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Intercropping of maize with grain-legume crops predominates on smallholder farms in East Africa. However, the
growth and development of crops and their interaction with fertilizer in intercropping systems are not well
understood. We sought to answer the questions: (i) what are the effects of fertilizer on the growth and devel
opment of maize-pigeonpea and maize-lablab intercropping systems under variable agroecological conditions?
(ii) what are the residual effects of two seasons of sole and intercrops of maize, pigeonpea and lablab on a
succeeding maize crop? We studied pure stands of maize, long-duration pigeonpea, medium-duration pigeonpea
and lablab, and additive intercropping combinations on eight farms in Babati, Tanzania. The intercropping
combinations studied were: maize with long-duration pigeonpea, maize with medium-duration pigeonpea and
maize with lablab. Three fertilizer levels were applied: no fertilizer; 40 kg P ha− 1; and 90 kg N ha− 1 + 40 kg P
ha− 1. The P was applied at planting in the form of triple superphosphate to both maize and legumes, thus in
intercrops the 40 kg P ha− 1 was shared between maize and legume. The N was spot-applied in the form of urea in
three equal splits, only on maize. The trials were implemented for two consecutive cropping seasons (2017/2018
and 2018/2019), without changing treatments and plot locations. To evaluate the residual effect of grain le
gumes, we planted a sole crop of maize in the third season (2019/2020) in all plots, with no addition of fertilizer.
Maize and pigeonpea were sown simultaneously, while lablab was relay-planted one month after maize. Maize
dry matter (DM) and grain yield were not significantly affected by the presence of legumes, but were about twice
as large in 2017/2018 as in 2018/2019 season, likely due to the considerably higher rainfall in the 2017/2018
season. Legume productivity was more consistent across the two seasons. Legume crops in the intercrops pro
duced significantly less DM and grain yield than in their respective pure stands, but maize yield did not differ
significantly between sole and intercrops. The productivity of maize was significantly increased by N fertiliza
tion, but the legumes responded positively only to P fertilizer in the 2017/2018 season. Land-equivalent and
area-time-equivalent ratios of intercropping systems were consistently greater than one. The DM and grain yield
of maize following two seasons of legumes was consistently larger than in plots where maize was grown
continuously. The P-fertilizer applied in the preceding seasons had significant residual effects on the yield of the
succeeding maize crop. The temporal niche complementarity of pigeonpea and lablab with maize minimized
competition in the intercrops, although intercrops are clearly more demanding in labor at planting and harvest.
Overall, our results showed the superior performance of maize-legume intercropping over sole maize, both in
terms of additional grain yield within a season and the residual effects in the succeeding season. We did not
observe biotic constraints in the succeeding maize crop. Maize-legume intercropping with fertilizer application
was effective in enhancing the productivity of smallholder cropping systems.

1. Introduction
Smallholder crop production systems in much of the East African

highlands are dominated by maize (Zea mays L.) which is commonly
intercropped with grain legumes, mainly pigeonpea (Cajanus cajan (L.)
Millsp.), common bean (Phaseolus vulgaris L.), dolichos lablab (Lablab
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Fig. 1. Map showing the location of the three sites (Riroda, Arri and Dareda) in Babati, Northern Tanzania (left panel) and the location of the on-farm trials (three
replicate farms, dots) in each of the three sites and the range in altitude (right panel).

suppression and increased maize yields (Giller, 2001; Rusinamhodzi
et al., 2012; Zhang et al., 2019).
Productivity of intercrops depends on the balance between intra- and
inter-specific competition. When the component crop species have
complementary growth patterns (e.g., use different temporal niches by
utilizing different periods of the season, or spatial niches through
different rooting depths or canopy sizes), inter-specific competition will
tend to be weaker than intra-specific competition, and resources (sun
light, moisture and soil nutrients) will be acquired more efficiently
(Lithourgidis et al., 2011). This results in relatively greater yields in
intercrops than in pure crop stands (Willey, 1979). The extent of this
improvement in yields depends on crop management. Relay intercrop
ping entails that crop growth phases only partially overlap, resulting in
temporal niche differentiation (TND). Managing the spatial arrange
ment of intercrops is also key to enhancing their productivity, as it
dictates the balance between intra- and inter-specific interactions.
Greater productivity of maize-grain legume intercrops when sown
within the same row compared with sole crops was reported in the
Guinea savanna of northern Ghana (Kermah et al., 2017), southern Mali
(Falconnier et al., 2016) and central Mozambique (Rusinamhodzi et al.,
2012).
Pigeonpea is drought-tolerant due to its relatively deep root system,
enabling it to exploit moisture from deeper soil layers (Kumar Rao et al.,
2001) than e.g., maize. It improves soil fertility through high biomass

