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Reduce pests, enhance production: benefits
of intercropping at high densities for okra
farmers in Cameroon
Akanksha Singh,a,b* Wolfgang W Weisser,a Rachid Hanna,b

Raissa Houmgnyb and Sharon E Zytynskaa

Abstract

BACKGROUND: Intercropping can help reduce insect pest populations. However, the results of intercropping can be pest- and
crop-species specific, with varying effects on crop yield, and pest suppression success. In Cameroon, okra vegetable is often
grown in intercropped fields and sown with large distances between planting rows (∼ 2 m). Dominant okra pests include cotton
aphids, leaf beetles and whiteflies. In a field experiment, we intercropped okra with maize and bean in different combinations
(okra monoculture, okra–bean, okra–maize and okra–bean–maize) and altered plant densities (high and low) to test for the
effects of diversity, crop identity and planting distances on okra pests, their predators and yield.

RESULTS: We found crop identity and plant density, but not crop diversity to influence okra pests, their predators and okra yield.
Only leaf beetles decreased okra yield and their abundance reduced at high plant density. Overall, okra grown with bean at high
density was the most economically profitable combination.

CONCLUSIONS: We suggest that when okra is grown at higher densities, legumes (e.g. beans) should be included as an additional
crop. Intercropping with a leguminous crop can enhance nitrogen in the soil, benefiting other crops, while also being harvested
and sold at market for additional profit. Manipulating planting distances and selecting plants based on their beneficial traits
may thus help to eliminate yield gaps in sustainable agriculture.
© 2017 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Agriculture is the primary driver of current deforestation, responsi-
ble for ∼80% of deforestation worldwide.1 With the world human
population estimated to increase by 2.3 billion by 2050, there is
a growing demand for food, putting high pressure on remain-
ing forest resources.2 It is well known that current intensive agri-
cultural practices are not sustainable in the long term as they
contribute to depleting ecosystem services and increased green-
house emissions.3 Hence, efforts are needed to link traditional
non-intensive practices with modern ecological knowledge, to
understand the ecology of these systems and develop effective
agricultural designs. Intercropping is a practice that has been
carried out traditionally in many parts of the world, especially
in the tropics and subtropics.4 In Africa, the majority of farm-
ers are small-land holders with farm sizes of <2 ha, producing
the majority of the continent’s food via traditional practices such
as intercropping.5 Intercropping has recently received a theoret-
ical boost from functional biodiversity research that has shown
that plant communities with more species show higher ecosystem
functioning than plant communities with little species diversity.6

A number of these functions are relevant for agriculture, includ-
ing higher abundances of naturally occurring predators7 and plant

productivity.8 Hence, intercropping systems provide vast possibil-
ities to experiment with, and produce, effective farming designs
that are sustainable and profitable.

Intercropped fields have higher vegetation diversity than
monocultures and this has been shown to reduce insect pests,
by increasing the diversity and abundance of predators and
parasitoids,7,9,10 through the use of barrier crops that obstruct
pest movement,11 or by growing crops that repel12,13 or trap
pests.14,15 Furthermore, as stated by the ‘resource concentration’
hypothesis9 pest numbers can simply be reduced due to their
reduced colonization of diverse fields. Root9 suggested that her-
bivores with a narrow host ranges are more likely to find, remain
and increase in density in pure crop fields. Although most studies
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have recorded pest densities to be higher in monocultures, such
hypotheses cannot be generalized and do not consistently predict
the influence of crop diversity on arthropods.10,16 – 18

Increasing vegetation diversity can, however, also reduce pest
suppression by hindering predator host-searching due to increas-
ing vegetation complexity or, due to alternative herbivore prey
species that distract predators (e.g. parasitoid wasps) away from
target pests.19 – 22 Pest numbers can also increase in intercropped
fields with the presence of additional crops or undesirable weeds
that act as refuges for the pests.10,23 Additionally, the response of
pests to intercropping can be species-specific and vary with their
host-finding mechanisms, such as differences in their olfactory or
visual cues.24 Most pest-colonization hypotheses apply to special-
ist pests; yet, crops are attacked by several polyphagous pests,
e.g. certain polyphagous whitefly or aphid species. Throughout,
we use the description by Cates25 to define herbivores with differ-
ent host plant feeding ranges. Polyphagous herbivores are defined
as those that feed on multiple plant families, oligophagous herbi-
vores are those that feed on multiple genera within the same plant
family and monophagous herbivores are those that feed on one
or more plant species within the same genus. Polyphagous aphids
and whiteflies often respond to the spectra of greenish-yellow
light reflected by vegetation, or to the contrast in the plant–soil
landscape,26 – 29 as they have not developed host-specific olfactory
cues. The relevance of visual cues in host-searching abilities has
also been shown for oligophagous leaf beetles.30,31 Therefore, it is
evident that in intercropping systems the identity of the additional
crop species, and of the pest, can be crucial in determining the pest
suppression success of the intercropped field design.

Higher plant densities in a crop field could reduce pest abun-
dances, if the lack of plant–soil contrast and homogenous visual
cues hinder pest host-searching. Monoculture studies on plant
density have shown that pests locate their host plants more effec-
tively in high plant density plots.32 – 34 As pest abundances can
influence natural predators,35,36 higher plant density may cas-
cade up to influence predator abundances. In intercropped fields,
although the effect of plant density has been studied on crop
yield,37,38 its effect on pests or predators is often overlooked. Some
studies have used additive designs to test for the effect of diversity
on pests, where primary crop density does not change but sec-
ondary species are added to the plot, increasing total plant density
in an intercropped plot.4,39 – 41 The interpretation of any density
effect from such a design is unclear as total plant density is not
constant between treatments and the results observed may only
be driven by diversity. To our knowledge, only one study to date
has tested for the effect of diversity and density on pest assem-
blages (but not on plant yield or predators), where abundance of
the cucumber beetle was found to be higher in monocultures irre-
spective of plant density.42 Hence, as pest/predator responses to
diversity are species-specific and affected by density, understand-
ing the impact of diversity and density together can be important
for pest suppression in an intercropping system.

