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Abstract Edible insects are found in agricultural
systems worldwide, and are an important source of
food and income. However, many edible insects are
also pests of important food crops, which raises the
question of how far their presence might be costly to
farmers in terms of reduced crop yields. In this study
we aimed to understand the impact of defoliation of
shea trees by edible caterpillars on yields of shea and
maize in a mixed agroforestry system in Burkina Faso,
West Africa. We collected field data in two consec-
utive years. Our results suggest that tree defoliation by
caterpillars has no effect on shea fruit yields, and that
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defoliation may have a positive effect on maize
productivity. We conclude that this appears to be an
example of an agricultural system in which nutrition-
ally and economically important plants and insects are
both harvested by humans without risking yield
reductions of harvested plants.
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Introduction

Wild-harvested edible insects are an important source
of food and income across much of the world (Van
Huis et al. 2013). This is particularly true in sub-
Saharan Africa, where termites, locusts and caterpil-
lars are traded and consumed, mostly in rural but also
in urban areas (Kelemu et al. 2015; Illgner and Nel
2000). Edible insects are often harvested from agri-
cultural systems. In many cases, this is because insects
that feed on crop plants are deliberately collected as
food (DeFoliart 1992; Van Itterbeeck and Van Huis
2012). For example, palm weevil larvae are harvested
from many palm-based agroforestry systems world-
wide (Binngqiiist and Shanley 2004), and weaver ants
are harvested from fruit tree plantations in Southeast
Asia (Payne and Van Itterbeeck 2017).

We know little about the interactions of edible
insects with crop yields. The best data available are
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based on assumptions generalised across species in
ways that even the authors admit are unlikely to be
accurate (Wegier et al. 2018; Payne and Van Itter-
beeck 2017). Some insects—such as grasshoppers and
crickets—are collected at multiple points in the middle
of their life cycle with the explicit aim of limiting crop
damage. This presumably means that the harvested
biomass of insects is not maximised, but crop yield is
higher than it would have been if the insects had been
left to mature. In such cases there is likely to be a
trade-off between harvested biomass of insects and
that of crops. How farmers respond to this trade-off
may depend on demand—e.g. in parts of Mexico,
edible grasshoppers are so prized that some farmers set
aside fields of alfalfa specifically for the grasshopper
crop (Cerritos and Cano-Santana 2008). Elsewhere
farmers use insecticide to control outbreaks of these
edible insects, apparently choosing higher crop yield
over insect yield (Ecobichon 2001).

Other insects are harvested only at a specific point
in their life cycle. Caterpillars are a good example of
this: many are eaten only when in their final larval
stage. This is the case for the mopane worm (Imbrasia
belina), which is an economically important edible
caterpillar throughout southern Africa (Ghazoul et al.
2006). The same is true for termite (Macrotermes spp.)
alates, harvested after their nuptial flight, which occurs
in response to the first rains (Kinyuru et al. 2013).
These insects are found in abundance, but only when
in season. However, most are wild-harvested, and are
not found in agricultural fields. Many larval insects
feed on crops, but are small in size and not tradition-
ally eaten.

This study looks at an exception to these patterns:
an insect which is harvested as a larva which is also
potential agricultural pest. The shea caterpillar Cirina
butyrospermi (Fig. 1) only feeds on the leaves of the
shea tree (Vitellaria paradoxa). This is a wild tree that
has been selectively retained in agricultural fields
across western and sub-saharan Africa, a stretch of
land known as the shea belt, with fields referred to as
shea parklands (Maranz and Wiesman 2003). The nuts
from the trees are collected to make shea butter, used
in food, confectionery and cosmetics (Lovett 2010).
Shea caterpillars are abundant in parts of these
agroforestry systems, and are collected as food
(Bonkoungou 2002). They are commonly harvested
in their final instar before pupation, by which time they
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have usually caused extensive damage to the shea trees
(Fig. 1).

Farmers in this region—and by extension, agricul-
tural policymakers—are interested in the interaction
between the edible caterpillars and their crops. Work-
ing in a rural landscape in the SW of the shea belt,
where shea trees are retained in fields of maize (Zea
mays) and other crops, this study addresses this
interaction in two different ways. Firstly, we ask
whether defoliation by caterpillars has any discernible
impact on the abundance of shea fruits in the following
year. Secondly, we ask whether defoliation by cater-
pillars shows any association with the heights of maize
crops under shea trees.

