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Intercropping in small-holder production systems in East and Central Africa is

very common and offers potential for significant yield and environmental benefits.

However, the reduced light availability under banana canopies constrains the success

of the intercrop in banana systems. Determining a balance between the optimal

spacing/densities of banana plants with optimized intercrop selection based on their

sensitivity and tolerance to shade is imperative. This study, through extensive field

experiments performed in South Kivu, DR Congo investigated the resilience of a wide

range of food and forage crops to varying banana shade levels. The same crop species

grown as monocrops served as controls. Quantitative yield assessments showed yam,

sweet potato, ginger and forage grasses to have a good potential to grow under

moderately dense to dense banana fields. Taro, soybean, mucuna, chili, eggplant, and

Crotalaria sp. performed well in sparsely spaced banana fields with moderate shading.

Cassava and soybean showed limited tolerance to shade. Intercropping in banana

systems is also generally confined to the rainy seasons due to the high sensitivity of most

annual intercrops to long dry weather in the dry season months. We also thus assessed

the sensitivity of chickpea and mucuna to the long dry weather of the dry seasons and

found them to have great potential for extending farming production into the dry season.

Overall, we show that careful selection and allocation of crops with varying sensitivity

to various banana shade levels and dry season weather can potentially increase whole

field productivity.

Keywords: banana, biomass, cover crop, Democratic Republic of Congo, intensification, mucuna

INTRODUCTION

Banana (Musa sp.) producing landscapes in the East and Central African region are characterized
by small (<2 ha) and highly fragmented farms (van Asten et al., 2004; Niroula and Thapa, 2005;
UBOS, 2010; Wairegi et al., 2010; Tinzaara et al., 2018). Fragmentation of farms is hastened by the
high population densities and land tenure system. Population densities of up to 470 people/km2

have been reported in parts of the region (The World Bank Group, 2016). The land tenure system
involves parents dividing their land between children, resulting over generations into smaller
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fragmented land sizes thus making it hard to consolidate
land for agricultural production. The smallness and continuous
fragmentation of farms hastens land degradation and limits the
financial returns farmers can obtain from their land (Niroula and
Thapa, 2005; UBOS, 2010). To use the available land optimally,
farmers therefore often diversify crop types within fields through
intercropping to augment yield without the additional need
for more farmland (Ocimati et al., 2013, 2019; Tittonell and
Giller, 2013; Ntamwira et al., 2014). Intercropping can provide
potential co-benefits which can help maintain or even increase
the sustainability of the farming systems. Firstly, soil degradation
being a major issue in banana production systems (Wairegi
et al., 2010; van Asten et al., 2011) can be mitigated through the
intercrop. The increased soil coverage by plant canopy and an
overall increased root network in the field improves conservation
of soil moisture through reduced soil water evaporation and
reduces the risk of erosion by stabilizing the soil surface
layers (Lithourgidis et al., 2011). Additionally, intercropping can
improve soil fertility of the field specifically when using nitrogen
fixing crops (e.g., legumes), as will decomposed residue and
mulch from parts of the intercrop not harvested (Lithourgidis
et al., 2011; Gebru, 2015). This is particularly important for
small-holder farmers in Central and East Africa where the use
of fertilizers is minimal (Blomme et al., 2018). A second co-
benefit from intercropping is a reduced incidence of pests and
diseases often attributed to the improved biodiversity allowing
for an increase in populations of natural enemies of the pests
(Lithourgidis et al., 2011; Mulumba et al., 2012; Gebru, 2015;
Ocimati et al., 2018). Intercropping has also been shown to
effectively suppress weeds (Jensen et al., 2005; Gebru, 2015;
Ocimati et al., 2019), leaving more resources for the crops that
provide actual yield. The minimized effort in weed management
and the reduced need for both herbicides and pesticides increase
the cost-effectiveness of the intercropping system. Finally, the
diversification of crops reduces the risk of total crop failure
(Lithourgidis et al., 2011) providing greater financial stability
for farmers.

In Central and East Africa, small-holder farms predominantly
intercrop banana with short maturing crops in, respectively, open
or young banana fields (Ntamwira et al., 2013). Intercropping
in newly established banana fields e.g., works well with beans,
coffee, maize and sweet potatoes (Ouma, 2009). Intensification
of intercropping in more mature banana fields is however
highly constrained by the reduced light availability. The light-
demanding nature of most short-stature crop species therefore
restricts their intercropping to the most sparsely spaced banana
fields. In dense banana fields e.g., in eastern Democratic Republic
of Congo (DR Congo), it’s also common for farmers to cut
banana leaves, at the onset of an annual cropping season, to
increase the amount of light reaching the shorter intercrops,
a practice that however reduces the economic efficiency of
the system (Ocimati et al., 2019). Several more shade-tolerant
crops, e.g., tuber crops Colocasia sp. (taro) and Xanthosoma
sp. (cocoyam), have been shown to perform well under mature
banana plantations (Blomme et al., 2018). Nevertheless, limited
information is available on the shade-tolerance or sensitivity
of a wider variety of crops for use in higher shade levels of

denser banana fields. Given the small land sizes, exploration of
species that can thrive under shade offers a good alternative for
increasing yield and/or nutritional diversity of these farms.

Additionally, intercropping in banana systems in Central
Africa is mostly confined to the rainy seasons with only few plant
species [e.g., multipurpose trees, banana and coffee (Coffea spp.)
allowing for a year-round production (Blomme et al., 2018)].
Farmers also often leave root and tuber crops [mainly taro,
sweet potato (Ipomoea batatas) and cassava (Manihot esculenta)
planted during the rainy season on the field during the dry season
and harvest them based on household needs (Blomme et al.,
2018)]. Most short-stature banana intercrops however cannot
thrive in drier conditions and small-holder farmers cannot
irrigate to extend their production to the dry seasons. Integration
of crop species that are less sensitive to long dry weather (i.e.,
less sensitive to heat stress) conditions and can thrive when
soil moisture content is low would enable farmers to extend
their production into drier months thus offering an opportunity
for higher total biomass yields. Soil coverage during the dry
season would also be specifically advantageous for reducing the
pressures of heat stress and moisture loss on the field (Blomme
et al., 2018). Integration of crop species that are less sensitive to
long periods of dry weather would thus allow for a more optimal
use of available land as additional yield could be obtained.

This study therefore assessed the tolerance or sensitivity
of a wide range of food and forage crop species to varying
shade levels of open to dense banana fields. We assessed
the performance of the known shade-tolerant crops taro
and bird’s eye chili (Capsicum annum) and the semi shade-
tolerant crops cassava, yam (Dioscorea sp.) and ginger (Zingiber
officinale) (Johnston and Onwueme, 1998, Sreelathakumary
and Rajamony, 2002, Okwuowulu, 2005), and of crops for
which less (or contrasting) information on shade-tolerance is
available, including mucuna (Mucuna pruriens), chickpea (Cicer
arietinum), soybean (Glycine max), sweet potato, and eggplant
(Solanum melongena) (reviewed in Blomme et al., 2018). Two
crops mucuna and chickpea shown to have a great potential
for withstanding drier conditions (Johansen et al., 1994; Berger
et al., 2004; Chiu, 2004), were also tested for their performance
during the dry season. Finally, the integration of forage species
(including grasses and shrubs) as hedges and borders as an
additionalmeans to augment land utilization within these banana
systems is investigated.

MATERIALS AND METHODS

Study Area
This study was conducted through extensive field experiments
set-up in the South Kivu province of the DR Congo. The
experiments were carried out between March 2015 and July
2019 across 3 locations, namely, the Katana center (02◦13.427′ S,
028◦49.674′ E; 1,647 masl), the INERA-Mulungu research station
(02◦20.042′ S, 028◦47.311′ E; 1,707 masl) and Kavumu (02◦17.4′

S, 028◦48.24′ E; 1,744.3 masl). The three sites are located within
the same administrative boundary and within 20 km from each
other. This region receives an annual precipitation of 1,656 ±

235mm (2015–2018) with one long dry season from May till
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September (monthly rainfall ≤ 150mm) (Figure 1). The second
short dry season (January–February), with an annual monthly
rainfall of about 150mm separates the two annual cropping
seasons (Figure 1). For the first cropping cycle (season A), crops
are planted in September and harvested between December and
January, while for the second cropping cycle (season B) crops
are planted from mid-February to March and harvested in May.
Cumulative rainfall is higher in season A compared to season B
(Figure 1).