Aside from the regulation of pest and predator numbers, inter-
cropping can also increase crop yield by facilitative plant–plant
interactions, which are positive interactions between physiologi-
cally independent plants mediated through the abiotic environ-
ment or other organisms.43,44 Such interactions occur in most
legume–cereal intercropping systems and are prevalent world-
wide, because nitrogen-fixing legumes improve soil fertility and
transfer nitrogen to co-occurring plants, e.g. 98% of cowpea in
Africa and 90% of soybean in Colombia are intercropped, often
with staple cereal crops.4 Although there is ample literature on

how intercropping can improve yield and reduce pest damage,
most intercropping studies have measured biocontrol or crop yield
parameters separately, and to date, only 26 studies have measured
these two together.45 Hence, there is little data to measure the
effect of biocontrol services on yield and specifically how these are
altered by plant density.

Okra (Abelmoschus esculentus Moench) is an economically
important vegetable crop grown worldwide with a gross pro-
duction value of over 5 million US dollars (USD),46 and it is
widely consumed in Cameroon. Okra is attacked by several pests,
including the polyphagous cotton aphid (Aphis gossypii Glover
(Hemiptera: Aphididae)) and an oligophagous leaf beetle (Nisotra
uniformis Jacoby (Coleoptera: Chrysomelidae)).47 A survey con-
ducted by the International Institute of Tropical Agriculture (IITA)
in Cameroon (2011) found that ∼62% of okra farmers practice
intercropping and maize and bean were the most common crops
grown along with okra. Common natural predators recorded on
okra plants during the survey were spiders, syrphid larvae and
lacewing larvae. Okra was always found to be planted in rows and
often the fields were sparsely planted with a distance between two
consecutive okra rows recorded to be as large as 2 m. However,
the recommended row planting distance for okra ranges from 40
to 90 cm,48,49 suggesting that planting at higher densities may not
affect yield production. The effects of intercropping at different
plant densities on okra pests and okra fruit yield are unknown.
Thus, we conducted a field study in which we intercropped maize
and bean with okra (two- and three-species combinations) at
different plant densities (high and low). The aim of our study was
to answer the following questions: (i) Does crop diversity, crop
identity and plant density affect okra pests, their predators and
the okra fruit yield? (ii) Does plant density mediate (alter) any
effects of crop diversity and crop identity?

2 MATERIALS AND METHODS
2.1 Study site and study system
The field experiment was conducted at the IITA research sta-
tion in Yaoundé, located in the central region of Cameroon
(West Africa). The experiment was initiated on 15 April 2014
and terminated once all plants had yielded fruits and com-
pleted their life cycle. Conditions were as follows: average tem-
perature 23.6± 0.07 ∘C (range 18.1–33.2 ∘C), average humidity
90.7± 0.24% (range 51.9–100%), average rainfall 7.6± 1.49 mm
(range 0–90.7 mm) and natural light at ∼12: 12 h (light: dark).

We used three plant species, and the varieties used are popular
commercially sold varieties in Cameroon. These were: okra (Clem-
son variety), maize (Zea mays L.; CMS8704 variety) and common
beans (Phaseolus vulgaris L.; ECAPAN21 variety).

Okra is mostly grown in well-drained sandy and clay loam soils in
a humid climate. The plants are annual erect herbs (2–4 m tall) with
lobed and hairy leaves (up to 50 cm wide and 35 cm long). Okra
plants are attacked by many pests at different growing stages such
as the polyphagous cotton aphid, tobacco whitefly (Bemisia tabaci
(Gennadius) (Hemiptera: Aleyrodidae)) and an oligophagous leaf
beetle.47

Maize is an annual grass, usually with one stem (1–4 m tall).50

It is a nutrient-demanding crop and requires large quantities of
nitrogen during its growth.51 In sub-Saharan Africa, dominant
maize pests are stem and cob borer species belonging to the
families Noctuidae, Pyralidae and Crambidae.52 Maize plants are
minor hosts of the cotton aphid, but are not attacked by the leaf
beetle or the tobacco whitefly.53

wileyonlinelibrary.com/journal/ps © 2017 Society of Chemical Industry Pest Manag Sci (2017)
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Common bean is a polymorphic, herbaceous annual plant.54 We
used the erect bush bean type for our experiment which grows up
to 20–60 cm high and has a thin multi-branched stem.55 Among
the many bean pests in Africa, the bean stem maggot (Ophiomyia
spp.) and bruchids (Family Chrysomelidae, sub-family Bruchinae)
are considered dominant pests.56 Bean plants are major hosts for
the tobacco whitefly, minor hosts for the cotton aphid, but are not
attacked by the leaf beetle.57

2.2 Experimental design
We used four crop species combinations: 1 okra monoculture, 2

okra–bean, 3 okra–maize and 4 okra–bean–maize. Hence, we
had plots with three different diversities i.e. okra monoculture
(1-sp), okra with one other crop species (2-sp) and okra with both
crop species (3-sp). Each crop combination was grown at two
different plant densities within a plot (high and low), resulting
in eight treatment combinations, each with nine replicates, in
total 4× 2× 9= 72 plots. A randomized-block design was used
with nine spatial blocks each containing one replicate of each
treatment; within a block different plot treatments were randomly
distributed. Blocks 1–5 and 6–9 were set up on two consecutive
days. Because of a lack of space, we could not include bean and
maize monoculture plots in our study, and so we focus on the
effect of intercropping on okra. The experimental field site (∼
1800 m2) was situated on a hillside and was surrounded by cassava
and plantain fields and set aside land.

