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Abstract

Allelochemicals regulate the productivity of crop ecosystems. A screen house experiment was conducted (2016)
at the National Crops Resources Research Institute, Namulonge, Uganda to determine the effects of NERICA 1
rice (an interspecific hybrid between Oryza sativa and O. glaberrima species), Cymbopogon nardus (C),
Desmodium uncinatum (D), Mucuna pruriens (Mc) and LONGE 6H, Zea mays (Mz) on crop relative growth rates
(RGR), nitrogen (N), phosphorus (P) and potassium (K) nutrient levels. One field study was conducted on a farm
(2017) to establish the allelopathic interactive effects of RCDMcMz on Striga hermonthica (a parasitic weed),
crop competition and productivity. Data was collected on striga, RMz growth, nutrient levels and yield. Potted rice
reduced (30%-47%) in root length but Mz leaf length increased (31% & 15%) with Mc & D. RMc reduced (73%)
striga and increased rice RGR (14-42 days). RD similarly reduced (67%) striga. RC increased (96%, 44% & 73%)
rice NPK uptake, RGR (14-42 days), reduced (57%) striga and increased (1.56) the combined land equivalent ratio
(CLER) and rice grain yields. RMz reduced (16%, 38% & 38%) rice NPK reserves, RGR (14-42 days), CLER
(1.0), grain yields and increased (36%) striga. RD recorded higher CLER (1.56). MzMc reduced (15% & 27%)
maize P uptake and NP uptake increased (42% & 9.3%) under MzC & MzD (73% & 29%). RMc increased rice
RGR (14-42 days). Maize RGR (14-28 days) increased under MzD, MzMc & MzC and reduced (28-42 days)
under MzD, RC & MzMc.. The ecosystems’ productivity was attributed to allelopathy.

Keywords: allelochemicals, intercropping, land equivalent ratio, NPK uptake, relative growth rates, striga
1. Introduction

Secondary metabolites in plants have been investigated by phytochemists and classified as waste products
(Zhao-Hui, 2010). The metabolites have been considered as potential allelochemicals which play significant
roles in shaping crop interactions and communities, and subsequently their productivity. Allelochemicals
influence crop physiological processes, such as increased cell membrane permeability, cell proliferation, and
DNA synthesis in plant meristems, thereby affecting crop growth rates (Harun et al., 2014). In addition,
allelochemicals can restrain nutrient absorption and growth regulatory system activities, which subsequently
affect normal growth of plants and may cause death of plant tissue (F. Cheng & Z. Cheng, 2015). It is reported
that rice and maize cropping systems are affected by allelochemicals and the parasitic weed Striga hermonthica.
But, some rice cultivars have been reported to tolerate striga (Rodenburg et al., 2015).

Burgos et al. (2004) observed significant inhibition of N, P and K uptake and regeneration of root cap cells, and
thus, inhibited crop growth due to allelochemicals. Nishida et al. (2005) reported that monoterpenoids affected cell
proliferation and DNA synthesis in plant meristems. Geng et al. (2009) noted that a low concentration of dibutyl
phthalate increased the absorption of N, but decreased P and K nutrient absorption. Chaimovitsh et al. (2012)
reported Citral metabolite of Cymbopogon citrates to cause disruption of microtubules in wheat and Arabidopsis
thaliana L. roots. Constantine et al. (2013) reported that Striga asiatica and Rhamphicarpa fistulosa adversely
affect rice physiology and grain yields. Mbogo et al. (2013) reported a negative correlation between emerged
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striga/striga damage ratings and yield. Kanampiu et al. (2018) noted that intercropping herbicide-resistant maize
varieties with legumes was a more effective method for S. hermonthica control than monoculture. Kaiira et al.
(2019, 2021a, 2021b), reported NERICA 1 rice, C. nardus, D. uncinatum, M. pruriens and Zea mays (LONGE 6H),
the five study crop species as highly allelopathic.

Intercropping is a system of growing two or more crops, simultaneously, on the same land with special spatial
arrangement. Cropping system productivity is highly enhanced through intercropping as higher returns per
investment are realized per unit area than under sole crops (Willey, 1979). Paired row planting using additive
series was adopted in this investigation for higher total output from the intercropping systems as the population
of the base rice crop was maintained with bonus intercrop yield. Gozubenli et al. (2004) reported benefits from
twin row cropping of maize. Rana et al. (2013) reported higher monetary returns with substantially higher yield
advantages from intercropping systems over sole rice crops. The higher monetary benefits clearly indicated yield
advantages of intercropping over monocropping of rice. Several cultivars grown under intercropping ecosystems
are however reported to be allelopathic. Therefore, the objectives of the study were: (1) to determine the growth,
nutrient uptake and soil nutrient reserve at harvest for allelopathic rice, cymbopogon, desmodium, mucuna and
maize; (2) to evaluate different allelopathic rice-based intercropping systems for Striga hermonthica weed
control and rice productivity.