The Katana site has highly fertile non-acidic volcanic granitic
clay soils composed of a thick humus layer (Lunze, 1988, 2000).
At INERA-Mulungu, soils are volcanic-derived and reasonably
fertile (Kempers and Zweers, 1986). The Kavumu site has heavy
clay soils with a pronounced A horizon, slightly acidic, with low
organic matter, nitrogen and phosphorus levels, and altogether
rather poor. Detailed characteristics of the soils at the three sites
are provided in Table 1.

Experimental Design
Various crop species (roots and tubers, vegetables, forages, and
cover crops) were planted within mature banana fields with
different shading intensities. Across the various banana cultivars
grown in the test plots, banana canopy size varied according
to planting density and banana mat structure. The resulting
shade level differences, which influence intercrop growth, were
captured as photosynthetically active radiation (PAR) using a
photometer as a basis for comparison across treatments. An
ACCUPAR photometer probe (Model LP-80, Decagon Devices,
Pullman,WA,USA; DecagonDevices, 2004) was used tomeasure
the PAR (µmol/m2/s) received under the leaf canopy for the
different banana shade treatments and above the monocrops.
At least 4 PAR measurements were taken in each intercropped
treatment replicate (giving a total of at least 12 measurements per
treatment). Measurements were taken at 50 cm from a banana
plant at a height of 30 cm above the intercrops and between
11.00 a.m. and 3.00 p.m. In addition, four PARmeasurements at a
height of 30 cm above the sole annual crops were also taken at the
center of each mono-cropped plot/ replicate. For all experiments
across the three sites, a randomized complete block design was
used. A total of 16 crop species were evaluated across sites, with
only mucuna, taro, Setaria sp., elephant grass (Pennisetum sp.),
Calliandra calothyrsus, and Leucaena leucocephala evaluated at
multiple sites.

Katana Experiments
At Katana, two mature banana fields, one comprising of the East
African highland beer banana cultivar “Nshika” (AAA-EAH) and
the other of a mixture of high yielding banana cultivars were used
for the experiments. The mixed cultivar field had cultivars “T6”
(plantain), “NSH20” (cooking), “NSH42” (beer) and “FHIA03”
(dessert). The “Nshika” field was comprised of three banana plant
densities (2 × 2m, 2 × 3m, and 3 × 3m spacings) while the
mixed cultivar field had a spacing of 3 × 4m. The 3 × 3m
spacing is themost recommended spacing for banana in the study
region, while lower spacings of 2× 2m and 2× 3m are common
for banana mono-cropping and 3 × 4m for banana intercrops.
Prior to the establishment of crops to assess for shade-tolerance

or sensitivity and/ or sensitivity to long dry weather, these fields
had been intercropped with beans and amaranth until canopy
shade level no longer allowed for these intercrops to grow. During
this period, de-suckering to retain only 3 plants per mat (mother
plant and two suckers) was carried out routinely at planting of the
annual crops in the “Nshika” plots, while irregular de-suckering
was carried out in the mixed banana cultivar plot. The crops
assessed for sensitivity to shade or dry weather were established
in February 2016 and September 2016 for the “Nshika” andmixed
cultivar plot, respectively.

The crop species assessed for their sensitivity to shade
were first introduced in February 2016 under the four banana
planting densities. The crop species included the tuber crops
cassava, a sweet variety named “Sawasawa,” taro (Colocasia sp.;
a shade-tolerant and prolific variety “Ishikazi”) and yam (a pro-
vitamin A rich variety “Nyaluliga”), the spice crop “red bird’s
eye chili’ (variety “Lushendo”) and the cover crop mucuna
(Mucuna pruriens).

The tuber crops and chili were harvested after 12 months
while mucuna was harvested after 4 months. Mucuna was grown
across the various banana planting densities during the rainy
cropping season B (planted in March and harvested in June)
and in a separate trial also during the subsequent dry season
(planted inMay and harvested in August) (cf. Figure 1). TheMay
to August mucuna crop was established to test for both shade
and dry weather sensitivity or tolerance. Specifically, for cassava
and taro, harvesting of young leaves as a vegetable prior to the
final tuber harvest was carried out. To test the impact of this
practice on the final tuber yield, young leaf harvesting treatments
with intensities of a third or half of all leaves removed were
performed. These tests were done across both the intercrops and
the monocrops and compared to the yield when no young leaves
were harvested.

INERA-Mulungu Experiments
At INERA-Mulungu, a mature cooking banana field (cultivar:
AAA-EAH, “Barhabesha”) at two spacing densities of 2 ×

2m and 4 × 4m and a mature beer banana field (cultivar:
AAA-EAH, “Nshika”) with a 3 × 4m spacing were available
and used. Here the “Barhabesha” (2 × 2 and 4 × 4m)
banana fields were intercropped in the wet seasons A and/or
B with chickpeas, ginger, eggplant, the forage crop Crotalaria
juncea, four varieties of sweet potatoes and mucuna in subplots
(Supplementary Table 2). Ginger and eggplant were harvested
after 9 and 12 months, respectively. Crotalaria sp. was planted
only during cropping season B and harvested after 4 months.
All sweet potato varieties were planted during cropping season B
and harvested after 5 months. For the chickpea crop, in addition
to shade tolerance (assessed during cropping season A), the
sensitivity of chickpea to long dry weather conditions of the
dry seasons was assessed over the months of May to August
and in the drier months in between the two cropping seasons
(December till March) and chickpea yield during these seasons
was compared with that from the cropping season A planting.
The dry season chickpea was planted ∼1 month to the end of
season B (early May) to ensure the crop benefitted from the
residual water in the soil. In the third trial, chickpea was planted
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FIGURE 1 | Annual rainfall seasonality at the study site in South Kivu (DR Congo). Average monthly rainfall for the period 2015–2018 is provided; standard deviations

are indicated. The timing of the two annual cropping seasons is shown, with cropping season A from September to December and cropping season B from

mid-February–March to May.

TABLE 1 | Soil characteristics at Katana, Kavumu and INERA-Mulungu.

Sites pH OM (%) N (%) P (ppm) Ca (ppm) Mg (ppm) K (ppm)

Katana 6.8a (±0.2) 7.2a (±0.6) 0.31a (±0.03) 100b (±18) 5569b (±861) 1480a (±121) 692a (±113)

Kavumu 6.1b (±0.2) 5.3b (±0.3) 0.26b (±0.06) 46c (±11) 4230c (±738) 928b (±80) 179c (±47)

INERA-Mulungu 6.8a (±0.5) 6.8a (±0.6) 0.30a (±0.02) 112a (±10) 6264a (±852) 1429a (±213) 371b (±99)

LSD 0.21 0.4 0.01 9.6 574.7 102.7 64.1

Fpr 0.001 0.001 0.001 0.001 0.001 0.001 0.001

For each site soil pH, organic matter (OM), nitrogen content (N), phosphorus content (P) and calcium (Ca), magnesium (Mg) and potassium (K) are provided. At Katana and Kavumu,

averaged values are given of samples collected at the onset of the trials in 2014 and at the end of the trials in 2017. At INERA-Mulungu, soil characteristics were only determined at the

end of the trials in 2017. Means in a column followed by the same letter are not significantly different from each other according to Tukey’s HSD test (p < 0.05). Standard deviations are

provided between brackets.

in December, i.e., during the last rains before the beginning of
the drier period in between the two annual cropping seasons. The
chickpea crop grew over a duration of 4 months in all three trails.
The mucuna crop established at the beginning of the regular
cropping seasons A and B, was allowed to grow into the drier
months as cover crops. Thus, crops planted in September (season
A) were harvested at the end of February, covering the periods
in between the regular cropping seasons, and crops planted in
March (cropping season B) were harvested in August, covering
the dry period. The performance of mucuna as a cover crop was
also assessed in the dry seasons between the two cropping seasons
(September to December and March to May) in subplots under
banana of different spacings (Supplementary Table 2). Mucuna

planted in the dry season were planted 1 month early (May or
December) to benefit from the residual soil moisture.