The plots measured 12.96 m2 (3.6× 3.6 m) and were 1.4 m from
adjacent plots, on all sides. We manipulated plant density within
a plot by varying the distances between planting rows. In low
plant density (LD) plots the distance between planting rows was
0.9 m, i.e. five rows per plot. In high plant density (HD) plots the
distance between planting rows was 0.4 m, i.e. 10 rows per plot.
These distances were chosen because the recommended distance
between rows for growing okra ranges from 0.4 to 1.0 m.48,49

Within a row, the planting distance used was 40 cm for okra (10
plants/row), 20 cm for maize (19 plants/row) and 10 cm for bean
plants (36 plants/row). Hence, for a crop combination, density
was only changed due to the distance between rows, not within.
Within an intercropped plot, we planted rows of okra alternating
with rows of the other crops. Whenever the number of rows was
unequal among species, okra was planted in the higher number
rows, such that one of the outermost edges of plots always had
a row of okra. For example, in LD plots (five rows total) for each
two-species plot we had three rows of okra interspersed with two
rows of maize (okra–maize combination) or two rows of bean
(okra–bean combination). For the three-species plots, three rows
of okra were interspersed with one row of bean and one of maize.
For more information on the planting design see supplementary
material (Table S1 and Fig. S1).

2.3 Experimental set-up
The field site was weeded and cleared, and then small gullies were
dug around each plot to direct rain water away from the plot.
The experiment was conducted during the wet season (optimal
time for okra growth) and heavy rain water can cause soil ero-
sion if allowed to run directly across the growing seedlings. Seeds
were placed directly into the ground at a depth of 2.5 cm. We
planted three seeds per hole, and removed any additional ger-
minated seedling 2 weeks later to ensure we had one established
plant per planting site. All invertebrates were allowed to colonize
naturally.

2.4 Weeding and fertilizing
Weeding was done by hand, starting from day 18 and repeated
every 3 weeks (four times in total during the experiment). Okra
plants were fertilized twice, in weeks 4 and 6. Maize was fertilized
once, in week 3. We used 9.5 g of 20: 10: 10 (N: P: K) solid fertilizer
per plant (Yara company, Cameroon), for both maize and okra and
this was placed into the soil next to each plant.

2.5 Data collection
Data was collected every 2 weeks, on weeks 3, 5, 7 and 9, each time
over two consecutive days, i.e. in blocks 1–5 on one day and in
blocks 6–10 the next day. At the plot level, we visually recorded
weed cover (% weed ground cover) and crop cover (% of the plot
surface covered by overhead canopy of the experimental plants).

We collected more specific data on the abundance of pest
species and their natural enemies using a subset of plants in each
plot. We selected three okra plants in LD and five okra plants in
HD plots to account for differences in plant number. We used
the same plants on each observation date. In total, data were
collected from 288 okra plants. For these selected plants, on each
observation date we counted the number of aphids (using a hand
tally counter), leaf beetles, whiteflies, spiders and syrphid larvae.
We also measured plant height and number of leaves. Carbon and
nitrogen content of okra leaves was also measured from plants
from which data had been collected during the experiment, see
below.

Once okra fruits started to develop (week 8) we conducted
observations of all plants every 2 days and harvested the fruits
when they were at least 7 cm in length. A newly developed okra
fruit pod can take 4–5 days to mature and one plant can produce
multiple fruits (at different intervals) for up to 1 month, after
its first fruit production. Thus, within a plot, not all fruits were
harvested at the same time and fruits from a single plant were
also harvested at multiple times. We aggregated the data to obtain
total fruit number and total fruit fresh weight per plot for all plants
within a plot. Further, fruits were separated into two categories
per plot, marketable and unmarketable. We classified fruits as
unmarketable when >50% of their surface was black (by bacterial,
leaf beetle or cotton stainer bug (Dysdercus sp.) damage), when
there was fruit borer damage and when the fruits were rotting.
The remaining fruits were classified as marketable fruits. For maize,
fruits were harvested once the ears (top part) were filled out and
were round (weeks 12 and 13) (harvest method used by maize
farmers in Cameroon; R. Houmgny, pers. comm.). We recorded
the number and weight of maize fruits per plot. Bean fruits were
harvested once the bean pods had turned fully yellow (week 11)
and we recorded the total weight of bean pods per plot.

Further, we collected soil samples from the centre of each
plot on week 8. The samples were air-dried for a week at room
temperature and then analysed for carbon and nitrogen content
in the soil analysis laboratory of IITA, Cameroon. Once all okra
plants had stopped producing fruits (week 15), the experiment was
terminated. The okra plants were harvested, dried in paper bags at
60 ∘C for 3 days and their biomass measured.

2.6 Yield calculations
Okra is sold by numbers and not by weight in Cameroon, hence the
response variables were calculated using fruit number. HD plots
had almost double the number of okra plants than LD plots and,
okra monoculture plots had greater numbers of planted okra than
intercropped plots. Hence, for unbiased investigation of the effect

Pest Manag Sci (2017) © 2017 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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of our treatments on okra yield, we calculated the percentage
marketable fruit (MP) by dividing total number of marketable
fruits per plot (M) with total number of fruits per plot (NF), and
multiplying the result with 100. We also calculated okra yield per
plant per plot (Y) by dividing the total number of fruits per plot (NF)
with the total number of okra plants per plot (N).