Table 1
Description and frequency of occurrence of treatments in on-farm trials in each
of the three sites (Riroda, Arri and Dareda) in Babati, Northern Tanzania.
Species combination
Maize (MZ)
Long-duration pigeonpea (ldP)
Medium-duration pigeonpea (mdP)
Lablab (LB)
MZ- ldP intercrop
MZ- mdP intercrop
MZ- LB intercrop

Fertilizer
Control

þP

þNP

3/3a
3/3
3/3
1/3
3/3
3/3
1/3

3/3
3/3
3/3
1/3
3/3
3/3
1/3

3/3
–
–
–
3/3
3/3
1/3

a
3/3 indicates that this treatment combination was present in all three of the
trial farms within a site.

purpureus (L.) Sweet) and cowpea (Vigna unguiculata (L.) Walp) (Myaka
et al., 2006; Kimaro et al., 2009; Mugi-Ngenga et al., 2021). Beyond
direct yield benefits, the grain legumes can provide additional ecological
benefits that may enhance the productivity of maize in the short and
long-term. Within-season benefits of cereal-legume intercropping
include greater ground cover and suppression of diseases and pests.
Residual benefits that accrue in subsequent seasons include supply of
nitrogen (N) from N2-fixation, improved soil health, weed (Striga)

Fig. 2. An illustration of the composition of a single row in sole stands of maize and legumes (long and medium-duration pigeonpea and lablab) and intercrops of
maize with the legumes in the on-farm experiments in Babati, Northern Tanzania. MZ= Maize; LG= Legume.
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Fig. 3. An illustration of temporal niche differentiation for maize-legume intercrops in Babati, northern Tanzania. GP=Growing period of the component crop;
Dsystem=Total system duration; Doverlap=Overlap duration (duration when the two crops were growing together).

production and soil nutrient contribution. The litter fall plays a signifi
cant role in the recycling of nutrients and improving soil organic matter
(Sakala, 1998). Pigeonpea has slow early growth, which limits early
competition with cereals in intercrops (Silim et al., 2005). It also has a
longer growth cycle than maize, and when sown simultaneously con
tinues to grow for up to three months after maize harvest (Myaka et al.,
2006). This ensures that the greatest demand for water and nutrients
occurs after maize has been harvested (Dalal, 1974). The strong
contribution of atmospheric N2 fixation associated with pigeonpea in
intercropping systems has been demonstrated in several studies (Peoples
et al., 1995; Giller, 2001; Myaka et al., 2006). Lablab also complements
maize well when grown as intercrops (Cook et al., 2005). However, it
has a spreading growth habit and is generally relay-planted to reduce
competition. In addition, it has a dense canopy that reduces soil mois
ture losses and adds significant mulch to the soil while the lower leaves
are shed (Cook et al., 2005; Rapholo et al., 2020). With the help of a

deep taproot, both pigeonpea and lablab can extract water at a soil depth
of 2 m, which allows them to grow during the dry season after maize is
harvested (Kumar Rao et al., 2001; Cook et al., 2005), resulting in both
spatial and temporal niche differentiation.
While within-season effects of intercropping are receiving increasing
attention, the rotational performance is rarely investigated across sea
sons, even though the two are complementary strategies in the sense that
they provide spatial (intercropping) and temporal (rotations) crop
diversification. For example, Adjei-Nsiah et al. (2007) reported up to
four times greater maize yield following sole cowpea than continuous
maize, but did not consider the possibility of intercropping in this
respect. The benefits accruing from grain legumes are associated with N
and non-N effects (Sanginga et al., 1999; Franke et al., 2018). The N
benefits are related to the improvement in N nutrition (Giller, 2001).
The non-N effects include enhanced P-availability, improved soil mois
ture and organic matter, and suppression of weeds, pests and diseases
3
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Table 2
Means and ranges of soil properties (0–20 cm depth) at the start of the on-farm trials across three sites in Babati, Northern Tanzania.
Site