In the “Nshika” 3× 4m banana field only mucuna was grown.
Mucuna was assessed in the drier periods in between the two
cropping seasons as described for the 2× 4m “Barhabesha” fields
above. For all crop and fodder species evaluated under different
shade intensities, mono-cropped fields with equal replications as
for the intercrops were established as controls.

Kavumu Experiment
At Kavumu a new banana field (beer cultivar; AAA-EAH,
“Nshika”) was established in March 2015 with a spacing of 3
× 4m. Here, the performance of the tuber crop taro (Colocasia
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esculenta, variety “Astrida”), the legume crop soybean and of the
forage grasses Brachiaria ruziziensis and Setaria sphacelata were
assessed in intercrop and monocrop situations. The durations
from planting (i.e., beginning of the rainy season) to harvest
was 4 and 8 months for soybean and taro, respectively. The
forage crops, planted at the onset of cropping season B, were
first harvested at 6 months and thereafter monthly till the 23rd
month of experimentation. The total cumulative biomass across
harvests was used for the analysis. Additional trials on mucuna
as a cover crop in both intercrop and monocrop formation
were also performed, with performance tested through various
planting and harvesting periods, including regular cropping
seasons extended to the dry season months, year-round cropping
and cropping during the dry season months in between the
regular cropping seasons. Thus, the duration of the mucuna
cropping cycle ranged from 4 to 12 months. At all locations the
test crops were planted 30 cm from the banana mats to minimize
damage to banana roots, competition and shading effects.

Forage grasses (elephant grass and Setaria sp.) and shrubs
(Calliandra sp. and Leucaena sp.) were planted at all three
sites as hedges at the boundary of fields for additional biomass
production. These hedge crops were planted during cropping
season A. These hedge crops were first harvested after 5 months
and thereafter monthly, resulting in a total of 4 harvests. The total
cumulative biomass across harvests was used for the analysis.
Using forage crops as borders delineating property lines of
adjacent farms allows for potential additional yields and optimal
use of space. With the exception of taro, ginger, sweet potato
for leaves and chili that had been observed to be shade-tolerant,
and chickpea that had been reported to be drought-tolerant, the
sensitivity of the other crop varieties evaluated to shade or long
dry weather conditions was not known at the onset of the trials.

At all three sites above, each crop and treatment combination
were replicated thrice while the same crop species grown as
monocrops were assessed as controls in subplots separated by
0.5m. Details on planting material, origin of the intercrops and
spacing can be found in Supplementary Table 1, while size of the
full subplots, the net plots assessed and/or corresponding number
of plants assessed per growth and yield trait and intercrop are
provided in the Supplementary Table 2.

Minimal tillage was also performed at planting while hand
weeding was used as needed until the soil was covered by the
respective test intercrop. In this region, smallholders hardly use
inputs such as herbicides for weed control, fertilizers, pesticides
for pest control or fungicides on their farms. Where these are
used, they are only applied on high value crops. To mimic
farmers’ behavior, none of these inputs were applied in the
various experiments across the three sites.

Data Collection and Analysis
Data collected in the various experiments/treatments included
PAR values, growth and yield attributes. PAR values were
measured during the cropping seasons as described in the section
on “Experimental design” above. The growth and yield data
depended on the crop characteristics and thus varied from one
crop species to another. For all experiments and intercrops, fresh
and dry biomass yields (kg) were measured at the end of the

cropping cycle. According to the interest in yield for each crop,
distinctions were made between the yield attributes leaf biomass,
total aboveground biomass (stems and leaves), tubers, roots,
grain and fruits yields. Specifically, data were collected on tuber
yields for the tuber crops; rhizome yield for ginger; fruit yield
for eggplants; grain yields for legumes; and vegetative biomass
yield for legumes, chili, cover crops, the forage grasses, and the
hedges crops. For the grasses and hedges, yields of multiple
harvests were added up to obtain the total harvested biomass.
For the root and tuber crops, cassava, taro and sweet potato,
the weights of harvested leaves were also measured, while plant
heights were measured for cassava, taro (at Katana) and the
grasses Setaria sp. and Brachiaria sp. To obtain the dry biomass
the fresh yields/biomass from the crops were dried in open air for
72 h and subsequently in an oven at 90◦C for 48 h.

An analysis of variance using the GenStat v. 11 statistical
software (VSN International Ltd, 2009) was conducted to
determine the mean yields and effects of the different treatments.
The Least Significant Difference (LSD) test at 5% probability
level was used for means separation. Due to the inherent
differences between the seasons, mean yields were compared
between seasons and treatments. Treatments and crops that
appeared across sites were also separately treated due to the
inherent differences between the sites.

RESULTS

Light Reaching Shorter Crops
Light reaching the crops under the banana canopies varied
with banana spacing/ plant densities and banana cultivar types
(Table 2). At Katana, light availability to the short intercrops
in the beer banana cultivar “Nshika” declined significantly (p
≤ 0.05) with increasing plant density and was also significantly
lower than in the open field. PAR declined by 73–89%, dropping
from 1,835 ± 71 µmol/m2/s in the open field to 209 ± 204
µmol/m2/s in the 2 × 2m plots (Table 2). The more sparsely
spaced (3 × 4m) mixed banana cultivars at Katana that were
minimally de-suckered generally had a more robust canopy
structure and had little light coming through (PAR of 288 ± 231
µmol/m2/s) compared with the 2× 3m (475± 321 µmol/m2/s)
and the 3 × 3m (501 ± 268 µmol/m2/s) “Nshika” banana plots
(Table 2).

At INERA-Mulungu, although field trials were performed in
mature “Barhabesha” plots, relatively high light was recorded
under both the open (4 × 4m) and dense (2 × 2m) banana
canopies, with respective PAR values of 1,322–1,485 µmol/m2/s
and 603–742 µmol/m2/s (Table 3). PAR at this site declined by
16%-27% in the 4 × 4m and by 59–66% in the 2 × 2m fields,
respectively. The relatively high light under these fields was most
likely due to the regular de-suckering that was practiced in these
plots and the less robust structure of “Barhabesha” plants and
mats. Here, banana canopy cover did not significantly differ in
the period in between the two regular cropping seasons (PAR
of 1,116 ± 299 µmol/m2/s; short dry season from December–
February), although light availability did reduce during the long
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TABLE 2 | Yield and growth attributes of crops grown at the Katana center: tuber crops taro (variety “Ishikazi”), cassava and yam and spice crop chili.

Treatments % prior leaf harvesting Taro Cassava Yams Chili PAR (µmol/m2/s)

Leaf yield (t/ha) Tuber yield

(t/ha)

Height (cm) Leaf yield (t/ha) Tuber yield

(t/ha)

Height (cm) Tuber yield

(t/ha)

Biomass yield

(t/ha)

“Nshika” banana fields*

2 × 2m 0 0.2b 1.7cde (±0.8) 109abc (±62) 0.2c 0c (±0) 159bc (±94) 3.74b (±1.39) 0.13a (±0.09) 209c (±204)

33 0.2b 1.4e (±0.5) 89bc (±18) 0.1c 0c (±0) 123de (±35)

50 0.4b 1.7cde (±0.8) 83c (±10) 0.1c 0c (±0) 122de (±54)

2 × 3m 0 0.3b 3.1ce (±0.6) 117abc (±9.5) 0.2c 0.3c (±0.5) 179bc (±84) 4.17b (±0.35) 0.15a (±0.07) 475b (±321)

33 0.2b 2.4cde (±1.4) 93bc (±14) 0.1c 0c (±0) 102e (±47)

50 0.4b 1.6de (±0.6) 131abc (±71) 0.1c 0c (±0) 103e (±49)

3 × 3m 0 0.7b 7.6c (±1.6) 136abc (±36) 0.1c 0c (±0) 102e 5.66ab (±1.36) 0.18a (±0.01) 501b (±268)

33 0.5b 5.7cde (±1.6) 90bc (±37) 0.1c 0c (±0) 157bc (±38)