Additionally, we calculated a modified version of the land equiv-
alent ratio (LER). LER is used to judge the effectiveness of an inter-
crop and is defined as relative area required for sole crops to
produce the same yield as intercropping.58 A LER value >1 indi-
cates that an intercrop gives better yield (over-yielding) than a
monocrop. Calculating LER requires monocultures yield for all crop
species. As we only had okra monoculture, here we calculated the
‘relative land equivalent ratio’ (RLER) per plot. This modified for-
mula allowed for calculation focused on okra.

RLER = Yinter∕Ymono.

Here, Y inter is the okra yield per m2 in an intercropped plot and
Ymono is the okra yield per m2 in a monoculture plot. Okra plants
were grown in 50% of the area in HD and in 60% of the area in
LD intercropped plots. Our total plot area was 3.6× 3.6= 12.96 m2.
Hence, to derive Y inter in a HD intercropped plot, okra yield per
plot was divided by 50% of the plot area, i.e. 1.8× 3.6= 6.48 m2

and for a LD plot it was divided by 60% of the plot area, i.e.
2.16× 3.6= 7.78 m2. To derive Ymono in a monoculture plot, okra
yield per plot was divided by the total plot area (12.96 m2). RLER
was calculated for each two- and three-species plot separately.

Further, we determined the market selling price of our crops. For
this we first interviewed ten vegetable selling vendors and asked
them the price at which they sell okra, maize and bean during
the crops respective growing seasons (okra and maize are sold by
numbers and bean is sold by weight in Cameroon). As the price is
always as a range rather than a fixed number, we noted the highest
price of the range. For example, when we were told that 10-15 okra
fruits were sold for 100 Central African CFA francs (XAF) then we
would note the price of 10 fruits to be 100 XAF. We averaged the
selling price for each crop species across vendors, and used it to
calculate the selling price of the produce from our plots (average
selling price for each crop species was multiplied with total fruit
number (okra and maize) or fruit weight (bean) per plot for the
respective crop species). We also calculated the total inputs (seeds
and fertilizer) cost per plot by adding price of total fertilizer and
seed weight (for each crop species) used per plot (Table S2). Finally,
we calculated the economic profit per plot by subtracting the total
selling price by total input cost. The economic profit is presented
in USD for ease of comparison, using the exchange rate of 1 USD
to 584.58 XAF.

2.7 Data analysis
2.7.1 Response variables for which data were analysed
Invertebrate abundances (aphids, whiteflies, leaf beetles, spiders
and syrphid larvae), plant height, plant biomass, soil CN ratio, okra
yield (yield per plant and % marketable fruit per plot), RLER and
economic profit were measured.

The values used for invertebrate abundances and plant height in
our analyses are cumulative averages. We first calculated averages
per plot from each reading (three plants for the LD or five for HD
plots) for each of these variables. Then the average values of all
readings were added, separately for each of these variables, to
yield the cumulative average abundance per plant. Plant biomass

values are also average values from each plot calculated from
sample plants.

2.7.2 Selection of main explanatory variables to be used for data
analysis
Diversity and crop combination are highly correlated variables,
hence to avoid multicollinearity, we first analysed data to select
one variable of these to be used for all our further analysis. Two
separate models for each of the response variables were run to
test for the effects of crop diversity (i.e. 1–3) and crop combi-
nation (okra, okra–bean, okra–maize, okra–bean–maize) sepa-
rately. Diversity significantly affected only two response variables
(Table S3) but crop combination affected seven response variables.
Further, average adjusted R2 values (range 0–1, with values closer
to 1 providing a better fit of the model to the data) derived from
different models of all response variables using crop diversity was
0.17 and from models using crop combination was 0.41. Thus, crop
combination explained more variation than crop diversity for all
response variables. Therefore, in all our analyses we used the main
explanatory variable of crop combination rather than diversity.

To analyse data for the main explanatory variables (crop combi-
nation and plot density) we ran generalized linear models (GLM) or
linear models (LM). For the response variable syrphid larvae abun-
dance, GLM with quasi-Poisson distribution was used (overdis-
persed data) and for the RLER response variable, GLM with Poisson
error distribution were used. For all other response variables, we
ran LMs with normal error distribution, since these gave the opti-
mal model fits.

2.7.3 Model description for data analysis
To analyse the effect of plot plant density and crop combination
on all response variables (okra pests and their predators, okra plant
height and biomass, okra yield (yield per plant and % marketable
fruit per plot), soil CN ratio, RLER and economic profit), our models
included block as a fixed effect, plot plant density (high/low)
and crop combination as main explanatory variables, and the
interaction between plot plant density and crop combination. The
significance of our blocking factor in the analyses showed that
there was significant spatial variation with higher invertebrate
abundances in block 9 (next to a cassava field) and lower values
in block 1 (next to a fallow field). By including block in all models,
along with the randomized block design, we minimized any bias
the spatial effect may have on our results. For the response
variables soil CN ratio, RLER and economic profit we did not
include any covariates in the model. For other response variables,
we included suitable covariates mentioned below in each of the
models to account for additional variation across our blocks.

For the response variables okra pests/predator (aphids, white-
flies, leaf beetles, spiders and syrphids) we included soil CN ratio,
plant CN ratio, % crop cover, % weed cover and plant height. The
abundances of different pests/predators were included as covari-
ates when these were not the respective response variables.

For the response variables okra plant biomass, plant height and
okra yield (okra yield per plant (Y) and percentage marketable fruit
per plot (MP)), we included soil CN ratio, % crop cover, % weed
cover, and abundance of whiteflies, leaf beetles, aphids, spiders
and syrphid larvae as covariates. Additionally, plant CN ratio, plant
height and plant biomass were included as covariates only for okra
yield response variables. MP data were arcsine transformed before
analysis.