Shea agroforestry and shea caterpillars

Shea parklands are an agroforestry system estimated
to dominate 3—4,500,000 km? of the landscape across
21 African countries (Naughton et al. 2015); shea trees
have been selectively retained for many years (Lovett
and Haq 2000). The trees are a major source of income
and cultural significance, and particularly benefit
women through their use of the trees to collect edible
and tradable goods (Boffa 2000).

Shea caterpillars are found in many parts of the shea
belt (Anankware et al. 2016; Boffa 2015). Their range
has not been mapped and while their life cycle has
been documented (Rémy et al. 2017), little is known of
their ecology. They are harvested at the end of their
larval life cycle, which usually falls in early to late
August, after they have caused considerable damage to
shea trees (Fig. 1). Harvested caterpillars are an
important source of nutrition and income for many
subsistence farming households in the region (Anvo
et al. 2016). In some parts of the shea belt where the
caterpillar is not traditionally eaten as food, the
caterpillar is considered a pest with insecticides
sometimes used to combat it (Odebiyi et al. 2004).
Yet even in such regions farmers are increasingly
recognising the economic benefits of collecting cater-
pillars, and are learning to harvest them (K. Hien,
pers.comm.). In most areas there remains a taboo on
collecting caterpillars before they have reached their
final instar, limiting any scope for flexibility over
when to harvest caterpillars. However, some farmers
are concerned about the impacts of caterpillar defo-
liation and caterpillar harvesting on their yields of shea
and maize (Payne, in prep.).
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Fig. 1 T he shea caterpillar (Cirina butyrospermi), with scale (left, in cm); a shea tree (Vitellaria paradoxa) following defoliation by

shea caterpillars (right)

In many parts of West Africa, women and men have
different roles within the same landscape, and priori-
tise different crops (Rocheleau and Edmunds 1997).
This is true of the study region, and therefore this study
focuses on two crops: shea and maize. Shea is a
commercially important crop for women across the
shea belt (in the form of shea nuts, which are sold at
market) (Elias 2015; Schreckenberg 2004). Maize is
the staple food of the region; maize fields are usually
owned and managed by men but women and children
contribute substantial agricultural labour (Kevane and
Gray 1999).

The impact of defoliation by shea caterpillars on
shea and plant crop yields has not been quantified.
Opinion is divided as to whether defoliation increases
(Boffa 2015) or decreases (Dwomoh et al. 2004)
subsequent harvests of shea nuts. Defoliation might
increase light levels reaching maize plants growing
underneath shea trees. In addition, shea caterpillars
produce frass, which has been shown to have a positive
effect on soil pH (increased alkalinity), calcium
(C) and nitrogen (N) content, but not on phosphorus
(P) or potassium (K) (Coulibaly et al. 2017); however,
the impact of this soil enrichment on crops has not
been quantified.

Materials and methods
Study system

Data were collected in Soumosso (Hauts-Bassins,
11°00'44”, — 004°02'45") and Sitiena (Comoe,
10°36'19”, — 004°49'03"), two administrative dis-
tricts in southwestern Burkina Faso (Fig. 2). Both are
located in the Sudano-Sahelian climatic belt, and
experience a long dry season punctuated by a short and
unreliable rainy season in May—June (Maranz 2009).