50 0.6b 5.1cde (±2.9) 114abc (±45) 0.2c 0.04c (±0.1) 151bcd (±45)

Mixed banana cultivar fields

3 × 4m 0 0.3b 7.5cd (±1.3) 93bc (±14) 0.4c 3.2c (±2.2) 149cd (±95) 3.45b (±3.61) 0.06a (±0.03) 288c (±231)

33 0.4b 6.5cde (±1.4) 92bc (±28) 0.3c 0.6c (±0.8) 106e (±56)

50 0.6b 5.5cde (±2.7) 90bc (±31) 0.3c 0.5c (±0.4) 108e (±54)

Monocrop

0 1.4a 40.2a (±9.9) 139ab (±10) 9.4a 27.7a (±5.0) 245a (±58) 9.82a (±4.98) 5.22b (±2.03) 1835a (±71)

33 2.4a 30.8b (±3.6) 129abc (±13) 3.6b 8c (±3) 167b (±35)

50 1.9a 25.2b (±6.4) 160a (±13) 5.0b 13.1b (±6.5) 183b (±23)

LSD 1.7 5.9 53.7 3.6 3.9 31.7 4.95 1.73 105

Fpr 0.854 0.049 0.793 0.029 0.001 0.001 0.086 0.001 0.001

*The mixed cultivar types included: - “T6” (plantain), “NSH20” (cooking), “NSH42” (beer), and “FHIA03” (dessert).

Cumulative harvested yield of young leaves, tuber yield and total plant height at harvest are reported for tuber crops. For chili the total aboveground biomass was assessed. Yields are compared between intercrops in banana fields with

various spacing (2 × 2m, 2 × 3m, 3 × 3m, 3 × 4m) and monocrops. For taro and cassava, the impact of young leaf harvesting (33% or 50% leaf removal) on yield is assessed. Leaf yield represents cumulative harvested leaves during

the cropping period. Photosynthetic active radiation (PAR) was measured under the respective banana canopies or in the open field for the monocrops. Means in a column followed by the same letter are not significantly different from

each other according to Tukey’s HSD test (p < 0.05). Standard deviations are provided between brackets.
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TABLE 3 | Yield and growth attributes of crops grown at INERA-Mulungu: chickpeas, eggplant, ginger, and the forage crop Crotalaria sp.

Planting time Treatment (Banana

spacing or monocrop)

Chickpea Eggplant Ginger Crotalaria PAR (µmol/m2/s)

Grain yield (t/ha) Biomass (t/ha) Yield (t/ha) Yield (t/ha) Yield (t/ha)

At onset of cropping season A 2 × 2m 0.00d (±0.00) 0.02d (±0.00) 1.51cd (±0.49) 1.19b (±0.21) NA NA

4 × 4m 0.01d (±0.00) 0.06d (±0.00) 2.70c (±0.57) 1.65b (±0.26 NA NA

Monocrop 0.02d (±0.00) 0.17d (±0.01) 6.37a (±1.60) 2.86a (±0.40 NA NA

At onset of cropping season B 2 × 2m NA NA 1.33d (±0.34) 1.02b (±0.69) 2.9a (±0.3) 742c

4 × 4m NA NA 2.29cd (±0.29) 1.13b (±0.70) 4.1a (±1.0) 1322b

Monocrop NA NA 4.30b (±0.59) 1.46b (±0.83) 5.1a (±1.0) 1817a

Dry season 2 × 2m 0.03c (±0.00) 0.11c (±0.01) NA NA NA 603c (±10)

4 × 4m 0.11b (±0.05) 0.70b (±0.31) NA NA NA 1485a (±12)

Monocrop 0.27a (±0.03) 1.65a (±0.01) NA NA NA 1767a (±40)

LSD 0.03 0.50 1.31 0.88 2.2 535

Fpr 0.001 0.004 0.091 0.13 0.112 0.001

Reported yields include grain and total aboveground biomass yields for chickpea, fruit yield for eggplant, root yield for ginger and aboveground biomass yield for Crotalaria sp. Yields are

compared between the two annual cropping seasons for intercrops in banana fields with various spacing (2 × 2m, 4 × 4m) and monocrops, including an additional comparison in the

dry season for chickpea. Photosynthetic active radiation (PAR) was measured under the respective banana canopies or in the open field for the monocrops. Means in a column followed

by the same letter are not significantly different from each other according to Tukey’s HSD test (p < 0.05). Standard deviations are provided between brackets. NA, not assessed.

dry season (May- August/September) to 865 ± 469 µmol/m2/s
(Table 4).

At Kavumu, PAR stayed relatively high, with PAR ranging
between 587 and 903 µmol/m2/s under the open spaced (3 ×

4m) and generally less robust-structured beer banana cultivar
“Nshika”, accounting for a 52–67% decline in light intensity
relative to the light reaching the monocrops (Table 5).

Sensitivity of the Crops to Shade
An overview of the performance of all crops intercropped in the
various banana fields compared to the monocrops is provided
in Figure 2. Details on the yields attained in each cropping
formation for each crop type can be found across Tables 2–7.

Taro
Two taro varieties, “Ishikazi” and “Astrida,” were, respectively,
assessed at the Katana and Kavumu sites. High tuber yields were
achieved for both taro varieties in monocrop at either site (40.2±
9.9 t/ha and 37.9± 20.4 t/ha at Katana and Kavumu, respectively
(Tables 2, 5). At Katana however, significant reductions in tuber
yield were recorded for intercropped plants, declining from 7.5
± 1.3 t/ha in the 3 × 4m plot to 1.7 ± 0.8 t/ha in the 2 × 2m
plot (Table 2). At Katana, total plant height did not significantly
differ between the mono-cropped and intercropped taro plants at
plant spacings of 2 × 2, 2 × 3, and 3 × 3m. At Kavumu, tuber
yields were high in both cropping seasons with an equally good
performance in the intercrop (an average high yield of 44 ± 8
t/ha) compared with the monocrop (Table 5).

Taro leaf yields at Katana were higher (1.4 ± 0.3 t/ha) in
the monocrop compared with yields of 0.2–0.7 t/ha under the
intercropped “Nshika” fields (2 × 2, 2 × 3, 3 × 3m) and 0.3 ±

0.1 t/ha in the 3 × 4m mixed banana cultivar field (Table 2).
There was a general reduction in taro tuber yields with increasing
leaf pruning for both the mono-cropped and intercrops plants,
though no significant differences were observed between the leaf

cutting treatments within each planting density. For example,
compared to 40.2± 9.9 t/ha in the treatment with no leaf cutting,
yield of tubers was reduced to 30.8± 3.6 t/ha and 25.2± 6.4 t/ha
when 33% and 50% of leaves were harvested, respectively, in the
monocrop (Table 2).

Cassava
Cassava tuber and fresh leaf yield, only assessed at Katana
(Table 2), was highest in the monocrop and when no young
leaves were harvested, with mean yields of 27.7 ± 5.0 t/ha
and 9.4 t/ha, respectively. Cassava tuber and leaf yield were
significantly lower in the intercrop treatment than in the
monocrop, with no significant differences observed between the
intercrop treatments. Tuber yield under the 2 × 2m to 3 ×

4m spaced banana fields varied between 0 and 3.2 t/ha while
yield of fresh cassava leaves varied between 0.05 and 0.35 t/ha.
Both cassava tuber and leaf yields decreased significantly in the
monocrop when young leaves were harvested during the growing
season, with an average retained yield (standing plant) of 8.0–13.1
t/ha and 3.6–5.0 t/ha for tubers and leaves, respectively. Similar
trends to that of cassava tuber and leaf yield were observed for
cassava plant height (Table 2).

Other cassava plant characteristics (including total stem
weight and total root weight (combined weight of edible and
non-edible roots; Supplementary Table 3) were also larger in the
monocrop. In general, the reduction in the total root and stem
weight also increased with increasing planting density.

Yam
Yams were only assessed at Katana. No significant differences
(p ≤ 0.05) in yam tuber yields were observed in between
the treatments though a higher yield of 9.82 ± 4.98 t/ha
was attained in the monocrop field (Table 2). In the “Nshika”
banana-yam intercrop, yam yields declined with increasing
shade intensity, varying between 5.66 ± 1.36 t/ha in the 3 ×
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TABLE 4 | Mucuna biomass yields across the sites INERA-Mulungu, Kavumu, and Katana for various cropping periods.

