materials (Belmain et al., 2012). Ex-
tracts were kept in 10 l buckets with lids in the shade and filtered
through a fine cloth to remove all plant material that may inadvertently
clog the sprayer. Negative controls consisted of water + 0.1% soap and
water only. The positive control in all trials was synthetic pesticide
Karate 5 EC (lambda-cyhalothrin pyrethroid, Syngenta) which was
applied as per the manufacturers’ instructions (20 g/ha). All treatments
and controls were replicated across four blocks. All treatments were
sprayed throughout the growing season at an interval of 7 days starting
one week after bean plant emergence. A 15-l knapsack sprayer was used
to apply the various treatments, and the sprayer was thoroughly
cleaned with soap and water prior to being re-filled with another for-
mulation for application.

For the 2015 farmer trials, each farmer had eight treatments which
were applied to different delimited areas of the crop field. To simplify
the on-station protocol, farmers applied each of the four plant materials
only at the highest rate of 10% w/v + 0.1% soap. Each farmer also had
three negative control plots (untreated, water only, water + soap) and
a positive control (Karate). Each plot size was approximately 5 m2, with
at least 2 m distant between plots and all plots were at least 2 m away
from the crop field edge. Plot corners were staked, with string drawn
around perimeter and labelled with the treatment name so that farmers
would not confuse treatments. A further parameter at the farm level (in
Tanzania only) was to involve farmers that planted beans as an inter-
crop with maize where rows of beans and maize alternated with each
other, as well as farmers planting beans as a mono-cropped field.
Individual plant spacing on farmer fields was not controlled but was
similar to plant spacing used for the central field trials. As with the
central on-station field trial, all farmer field treatments were sprayed at
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an interval of 7 days with a knapsack sprayer which was thoroughly
cleaned with soap and water prior to being re-filled with another
treatment.

For the 2016 farmer trials, at the request of farmers, two additional
plant species (B. pilosa and L. camara) were added to the trial. To reduce
the number of plot treatments, each farmer was provided with three of
the six possible plant species, with each farmer receiving a unique
combination of three different species. Thus, within each country each
plant treatment was replicated 10 times, with each farmer having five
different treatments (three plants species, negative (untreated) and
positive (Karate) controls), for mono-cropped beans (Malawi and
Tanzania) and intercropped beans with maize (Tanzania only). The
same plots sizes and application regime was followed as in the previous
year. As no single farmer had all six plant species treatments in their
field, farmers were asked to rank the treatments they had from 1 to 5 in
order to permit an amalgamated analysis of farmer preferences across
all six plant species.