2. Materials and Methods

A screen house pot study was conducted at the National Crops Resources Research Institute, Namulonge, Uganda
during 2016, and a field experiment was conducted at Ikulwe Research Station and at a farm at Pallisa, Uganda
during 2017.

2.1 Screen House
2.1.1 Treatments and Experimental Design

Two different species each of Oryza sativa, Cymbopogon nardus, Desmodium uncinatum, Mucuna pruriens,
and Zea mays were planted in pots with 6 kg of air-dried, loam-clay forest soil. The crops were also planted as
sole crops in a randomized complete block design with five replications. Two replicates were used for data
collection for destructive samples. The 15 treatments included 10 crop combinations of two different species per
pot namely rice/maize, maize/desmodium, cymbopogon/desmodium, rice/desmodium, cymbopogon/mucuna,
maize/cymbopogon, rice/mucuna, desmodium/mucuna, maize/mucuna, rice/cymbopogon and 5 sole crops.
Crops were planted and thinned at seven days after emergence of rice (DAE) to four plants for rice and
desmodium, mucuna (one plant) and maize (two plants). C. nardus were trimmed as two homogenous suckers to
10 cm height before being established in similar pots. The crops were not supplied with any fertilizer but
watered with 150 ml of tap water every two days. Hand weed removal was completed at 21 DAE during the
eight week long pot study. No pests or diseases were observed.

2.1.2 Data Recording

Plant height, leaf length, leaf width were measured, and the leaves with more than 75% green area were counted
every 2 weeks up to 56 DAE on one tagged plant per pot. During the same period, root length was measured on
harvested samples and dry matter determined every 14 days on an electronic balance after oven drying of the
samples at 80 °C for 24 hours to constant weight. The Relative Growth Rate (RGR) for the crops was calculated
using the formula: RGR = (In W, — In W{)/(T, — T;), where; In W, and In W, are the means of the natural logarithm
for transformed plant weight W, and W, at time T, and T, respectively. Air-dried soil samples prior to planting, soil
and whole plants at harvest were subjected to chemical analysis for N, P & K nutrient uptake and reserves in the
soil at harvest using standard methods described by Okalebo et al. (2002).

2.2 Field Study
2.2.1 Study Site
A field study was conducted at Ikulwe research station and on farm at Pallisa during 2017. Ikulwe is located at
00°26"23.2"N 033°28'40.9"E, at 1209 meters above sea level. The area received a total of 543 mm of the 1230 mm
annual rainfall during the cropping season with minimum and maximum temperatures of 18 and 30 °C respectively.
Pallisa is located at 1°13'33.2”N and 33°46'47.2"E. The total precipitation received was 450 mm against the annual

rainfall of 990 mm and the temperatures recorded as minimum and maximum were 19 °C and 31 °C, respectively.
Both experimental sites had sandy loam soils.
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(1) Treatments and Experimental Design

Maize, mucuna, desmodium and cymbopogon were tested as sole and intercrops in rice under a randomized
complete block design with three replicates. The experimental units measured 5 m x 8 m with 2 m between the
plots. The crops were planted as sole upland rice in paired rows at 40/20 cm x 12.5 cm (one plant/hill) and as
rice intercropped with one row of each crop (maize, mucuna or desmodium) thinned to one plant/hill. The
spacing of desmodium, mucuna and maize intercrops within rows were 10 cm, 120 cm and 30 cm respectively.
Four uniformly cut 10 cm long cymbopogon suckers were planted per hill as intercrops at a distance of 45 cm
within the row. Sole crops of cymbopogon (60 cm x 45 cm), desmodium (45 cm x 10 cm), mucuna (60 cm X 120
cm), rice in paired rows (40/20 cm X 12.5 cm) and maize (75 cm x 30 cm) were sown as in intercropping systems
on the same date. Nitrogen, phosphorus and potassium (60:30:30 kg ha™) fertilisers were applied to rice and
none to the associated intercrops. All P & K fertilisers were applied by band placement at planting and N was
applied in two equal splits at planting (30 kg ha™) and panicle initiation (30 kg ha™) stages. The sources of N, P &
K were urea (46% N), single super phosphate (16% P,0s) and muriate of potash (60% K,0), respectively. Hand
hoeing was done uniformly at 21 DAE and 42 DAE in all the plots. There were no pests and disease incidences,
thus, no control measures were administered in all treatments.