Site Cropping period Cycle duration

(months)

Banana spacing Biomass yield (t/ha) PAR (µmol/m2/s)

Katana Cropping season B 3 2 × 2m 2.38ab (±2.27) 41b (±22)

2 × 3m 4.54a (±0.93) 192b (±151)

3 × 3m 4.95a (±0.31) 170b (±137)

Long dry season (May–August) 4 3 × 4m 0.8b (±0.88) 143b (±135)

Monocrop 3.74ab (±3.08) 1700a (±0)

LSD 3.51 211.5

Fpr 0.011 0.001

INERA-Mulungu Cropping season B, Extended over

dry season

5.5 2 × 2m 2.76d (±1.04) 407c (±295)

4 × 4m 4.53bc (±0.00) 720bc (±238)

Monocrop 5.84a (±1.61) 1783a (±20)

Cropping season A, Extended over

period in between cropping seasons

7 2 × 2m 1.54e (±0.54) NA

4 × 4m 4.56bc (±0.57) NA

Monocrop 4.96b (±1.14) NA

Short dry season in between cropping

seasons (December to February)

3 2 × 2m 2.75d (±0.35) NA

4 × 4m 3.78c (±0.33) NA

Monocrop 4.89b (±0.09) NA

3 3 × 4m 1.18e (±0.30) 1116b (±299)

Long dry season (May to August) 4 2 × 2m 0.20g (±0.05) NA

4 × 4m 0.73eg (±0.18) NA

Monocrop 1.10e (±0.22) 1828a (±189)

4 3 × 4m 0.55c (±0.09) 865b (±469)

LSD 0.83 338.4

Fpr 0.006 0.001

Kavumu Cropping season B, Extended over

dry season

6 3 × 4m 0.91cd (±0.59) 543b (±197)

Monocrop 6.54a (±2.85) 1756a (±0)

Cropping season A, Extended over

cropping season B

9 3 × 4m 1.12c (±0.55) 639b (±410)

Monocrop 4.13b (±0.79) 1896a (±34)

Cropping season A, Extended

year-round

12 3 × 4m 1.14c (±0.53) 762b (±312)

Monocrop 1.39c (±0.94) 1898a (±0)

In between cropping seasons,

extended over cropping season B

6 3 × 4m 1.09c (±0.57) 543b (±197)

Monocrop 4.12b (±0.79) 1756a (±0)

Long dry season (May- August) 4 3 × 4m 0.08f (±0.06) 639b (±410)

Monocrop 1.04c (±0.79) 1896a (±34)

LSD 0.69 568.0

Fpr 0.001 0.924

Cropping periods include the regular annual cropping seasons A and B, cropping periods in the dry season (May till September) and in the months in between the two annual cropping

seasons (December – February.), and extended cropping seasons A and B. Yields are compared between intercrops in banana fields with various spacing (2 × 2m, 2 × 3m, 3 × 3m,

3 × 4m, 4 × 4m) and monocrops. Photosynthetic active radiation (PAR) was measured under the respective banana canopies or in the open field for the monocrops. Means in a

column followed by the same letter are not significantly different from each other according to Tukey’s HSD test (p < 0.05). Standard deviations are provided between brackets. NA,

not assessed (Figure 3A–E).

3m spaced banana fields to 3.74 ± 1.39 t/ha in the denser
2 × 2m banana fields. In the 3 × 4m mixed cultivar field
that was heavily shaded, yam tuber yield was also relatively
low (3.45± 3.61).

Chili
Red bird’s eye (chili) was only assessed at Katana. Only
aboveground biomass yield was assessed for chili (Table 2).
A significantly higher (p ≤ 0.001) chili biomass yield
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TABLE 5 | Yield and growth attributes of crops grown at Kavumu: tuber crop taro (variety “Astrida”), legume crop soybean and forage grasses Brachiaria sp. and

Setaria sp.

Planting period Banana

spacing

Taro Soybean Brachiaria sp. Setaria sp. PAR

(µmol/m2/s)

Tuber yield

(t/ha)

Grain yield

(t/ha)

Biomass

(t/ha)

Height (cm) Yield (t/ha) Height (cm) Yield (t/ha)

Cropping season A 3 × 4m 49.7a (±18.2) 1.6ab (±0.1) 3.2a (±0.6) 56a (±43) 3.6a (±6) 46a (±38) 5.7a (±6.7) 903b (±267)

Monocrop 41.7a (±19.4) 1.9ab (±0.5) 4.1a (±0.1) 48b (±41) 3.7a (±5.7) 45a (±38) 6.0a (±5.7) 1896a (±0)

Cropping season B 3 × 4m 38.3a (±16.1) 0.2c (±0.17) 4.0a NA NA NA NA 587c (±185)

Monocrop 34.1a (±21.3) 1.2b (±0.47) 5.3a NA NA NA NA 1756a (±0)

LSD 19.4 0.7 2.3 4.7 1.7 4.28 1.85 254.3

Fpr 0.78 0.2 0.8 0.002 0.89 0.65 0.66 0.8

Respective tuber yield, grain yield and total aboveground biomass yield are reported for taro and soybean, and plant height and aboveground biomass are provided for the forage grasses

Brachiaria sp. and Setaria sp. Yields are compared between the two annual cropping seasons for intercrops in a banana field with a 3 × 4m spacing and monocrops. Photosynthetic

active radiation (PAR) was measured under the respective banana canopies or in the open field for the monocrops. Means in a column followed by the same letter are not significantly

different from each other according to Tukey’s HSD test (p < 0.05). Standard deviations are provided between brackets. NA, not assessed.

(5.22 ± 2.03) was observed in the mono-cropped field
compared with 0.06 ± 0.03 to 0.18 ± 0.01 in the intercrops.
Biomass yields under banana declined significantly with
increasing shade intensity (i.e., reducing PAR) with an
average of only 3% biomass retained across banana plant
densities (Table 2).

Crotalaria sp.: Green Manure and Fodder Crop
Crotalaria sp. was only assessed at INERA-Mulungu. Crotalaria
sp. yields increased with increasing PAR values, varying between
2.9 t/ha in the 2 × 2m plots and 5.1 t/ha in the monocrop
plots. No significant differences were observed between yields
in the different shade/PAR levels despite a 20% and 43%
yield decline in the 4 × 4m and 2 × 2m banana-crotalaria
intercrop treatments, respectively, compared to theCrotalaria sp.
monocrop (Table 3).

Chickpeas
Chickpeas were only assessed at the INERA-Mulungu site.
Chickpea biomass and grain yield increased with declining shade
intensity (Table 3). Significantly higher chickpea biomass and
grain yields were attained when planted at the onset of the dry
season (May) compared to planting at the onset of the wet season
(September). The dry season planting resulted in 0.03 t/ha (in
the 2 × 2m plots) to 0.27 t/ha in the monocrop compared with
yields of 0.00 ± 0.00 to 0.02 ± 0.00, respectively in the wet
season (Table 3).

Eggplant
Eggplants were assessed at INERA-Mulungu only. Eggplant fruit
yield was highest (6.4 t/ha) in the monocrop and when planted
at the onset of cropping season A (Table 3). Eggplant yields
declined with declining PAR (i.e., increasing shade level) from
6.4 t/ha in the monocrop to 1.5 t/ha in the 2 × 2m intercrop in
season A and from 4.3 t/ha in the monocrop to 1.3 t/ha in the 2
× 2m intercrop in season B.

Ginger
Ginger was only assessed at INERA-Mulungu. Ginger had
a higher yield for the crop planted under mono-cropped

conditions compared to the intercrops, with a higher yield
during cropping season A compared to cropping season B (2.9
± 0.4 t/ha and 1.5 ± 0.8 t/ha, respectively) (Table 3). Under
the intercrops, ginger yield declined with increasing banana
plant density, though no significant differences between the
2 × 2m and 4 × 4m banana spacings were observed. No
significant differences also occurred between the intercrop and
the monocrop in season B.