2.5. Sampling for insect pest infestation and damage

All assessments were carried out the day before treatments were to
be sprayed. The target insect pests to be evaluated were aphids (Aphis
fabae Scopoli) (Hemiptera: Aphididae), bean foliage beetle (Ootheca
mutabilis (Schönherr) and O. bennigseni Weise) (Chrysomelidae:
Galerucinae), flower beetle (Epicauta albovittata Gestro and E. limbati-
pennis Pic) (Coleoptera: Meloidae) and pod suckers (Clavigralla to-
mentosicollis Stål, C. schadabi Dolling, and C. hystricodes Stål)
(Hemiptera: Coreidae). Three inner rows from each plot were selected
for sampling. Ten plants in the selected three middle rows were counted
and visually examined to record the number of plants infested by each
insect pest, thus providing the percentage of plants infested (incidence),
reporting the total insects on 10 plants/plot. The black bean aphid, A.
fabae, was observed on bean plants for 10 weeks. Due to often very high
numbers, a categorical index was used to assess aphid abundance,
where 0 = None; 1 = A few scattered individuals; 2 = A few isolated
colonies; 3 = Several isolated colonies; 4 = Large isolated colonies;
and 5 = Large continuous colonies. For analytical purposes, this index
was used as a proxy to report aphid numbers. Aphid damage was de-
fined as wilted or blackened leaves (due to honeydew accumulation).
The abundance of foliage beetle and flower beetle was determined by
counting the total number. Field observations of bean foliage beetle and
flower beetle were conducted during the 1 st to 4th week and 5th to 8th
week, respectively, after bean emergence. Two species of foliage beetle
are known to be present in eastern and southern Africa, O. mutabilis and
O. bennigseni (Grobbelaar, 2008). As they cause similar damage and are
not easy to distinguish in the field, we did not attempt to identify their
presence to the species level and recorded the total number of foliage
beetle found during surveys. Ootheca damage is distinct, causing holes
in the middle of leaves, and is distinct from other insect damage. The
most common blister beetles in eastern and southern Africa are E. al-
bovittata and E. limbatipennis (Hill, 2008); however, there are many si-
milar-looking species causing similar damage, and we did not attempt
to identify them at the species level. Locally, they are called flower
beetles as the adults commonly eat the flowers of all pulse crops and
other vegetables, again causing quite distinct damage at the flowering
stage. Hemipteran pod-sucking bugs (Clavigralla spp.) are another
common bean pest with several related species found in the region
(Abate and Ampofo, 1996). Sucking damage to pods is quite distinctive
and observed after pod development from the 5th week onwards. The
severity or degree of infestation in each infested plant was assessed by
scoring the extent of damage using grades, where 0 = No damage;
1 = Showing damage up to 25%; 2 = Damage from 26%–50%;
3 = Damage from 51%–75% and 4 = Damage more than 75%. The
abundance of four predatory species was also counted at each assess-
ment period from their first appearance, including: ladybird beetles
(adults and larvae) (Coccinellidae), spiders (Araneae), lacewings

(Chrysopidae) and hoverflies (Syrphidae).

2.6. Data analysis

Differences among treatments in insect incidence, abundance, da-
mage and bean yield were assessed by analysis of variance (ANOVA)
and Tukey’s post-hoc Honestly Significant Difference (HSD) test to se-
parate the means at the 95% confidence interval. Analyses were per-
formed in XLSTAT version 2015.1.01 (Addinsoft, Paris, France).

2.7. Ethics

Ethical approval for the trials involving farmers was approved by
the ethics committee of Nelson Mandela African Institution of Science
and Technology for work in Tanzania and by the ethics committee of
Lilongwe University of Agriculture and Natural Resources for work in
Malawi. We also obtained verbal and written consent from each farmer
assuring anonymity.

3. Results

3.1. Pest abundance, crop damage and yield

Results from the eight separate trials carried out over two years and
two countries, with and without farmer involvement, all broadly show
the same trends in terms of efficacy when measured over the cropping
season through insect abundance and damage to bean plants as well as
in the final yield of beans harvested. In all cases the commercial syn-
thetic (Control +) was the most effective, the untreated control
(Control −) always showed the greatest damage and insect numbers
and the pesticidal plant treatments were typically more effective than
the untreated plots but not as effective as the synthetic. However, the
pesticidal plant treatments often performed as well as the synthetic in
terms of bean yield despite them often having significantly higher
numbers of insects and damage throughout the cropping season. An
analysis of the on-station trials carried out in 2015 showed that insect
numbers and damage were generally lower at the Tanzanian field site
when compared to the Malawian field site (Fig. 1; ANOVA, F = 23.7,
df = 6, P < 0.01). This difference may also help to partly explain the
higher yields obtained in Tanzania, e.g., commercial synthetic yields of
800 kg/ha and 650 kg/ha in Tanzania and Malawi, respectively
(ANOVA, F = 5.7, df = 6, P < 0.01). In both trials, the yield obtained
with the synthetic treatment was statistically comparable to the yields
obtained with the average across all treatment concentrations for the
four pesticidal plant species, whereas bean yields from the negative
controls were significantly lower by approximately 200 kg/ha (ANOVA,
F = 5.7, df, = 6, P < 0.01). Although the negative control which in-
cluded 0.1% soap in the water did slightly reduce insect numbers and
slightly increase yield compared to the water only control, the differ-
ence was not significant (ANOVA, F = 1.2, df = 5, P > 0.01). In both
on-station trials, insect abundance and plant damage statistically se-
parated into three groups: the negative controls, the plant treatments
and the positive control (ANOVA, F = 23.7, df = 6, P < 0.01). Effects
of concentration of the plant extract were apparent for all plant species
following clear dose-response effects with insect abundance decreasing
and bean yield increasing with increasing treatment concentration
(Fig. 2; ANOVA, F = 14.4, df = 5, P < 0.01). The lowest concentra-
tion evaluated (0.1% w/v) was generally no better than the untreated
control in terms of bean yield, whereas the highest concentration (10%
w/v) provided a yield that was generally higher than the synthetic
control (ANOVA, F = 52.3, df = 5, P < 0.01).