(2) Data Recording

Five plants from individual net plots of each crop were randomly selected and tagged at 14 DAE for biometric
observations. The plant heights were measured from the ground to the base of the last fully opened leaf in rice,
maize and cymbopogon, and from the ground to the tip of the youngest leaf for desmodium and mucuna. The
length and width of the plant leaves were taken by measuring the longest leaf and widest leaf parts, respectively.
The green leaves were counted weekly on tagged plants in all the treatments up to flowering stages. Data were
collected on the number of tillers, number of striga per 100 rice plants and the leaf number. Data collection ended
at the panicle initiation stage of rice and tasselling maize. The 2 boarder rows per plot together with two plants at
both ends of rows in all sole crops were harvested as guard rows. Under intercropping treatments, one row of the
base crop and another of the intercrop on each side of the plot were harvested as guard rows and net plot crops were
harvested for data collection. The number of panicles per plant, filled panicles per plant, total grains per plant and
filled grains per panicle were determined on 10 earmarked plants. The yield per hectare was determined using
harvested grain rice in 30 net plots each measuring 30 m” at 90 DAE. Desmodium, cymbopogon and mucuna
vegetative materials were harvested from the net plots at 120 DAE. The fresh biomass per net plot and economic
yield for mucuna were also determined.

(3) Competitive Indices

The yield advantage was assessed quantitatively by land equivalent ratio (LER) and competitive ratios (CR). The
LER was calculated (Mead & Willey, 1980) for each of the components (Partial LER) and their combination
(Combined LER) as follows: LER = (Yi/Y5;) + (Y;i/Yj;), where, LER = Combined land equivalent ratio, Y = Yield
per hectare; ii and jj = Pure stands of species i and j; ij and ji = Intercrops. The CR index was calculated (Willey &
Rao, 1980) using the following formula: CRA = (LERA/LERB) (ZIB/ZIA), where, ZIA = sown proportion of crop
A (in crop A intercropping with B); ZIC = sown proportion of crop B (in crop B intercropping with A).

2.3 Data Analysis

Collected data were subjected to analysis of variance (ANOVA) using Genstat statistical package (13™ edition,
2013). The significant differences between treatments means were separated using Fisher's least significant
difference (LSD) test at P < 0.05.

3. Results
3.1 Growth of Rice and Maize in Pots under a Screen House

Rice plant height was not influenced by potted plants (Table 1). Potting rice with mucuna, maize, desmodium and
cymbopogon significantly (P < 0.05), reduced the rice root length (4.8-6.3 cm) relative to sole rice (9.0 cm). Shoot
dry matter, leaf number, leaf length and leaf width for rice plants were not significantly affected by potting. Potting
maize with mucuna or desmodium increased the maize leaf length to 84.30 cm and 75.70 cm respectively, relative
to sole maize (64.3 cm). Maize plant height, root length, dry matter, leaf number and width of leaves were not
influenced by potting.

3.2 Growth of Intercropped Rice under Field Conditions

Intercropping rice with cymbopogon or desmodium significantly (P < 0.05), increased rice tillers per plant at 21
DAE on-station (4.2 tillers & 3.7 tillers) and on-farm (3.4 tillers & 2.8 tillers) relative to sole rice (3.2 tillers & 2.7
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tillers) at both sites. The rice tillers under cymbopogon and desmodium intercrops, similarly, increased at 36 DAE
on-station (6.8 tillers & 6.0 tillers) and on-farm (5.8 tillers & 4.8 tillers). At panicle initiation stage (55 DAE) the
tillers reduced relative to counts at 36 DAE under all treatments.