Mucuna
The potential of mucuna as a cover plant under varying banana
shade intensities and during both the wet season and dry season
was assessed by planting it at the onset of a wet or dry season,
and in separate trials allowing plants established in the wet season
to continue growing during the subsequent dry season months
(Figures 3A–E).

At Katana, the wet season mucuna yields increased with
increasing PAR or plant spacing, varying between 2.4 t/ha in the 2
× 2m “Nshika” banana spacing and 5.0 t/ha in the 3× 3m spaced
banana plots. The dry season crop was only assessed under the 3
× 4m spacing and under monocrop, with higher yields observed
under monocropping.

At Kavumu, mucuna yields varied between 0.1 and 6.5 t/ha.
The highest mucuna yields were observed in the monocrop
established at the beginning of growing season B with extended
growth during the subsequent dry season (6.5 ± 2.9 t/ha). High
yields were also attained in monocrops in the extended season
A and in monocrops planted in between the two growing seasons
(early December) and extended toward the end of growing season
B (end of May) (4.1± 0.8 t/ha). Mucuna yields were consistently
higher in the monocrop treatments compared with the 3 ×

4m intercrop, though the yield of the monocrop planted in
September 2015 (cropping season A), and harvested 12 months
later, was unexpectedly low (1.4 ± 0.1 t/ha) compared to shorter
crop cycles (Table 4). This was attributed to the fact that the
harvest was delayed and all plants had already shed most of their
leaves at time of harvest. Mucuna crop grown solely during the
dry season (May–August) had low yields in both the monocrop
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FIGURE 2 | Overview of percentage change in yield for various crops grown as intercrops in banana fields vs. as monocrop. Negative values represent a reduction in

yield compared to the monocrop, positive values show an increase. Intercrops are grouped according to the spacing density of the banana field, with 4 × 4m as

sparsely spaced banana fields, 3 × 3m and 3 × 4m as moderate, and 2 × 3m and 2 × 2m as densely spaced banana fields.

(mean of 0.7 ± 0.5 t/ha) and the 3 × 4m banana intercropped
(mean of 0.08± 0.01 t/ha) fields.

At INERA-Mulungu, mucuna yields were also higher in the
monocrop fields, with yields declining with decreasing PAR

values (Table 4). A high mucuna yield of 5.8 ± 1.6 t/ha was
obtained for mucuna monocrop fields (cf. Figure 3A) in the
cropping season B (March–May) that was extended toward
the end of the subsequent dry season (end of August) to
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provide soil cover. Similarly, high yields of 4.9 ± 0.1 and
5.0 ± 1.1 t/ha were attained for monocrops grown between
the two cropping seasons (December–February) and during
cropping season A (September–December) extended to February
to provide soil cover in between the two cropping seasons,
respectively (Table 4). Relatively high mucuna yields (3.8 ± 0.3–
4.5 ± 0.0 t/ha; cf. Figure 3B) were also realized in the sparsely
spaced banana fields (4 × 4m) cropped between December and
February, during the extended season A, and during the extended
season B. Mucuna solely grown during the dry season (May–
August) similar to other sites performed poorly with a yield of
1.1 ± 0.2 t/ha in monocrop. Mucuna yields were significantly
decreased under the dense 2 × 2m banana fields, varying
between 0.2± 0.1 t/ha in the long dry season (May–August) and
2.8± 1.0 t/ha in season B extended over the long dry season.

Soybean
Soybean were only evaluated at Kavumu. Soybean were more
vegetative, resulting in a higher biomass yield in season B
compared to season A. In contrast, higher soybean grain yields
were observed in the cropping season A (Table 5). Grain yields
of the intercrop were only significantly lower than the mono-
cropped fields during cropping season B, while no significant
reduction occurred during cropping season A. Biomass yields
were similar in intercrop (3× 4m spacing) andmonocrop during
both cropping seasons.

Forage Grasses
The forage grasses Brachiaria sp. and Setaria sp. were only
assessed at Kavumu. Higher but non-significantly different yield
(p > 0.05) was observed for the biomass yield of the forages
under monocrops than in the intercrop (Table 5). Brachiaria
sp. biomass yields varied between 3.6 and 3.7 t/ha while for
Setaria sp. biomass varied between 5.7 and 6.0 t/ha. Despite
the non-significant differences in biomass yield of the forages
in the intercrop and monocrop, shade was observed to result in
significantly taller plants (p ≤ 0.05) for Brachiaria sp.

Sweet Potato
The aboveground (edible) biomass and tuber yields of multiple
varieties of sweet potato was assessed at INERA-Mulungu
(Table 6). For both the aboveground biomass and tuber yield,
the highest yields across all varieties were observed in the mono-
cropped field. “Mugande” and “Elendgi” with aboveground
biomass yield varying from 4.5 to 5.8 t/ha and tuber yield of 14.4
to 15.8 t/ha in the monocrop, performed better than “M’Nzama”
and “Vander Wall” with aboveground biomass of 3.0 to 3.2
t/ha and tuber yields of 6.9 to 7.5 t/ha. Similar trends in the
performance of the sweet potato varieties was observed in the
shade treatments as for the monocrop. For a given sweet potato
variety, aboveground biomass and tuber yield declined with a
declining level of PAR. Apart from aboveground biomass yields
of “Mugande” and “Elendgi” that did not significantly differ
under the monocrop and the 4 × 4m treatment, significant
differences were visible between the three treatments for both
aboveground biomass and tuber yield.

TABLE 6 | Aboveground biomass yield for various sweet potato varieties at

INERA-Mulungu.

Treatment Sweet potato

varieties

Biomass (t/ha) Tuber yield (t/ha)

2 × 2m banana spacing Mugande 1.7def (±0.3) 0.3c (±0.2)

Elendgi 1.7def (±0.3) 1.0c (±0.7)

M’Nzama 1.3ef (±0.3) 0.2c (±0.2)

Vander wall 1.0f (±0.0) 0.3c (±0.2)

4 × 4m banana spacing Mugande 4.0abc (±1.0) 6.1b (±2.6)

Elendgi 4.8ab (±0.8) 7.8b (±4.3)

M’Nzama 2.5cdef (±0.5) 4.7bc (±3.2)

Vander wall 2.3cdef (±0.6) 3.3bc (±0.8)

Sweet potato monocrop Mugande 5.8a (±2.3) 14.4a (±4.6)

Elendgi 4.5ab (±1.0) 15.8a (±2.2)

M’Nzama 3.2bcd (±2.0) 7.5b (±4.4)

Vander wall 3.0bcde (±1.0) 6.9b (±3.4)

LSD 1.8 4.56

Fpr 0.3 0.099

Yields are compared between intercrops in banana fields with various spacing (2× 2m, 4

× 4m) andmonocrops. Means in a column followed by the same letter are not significantly

different from each other according to Tukey’s HSD test (p < 0.05). Standard deviations

are provided between brackets.

Hedge Species
Forage grasses and shrubs planted along the borders of the
banana plots had a similar performance in INERA-Mulungu
and Kavumu (Table 7). The grasses of the Pennisetum species
(“Fraishe camerounaise” and Pennisetum purpureum) obtained a
higher yield than Setaria sphacelata. Of the two forage shrubs,
Calliandra calothyrsus showed higher yields than Leucaena
leucocephala. At Katana, lower yields were attained for forage
grasses along the borders of the monocrop and the “Nshika”
banana fields (3 × 3, 2 × 3, 2 × 2m). This is potentially caused
by higher local shading conditions from the dense “Nshika” fields
and surrounding banana plots. Forage shrubs were not as severely
affected by these high shading conditions, with similar yield
attained as in Mulungu and Kavumu. Results at Katana show
Leucaena sp. to be performing better under full light whereas
Calliandra sp. performed better under shaded conditions.