Trials carried out on small holder farmer fields in 2015 showed si-
milar trends to that observed in the on-station trials (Fig. 3.) Bean yields
were higher in Tanzania than in Malawi. However, insect abundance
and plant damage levels did not differ significantly across the two
countries (ANOVA, F = 0.7, df = 17, P > 0.01). As expected, yield
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was lowest for the untreated controls, and there was no statistically
significant difference observed from the addition of soap alone when
compared to water only or no treatment at all (ANOVA, F = 0.5,
df = 2, P > 0.01). The effects of the four plant species treatments
were similar to each other and performed as well as the synthetic
control in terms of insect abundance, plant damage and bean yield
(ANOVA, F = 15.7, df = 7, P < 0.01). However, a post-hoc analysis
(Tukey’s HSD) showed that bean yields with L. camara and V. amyg-
dalina treatments were not different from the negative controls for
mono-cropped and inter-cropped on-farm trials in Tanzania.

Farmer trials in Tanzania during 2016 showed similar patterns of
efficacy where the untreated control was observed to have the lowest
yield and highest insect abundance and damage rates, the synthetic
control had the highest yield and lowest insect abundance and damage,
and the effects of the pesticidal plant treatments were somewhere

between the two (Fig. 4; ANOVA, F = 105.9, df = 15, P < 0.01). A
post-hoc analysis (Tukey’s HSD) showed that of the six plant species
evaluated, T. vogelii had the highest yield in both mono-cropped and
inter-cropped beans in Tanzania, which was different from the positive
and negative controls. All other plant species were not statistically
different from the negative control. The observed results in Malawi
were equivocal (Fig. 4). Although there was a slight trend for the un-
treated control to have higher insect abundance and damage, none of
the treatments were statistically different from each other in the Malawi
2016 trial in terms of insect abundance, damage or yield. (ANOVA,
F = 0.5, df = 6, P > 0.01). The likely reason for our results here is
that bean cropping in central Malawi during 2016 was adversely af-
fected by high rainfall late in the season, causing severe leaf blight that
generally reduced bean plant vigour and yield. During 2016, farmers
were additionally asked to rank the treatments based on their own

Fig. 1. Key pest abundance, crop damage and yield
observed on bean plants in on-station field trials
during the 2015 cropping season (A) in Tanzania and
(B) in Malawi. Plant treatments are the average
across the three concentrations. Aphid abundance is
measured with a 0–5 index and is therefore a proxy
for actual aphid numbers.
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observations. As each farmer had a different combination of three plant
species out of the six available as well as positive and negative controls,
farmers were asked to rank their five treatments, with 1 being the best
and 5 being the worst. Mean rankings by farmers were consistent with
the other measured parameters of damage and yield (Fig. 4). There was
generally broad agreement among farmers who ranked the untreated as
the worst, the synthetic as the best, and the plant species somewhere
between the two. From the rankings, there appeared to be a clear
preference for T. vogelii, followed by T. diversifolia. Rankings for B. pi-
losa, L. camara, L. javanica and V. amygdalina suggest they were all
equally effective and that farmers were generally unable to distinguish
between them (ANOVA, F = 122.5, df = 7, P < 0.01).