Table 1. Growth of rice potted with mucuna, maize, desmodium or cymbopogon and striga incidences under screen
house and field conditions

Screen House Field
On Station On Farm
Potted plants
Growth parameters Tillers Tillers and Striga Weed
Height (cm)  RL (cm) 21 DAE 36 DAE 55DAE 21 DAE 36 DAE S55DAE  Striga/HP
Rice sole 17.67 ab 9.00 a 3.17¢ 533¢ 3.83¢ 2.67c 4.62c 2.83b 81.30b
Rice + Mucuna 22.00 a 5.00b 2.83d 433d 2.79d 227d 3.83d 2.28¢ 21.70 ¢
Rice + Maize 22.00 a 6.33b 2.67d 3.17¢ 2.70d 1.03e 327e 1.00d 110.30 a
Rice + Desmodium 17.00 ab 483b 3.67b 6.00 b 4.17b 2.83b 4.83b 347a 26.70 ¢
Rice + Cymbopogon 1233 b 5.00b 4.17a 6.83 a 550a 339a 5.83a 340 a 35.30¢
Pvale 0032 0005 <0001 <0001 <0001 <0001 <000 <0001 0028
LSD (P <0.05) 6.50 2.00 0.18 0.18 0.20 0.17 0.18 0.17 44.86

Note. DAE = Days after emergence, HP = hundred rice plants, RL = Root length.

Greater tillers per plant were recorded under rice intercropped with cymbopogon and desmodium both on-station
(5.5 tillers & 4.2 tillers) and on-farm (3.4 tillers & 3.5 tillers) than under sole rice (3.8 tillers & 2.8 tillers) at the 2
sites. Intercropping rice with cymbopogon, desmodium, mucuna and maize had no influence on the rice height,
leaf number, leaf length and width of rice leaves at both stations. Intercropping mucuna or maize in rice reduced
the number of rice tillers at all crop stages. At panicle initiation stage (55 DAE) the rice tillers reduced under
intercropping with mucuna (2.8 tillers) and maize (2.7 tillers) on station and when intercropped with mucuna (2.3
tillers) or maize (1.0 tillers) on farm relative to the controls (3.8 tillers & 2.8 tillers). Intercropping rice with
cymbopogon, desmodium, mucuna and maize had no significant influences on the plant height, leaf number, leaf
length and width of rice leaves, at both stations.

3.3 Striga Weed Under Field Conditions

On-farm, striga weed incidences per 100 rice plants (SHP) reduced due to intercropping with mucuna (22 striga),
desmodium (27 striga) and cymbopogon (35 striga) relative to sole rice (81 striga). The SHP significantly (P <
0.05), increased (110 striga) when rice was intercropped with maize. A higher striga incidence (63%) was counted
within 15 cm radius to rice plants.

3.4 Nutrient Uptake and Soil Reserves for Potted Rice

Potting rice with cymbopogon produced higher N (0.20 g/100 g) soil reserves at harvest than sole rice. The
treatment also produced greater uptake of N (5.3 mg/plant), P (0.65 mg/plant) and K (12.62 mg/plant) than other
treatments including the control (Table 2). Potting rice with maize significantly (P < 0.05), lowered the rice soil N
(0.16 g/100 g), P (5.5 mg/kg) and K (89.72 mg/kg) reserves at harvest. Maize significantly reduced K uptake by
rice (5.6 mg/plant) relative to sole rice. Potting rice with maize also produced lower rice uptake of N (2.7 mg/plant)
and K (5.6 mg/plant) relative to other treatments. Potting rice with mucuna raised the uptake of N (4.6 mg/plant)
and K (70.85 mg/plant relative to sole rice. The N & K uptake by rice potted with desmodium also increased (4.25
mg/plant & 12.8 mg/plant). Higher K uptake (70.90 mg per plant) by rice was recorded under rice potted with
mucuna. Potting rice with mucuna, desmodium or maize did not influence the P uptake.
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Table 2. Soil nutrients at harvest and nutrient uptake for rice potted maize, desmodium, mucuna and cymbopogon

Soil Nutrients at Harvest Nutrient Uptake (mg/plant)

Potted plants
N (g/100 g) P (mg/kg) K (mg/kg) N P K
Rice sole 0.19b 895b 14430 b 270 ¢ 0.45b 7.30 ¢
Rice/maize 0.16d 5.56 f 89.72 ¢ 270 ¢ 0.35b 5.60d
Rice/desmodium 0.17 ¢ 9.64 a 144.32b 4.52b 0.38b 12.80b
Rice/cymbopogon 020 a 7.83 ¢ 14430 b 530a 0.65a 12.62b
Rice/mucuna 0.19b 6.36d 152.10 a 4610 0.45b 70.85a
P-value <0001 <0001 - <0001 <0001 0053 <0001

LSD (P <0.05) 0.008 0.008 0.082 0.30 0.19 1.12

Note. N = Nitrogen, P = Phosphorus, K = Potassium.