We also conducted post hoc analysis using the Tukey HSD test
to determine the effects of different crop treatments on response

wileyonlinelibrary.com/journal/ps © 2017 Society of Chemical Industry Pest Manag Sci (2017)
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Table 1. Effect of main experimental variables and covariates on okra invertebrates.

Response variables

Explanatory variables
and covariates Aphid abundance Leaf beetle abundance Whitefly abundance Spider abundance

Syrphid larvae
abundance

Block F8,58 = 3.02,
P = 0.006

F8,55 = 2.63,
P = 0.016

F8,58 = 4.74,
P = 0.001

F8,58 = 1.18,
P = 0.327

F8,54 = 20.14,
P < 0.001

Soil carbon–nitrogen ratio × × × × F1,54 = 6.39,
P = 0.014
(–0.35)

Crop cover (%) × × F1,58 = 8.79,
P = 0.008
(–0.13)

× ×

Plant height (cm) × F1,55 = 9.29,
P = 0.004
(+0.03)

× × F1,54 = 5.63,
P = 0.021
(+0.39)

Spider abundance F1,58 = 3.24,
P = 0.077
(–0.54)

× × ×

Leaf beetle abundance × × F1,58 = 6.23,
P = 0.015
(+0.26)

×

Plot plant density F1,58 = 7.16,
P = 0.009

F1,55 = 55.32,
P < 0.001

F1,58 = 3.12,
P = 0.049

F1,58 = 14.17,
P = 0.003

F1,54 = 4.15,
P = 0.046

Crop combination F3,58 = 0.072,
P = 0.975

F3,55 = 32.24,
P < 0.001

F3,58 = 4.32,
P = 0.008

F3,58 = 3.57,
P = 0.019

F3,54 = 3.11,
P = 0.033

Density × Combination × F3,55 = 7.87,
P = 0.001

× × F3,54 = 3.90,
P = 0.044

Generalized linear models with quasi-Poisson distribution were used for syrphid larvae response variable. For all other response variables, linear
models were used with normal error distributions. ×, value not significant in a model and removed from the final minimal model. Only those values
that were kept in the final minimal model are shown. Covariates that were not significant for any of the response variables are not mentioned. Values in
parentheses are coefficient values of the model for the respective explanatory variables. ‘+’ indicates a positive association and ‘–’ indicates a negative
association between the response variables and the covariate.

variables. Correlation values reported in the result section were
obtained using Pearson product–moment correlation method.

All data were analysed using R software version 3.2.2. We
first fitted full models with all main effects and the interac-
tion between the main explanatory variables, plus covariates.
Then, all non-significant covariates were removed followed by the
non-significant interaction, using step-wise analysis of variance
(ANOVA) model fit comparisons.

3 RESULTS
3.1 Okra pests and their predators
Okra pests (aphids, leaf beetles and whiteflies) and their predators
(spiders and syrphid larvae) started colonizing plants from the first
observation week and were recorded in all plots throughout the
experiment. Our field site was situated on a hill and different parts
of the site were surrounded by cassava, plantain or set aside land.
Hence, due to these spatial variations we recorded a strong effect
of block on okra invertebrates and plants traits (Tables 1 and 2).

3.1.1 Effect of plant density and crop combination on okra pests
and their predators
Plant density of plots affected all invertebrates; specifically, a
strong effect was observed for leaf beetles, aphids and spiders
(Table 1). Overall, the abundances of leaf beetles, whiteflies,
spiders and syrphid larvae per plant were reduced in HD plots,
whereas aphid abundance increased in these plots (Table 3 and
Fig. 1). Crop combination explained a significant amount of
variation for all invertebrates, except aphids (Table 1). This

suggests that crop identity is crucial in determining pest and
predator abundances. Spider abundance differed between okra
monoculture and okra–bean plots (t = 2.67, P = 0.043) and was
highest in okra monocultures (Fig. 1). Spider abundance also
increased in three-species combination plots (Fig. 1). White-
fly abundance was significantly lower in okra–maize than in
okra–bean plots (t = 2.72, P = 0.040) and increased in okra mono-
culture plots (Fig. 1). We found that the effect of plant density on
the abundance of leaf beetles and syrphid larvae varied across
crop combinations (significant two-way interaction; Table 1). In
comparison with LD plots, syrphid abundance was recorded to
be lower in all HD plots except in okra–bean HD plots, suggest-
ing an attraction of syrphids to bean plants (Fig. 1). Leaf beetle
abundance did not differ between HD and LD okra monoculture
plots (t = 1.62, P = 0.732), but it was lower in other intercropped
HD plots in comparison with LD plots (Fig. 1).

There was no association between syrphids and any of the okra
pests, but we did observe a marginal negative association between
spider and aphid abundances (Table 1). Spider abundance was
also higher in plots with higher leaf beetle abundance (Table 1).
Whitefly abundance was lower in plots with higher percentage
of crop cover (Table 1) and taller plants had a higher abundance
of both leaf beetles and syrphid larvae (Table 1). Syrphid larvae
abundance also decreased with higher soil CN ratio (Table 1).

3.2 Okra plant traits and yield
Okra plants started to produce fruits by week 8 and peak fruit
production weeks were 9, 10 and 11, after which most plants
had completed their life cycle and fruit production decreased
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Table 2. Effect of main experimental variables and covariates on okra plant traits.