3.2. Impact on beneficial arthropods

In addition to pest insect abundance, key predatory insect species

were also monitored on a weekly basis (Table 1). Consistent results
across field trials were generally obtained that showed very low
abundance of predators on synthetic pesticide treated plots when
compared to the untreated and pesticidal plant treatments (ANOVA,
F = 13.6, df = 7, P < 0.01). In most cases abundance of predators
was similar between the pesticidal plant treatments and the untreated
control (Table 1). Some significant differences in abundance were ob-
served between mono-cropped and inter-cropped beans, particularly
where hover fly and lacewing abundance was relatively higher on the
intercropped fields (ANOVA, F = 3.5, df = 15, P < 0.01). However,
this trend was not consistent for all predatory species and pesticidal
plant treatments (Table 1).

4. Discussion

Our study suggests that commonly available pesticidal plant species

Fig. 2. Effect of pesticidal plant extract concentra-
tion on bean crop yield and key arthropod abun-
dance (A) in Tanzania on-station trial and (B) in
Malawi on-station trial. Aphid abundance is mea-
sured with a 0–5 index and is therefore a proxy for
actual aphid numbers.
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in sub-Saharan Africa, often those considered as weeds and highly in-
vasive, can be effectively used as botanical insecticides to control crop
pests of common beans. These pesticidal species have been evaluated to
control pests on a number of other crops as well (Asawalam et al., 2008;
Bagnarello et al., 2009; Chagas-Paula et al., 2012), suggesting the
plants could have broad application potential if commercialised. All six
pesticidal species evaluated have orthodox seeds which are easy to
harvest and propagate and are found over wide geographic areas of the
world (Anjarwalla et al., 2016). As these species clearly grow over a
range of habitats and are fast growing, prospects to grow and harvest
plant material for the development of botanical pesticide products
should be relatively easy to develop. The extent of knowledge on the
phytochemistry of the species does vary, with T. vogelii the best studied
in terms of knowledge about the chemistry and temporal variations
(Belmain et al., 2012; Stevenson et al., 2012); however, phytochemical
information is available for all the other species (Adeniyi et al., 2010;
Ambrósio et al., 2008; Asawalam et al., 2008; Bartolome et al., 2013;
Deba et al., 2008; Ganjian et al., 1983; Green et al., this issue; Gu et al.,
2002; Khan et al., 2016; Mkenda et al., 2015; Mujovo et al., 2008;
Pereira et al., 1997; Stevenson et al., 2012; Tesch et al., 2011; Viljoen
et al., 2005). Producing any of these species as a non-food cash crop
would need further evaluation to ensure elite materials were propa-
gated and to fully understand their phytochemistry (Singh, 2014).

The research also highlights some of the challenges in carrying out
field trials where results often vary across seasons and locations. Farmer
participatory trials generally had higher yields than trials carried out
on-station. For trials in 2015, farmers in Malawi and Tanzania attained
higher yields than those achieved from on-station trials in the same
year. Also, the yield difference between untreated and treated plots was
less for farmer trials than observed in station trials. There are several

possible reasons that could account for yield differences between sta-
tion and farmer trials, such as differences in soil fertility or agronomic
practices such as frequency of weeding or plant spacing. We did try to
control for agronomic practices; however, results indicate such vari-
ables can make it difficult to compare across trials carried out in dif-
ferent locations and seasons, and particularly when involving farmers.
The involved farmers were all experienced bean growers and thus
perhaps simply better at achieving high yields compared to research
staff operating the station trials.