OUAGADOUGOU

*

BoBO-DIOULASSO

SITIENA

Fig. 2 Map of Burkina Faso showing the location of the study
sites, Soumosso and Sitiena
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The majority of the population are smallholder
farmers (Callo-Concha et al. 2012). The dominant
crop—and dietary staple—is maize, although cotton
(Gossypium arboretum) has become increasingly
popular as a cash crop to supplement families’
livelihoods (Gray and Kevane 2001). Millet (Pennise-
tum glaucum, referred to locally as ‘petit mil’,
Eleusine coracana, referred to as ‘mil africaine’, and
a red variant of Eleusine coracana referred to as ‘mil
rouge’), groundnut (Arachis hypogea) and sorrel
(Hibiscus sabdariffa) are also widely grown. All
agricultural fields measured (0.2-3 ha, mean = 1.1
ha) had trees in them (4.2-69 trees per ha, mean = 20
trees per ha)—predominantly shea (1.6-36 trees per
ha, mean = 15 trees per ha), although the African
locust bean tree (Parkia biglobosa) is also common.
Both of these trees are economically important
(Gausset et al. 2005), and their primary products (shea
nuts and locust beans) are mainly harvested, processed
(into shea butter and soumbala respectively) and sold
by women. The most prevalent ethnic groups are
Dioula and Mossi in Soumosso, and Goin and
Karaboro in Sitiena, although due to exogamy and
economic migration many other ethnic groups are also
present. Islam, Christianity and forms of animism are
all practised at both sites.

Sampling strategy

We initiated our field study with 69 initial interviews
in 2016, with male heads (N = 54) and first wives
(N = 15) of households that owned > 1 ha of land and
cultivated some maize, which is the staple food across
the region. We did not record the exact variety of
maize cultivated by each household; all maize crops
were grown from unlabelled kernels purchased at local
markets. Households likely to fit these criteria were
identified by an employee of Le Centre Muraz (a
malaria field research centre) in Soumosso (N = 69),
and by family members of BS in Sitiena (N = 25),
following a snowball sampling strategy in which key
informants—chosen for their understanding of
research design and sampling—helped us to find
further respondents (Young et al. 2018). Interviews
followed a set structure to ensure quantifiable
responses concerning land ownership, household size,
and estimates of shea nut and shea caterpillar harvests.
We recorded responses by hand. We found that men
were able to answer questions about land ownership
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and crop cultivation, and women were able to answer
questions about harvests of shea nuts and shea
caterpillars.

In Soumosso we then used stratification by area of
landholding and harvest level to select a representative
subsample of 30 households whose field systems we
then investigated further (Young et al. 2018). This
subset has similar land area, caterpillar harvest and
household size to those households we discarded from
our initial sample in terms of mean land area (¢ test,
t=1.1, p =NS), quantity of caterpillars collected
(t test, t = — 0.9, p = NS) and household size ( test,
t = 0.54, p = NS). In Sitiena, we interviewed 25 male
heads of household and selected for our sample the
N = 23 households that owned > 1 ha of land and
grew maize. Our total sample comprised 53 fields
owned by different households, 23 in Sitiena and 30 in
Soumosso.

For each household, we measured the area of the
field that the farmers told us would be used for maize
in 2016. In two cases the farmer intended to use two
separate ~ 1 ha fields for maize; in both cases we
selected one field, based on geographical convenience.
We then measured the height and circumference of all
trees in each selected field. To identify three shea trees
in each field that represented size variation within that
field, we ranked all shea trees in each field by size,
divided these into three equal sized classes, and
selected one tree at random from each size class. This
gave us a total sample of 157 trees (as two fields had
only two shea trees in them).

A subsample of these trees was then surveyed on
four separate occasions: (1) for caterpillar defoliation
immediately following caterpillar season, in late
August (in 2016, N = 157 trees; in 2017, N = 83
trees); (2) for shea abundance prior to caterpillar
season, in July (in 2017, N = 95 trees); (3) for crop
height beneath trees during the growing season, in
September-late October (in 2016, N = 66 trees; in
2017, N = 42 trees); (4) to examine how maize height
related to cob productivity, immediately preceding
harvest, in late October-early November (in 2017,
N = 36 trees). Each survey had to be completed within
a certain time period, and we were unable to sample
every tree for any given method; for this reason, none
use the full sample of trees. When selecting sites to
survey, we prioritised geographical spread to ensure
sampling was not focused within a given area. We
used the following methods for each survey:
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Defoliation by caterpillars