3.5 Nutrient Uptake and Soil Reserves for Potted Maize

Potting maize with mucuna reduced maize P uptake (6.4 mg/plant) and produced greater soil N (0.33 g/100 g),
lower P (5.56 mg/kg) and K (120.91 mg/kg) nutrient reserves at harvest relative to sole maize crop (Table 3).
Potting maize with cymbopogon recorded greater uptake of maize N (92.50 mg/plant) and P ( 8.2 mg/plant) with
significantly (P < 0.05) reduced soil N (0.16 g/100 g) and P (8.52 mg/kg) but higher levels of K (163.82 mg/kg)
reserves than other treatments. Potting maize with desmodium increased the uptakes of N (112.5 mg/plant and P
(9.7 mg/plant) with lower soil reserves of P (8.83 mg/kg) and K (120.91 mg/kg) than under sole maize. Potting
maize with rice recorded lower P (5.5 mg/plant) uptake with lower N (0.16 g/100g), P (5.24 mg/kg) and K (89.72
mg/kg) soil nutrient reserves at harvest. Sole maize had relatively high N (0.19 g/100 g), P (9.53 mg/kg) and K
(144.32 mg/kg) nutrient soil reserves at harvest compared to maize with a component crops. The N uptake by
maize was not influenced by mucuna and rice and the maize K uptake was not significant.

Table 3. Soil nutrient reserves at harvest and nutrient uptake for maize potted with rice, mucuna, cymbopogon, and
desmodium

Soil Nutrients at Harvest Nutrient Uptake (mg/plant)
Potted Plants
N (g/100 g) P (mg/kg) K (mg/kg) N P K
Maize sole 0.19b 9.53 a 144.32 b 65.00 ¢ 7.50 ¢ 167.00 a
Maize + Desmodium 0.19b 8.83b 12091 ¢ 112.50 a 9.70 a 190.50 a
Maize + Cymbopogon 0.16 ¢ 8.52¢ 163.82 a 92.50b 820D 168.90 a
Maize + Mucuna 0.33a 5.56d 120.91c 62.50 ¢ 6.40 d 168.10 a
Maize + Rice 0.16 ¢ 524¢ 89.72d 67.50 ¢ 550e 225.00 a
Pvalue - <0.001 <0.001 <0001 <0.001 - <0001 006

LSD (P<0.05) 0.008 0.008 0.046 9.20 0.35 NS

Note. N = Nitrogen, P = Phosphorus, K = Potassium.

3.6 Relative Growth Rates for Potted Rice and Maize on Station
3.6.1 Rice Potted with Cymbopogon, Mucuna, Desmodium or Maize

The RGR for rice potted with desmodium (RD) was significantly greater (P> 0.05) between 14-28 days relative to
other treatments (Figure 1). The RGR for rice potted with mucuna (RMc) significantly increased between 28-42
days relative to other treatments for the same period and the rice potted with maize (RMz) gave significantly lower
RGR between 42 and 56 days relative to rice potted with desmodium, mucuna, cymbopogon and sole rice.
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Figure 1. Relative growth rates of rice (R) potted with maize (RMz), desmodium (RD), mucuna (RMc) or
cymbopogon (RC)

3.6.2 Maize Potted With Cymbopogon, Mucuna, Desmodium or Rice

The RGR for maize potted with desmodium, mucuna or cymbopogon were significantly greater than under sole
maize and maize potted with rice between 14-28 days (Figure 2). RGR for maize potted with rice, significantly
increased between 28-42 days. Maize potted with desmodium (MzD), mucuna (MzMc) and sole maize produced
lower but similar RGR during the same period. Maize potted with mucuna gave greater RGR relative to maize
potted cymbopogon during the same period. Between 42-56 days, higher RGR were recorded under maize potted
with cymbopogon or rice. Lower RGR was under sole maize and maize potted with desmodium or mucuna.
Maize RGR (14-28 days) increased under MzD, MzMc & MzC and dropped (28-42 days) under MzD, RC &

MzMc.
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Figure 2. Relative growth rates of maize (Mz) potted with rice (RMz), desmodium (MzD), mucuna (MzMc) or
cymbopogon (MzC)

3.7 Yield Attributes, Yield and Competitive Indices for Intercropped Rice

Intercropping desmodium, maize and mucuna in rice significantly (P < 0.05), reduced the number of rice panicles
per plant at harvest on station. The number of rice panicles per plant reduced when rice was intercropped with
mucuna at on farm (Table 4). The percent filled rice panicles and percent filled grains per panicle were not
significant at both sites. Sole rice had higher grain yield than intercropped rice on farm and similar observations
were made on station except that the yield of rice intercropped with cymbopogon (1,103 kg ha™") was similar to the
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sole rice grain yield. On farm, rice intercropped with desmodium produced lower rice grain yield than rice
intercropped with cymbopogon (Table 4). Rice/maize and rice/mucuna intercropping systems had lower rice grain
yields than all the other cropping systems.