Of the six plant species evaluated, T. vogelii was the most highly
ranked by farmers in terms of efficacy. It was also the best species in
terms of reducing insect numbers and damage and achieving a high
yield of beans at harvest. The active constituents of T. vogelii are rote-
noids, with deguelin and tephrosin being the most abundant bioactive
constituents, with a relatively low presence of rotenone (Belmain et al.,
2012; Stevenson et al., 2012). As rotenone has an established history of
use in pest management long before the development of synthetic
pesticides, the use of T. vogelii for pest management should be relatively
straight forward in terms of registration and commercialisation (Ott,
2006). Although Derris spp. derived rotenone products have fallen out
of favour in developed countries, they are still registered for use in
organic crop production in the European Union, Canada, Australia and
other countries. Environmental and safety issues of rotenoids are gen-
erally well-understood (Ling, 2002) and should not prevent the devel-
opment of non-food cash crop products that contain naturally occurring
levels of rotenoids (Belmain et al., 2012). T. vogelii is fast-growing with
rotenoids present in leaf material, making it easy to harvest and pro-
cess. It also has other uses that make it particularly suited to com-
mercialisation, principally in soil improvement due to its relatively
deep roots that mine minerals and fix nitrogen (Mafongoya et al., 2007;

Fig. 3. Key pest abundance, crop damage and yield observed in farmer field trials during 2015 cropping season in (A) Tanzania inter-cropped beans, (B) Tanzania mono-cropped beans
and (C) Malawi mono-cropped beans. Aphid abundance is measured with a 0–5 index and is therefore a proxy for actual aphid numbers.
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Snapp et al., 2002).
Previous research on the economics of using these pesticidal plant

materials to protect small holder crops from pest damage, has shown
such weedy species to be highly cost-beneficial when compared to
commercial pesticides (Amoabeng et al., 2014; Mkenda et al., 2015).
This is because many resource poor small holder farmers in sub-Saharan
Africa find the cost of commercial products to be prohibitive, whereas
the labour costs of collecting, processing and applying a plant extract
from local abundant resources is generally cheaper. Particularly small
holder farmers with limited income to buy pesticides will usually prefer
to invest their labour as opposed to using cash inputs such as pesticides
(Isman, 2008; Orr, 2003; Williamson et al., 2008). These different input
costs are what make using pesticidal plants more profitable than syn-
thetics. So, in our trials, although the commercial synthetic generally
performed better at controlling insects on common beans, the level of
insect control did not differ greatly from the plant-based pesticides. In
the on-station trials the plant pesticides were generally more effective
than the untreated control, and in some instances, were just as effective
as the synthetic in terms of yield. However, in the farmer trials some of
the plant species treatments did not perform as well, notably B. pilosa,
L. camara, V. amygdalina, and L. javanica showed lower efficacy,
whereas T. vogelii and T. diversifolia were more consistent across all the
trials. Developing local production of pesticidal plants as a commercial
crop with a view to local selling to other farmers could be a way to
provide farmers with relatively cheaper pest control options. Finan-
cially incentivised propagation and processing of local plants would
help overcome the main challenges of small holder farm use of pesti-
cidal plants by increasing plant species abundance and reducing the
manual labour involved in processing plant materials. Such production
models already exist for the collection of plants for medicinal and

cosmetic purposes as well as the established natural pesticides pyre-
thrum (T. cinerariaefolium) and neem (Azadirachta indica) (Sokoni,
2008; Sola et al., 2014). Plant-based pesticide products could be sold
locally and more cheaply compared to imported synthetics. This would
provide small holder farmers with more sustainable pest control options
and help overcome several of the problems currently encountered with
synthetics (availability, cost, adulteration, resistance, human health,
environmental and non-target effects, and general mis-use) (Dinham,
2003; Ngowi et al., 2007).