Riroda
(1361
masl)
Arri
(1601
masl)
Dareda
(1646
masl)
P-value

Soil properties
pH
(water)

SOC
(%)

N
(%)

C:N
(ratio)

P
(mg kg− 1)

K
(cmol kg− 1)

Ca
(cmol kg− 1)

Mg
(cmol kg− 1)

Sand
(%)

Silt
(%)

Clay
(%)

6.4
(6.0–6.6)

0.76c
(0.60–0.90)

0.06c
(0.05–0.08)

12.6
(10.1–16.2)

33.9a
(22.0–45.0)

0.51b
(0.40–0.70)

4.42
(3.50–5.20)

1.12
(0.80–1.50)

67.3a
(56.0–80.3)

20.7b
(15.5–26.1)

12.0b
(2.40–18.0)

6.1
(5.8–6.9)

1.69a
(1.50–2.00)

0.14a
(0.12–0.15)

12.3
(11.2–13.9)

4.25b
(1.00–10.0)

0.93a
(0.40–1.30)

6.06
(4.90–8.30)

2.48
(1.60–4.00)

30.8b
(22.1–42.4)

35.2a
(30.7–40.0)

34.0a
(26.1–39.6)

5.8
(5.6–6.8)

1.10b
(0.90–1.50)

0.10b
(0.08–0.13)

10.7
(9.40–11.8)

12.3b
(1.00–32.0)

0.63b
(0.50–1.30)

4.04
(2.90–6.90)

1.66
(1.20–2.40)

40.1b
(25.9–61.7)

30.6a
(18.4–38.3)

33.7a
(19.9–68.2)

ns

0.003

0.002

ns

0.04

0.04

ns

ns

0.008

0.02

0.01

Values in brackets represent range
Mean values within the same column followed by a different superscript are significantly different at P < 0.05.
masl = meters above sea level

Fig. 4. Cumulative rainfall distributions as measured in three sites in Babati, northern Tanzania, during the 2017/2018 and 2018/2019 seasons. DAS refers to the
days after sowing of maize and pigeonpea (lablab was relay planted 30 days after).

(Chan and Heenan, 1996; Schlecht et al., 2006; Rusinamhodzi et al.,
2012; Franke et al., 2018).
Farmer management practices and agroecological conditions are
critical factors that influence grain legume productivity. Poor soil
fertility and low water availability are well known to reduce yields of
both legumes and maize, resulting in smaller returns on land and labor.
A better understanding of the influence of agroecological conditions on
the performance of intercrops is particularly pertinent in Northern
Tanzania, due to the wide diversity of climatic conditions and soils.
Furthermore, most studies on maize-legume intercropping have neither
considered the season-to-season temporal performance of rotations, nor
the effects of local variation in agro-ecological conditions. This study
aimed to: (i) evaluate the growth and development of maize-pigeonpea
and maize-lablab intercropping systems and their interaction with fer
tilizer and agroecological conditions; and (ii) evaluate the residual ef
fects of the grain legumes on the yields of the succeeding maize crop. We
hypothesized that: (i) growth and development of legumes (pigeonpea
and lablab) in intercrops will be suppressed when maize is present, but
partial compensation will occur after maize harvest; and (ii) intercrop
ping maize with pigeonpea and lablab confers residual benefits that are