Table 4. Yield parameters, yield, land equivalent and competitive indices for intercropped rice on station and on
farm

On-Station On-Farm Land Equivalent and competitive Ratios
Rice/Intercrops Panicles Yield Panicles Yield PLER PLER CLER CR
(per plant) (kg ha™) (per plant) (kg ha™) (Rice) (Intercrops)
Rice sole 7.80 a 1111 a 433a 631 a 1.00 b 1.00 c
Rice + Cymbopogon 7.60 a 1103 a 4.08 a 510b 0.99 a 0.57b 1.56 a 1.60 b
Rice +Desmodium 5.10b 926 b 433 a 492 ¢ 0.83b 0.85a 1.68a 0.65d
Rice + Maize 4.60b 750 ¢ 3.58a 394d 0.68 ¢ 0.33¢ 1.00b 1.48b
Rice +Mucuna 370b 728 ¢ 2.50b 359d 0.66 ¢ 0.34c¢ 1.00b 1.79 a
P-Vale 023 0004 068 0003 <0001 <0001  <0.001 <0.001
LSD P <0.05) 2.40 73.1 1.64 111.3 0.05 0.05 0.54 0.165

Note. PLER = Partial Land Equivalent Ratio, CLER = Combined Land Equivalent Ratio, CR = Competitive Ratio.

3.8 Competitive Indices of Rice on Station

Cymbopogon gave the highest (1.00) partial land equivalent ratio (LER) followed by desmodium (0.8). Rice
intercropped with maize or mucuna recorded the lowest partial LER (0.7) for rice. The partial land equivalent ratio
for intercrops were highest under desmodium (0.9) followed by cymbopogon (0.6) and lowest under maize and
mucuna (0.3). The combined land equivalent ratios for rice/cymbopogon and rice/desmodium intercropping
systems were 1.6 and 1.7 respectively. Rice/maize and rice/mucuna intercropping systems had each LER of 1.0.
Mucuna was the most competitive intercrop with a competitive ratio (CR) of 1.8 followed by cymbopogon (1.6)
and maize (1.5). Desmodium had a significantly lower competitive ratio (0.7) when intercropped with rice
compared to all the other crops.

4. Discussions
4.1 Growth of Rice and Maize in a Screen House

Rice potted with cymbopogon and mucuna increased in height relative to rice potted with maize. The increased rice
height with cymbopogon and mucuna component crops may be attributed to the observed significantly higher N
(96%), P (44%) and K (73%) nutrient uptake by rice potted with cymbopogon and the higher N (70%) and K (871%)
uptake when potted with mucuna, relative to sole rice and rice potted with maize NPK uptake that were at par under
the current study. The increased nutrient uptake by rice could have been influenced by compounds released in the root
exudates of cymbopogon and mucuna plants. Tomita et al. (2003), and Li et al. (2010) reported reduced nutrient
absorption and crop growth rates due to allelochemicals. Effects of allelochemicals on nutrient uptake in tomatoes
were also observed by F. Cheng and Z. Cheng (2015). Kaiira et al. (2019) identified 5 terpenoids namely naphthalene,
1,2-dimethyl-4-ethylbenzene, 1,3-ditertiarybutylbenzene, 1-ethyl-3-methyl-benzene, 1,3-dichloro-benzene, an
alkane called n-tetra-decane and a phenol named dihydrocarveol in root exudates of Mucuna pruriens. The
researchers also profiled 3 terpenoids in root exudates of Cymbopogon nardus namely tert-amyl benzene, pent methyl
benzene, 1, 2, di-tert-butyl benzene and an alkane named 2,3-dimethylundecane and 2-ethylhexanol phenol. Some of
these terpenoids, alkanes and phenols could have enhanced the observed nutrient uptake levels in the current study.

Rice root length reduced when potted with cymbopogon, mucuna, desmodium and maize relative to sole rice. This
may be attributed to allelopathic inhibitory influences of secondary metabolites in root exudates of the test plants
on processes such as protein and amino acid synthesis, respiration and cell division that promote crop growth.
Prapaipit et al. (2013) reported higher sensitivity to allelopathic extracts by the roots of all the test plants than their
shoots. Kaiira et al. (2019) profiled and reported several terpenoids, phenols, alkanes and furans in the root
exudates of cymbopogon, mucuna, desmodium and maize. Some of the identified compounds could be responsible
for the declined root length.