Response variables
Explanatory variables
and covariates Plant biomass Plant height Yield per plant % marketable fruits

Block F8,58 = 5.39,
P = 0.001

F8,53 = 2.23, P = 0.039 F8,56 = 12.89,
P < 0.001

F8,55 = 0.99, P = 0.452

Crop cover (%) × F1,53 = 9.61, P = 0.003
(+0.29)

F1,56 = 11.66,
P = 0.001 (+0.03)

×

Soil carbon–nitrogen ratio × F1,53 = 4.09, P = 0.048
(+1.45)

× ×

Plant height × F1,56 = 11.24,
P = 0.001 (+0.04)

Plant biomass F1,56 = 23.24,
P < 0.001 (+0.03)

×

Leaf beetle abundance F1,58 = 25.79,
P < 0.001
(+0.08)

F1,53 = 8.73, P = 0.005
(+0.79)

× F1,55 = 11.35,
P = 0.001 (–2.05)

Plot plant density F1,58 = 33.41,
P < 0.001

F1,53 = 3.04, P = 0.037 F1,56 = 12.89,
P = 0.006

F1,55 = 9.49, P = 0.003

Crop combination F3,58 = 28.15,
P < 0.001

F3,53 = 2.59, P = 0.062 F3,56 = 17.44,
P < 0.001

F3,55 = 1.33, P = 0.273

Density × Combination × F3,53 = 3.89, P = 0.014 × F3,55 = 2.07, P = 0.115

Linear models were used with normal error distributions. ×, value was not significant in a model and was removed from the final minimal model. Only
values that were kept in the final minimal model are shown. Covariates that were not significant for any of the response variables are not mentioned.
Values in parentheses are coefficient values of the model for the respective explanatory variables. ‘+’ indicates a positive association and ‘–’ indicates
a negative association between the response variables and the covariate.

Table 3. Measure of different variables per plot at low and high plant
density.

Variables Low plant density High plant density

Plot variables
Crop cover (%) 53.1± 1.42 84.9± 1.81
Weed cover (%) 46.7± 2.75 37.8± 2.90
Soil carbon–nitrogen ratio 12.2± 0.14 11.8± 0.18
Total okra fruit number 74.1± 6.33 105.4± 11.62

Invertebrates
Aphid abundance 45.2± 5.66 67.2± 7.13
Leaf beetle abundance 16.5± 0.90 10.9± 0.92
Whitefly abundance 4.8± 0.53 3.9± 0.41
Spider abundance 1.2± 0.07 0.5± 0.06
Syrphid larvae abundance 0.8± 0.14 0.5± 0.08

Plant traits
Okra plant height (cm) 47.2± 1.02 52.8± 1.37
Okra plant biomass (g) 9.6± 0.87 6.3± 0.72
Marketable fruits (%) 69.7± 3.23 55.9± 4.40

Values are given as mean± 1 SE.

(total okra fruits harvested: week 9= 3096, week 10= 2351, week
11= 1818, week 12= 702). Bean plants flowered the earliest (week
5), followed by okra (week 6) and maize plants (week 8).

3.2.1 Effect of plant density and crop combination on okra plant
traits
Plant density significantly affected okra plants and their yield
(Table 2). Despite higher pest abundances in LD plots, okra plant
biomass, yield per plant (Fig. 2) and % marketable fruits were all
greater in LD than HD plots (Table 3), indicating some negative
effects of high density. Higher yield per plant was also recorded in

plots with a lower crop cover (Table 2), and crop cover was lower
in LD plots (Table 3).

Crop combination also affected plant biomass and yield per
plant (Table 2). Individual okra plant biomass mean was high-
est in okra monoculture (11.2± 0.94 g), followed by okra–bean
(8.5± 0.93 g), okra–bean–maize (7.1± 0.91 g) and lowest in
okra–maize (4.8± 1.25 g) plots. Plant biomass in okra–maize
plots differed from other crop combinations (okra: t = 6.44,
P < 0.001; okra–bean: t = 4.62, P = 0.001; okra–bean–maize:
t = 3.16, P = 0.012). Plants with higher biomass also had a higher
yield per plant (Table 1). Yield per plant was therefore also lowest in
okra–maize plots and higher in okra monoculture and okra–bean
plots (Fig. 2). Thus, there seems to be some negative effect of
intercropping with maize on okra plants. However, this negative
effect of maize on okra was reduced to some extent by the pres-
ence of bean. This was evident in our three-species plots where
okra yield per plant was higher (1.9± 0.22) than in the two-species
okra–maize plots (1.4± 0.16; Fig. 2). Further, the increase in okra
yield per plant from okra–maize to okra–bean–maize plots
(despite no significant interaction), was higher in LD than in HD
plots (Fig. 2).

Unlike plant biomass and yield, plant height was greater in HD
plots (Table 3) and we recorded a significant two-way interaction
between density and combination on plant height (Table 2). Here,
plant height showed no difference between LD and HD okra
monocultures plots; however, it was higher in other HD than LD
intercropped plots (Fig. S2). We also recorded that plant height
increased with an increase in crop cover and with an increase
in soil CN ratio (Table 2). Soil CN ratio was also higher in LD
plots (F1,59 = 4.87, P = 0.031; Table 3) but was not affected by crop
combination (F3,59 = 1.82, P = 0.153).

Crop combination had no effect on % of marketable fruits.
Among the invertebrates, only leaf beetles were associated with
okra plant biomass and % marketable fruits (Table 2), and we
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Figure 1. Cumulative average abundance of okra pests (aphids, whiteflies
and leaf beetles) and predators (spiders and syrphid larvae) across the
different combinations of crop plants grown in a plot, at the two different
plant densities. Error bars represent ±1 SE.

recorded no association between other invertebrates and okra
plant biomass, yield per plant or % marketable fruits. Percent-
age marketable fruits reduced with an increase in leaf beetle
abundance (Table 2). However, plant biomass was higher in plots
with higher abundance of leaf beetles (Table 2). This might have
occurred because leaf beetle abundance was positively correlated
with leaf numbers (r =+0.77, df= 70, P< 0.001), which in turn
was positively correlated with plant biomass (r =+0.88, df= 70,
P< 0.001), suggesting that leaf beetles colonized plants with more
leaves, rather than leaf beetles positively affecting plant biomass.