As soon after caterpillar season as possible (within
a 2wk window, necessary due to rapid regrowth)
we noted levels of natural defoliation by shea
caterpillars for each tree as follows: the observer
stood under the tree in each cardinal compass
direction, selected five leaf clusters at random and
scored each on a scale of 0—100 for the extent to
which defoliation had occurred. The observer also
noted their overall impression of total tree defo-
liation, on a scale of 0-100. Three separate
observers collected these data; to ensure concor-
dance the first observer spent a day with each of
the second and third observers, noting and then
comparing the independently-made observations
of each individual until all observations fell within
10% of one another. Scores for total tree defoli-
ation showed substantial concordance (following
McBride 2005) with the cluster-derived defolia-
tion scores, as calculated by an overall mean of 20
observations (5 leaf clusters in each compass
direction), in both years of data collection, 2016
(2016: Lin’s Concordance Correlation Coeffi-
cient, N = 157 trees, rtho = 0.82 (0.75-0.87), bias
correlation factor = 0.99; 2017: N = 83 trees,
rho =0.82 (0.75-0.88), bias correlation
factor = 0.97).

Shea abundance

We measured shea abundance (that is, the number
of fruits, which corresponds to the number of nuts
since the nut is found inside the fruit) in 2017 on a
scale of 0-3 (0 = None visible, 3 = Abundant) for
N = 95 trees in Soumosso. We took five measures
per tree: a branch was selected at random in each
compass direction and scored from O to 3, and
after observing the entire tree, we assigned one
overall score from O to 3 to the tree. We checked
inter-observer concordance as described above,
and compared independently-made observations
until all observations fell within the same category
on the scale of 0-3. The measure of overall shea
abundance showed poor concordance with the
mean of the four observations in each compass
direction (Lin’s Concordance Correlation Coeffi-
cient, N = 95, rho = 0.62 (0.51-0.71), bias corre-
lation factor = 0.88). There was no significant
difference in shea abundance across the four
compass directions (repeated measures ANOVA
across 95 N/S/E/W scores, F3 770 = 1.4, p = NS).

We therefore focus for the rest of the paper on the
mean of four measures per tree.
3. Crop height

For each tree, we measured the height of 16 maize
plants from base to tip in September 2016 and in
September 2017. We measured 4 plants in each of
the four compass directions. We selected these 4
plants based on their position at distances d/3, 2d/
3, 4d/3, 5d/3 away from the trunk of the tree,
where d = distance from the trunk to the canopy
edge in the given compass direction. Maize plants
were typically taller beyond the canopy. To gain a
measure of the difference in height of plants
growing outside and under the canopy for each
tree, we first subtracted the mean height of the two
plants under the canopy (at d/3 and 2d/3) from the
mean height of those outside the canopy (at 4d/3
and 5d/3) (Fig. 3), for each compass direction. We
then calculated the mean of these difference
values across our four directions to give a single
measure per tree.

4. Crop productivity

The height of individual maize plants was used as
a proxy for plant productivity. We checked the
validity of this measure by measuring productivity
directly, immediately prior to harvesting. We
selected one tree at random from each of 9 fields
(selected from the study sample based on geo-
graphic convenience and permission of owners),
and heights of 4 maize plants near it were
measured as described above but only for a single
randomly chosen compass direction. We also
measured the mass and abundance of their cobs.

Ethical approval

We obtained ethical approval for the study prior to
both field seasons in 2016 and 2017, from the
Department of Geography Ethics Review Group,
University of Cambridge.

Results

We found no significant difference in defoliation
across compass directions, in either year of data
collection (for 2016 repeated measures ANOVA
across 157 sets of N/S/E/W scores, F3 45, = 0.2, NS;
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Non-defoliated tree

Difference
of means

Xt

5d/3  4d/3 2d/3 473

Fig. 3 Diagram showing how measurements were taken for
maize height, outside and under the shea tree canopy.
Differences of means were calculated by subtracting the mean

for 2017 repeated measures ANOVA across 83 sets of
N/S/E/W scores, F33p4 =0.5, NS). This suggests
caterpillars do not preferentially defoliate trees in
any one direction; therefore all subsequent analyses
use the overall mean of 20 observations per tree as the
measure of defoliation.

Shea fruit abundance in 2017 did not show any
association with defoliation by caterpillars in the
preceding year (Spearman’s rank correlation, rg
=0.011, N = 84, p = NS) (Fig. 4).