amplified by nutrient application.
2. Materials and methods
2.1. Study site characterisation
The study was conducted in Babati district, Northern Tanzania
(Fig. 1). The district is located within 04◦ 20–29′ S, 35◦ 56–71′ E, at
1300–1700 m above sea level, and covers five agroecological zones
(AEZs). Farmers in Northern Tanzania mainly practice intercropping,
where maize is mainly intercropped with pigeonpea, common bean,
sunflower, lablab, cowpea and sorghum, and the average farm size in the
region is 1.7 ha (Mugi-Ngenga et al., 2021). Our study was concentrated
within 3 AEZs, hereafter referred to as sites (Riroda, Arri and Dareda).
Babati district was chosen due to the widespread practice of
maize-legume intercropping (Mugi-Ngenga et al., 2021).
Annual rainfall distribution varies among sites and seasons, while
topographical changes result in gradients in temperature and soil
fertility (Kihara et al., 2015). Annual rainfall ranges from 600 to
1100 mm and the area has a single growing season from
4
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Fig. 5. Average daily temperature measured in three sites in Babati, Northern Tanzania, during the 2017/2018 and 2018/2019 seasons. DAS refers to the days after
sowing of maize and pigeonpea (lablab was relay planted 30 days after). In 2017/2018, due to logistic problems, recording of temperature commenced one month
after sowing.

Table 3
Dry matter yield (t ha− 1) of maize at final harvest in the various cropping systems as affected by fertilizer, from on-farm trials in Babati, Northern Tanzania.
Season
2017/2018

2018/2019

Fertilizer
C
+P
+NP
Mean
SED (Cropping system)
SED (Fertilizer)
C
+P
+NP
Mean
SED (Cropping system)
SED (Fertilizer)

Cropping system

Mean

MZ sole

MZ- ldP

MZ- mdP

MZ- LB

8.7
10.0
11.4
10.0

8.2
10.5
11.7
10.1

10.4
9.3
11.8
10.5

9.4
10.8
11.9
10.7

3.8
5.8
6.9
5.4

4.4
5.6
6.7
5.4

4.9
5.2
5.9
5.2

4.5
5.2
5.8
5.2

9.2c
10.2b
11.7a
ns
0.50
4.4b
5.4a
6.3a
ns
0.48

Results are averaged over three sites (Riroda, Arri and Dareda). Means per season followed by different letters are significantly different at P ≤ 0.05. ns = not sig
nificant. C= control, P= phosphorus, N= Nitrogen.
MZ = maize, ldP = long-duration pigeonpea, mdP = medium-duration pigeonpea, LB = Lablab.

November/December to April/May, although pigeonpea continues to
grow into the dry season until September. The rains typically begin early
November, but farmers commonly delay planting until mid-December to
early January, to ensure that the critical growth stage of maize does not
coincide with a dry spell that often occurs between February and March.

Black, Kjeldahl, and modified Olsen methods, respectively (Anderson
and Ingram, 1993). The exchangeable bases comprising of Ca, Mg, and K
were determined using atomic absorption spectrometry, with ammo
nium nitrate as the extracting agent. Soil pH was determined in water
using the pH electrode method; ratio of 1:2.5, while soil texture was
determined using the improved hydrometer method (Bouyoucos, 1962).
Daily rainfall was recorded at each experimental field using simple rain
gauges, and temperature was monitored using Thermochron® iButton®
device (DS1921G).
The experiment was conducted for three consecutive cropping sea
sons (2017/2018–2019/2020). Due to area constraints on smallholder
farms, only three farms were selected in each site, making an initial
sample size of nine farms, but one farmer in the Riroda site withdrew
from the study after the 2017/2018 season. Each farm acted as a
replicate (one farm-one replicate design). The planting dates were 21st23rd, 20th − 22nd, and 21st- 22nd December in the 2017/2018, 2018/
2019 and 2019/2020 seasons respectively. In each of the selected farms,
fields were ploughed, and plots measuring 10 × 5 m delineated at
planting. Paths measuring 1 m wide were left in between plots. In the