Plant carbon–nitrogen ratio showed no relationship with any
invertebrate abundance or with okra plants.

3.2.2 Relative land equivalent ratio, overall yield and resultant
profit
RLER >1 indicates over-yielding and RLER <1 indicates
under-yielding by an intercropped plot. Okra RLER varied
significantly across crop combinations (X2 = 142.85, df= 2,
P < 0.001), and was affected by plot plant density (X2 = 22.09,
df= 1, P < 0.001). Okra RLER was higher in HD than in LD plots
(Fig. 3). RLER differed between okra–maize and okra–bean plots
(z = 37.35, P < 0.001) and was >1 in the presence of bean alone;
in the presence of maize alone it was <1 at both densities (Fig. 3).
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Figure 2. Okra fruit number per plant across the different combinations of
crop plants grown in a plot, at the two different plant densities. Error bars
represent ±1 SE.
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Figure 3. Relative land equivalent ratio (RLER) of intercropped plots at low
and high plant density. This was calculated by dividing okra yield per m2

in an intercropped plot with okra yield per m2 in a monoculture plot. Error
bars represent ±1 SE.

We also recorded a two-way interaction between crop combi-
nation and density on RLER (X2 = 13.30, df= 2, P = 0.002); in the
three-crop combination bean reduced the negative effect of maize
on okra to some extent, but only in LD plots (HD okra–bean–
maize: LD okra–bean–maize z = 39.11, P < 0.001) (Fig. 3).

The resultant profit (total selling price – total input cost) to be
gained varied significantly across crop combinations (F3,59 = 8.32,
P < 0.001) and marginally by plot density (F1,59 = 2.90, P = 0.093),
it was highest in okra–bean plots and lowest in okra–maize
plots (Fig. 4). Although there was no overall significant interaction
between combination and plant density (F3,64 = 0.51, P = 0.674),
profit appeared higher in HD than in LD okra–bean plots (Fig. 4).
Further, fertilizer usage (added per plant) was lowest in okra–bean
(no fertilizer added to beans) and highest in HD okra monoculture
plots (highest number of okra plants) (Table S2). Weed cover was
also lower in HD than in LD plots and it was highest in okra
monoculture plots (Fig. S3). The most profitable design in our study
was okra–bean grown at high plant density, whereas, okra–maize
grown at low plant density was the least profitable (Fig. 4).
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Figure 4. Economic profit per plot in USD across the different combinations
of crop plants grown in a plot, at the two different plant densities. Profit was
calculated by subtracting the total selling price obtained from all crops per
plot with cost of total inputs (seeds and fertilizers) used per plot. Error bars
represent ±1 SE.

4 DISCUSSION
Overall, we found that crop identity was important in our system
with bean plants benefiting the production of okra, and maize
having a strong negative effect. Crop identity also had varying
effects on different okra-associated invertebrate species with low
abundance of okra pests and their predators in the presence of
maize alone. Additionally, plant density within a plot, which is
often ignored in intercropping studies, significantly affected not
only plant traits but also leaf beetles and whitefly pest species,
which were reduced in plots with high plant density. In addition,
it was crop combination and plot plant density, but not pest or
predator abundances which influenced okra biomass and yield.
The optimal strategy in our study for highest resultant profit,
lowest fertilizer input and over-yielding (RLER >1) was to grow
okra at high plant density in combination with bean plants. From
additive studies, it is well-established for intercropping that per
unit yield of primary crops is increased most when legumes are
the secondary crop; in such systems, the polyculture yield often
exceeds the monoculture yield.45

Unlike crop identity and density, we did not observe an effect
of crop diversity on any invertebrate species except leaf beetles.
A myriad of factors can affect invertebrate abundance, such as
vegetation structure,59,60 visual cues of plant species,27,29,61 feed-
ing range and host-specificity of pest and predator species,9,62,63

and the presence of floral structures,64,65 all of which are depen-
dent on the identity of the plants present rather than plant diver-
sity. Further, even studies showing positive effects of diversity on
predator abundances have shown that this effect can vary at dif-
ferent trophic levels or due to factors such as intraguild predation,
and that these can also be species-specific.7,66,67 Hence, additional
factors may override the effects of diversity and simply increasing
diversity in agroecosystems does not automatically reduce pests
and enhance their predators.24

Variation in pest abundances across our different crop combina-
tions was species-specific and could potentially be explained by
their plant host-specificity and feeding range. Whitefly abundance
was highest in okra monoculture plots and in the presence of bean,
possibly as both bean and okra are their major host plants.68,69

Whereas, leaf beetles (N. uniformis) were most abundant in okra
monoculture plots. These leaf beetles are oligophagous pests

with a small host range, feeding predominantly on okra.70 In
accordance with the ‘resource concentration’ hypothesis, this
smaller host–plant range could have led to the highest leaf beetle
abundance being observed in okra monocultures.9 On the con-
trary, the abundance of the highly polyphagous cotton aphids
was not influenced by crop combinations because they feed on
maize, bean and okra.71 Further, reduction of leaf beetles and
whiteflies in plots with maize could also be attributed to it being
an effective barrier plant. Maize is taller and has a larger canopy
than both okra and bean, possibly hindering pest host search and
ultimately their abundance.72