With respect to non-target risks, our current study showed that
impacts on beneficial insects were much lower with the pesticidal plant
treatments than that observed with the commercial synthetic. This is
likely due the short persistence of the plant extracts, where many of the
active ingredients are known to be UV-labile and prone to wash off and
break down in the soil (Miresmailli and Isman, 2014). Lower risk also
occurs due to the relatively low level of active constituents naturally
found in plant leaves of which only a portion are extracted in to water
(plus 0.1% v/v soap). Indeed, low activity and low persistence of cru-
dely extracted plant materials may be considered unfavourable by
farmers wishing to kill insects quickly without the need to frequently
re-apply. The trade-off is that higher numbers of beneficial arthropods
are maintained when using pesticidal plant treatments, and these
beneficial species can contribute to pest control and prevent the pest
resurgence that commonly occurs after using synthetic pesticides (Gurr
et al., 2016; Li and Yang, 2015). The need for more frequent application
of a non-persistent natural pesticide could also have other benefits.
Discussion with the farmers in our trials suggest that the plant extracts
may be acting as a crop fertilizer as well as helping to control bacterial
and fungal pathogens. Although we did not evaluate these parameters
in our trials, other research suggests these effects could explain the

Fig. 4. Key pest abundance, crop damage, farmer ranking and yield observed in farmer field trials during 2016 cropping season in (A) Tanzania inter-cropped beans, (B) Tanzania mono-
cropped beans and (C) Malawi mono-cropped beans. Aphid abundance is measured with a 0–5 index and is therefore a proxy for actual aphid numbers.

A. Mkindi et al. Industrial Crops & Products xxx (xxxx) xxx–xxx

7



higher yields we observed when using pesticidal plant extracts (Eugenia
et al., 2015; Isman, 2000; Pretali et al., 2016). We plan to evaluate these
parameters in future field trials.

Throughout sub-Saharan Africa, small holder farmers often inter-
crop beans with maize, to benefit from the nitrogen fixing properties of
legumes that helps improve their maize yield (Mucheru-Muna et al.,
2010; Ngwira et al., 2012). Our research shows that there may also be
some benefit to the bean plants by improving the micro-climate and
habitat for some predatory species such as hover flies and lacewings.
These two species were more abundant in inter-cropped fields and may
benefit from the shade provided by the maize plants or even food re-
sources such as maize pollen (Verkerk et al., 1998). Inter-cropping has
long been argued to reduce pest incidence (Trenbath, 1993); however,
our research does not generally indicate that pest insect abundance was
lower for beans that were inter-cropped with maize compared to mono-
cropped beans. As many other pest and predatory species are found on
bean crops, the data from our research are certainly not able to de-
termine if there was any significant difference in total pest pressure
between inter-cropped and mono-cropped beans. Further studies are
required to understand the value of pest management strategies which
can also protect and facilitate ecosystem services.

Our study used widely available, weedy plant species, which are
relatively easy to collect and process and could be developed in to new
cash crops for small holder farm use in sub-Saharan Africa and

elsewhere. Many other plant species with known pesticidal properties
are not always abundant in local areas, e.g., neem and pyrethrum, due
to their endemic habitat limitations, and may principally contain highly
non-polar active ingredients that are generally more difficult to extract
(Gallo et al., 2017; Garg et al., 1994). Higher costs of using rare or
difficult-to-process plant species could change the economics of their
use in favour of synthetics or more readily available plant species, even
when such products may be relatively more effective. In conclusion, our
field trials suggest using commonly available weeds with pesticidal
properties can make both economic sense for farmers whilst also being
less harmful to the environment and consumers. The potential to pro-
duce and exploit weeds as non-food cash crops merits further in-
vestigation in order to optimise ecosystem services and improve fi-
nancial rates of return to farmers who choose to use pesticidal plants.
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Table 1
Treatment effect on abundance of key beneficial arthropod species during on-station and on-farm bean cropping trials in 2015 and 2016 in the countries of Tanzania and Malawi.