None, 3=Abundant)

o

° an @

°
°
°
[ ]
®

000 o® o0 o o ° ® o0

Mean shea fruit abundance in 2017 (0:

50 75 100
Defoliation in 2016 (%)

Fig. 4 Defoliation (0-100%, continuous scale) in 2016 and
mean shea abundance (0-3, ordinal scale) in 2017. Darker
circles show overlapping data points. The relationship between
the two is non-significant (Spearman’s rank correlation,
ry = 0.011, N = 84, p = NS)
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Defoliated tree

Difference
of means

5d/3 4d/3

2d/3 d3

height under the canopy from the mean height outside of the
canopy, in all four compass directions

However, we did find evidence of a link between
defoliation and maize growth (Fig. 5). In 2016, the
difference between the height of maize plants beyond
the tree canopy and under the tree canopy decreased
with increasing defoliation (fitted linear model,
N = 66 trees, Fy 64 = 12.5, p < 0.001; Fig. 5). There
was no such association in 2017 (linear regression,
N =42, Fi40=1.9, p =0.17). This may be because
deofliation was significantly higher in 2017 (Wilcoxon
rank sum test, W = 2660, p < 0.001), when nearly all
trees were defoliated to some degree (Fig. 5).

We found some evidence for a lagged effect of
defoliation on crop height: there was a negative
association between defoliation in 2016 and difference
in crop height in 2017 (fitted linear model, N = 34
trees, Fy3, = 6.3, p <0.05) (Fig. 6). However, the
statistical strength of this is less than the link between
2016 defoliation and difference in crop height in 2016
(Fig. 5).

Defoliation in 2016 did not predict defoliation in
2017 (fitted linear model, N = 64 trees, F; 6, = 0.74,
p = NS).

The associations between defoliation and maize
height may reflect links with maize productivity. Our
measures of cob production showed that the produc-
tivity of each plant (total mass of maize cobs) was
significantly positively correlated with plant height
(linear regression, N =36 maize plants, adjusted
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Fig. 5 Correlation between defoliation (0-100%, continuous
scale) and difference in crop height beyond and under the tree
canopy, in 2016 (left; line shows fitted linear model, shaded area

Fig. 6 Defoliation in 2016
(0-100%, continuous scale)
and difference in crop height
beyond and under the tree
canopy in 2017 (line shows
fitted linear model, shaded
area shows 95% confidence
interval, N = 34 trees,

F1‘32 = 63,p < 0.05)

Difference in crop height 2017 (cm)

R? = 0.62, Fs3,=19.9, p <0.001). Importantly,
there was no significant interaction with whether or
not the plants were under or outside of the canopy
(t=— L5, NS).

Discussion

We found that individual trees are not consistently
more or less prone to defoliation, suggesting that
caterpillars do not seem to prefer certain trees in
consecutive years. This suggests that the lagged

l
25 50 o)

Defoliation in 2017 (%)

shows 95% confidence interval, N = 66 trees, F; ¢4 = 12.5,
p <0.001), in 2017 (right; non-significant, N =42 trees,
Fl,40 = ]9, p= NS)

Defoliation in 2016 (%)

association between maize growth and the previous
year’s defoliation is not mediated by its effect on the
next year’s canopy.

Despite highly variable (and sometimes marked)
levels of defoliation of shea trees by shea caterpillars,
we found no evidence of that caterpillar herbivory
impacts shea fruit production—variation among trees
in the abundance of shea fruit was not correlated with
variation in their extent of defoliation the previous
year. In contrast, in 2016 (but not 2017) we found a
significant negative relationship between defoliation
and the difference in the height of maize growing
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beyond vs under tree canopies: maize plants under
trees grew relatively taller the more defoliated those
trees. The correlation we observed between maize
height and productivity suggests that height is a valid
proxy measure for plant productivity and that the
relationship between height and productivity is similar
for maize plants growing under shea trees and beyond.
Therefore the greater relative growth (in 2016) of
maize plants under more heavily defoliated trees may
in turn be associated with higher crop yields.