We allowed natural colonization of predators in this experiment,
and the main species were syrphid larvae and spiders. Syrphid
abundance was higher in HD than LD okra and bean plots. As okra
and bean plants flowered earlier than maize, higher attraction of
syrphid flies to HD okra–bean plots may have occurred due to
high abundance of floral resources in these plots.64 We observed
more spiders in plots with higher leaf beetle abundance, indicating
that they perhaps share a similar habitat preference (e.g. okra
monocultures) or that leaf beetles attracted spiders as a prey
source. Spider abundance was also higher in three-species plots
probably due to increased habitat complexity, which in turn has
been known to attract more invertebrates.59 Thus, we can state
that the response of natural predators to intercropping can also
be predator and plant species-specific.18,19,24

There was no strong association between predators and any
of the pest species or okra yield, which can be attributed to low
numbers of predators that we observed (Table 3). However, spiders
did show a marginal negative association with aphids. Previous
studies also found that spiders reduce aphids by only a small
percentage,73,74 and this may occur because, as generalists, spiders
have wide-host range meaning they also consume alternative
(non-target pest) prey species.

Plant density, leading to variation in the plant–soil contrast and
plant structure had a strong effect on the invertebrates. Both, leaf
beetles and syrphid flies (flying species), were attracted to taller
okra plants, which would have been more visible and accessible
than shorter plants.60,75 Whitefly abundances decreased in HD
plots (more resources) and with an increase in crop cover. In HD
plots, there was higher percentage of crop cover, which could
have hindered host-searching of whiteflies as these are flying
species, particularly if they rely on the plant–soil contrast as a cue.
The plant–soil contrast may also explain low abundances of leaf
beetles in HD plots, as some species are more attracted to green
than brown backgrounds.27,29 Finch and Collier28 illustrated this
further in a study in which they intercropped cabbage with green
and brown clover. They found that the eggs laid by cabbage pest
species decreased only when the surrounding clover was green
and not when it was brown. In LD intercropped plots okra rows
were replaced by additional crops, whereas, in HD intercropped
plots the bare soil was replaced with secondary crops (additional
green surfaces). Hence, in HD intercropped plots, leaf beetles
possibly landed more on the additional green surfaces, resulting
in their reduced numbers on okra. In HD okra monocultures, the
additional green surfaces were okra plants and thus leaf beetle
numbers decreased only slightly in these plots in comparison with
other HD plots. The importance of visual contrasts on beetles has
been shown by previous studies.30,31 By contrast to leaf beetles and
whiteflies, aphid abundance increased in HD plots. Although aphid
abundance has been shown to be affected by visual contrasts,26,29

the cotton aphid feeds on all plants used in our study; hence, their
higher abundance in HD plots probably occurred as it was easier
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for them to search for their host plants and they remained in plots
with higher resources.33,34,42

Leaf beetles were the only pests that affected okra yield by reduc-
ing the number of marketable fruits, but this did not lead to leaf
beetles reducing okra yield per plant. Instead yield per plant was
influenced more by crop combination. It has been suggested that
factors other than pests, e.g. competitive or facilitative interactions
amongst crops strongly affect yield.24 For example, in HD plots
with beans there was likely a higher availability of plant resources
as beans can fix soil nitrogen,44 facilitating greater okra yield even
in the absence of additional fertilizer to the bean plants. By con-
trast, maize requires large amount of nutrients51 and is a tall plant
with a wide canopy, leading to reduced sunlight for okra plants
(crop cover was ∼60% in LD and ∼95% in HD okra–maize plots).
Beans did not cover okra plants. Therefore, when okra was grown
alone with maize, competition for nutrient and light resources
was higher, resulting in reduced okra yield. However, the com-
petitive effect of maize on okra was reduced in the presence of
bean because okra yield increased when bean was grown along
with okra and maize (three-species plots). Nevertheless, this posi-
tive effect of bean was stronger in LD plots, possibly due to even
greater competition for resources (more abiotic stress) with higher
maize plant numbers in three-species HD plots.76,77

Reduced sunlight due to maize might also explain why okra plant
height was seen to increase in the presence of maize in HD plots
and with an increase in crop cover. Increase in stem elongation in
dense vegetation is generally believed to be induced by canopy
shading as plants grow tall to obtain sufficient light78 and allocate
more resources to the stem than to other parts.79 We did not record
significant variation in soil CN across crop combinations likely
because samples were taken only once at the end of the season,
potentially after the main facilitation time point. However, N-fixing
by beans, high nutrient requirements and large canopy cover of
maize are all well-established mechanisms, so their potential effect
on the okra plants cannot be ruled out.

We obtained highest total yield and economic profit from HD
plots, and even over-yielding (RLER >1) from HD okra–bean plots.
Weed cover was also lower in HD and intercropped plots, which
would further reduce labour cost and competition for the har-
vested crops. Hence, we suggest that okra–bean grown at high
plant density is the most efficient design in our system.

Overall, our study focuses on the importance of crop identity
and plant density when designing intercropped fields. Traits of
secondary crop species such as nitrogen fixation and canopy
cover should be screened to determine key elements that affect
pest and predator abundances and ultimately result in improved
yield.80 Furthermore, we also show how plant density affects pests,
predators and even mediates the effect of crop identity. With
an ever-growing human population and continually exploiting
natural resources, it is crucial to design sustainable cropping
systems with an aim to achieve the maximum yield from available
land. Legumes such as beans can be included in designs when
nutrient limitation is the major obstacle and barrier crops such
as maize can be included in designs when pests are the major
obstacle in crop production. A system such as ours built on
traditional practices would be more acceptable to subsistence
farmers and meet their socio-economic needs.
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