2.2. Experimental set-up and management
Prior to establishment of the experiments, soils were sampled to
determine the initial soil fertility status. In each farm, one field of
approximately 0.13 ha was sub-divided into four sections of approxi
mately 0.03 ha each. Subsequently, four sub-samples were taken in each
section following a ‘Y frame’ sampling approach using an Edelman auger
(7 cm diameter), at a depth of 0–20 cm. The four sub-samples from each
of the four sections (thus a total of 16 sub-samples per field) were placed
in a basin and thoroughly mixed to create a composite sample. Samples
were dried to constant weight and passed through a 2 mm sieve prior to
chemical analysis at Yara U.K. Limited. Soil organic carbon (SOC), total
nitrogen (N) and available phosphorus (P) were analysed by Walkley5
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Fig. 6. Maize grain yield in various cropping systems as affected by fertilizer from on-farm trials during the 2017/2018 (A-C) and 2018/2019 (D-F) seasons in Babati,
Northern Tanzania. MZ= maize; ldP= long-duration pigeonpea; mdP= medium-duration pigeonpea; LB= lablab. Error bars indicate the standard error of means.
Mean differences of fertilizer treatments at 5% significance level in the various box plots are indicated with different small letters on the upper side of the box plot.

ha− 1 in three equal splits only on maize; one third at planting, one third
at four weeks after planting and one third at eight weeks after planting.
Choice of fertilizer rates was informed by key informants during a farmscale survey (Mugi-Ngenga et al., 2021) conducted prior to set-up of the
experiments. The combination of cropping system (various sole and
intercrops) and fertilizer (control, +P and +NP) were randomly assigned
within each farm per site.
Test crops used included maize Seed Co. 513 hybrid variety, dolichos
lablab “Selian-Rongai” variety and pigeonpea long ICEAP 00040 and
medium duration ICEAP 00557 varieties. Pure stands of maize,
pigeonpea and lablab were planted at a spacing of 0.90 m × 0.50 m
inter- and intra-row, respectively. Each plot was thus composed of 11
rows with a length of 5 m. Cereal legume intercrops followed an additive
design, with legumes planted in the maize rows, in-between maize hills
(Fig. 2).
Three seeds were planted per hill for both maize and legumes and
later thinned to two at 2 weeks post-emergence to achieve the target
planting density. Plant populations of approximately 40,000 plants ha− 1
for each crop were maintained in both sole and intercrops, thus the
population in intercrops was double that of sole crops. Pigeonpea (both
long and medium duration varieties) were planted simultaneously with
maize, whilst lablab was relay-planted one month later. Individual plots
were maintained and treatments (cropping systems and fertilizer) allo
cated to the same plots in the 2017/2018 and 2018/2019 seasons. Maize
was harvested 3–4 months before the legumes (Fig. 3). To evaluate re
sidual benefits of the grain legumes to the yield of a succeeding maize
crop, a third season (2019/2020) was included, where a sole maize crop
was planted on all plots, following similar spacing as sole crops of the

first two seasons of experimentation (2017/2018 and 2018/2019), the
plots on each farm consisted of a unique set of two factor treatment
combinations. A treatment combination was characterised by species
composition as the first factor at seven levels:
i.
ii.
iii.
iv.
v.
vi.
vii.

Pure stand of maize.
Pure stand of long-duration pigeonpea.
Pure stand of medium-duration pigeonpea.
Pure stand of lablab.
Maize – long duration pigeonpea intercrop.
Maize – medium duration pigeonpea intercrop.
Maize – lablab intercrop.

Fertilizer treatment was the second factor, where fertilizer was spotapplied in planting holes at three levels: (i) no fertilizer, (ii) P fertilizer
only and (iii) NP fertilizer. Pure stands of legumes did not receive the NP
fertilizer. For this reason, trial farms with all species composition at
seven levels had 18 treatment plots, three less than the 21 plots that
would have been achieved with a full-factorial design (7 × 3). Due to
constraints of land size on smallholder farms, pure stands and intercrops
containing lablab were only included in one farm per site. Therefore the
farms where lablab was omitted had a total of 13 treatment plots, as the
NP fertilizer was also not applied to pigeonpea pure stands. An overview
of all treatments and their frequency per site is provided in Table 1 and
supplementary material 1.
The P fertilizer was applied at planting in the form of triple super
phosphate (TSP) at the rate of 40 kg P ha− 1 to both maize and legumes.
Fertilizer N was spot-applied in the form of urea at the rate of 90 kg N
6
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Fig. 7. Maize grain yield in various cropping systems as affected by site from on-farm trials during the 2017/2018 (A-C) and 2018/2019 (D-F) seasons in Babati,
Northern Tanzania. MZ= maize; ldP= long-duration pigeonpea; mdP= medium-duration pigeonpea; LB= lablab. Mean differences of site at 5% significance level in
the various box plots are indicated with different small letters on the upper side of the box plot. Error bars indicate the standard error of means.