DISCUSSION

Access to land is a major production constraint in the banana
producing landscapes of the East and Central African region.
Strategies are as such needed for the optimal use of the available
land, especially niches/spaces under the perennial banana crop.
Potential options to enable banana intercropping with other
annual crops include (i) pruning banana leaves to allow for more
light to the shorter stature crops, (ii) use of a wider spacing
to minimize shading of the shorter crops, and (iii) integrating
moderate to high shade-tolerant intercrops under the banana
crop. The option of banana leaf pruning has been shown to
be detrimental to the banana crop yield and to perpetuate the
spread of the Xanthomonas wilt disease of banana through
garden tool use (Ocimati et al., 2019). The efficacy of leaf pruning
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TABLE 7 | Biomass yields of forage grasses and shrubs included as border species across the sites INERA-Mulungu, Kavumu, and Katana center.

Site Forage grasses Yield (kg/2m) Forage shrubs Yield (kg/2m)

Katana

Monocrop Fraishe camerounaise 4.3abc (±6.3) Calliandra 2.2ab (±1.8)

Pennisetum sp. 3.0bc (±4.8) Leucaena 1.1bc (±0.0)

Setaria sp. 1.2c (±1.1)

Mixed cultivar field (3 × 4m) Fraishe camerounaise 8.9ab (±17.4) Calliandra 3.3a (±2.9)

Pennisetum sp. 10.4a (±26.6) Leucaena 0.3c (±0.1)

Setaria sp. 9.2ab (±23.4)

Nshika fields (3 × 3, 2 × 3, 3 × 3m) Fraishe camerounaise 0.6c (±0.9) Calliandra 2.8a (±2.8)

Pennisetum sp. 1.8c (±2.2) Leucaena 0.5a (±2.8)

Setaria sp. 0.8c (±0.7)

LSD 6.2 1.3

Fpr 0.920 0.098

INERA-Mulungu Fraishe camerounaise 14.0a (±13.8) Calliandra 2.3a (±2.4)

Pennisetum sp. 13.0a (±16.3) Leucaena 0.5b (±1.4)

Setaria sp. 5.3b (±5.5)

LSD 5.4 1.3

Fpr 0.003 0.01

Kavumu Fraishe camerounaise 12.2a (±10.6) Calliandra 3.6a (±2.2)

Pennisetum sp. 12.0a (±10.6) Leucaena 1.2b (±0.9)

Setaria sp. 5.3b (±3.5)

LSD 3.5 1.3

Fpr 0.001 0.001

The forage grasses include “Fraishe camerounaise,” Pennisetum sp. and Setaria sp. and the forage shrubs include Calliandra sp. and Leucaena sp. Yields are reported in kg for each

2m length of hedge. Means in a column followed by the same letter are not significantly different from each other according to Tukey’s HSD test (p < 0.05). Standard deviations are

provided between brackets.

will also depend on the level of leaves pruned and the spacing
and size of banana mats. The extensive field trials performed
in the South Kivu province of eastern DR Congo allowed for
the identification of a variety of potentially favorable intercrops
for the intensification of banana production systems. Extending
production into the dry seasonmonths also offers an opportunity
to optimally use the available land. Albeit only to a limited
extent and for a few crops, this study also gives evidence that
additional biomass for food or forage could be attained through
the integration of crop spp. that are less sensitive to the long dry
weather conditions of the dry seasons.

Sensitivity/Tolerance of Intercrops to
Banana Shade
Although the investigated intercrops attained the highest yields
when grown in open fields, a wide range of yield performance
was observed under shaded conditions, with no significant
differences observed between the intercrops and monocrops in
a few cases (overview in Figure 2). Yam, sweet potato, ginger
and forage grasses showed good potential for use in the high
and moderate banana shade levels, while taro, soybean, mucuna,
chili, eggplant, and Crotalaria sp. showed good yield in sparsely
spaced banana fields with moderate shading. The cassava variety
used in the study was highly sensitive to shade. Investigating
variation in yield performance in contrasting cropping seasons
revealed a differential performance of the intercrops between
the two seasons. Several crops, including soybean, eggplant,

and ginger performed better in cropping season A (September-
December) which is characterized by a high rainfall over a longer
rainfall duration.

Inter-cropping With Various Crop Types
Under Banana Canopies
Of all investigated tuber crops, yam showed the best potential for
intercropping in both sparsely spaced and dense banana fields.
In sparsely spaced fields (3 × 3m), yam achieved equally high
yields as in an open field, while in the densest banana fields (2
× 2m and 2 × 3m) a reasonable reduction in tuber yield of
60% was attained (cf. Figure 2). At our trials, yam tuber yields
were also least affected by shade (with yield reduction of 42–65%)
compared to the other assessed crops (Figure 2), suggesting that
yam could potentially contribute to increasing plot level biomass
in banana fields. Reports on yam have mostly shown a moderate
shade tolerance, with larger leaves and smaller tubers produced in
shaded conditions (Onwueme and Charles, 1994; Johnston and
Onwueme, 1998). In the current study only one yam variety was
however explored. Studies to evaluate a wider set of yam cultivars
for shade-tolerance is hence recommended.

Taro, while attaining high yields in the sparsely spaced banana
field at Kavumu (3 × 4m), showed a 88% drop in tuber yields
under denser banana canopies at Katana. This contrasts other
studies that have indicated that taro and other aroids show a
high level of shade-tolerance related to a greater proportional
increased leaf size combined with higher stomatal, chlorophyll
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FIGURE 3 | Mucuna grown as a monocrop (A,C) and as an intercrop under 3 × 4m spaced banana fields (B,D,E). Mucuna monocrop (A) was planted in May 2016

(at the end of season B and start of the long dry season) (photo was taken in the dry season, in August 2016) while monocrop (C) was planted in December 2016 at

the onset of the short dry season and extended over cropping season B (photo was taken in the rainy season, in April 2017). Mucuna intercrop in (B) was planted in

early March 2016 at the onset of the rainy season B (photo taken in the rainy season in April); intercrop in (D) was planted at the start of the short dry season

(December 2016) and extended over cropping season B (photo was taken in the rainy season, in April 2017); and (E) a mucuna intercrop planted at the onset of the

long dry season in May 2016 (photo was taken at the end of the long dry season in August 2016). Rainy season B stretches from start of March to end of May, the

long dry season from end of May/ start of June to end of August and the short dry season from end of December to end of February. Photos (A,E) were taken at the

Katana site, (C,D) at the Kavumu site, while (B) was taken at the INERA-Mulungu site.

and carotenoids density compared to other tuber crops (Rogers
and Iosefa, 1993; Johnston and Onwueme, 1998; Onwueme and
Johnston, 2000). Rogers and Iosefa (1993) however reported a
significant shade by cultivar interaction, and the taro variety
“Ishikazi” used at Katana might not be suited for intercropping
under the shade of banana fields. The taro variety “Astrida,”
although only tested in sparsely spaced banana fields, could be
of a greater potential. Thus, the need to take stock and evaluate a
larger number of taro and other aroids under banana shade.

The tuber crops cassava and sweet potato are reported to have
a low tolerance to shade as compared to other tropical tuber
crops (Johnston and Onwueme, 1998). Indeed, the tuber yield
of cassava was particularly poor under heavily shaded conditions
at the trial in Katana, with a yield reduction of 89% in the
most sparsely spaced banana fields (i.e., 3 × 3m and 3 × 4m),
and 100% tuber yield reduction in the denser plots. Cassava
grown in shaded conditions show a large delay in their root
bulking process, while the number of roots per plant is reduced
(Okoli and Wilson, 1986). Dry matter (DM) allocation plasticity
has been shown to lead to more DM allocation to the shoots
when carbon dioxide or light is limiting and to the roots when
nutrients or water are limiting (Bloom et al., 1985; McCarthy and
Enquist, 2007). The production of cassava in shaded conditions

is sometimes done specifically to obtain a harvest of edible leaves
(Latif and Müller, 2015; Munyahali et al., 2017). Nevertheless,
the cassava crop at Katana also showed a significant reduction
in leaf yield in both sparsely spaced and dense banana fields, with
a limited retained yield of 4% to 1% compared to the monocrop.
Sweet potato performed better in this respect. Exploring a wider
range of cassava varieties, especially for leaf production under
banana shade is thus recommended. Tuber yields of the four
investigated sweet potato varieties remained relatively high in
sparsely spaced banana fields (4 × 4m) with a yield retention
of 49%, although retained yield dropped to 4% in the densest
banana fields (2 × 2m). Several varieties of sweet potato showed
a good potential for leaf yield in shaded conditions. Although the
varieties “Mugande” and “Elendgi” (of which the leaves are used
as food and forage) attained higher leaf yields in monocrop than
the varieties “M’Nzama” and “Vander Wall’ (of which the leaves
are consumed as a vegetable), all varieties maintained their leaf
yields in the shading of sparsely spaced banana fields and retained
∼35% of yield in the densest fields.