Treatment Species Tanzania Malawi

2015 trials 2016 trials 2015 trials 2016 trials

Mono-cropped Inter-cropped Mono-cropped Inter-cropped Mono-cropped

On-station On-farm On-farm On-farm On-farm On-station On-farm On-farm

Control − Hover fly 1.2a 1.5b 0.9a 0.0b 0.3c 2.0b 1.9a 2.2a

Lacewing 1.5a 2.2a 1.5a 0.0b 0.1c 0.0c 0.0c 0.5a

Ladybird 7.3a 2.9a 2.2a 1.1a 1.1a 3.0b 1.2b 4.1a

Spider 9.1a 1.4b 1.3a 0.7ab 0.8ab 2.6b 0.1c 2.0a

Control + Hover fly 0.1c 0.1c 0.1c 0.0b 0.5b 1.0b 1.2b 0.0b

Lacewing 0.8c 0.5c 0.2c 0.0b 0.5b 0.0c 0.0c 0.0b

Ladybird 0.0c 0.2c 0.2c 0.0b 0.1c 1.0b 0.6bc 0.0b

Spider 0.1c 0.2c 0.1c 0.0b 0.2c 0.0c 0.1c 0.0b

L. camara Hover fly 1.7ab 0.5c 0.7b 0.1b 0.7b 1.3b 2.0a 3.2a

Lacewing 1.5ab 1.7b 1.9a 0.0b 0.8ab 3.3b 0.0c 1.1a

Ladybird 1.9b 1.8b 1.2a 0.3b 0.9ab 0.7c 1.1b 0.9a

Spider 5.1b 1.1b 0.9b 0.4b 0.8ab 1.3b 0.2c 0.1ab

T. diversifolia Hover fly 0.8c 0.3c 0.4b 0.3b 0.5b 5.7a 1.7a 2.4a

Lacewing 1.5ab 2.0b 0.9a 0.0b 0.6b 0.0c 0.0c 2.4a

Ladybird 1.8b 1.3b 0.9a 0.8a 0.6b 8.7a 1.2b 1.1a

Spider 4.2b 0.8b 0.8ab 0.5b 0.2c 0.7c 0.2c 0.3a

T. vogelii Hover fly 0.7c 0.2c 0.3bc 0.9a 1.0a 6.3a 1.9a 2.1a

Lacewing 1.5ab 1.5b 1.7a 1.2a 0.2c 0.0c 0.0c 1.0a

Ladybird 2.9b 1.9b 0.9a 0.2b 0.5b 4.0b 1.1b 0.9a

Spider 4.5b 1.2b 0.5b 0.3b 0.4bc 2.7b 0.2c 0.4a

V. amygdalina Hover fly 0.9c 0.4bc 0.7b 1.4a 0.3bc 11.3a 2.3a 3.0a

Lacewing 1.3b 1.9b 1.1a 1.5a 0.1c 0.0c 0.0c 0.5a

Ladybird 3.5b 1.3b 0.9b 0.7ab 0.3bc 4.0b 1.6a 1.3a

Spider 4.5b 1.2b 0.7b 0.5b 0.2c 2.3b 0.1c 0.1b

B. pilosa Hover fly * * * 0.2b 0.5b * * 3.5a

Lacewing * * * 0.0b 0.4bc * * 1.2a

Ladybird * * * 0.7ab 0.6b * * 1.1a

Spider * * * 0.3b 0.7b * * 0.3ab

L. javanica Hover fly * * * 0.3b 0.5b * * 3.5a

Lacewing * * * 0.0b 0.2c * * 1.2a

Ladybird * * * 0.7ab 0.6b * * 1.4a

Spider * * * 0.4b 0.4bc * * 0.4a

Abundance values are the average number of arthropods recorded over the sampling period. Values in the same column followed by the same letter are not significantly different from
each other at the 95% confidence interval using Tukey’s post-hoc Honestly Significant Difference (HSD) test. * not evaluated during this season.
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