The lack of any interaction between the extent of
defoliation by shea caterpillars and the abundance of
shea fruits the following year aligns with the percep-
tions of shea caterpillars by some members of the local
community. Long-term residents of areas with a
history of caterpillar use do not generally consider
them to be pests. In two areas of Uganda, 50% and
58% of farmers reported increased fruit production
following defoliation by caterpillars (Okullo et al.
2004), and an experimental study with seedlings
suggested that defoliation did not adversely affect
growth (Ugese et al. 2011). However, shea caterpillars
have been referred to as destructive pests in scientific
publications (e.g. Dwomoh et al. 2010), and in places
where people are unfamiliar with the caterpillars
(either because the people or the caterpillars have
recently migrated to the area) there have been reports
of pesticide use to combat caterpillar infestation
(Odebiyi et al. 2004). Furthermore, there is a danger
that if negative attitudes towards insects as food
become more prevalent—a trend that has been
observed in other parts of the world with globalisation
(Van Huis et al. 2013)—people may begin to react to
caterpillars with pesticide use. The data reported here,
which show that caterpillars do not have any dis-
cernible effect on the shea harvest, are important for
the maintenance of the caterpillars and caterpillar-
harvesting within this agricultural system.

Similarly, the data here show that within a shea-
dominant agroforestry system there is no negative
association between defoliation by shea caterpillars
and maize growth. The inconsistency between years in
our result means we cannot conclude that there is a
consistent positive association between these vari-
ables. It is possible that any relationship may fluctuate
due to other factors that we did not account for, such as
interannual climatic variation. However, to the extent
that maize growth is greater under more heavily
defoliated trees, one possible reason is that less
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radiation is intercepted by the shea canopy before
reaching the maize leaves, A second potential mech-
anism is that caterpillar frass acts as fertilizer. There is
a growing body of evidence for the efficacy of insect
frass in promoting crop growth: for example, Thai
farmers report that cricket frass is beneficial to their
rice fields (Halloran et al. 2016); experiments using
caterpillar frass to fertilise basil plants found a positive
effect on leaf growth (Buenvinida and Tamban 2016);
the application of cricket frass on farmers’ fields in
Canada has almost doubled yields of fresh hay (D.
Goldin, pers. comm.). Likewise, frass from the shea
caterpillar may prove to be another source of insect-
derived fertilizer.

The results reported here reflect a correlational
relationship, but this cannot be assumed to infer
causality, as variables such as soil quality, tree age and
tree health are not consistent across trees and may have
affected our results. We need experimental data to
establish causality, and this is an important avenue for
future work. However, acquiring such data is compli-
cated by the mobility of the caterpillars, which move
between trees and are not easily deterred by commonly
used insect deterrents such as tanglefoot and fluon.

Conclusion

We can conclude from this study that shea caterpillars
do not appear to be pests in relation to either shea or
maize, suggesting that where caterpillars harvesting
takes place (or could), farmers should be actively
dissuaded from using agrochemicals to combat these
insects. There may be a positive effect of defoliation
by caterpillars on the growth of maize underneath shea
trees, but longer-term observations and further exper-
iments are necessary to clarify the nature and strength
of this relationship.

This is the first field study of the interaction
between crop yields and the presence of an edible
insect that is harvested at a single point in its life cycle.
Unlike edible orthopteran pests, the shea caterpillars
studied here do not have a discernible negative effect
on crop yields. Instead, this insect does not appear to
damage production of these economically important
plants. We conclude that this appears to be an example
of an agricultural system in which humans, as
predators of both the plants and the insects in the
system, are able to benefit in terms of harvesting both
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plant and animal matter without an apparent trade-off
between the two.

Edible insects are important for the livelihoods of
smallholder farmers worldwide (Payne and Van
Itterbeeck 2017; Kelemu et al. 2015, Van Huis et al.
2013; Hanboonsong et al. 2013), and these results
provide an optimistic framework for their sustainable
exploitation under certain circumstances. However,
the sustainability of the shea nut-caterpillar-maize
system may be threatened by external factors. The
market for edible insects is changing rapidly, with
demand increasing among wealthier populations
(Global Market Insights 2018; Payne 2014; Durst
and Shono 2010). The climate is also changing, with
increasing aridity in our study region and consequent
decreases in crop productivity (Sonwa et al. 2017;
Serdeczny et al. 2017). This may lead to management
decisions that explicitly prioritise either the insects or
the plants, shifting away from the current system. If
this does happen, understanding and accounting for
the nature of the interactions between these insects and
plants will become increasingly important.
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