The root crop ginger showed a great potential as an intercrop
in banana fields, with a high retained yield even within the
densest banana spacing (2 × 2m). Ginger has been reported as
a shade-tolerant crop (Okwuowulu, 2005; Lyocks et al., 2013).
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Vanlalhluna et al. (2014) even reported increased rhizome yield
from intercropped plots than monocrops, although this is not
corroborated with our trial. Ginger additionally produced a
higher yield when grown during cropping season A, which is
characterized by heavier rainfall. Okwuowulu (2005) reported
ginger to be sensitive to the variability in rainfall. Ginger planted
during cropping season B might have been affected by its
exposure to long dry conditions in the following dry season,
which has been reported to affect rhizome yield (Okwuowulu,
2005). Ginger crop performance might be further optimized
through trials with varied planting and harvesting times at the
study area. It must also be noted that both ginger andMusa spp.
are susceptible to the burrowing nematode (Radopholus similis)
(Orton Williams and Siddiqi, 1973; Sipes et al., 2001), and close
follow-up of the crops might be advisable.

The eggplant also showed reasonable fruit yields in shaded
conditions, with a 46% yield retained in sparsely spaced banana
fields and a further reduction to 27% in the denser fields.
An experimental study indeed showed some degree of shade-
tolerance of the eggplant with acclimation to low light conditions
found for artificially shaded plants (Rosati et al., 2001), although
decreased eggplant yields in shaded conditions have also been
reported (Uzun, 2007; Pouliot et al., 2012).

The biomass yield of chili under shaded conditions during our
trial was surprisingly low, with only ∼3% retained biomass yield
across all banana fields (2× 2m to 3× 4m) in Katana. Inversely,
Pouliot et al. (2012) have reported increased chili pepper yields
under tree canopies of up to 150%. Shade tolerance in chili
is however dependent on the variety used (Sreelathakumary
and Rajamony, 2002), with an increase in chlorophyll density
under shaded conditions, potentially increasing photosynthetic
efficiency, in several but not all genotypes. Improved genotype
selection could therefore potentially improve the performance of
chili as an intercrop in banana fields. It is also important to note
that in the current study the chili fruit yields were not assessed
and there is a high chance that the abundant vegetative biomass
in themonocrops could have resulted in lower fruit yields. Repeat
experiments assessing fruit yields for multiple chili varieties are
thus recommended.

Soybean, although often used as an intercrop in Central
Africa, is susceptible to reduced light conditions (Ntamwira
et al., 2013). In our experimental trial, soybean performed well
in sparse shading of the 3 × 4m banana field at Kavumu,
although only during cropping season A characterized by a
longer rainfall duration. In cropping season B and for the same
intercropping formation, a lower grain yield of about 17% of
monocrop yield was attained. This could possibly be attributed
to the shorter rainfall duration. Other legume crops (e.g., bush
bean and climbing bean), although also sensitive to reduced light
(Blomme et al., 2018), cope better in low levels of shade than
soybean (Ntamwira et al., 2013) and might be more suitable for
intercropping in sparsely spaced banana fields.

The incorporation of forage grasses, legume mucuna and
shrubs, either as an intercrop or as border delineation showed
good potential to offer additional biomass on farm. Although
grasses were not assessed for heavily shaded conditions, our
experimental trials showed high yields in both sparsely spaced

banana fields and along the border of the plots. An in-depth
survey conducted by Mpiira et al. (2013) however showed that
farmers generally don’t plan for managed forage shrubs (and
in extension grasses) which are rather present as spontaneous
vegetation. Management of forage crops would however improve
access to forage for livestock, improve nutrient recycling through
mulch and manure and control soil erosion, thus benefiting the
banana production system.

Crop Sensitivity to the Long Dry Weather
During the Dry Seasons
The mucuna crop showed variable results when grown solely
during the dry season. At Katana, relatively high yields were
attained during the dry season while this was not the case
at INERA-Mulungu. The high soil fertility at Katana could
potentially explain this difference. Another option is to establish
mucuna during the annual cropping season and extend its growth
into the dry season. Results from this study have shown that
mucuna is resilient to exposure to drier conditions after the
crop has been established, and high yields can be retained.
The ability of the crop to produce all year round enables
for its differential promotion, targeting different farm types
and priorities. For example, smallholder farms predominantly
intercrop banana with other short-stature food crops during
the rainy seasons, hence, the integration of mucuna as a cover
crop with establishment in the rainy season and extension
over the dry season could be hampered. Integration of mucuna
toward the end of the rainy season (when annual intercrops are
getting mature/ready to be harvested) could be promoted for
this category of farmers. For medium to large scale farmers who
often grow banana as a monocrop, mucuna could be planted
in the rainy season, allowing it to establish all year round. This
could enable farmers to cut on labor costs for weeding, support
soil and water conservation and improve nutrient recycling in
the system.

Chickpea showed great potential for intercropping in banana
fields during the dry season. Although the grain yield does reduce
with increased shading, an 8-fold yield increase was attained for
the crop during the dry season relative to the wet season crop
in both sparsely spaced and dense banana fields. Chickpea is
indeed often grown in drier conditions through establishment
on residual moisture from the rainy season (Varshney et al.,
2014). While shading constrains chickpea yield production
(Saxena and Sheldrake, 1980), implementation during the dry
season not only provide yields outside of the usual cropping
season but provides important soil cover protecting against
soil degradation.

Challenges and Gaps in the Study
The current study did not establish the effects of the intercrops
on the performance of the banana crop, whole field productivity
level or system yield advantage calculations are hence not
presented. Intercropping banana with legumes has been observed
to reduce the performance of the banana crop though non-
significantly (Ocimati et al., 2019). However, these authors
observed an agronomic advantage of intercropping with these
legumes but not an economic advantage (due to the higher value
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of the banana crop in the market), concluding that the choice
of farmers could be influenced by their production objectives
that could include nutrition, profitability and environment
sustainability. It is thus recommended to also explore the
agronomic and economic advantages associated with these crop
species. Banana cultivars used in the study varied from one
site or experiment to the other and the levels of shade did not
only vary with the banana spacing/ plant densities but also with
the banana cultivar type. To overcome this, the effect of level
of shade measured as PAR was used as a uniform parameter
to assess growth and yield of intercrops. Nevertheless, future
studies could assess a wide range of Musa cultivars and their
leaf structure or orientation, in relation to resulting shade levels.
Such a study could pinpoint banana cultivars with e.g., more erect
leaves and could lead toMusa cultivar specific recommendations
for intercropping or a range of intercropping scenarios for a
cultivar. These studies were also conducted at the high-altitude
sites of easternDRCongo, that receive a relatively high amount of
rainfall. Replicating similar trials at sites with low rainfall might
give different results.

Final Remarks
Shade in dense banana fields forms an important constraint
for the integration of most short-stature crops. However, even
though significant reductions in yield have been recorded, several
of the investigated crops show a reasonable yield retention under
moderate to high shade levels including taro, soybean, mucuna,
chili, eggplant,Crotalaria sp., yam, sweet potato for leaves, ginger,
and forage grasses and shrubs. Introducing these crops/species
in denser banana fields can be highly beneficial for small-scale
farmers, since additional yield is produced without the use of
additional farming land and without excessive field management
needs. Reduced soil degradation through intercropping with
these crops is an important co-benefit of this farming system,
although additional research is needed to quantify which crops
perform best in this regard. Chickpea and mucuna showed great
potential for extending farming production to the dry season,
although both crops would probably benefit from establishment
at the end of the rainy season, so that a well-established root
system can develop before the rains stop. All in all, year-round
biomass production and ground cover highly contribute to whole
field productivity, and the overall health of the system.
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