Maize leaf length significantly increased when potted with desmodium (17%) and mucuna (31%). This related to
the corresponding high relative growth rates under the two treatments in the current study and may be attributed to
observed higher N (73%), P (29%) and K (141%) uptake by maize potted with desmodium relative to sole maize.
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Maize potted with mucuna recorded lower (15%) P uptake relative to sole maize. The N and K uptake levels were
similar to sole maize. Thus, the higher maize leaf growth may not be attributed to influences of nutrients taken by
maize but could have resulted from etiolating due to competition between maize and mucuna for solar radiation.
Mucuna crop is highly competitive and recorded the highest competitive ratio with rice in the current study.

Height of rice potted with maize significantly reduced relative to rice potted with cymbopogon or mucuna crops.
This may be partly attributed to competition for water and nutrients in the rhizosphere between the cereal crops.
Rice crop potted with maize also had significantly lower K (23%) nutrient uptake levels relative to sole rice in the
current study. Significantly higher N, P and K (96%, 44% & 73%) uptake levels were in the current study recorded
when rice was potted with cymbopogon relative to sole rice and higher N and K (70% & 871%) uptake by rice
were also observed under rice crop with component mucuna. The high nutrient uptake levels by rice potted with
cymbopogon and mucuna corresponded to the higher relative growth rates recorded in this study under rice potted
with both crops relative to the maize intercrop. Nutrient uptake could have been influenced by compounds in crop
root exudates as earlier reported. F. Cheng and Z. Cheng (2015) reported that allelochemicals can inhibit the
activities involved in the absorption and transport of ions at the cell plasma membrane and this suppresses the
cellular absorption of K*, Na" or other ions. The current study indicates high potential to rice intercropping with
cymbopogon and in the maize intercropping with desmodium. The maize/rice ecosystem exhibited low nutrient
uptake with poor crops growth and may not be sustainable given its low productivity potential.

4.2 Rice Tillers and Striga Weeds Under Field Conditions

Striga weeds incidences reduced (57-73%) due to intercropping with mucuna, desmodium and cymbopogon but
the incidence increased (80%) when intercropped with maize. Little work has been done on striga control using
desmodium, mucuna and cymbopogon, But, Khan et al. (2006) indicated that intercropping cereals, mainly with
legumes can reduce the number of striga plants. Potentially, legumes act as traps crops stimulating suicidal striga
germination or may alter the microclimate under the crop canopy and interfere with striga germination and
development (Khan et al., 2006). Mucuna, desmodium and cymbopogon could have released compounds in the
root exudates that similarly changed the micro environment in the canopy and or stimulated suicidal striga
germination. It is postulated that nitrogen fixed by desmodium legume crop could have interacted with striga
growth, as increasing the amount of available nitrogen was reported to reduce striga densities (Pieterse et al.,
1991).

The reduced striga counts under mucuna, desmodium and cymbopogon intercrops may also be attributed to
influences of bio-active compounds exudates by the host plants into the rhizosphere that could have interfered with
the processes of striga germination and development. Kaiira et al. (2019) identified five terpenoids, one phenol and
an alkane in mucuna exudates. Desmodium plants released three terpenoids, one alkane and a furan while
cymbopogon crop released five terpenoids, a phenol and an alkane. Some of these compounds were associated
with inhibited weed and crop growth and could have inhibited striga weed attachment and growth. Pickett (2010)
indicated a putative allelopathic mechanism by D. uncinatum as evident in the control of S. hermonthica.
Allelopathic control of other weeds by the test plants have been observed by Suwitchayanon et al. (2013) using C.
nardus (L.) and Soares et al. (2014) reported that L-DOPA from mucuna root exudates reduced the growth of
neighboring plants.

Striga hermonthica count increased (36%) under rice/maize intercropping system relative to sole rice with a higher
count (63%) of the weed on maize. This may be attributed to stimulatory influences of compounds in root exudates
of rice and maize on processes that enhance the germination, growth and development of striga. Kaiira et al. (2019)
observed a furan namely 2-n-pentylfuran, one alkane named 2,3-dimethylundecane and six terpenoids namely
1,2-dimethyl-3-ethyl benzene, 1-methyl-2-(2-propenyl)benzene, tert-amyl benzene, 1-sec-butyl-4methylbenzene,
1,3-di-tert-butylbenzene and pent methyl benzene in the root exudates of upland NERICA 1. Maize crop root
exudates released 5 terpenoids namely O-dichlorobenzene, 1-methyl-2-(2-propenyl) benzene, m-ethyl toluene, 1,
2, 4-trimethylbenzene, 2-ethyl-p-xylene and one furan called 2-n-pentylfuran. Some of the compounds possibly
supported striga weed attachment and growth in a similar mode to strigolactone, a compound reported to stimulate
striga attachment to cereal crops.

Greater numbers of rice tillers were recorded at panicle initiation stage under intercropping with cymbopogon and
desmodium compared to the sole crops, at all crop stages, both on station and on farm. This may be attributed to the
significantly higher N (67%) & K (75%) nutrient uptake levels for rice intercropped with desmodium and for N
(96%), P (44%) and K (73%) under rice intercropped with cymbopogon relative to sole rice crop. The height of
maize plants and number of rice tillers reduced due to intercropping maize with rice or mucuna on farm relative to
sole cereal crops. This was associated with the observed higher competitive ability of mucuna and maize indicated
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by the higher competitive indices for both crops recorded in the current study. Maize potted with rice recorded
reduced P (27%) nutrient uptake in the current study which could have led to the lower relative growth rates
observed under the treatments. Phosphorus enhances development of crop primary roots and thus improves stem
and tiller development. The inhibited maize leaf length and number of rice tillers could also be associated with
intra-species competition for nutrients in the rhizosphere by the two cereal crops (maize & rice). High incidences
of Striga hermonthica obligate parasitic weeds recorded on the two crops under the current study may have
similarly impacted on physiological crop processes such as nutrient uptake, cell division, respiration and
photosynthesis in maize and rice, reducing maize and rice growth.

Raven (1983) reported that parasitic plants that drain nutrients and water through the xylem transpire relatively
large amount of water than their hosts. This higher rate of transpiration not only diverts the xylem sap to the
parasite but also reduces the water supply around the host rhizosphere. Constantine et al. (2013), and Mbogo et al.
(2013) reported negative correlation between emerged striga and grain yield of rice and maize, respectively. Taylor
and Seel (1998) indicated that while the stomata conductance of infected maize plants was reduced, that of parasite
(Striga hermonthica) remained higher. The higher rates of stomata conductance in parasites results into higher
rates of derived host photosynthates, water and mineral salts to the parasites translocation systems. NERICA 1 rice
was less susceptible to striga than LONGE 6H maize. This may be attributed to its higher genetic resistance to
striga weeds as reported by Rodenburg et al. (2015). The reduction in tillers between 36-55 DAE under all
treatments may be attributed to mortality of late emerging tillers due to reduced photosynthates to the sinks. Late
emerging tillers were reported not to mature and contribute to the grain yield of rice by Wang et al. (2007).

4.3 Yield Attributes and Yield for Intercropped Rice On-Station and On-Farm

Intercropping rice with cymbopogon produced higher rice grain yield and combined land equivalent ratios
amongst intercropping systems. The current study indicates that a farmer would need 1.56 acres of land area
planted with sole rice to achieve equal productivity from 1.0 acre of rice intercropped with cymbopogon. Planting
rice and cymbopogon in the same pot were in the current study observed to exhibit maximum rice growth, N, P and
K uptake and increased rice tiller development that could have contributed to the observed high rice grain yield.
Rana et al. (2013) indicated benefits from rice intercropping with other crops. Based on the observations under
this study, selection of the right component crops under mixed cropping systems is paramount and their
allelopathic potential must be considered.

5. Conclusions

Rice root growth significantly reduced when potted with desmodium, maize, mucuna or cymbopogon. Rice plant
height significantly increased when potted with cymbopogon and mucuna but reduced when potted with maize.
Maize leaf length increased significantly when potted with desmodium, cymbopogon and mucuna. The relative
growth changes were attributed to secondary metabolites. Intercropping rice and mucuna significantly reduced the
striga weed count relative to sole rice. Rice/cymbopogon intercropping system under paired rows of rice
maximized productivity with high crop competition and relative growth rates. There were higher economic
benefits from Rice/Cymbopogon and Rice/Cymbopogon intercropping ecosystems from unit area than under sole
cropping. The maize/rice ecosystem exhibited low nutrient uptake with lower RGR for both crops and had the
lowest benefits from intercropping. Rice intercropping with cymbopogon is productive under paired row
ecosystem. Maize/rice intercropping system is not recommended because of its low productivity potential.
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