previous seasons, thus maintaining a plant density of approximately
40,000 plants ha− 1. No fertilizer was applied to the maize crop in the
third season.
General crop management was optimal to prevent yield losses to
weed and pests. Weeding was done manually twice during the period
when maize was growing, while after harvesting maize weeds were
eliminated by uprooting. Chemical pest control was used to control fall
armyworm. Multi-alpha plus 150 EC (Emamectin Benzoate 50 g/l +
Alphacypermethrin 100 g/l) was applied on all plots containing maize,
at least twice during the vegetative growth of the crop, at the rate of
450 ml ha− 1.

weight was 400–500 g. The sub-samples were oven dried at 75 ◦ C for
48 h, for correction of moisture content and determination of dry
weight. Moisture content of the grains (%) was determined using a
moisture meter (Dickey John Mini GAC, Minneapolis USA), and grain
yields corrected to 12.5% and 13% moisture content for maize and le
gumes, respectively.
2.4. Leaf fall measurements
During the first season, sub-plots measuring 1 m × 1 m were
demarcated in the net plot on all plots containing legumes. Wire-mesh
litter traps were placed on the ground to capture fallen leaves. The
litter traps were stolen before the first sampling could be done. Conse
quently, fallen leaves were not quantified in the first season. In the
second season, we installed similar sub-plots in all plots (1 m × 1 m),
with no wire mesh. Every two weeks we collected the leaves from the
ground to minimize decomposition, weighed and included them in the
final determination of biomass yield.

2.3. Determination of dry matter and grain yield
At physiological maturity of each crop (150–180, 210, 240 and 270
days after sowing for maize, lablab, medium-duration pigeonpea and
long-duration pigeonpea respectively), all plants within the net plot
were harvested by cutting at ground level. The net plot comprised of four
centre rows with a length of 2.5 m in each plot, leaving at least 1.25 m
on each side of the centre rows to minimize edge effects. For plots with
intercrops, the legume crop was maintained after maize harvest until
final harvest. Total fresh weight of maize and legume plants were
separately taken in the field. Maize cobs were manually separated from
the stover and hand threshed. Legumes were also threshed manually to
separate grains and haulms. After threshing, total fresh weight of maize
and legume grains were separately taken in the field. Thereafter, 3–5
plants of maize and legumes were taken after removal of grains, cut into
small pieces and weighed in the field to form a sub-sample whose fresh

2.5. Calculations and statistical analysis
The final dataset used in the analyses was derived from eight farms,
since one farm in Riroda was excluded due to lack of data for the 2018/
2019 and 2019/2020 seasons, following farmer withdrawal from the
study after the first season. For maize and legumes, the grain yields
obtained in pure stands were averaged per site, before they were used to
calculate the Land Equivalent Ratio (LER) and Area Time Equivalent
ratio (ATER).
7
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Table 4
Above-ground dry matter yield (t ha− 1) of legumes at the time of maize harvest as affected by site and cropping system, from on-farm trials over two seasons in Babati,
Northern Tanzania.
Season

Site

2017/2018

Contrasts

Riroda
Arri
Dareda
SED (Site)
Riroda
Arri
Dareda
SED (Site)
Cropping system
ldP sole
ldP inter
mdP sole
mdP inter
LB sole
LB inter
SED (Cropping system)

2018/2019

Sole and intercrops
with control and +P fertilizer
(t ha− 1)

Intercrop systems
with control, +P and +NP fertilizer (t ha− 1)

3.98a
3.09ab
2.36b
0.34
3.11
2.38
2.32
ns

3.58a
2.80a
2.11b
0.27
2.59a
1.93b
1.71b
0.21

3.55a
2.13b
3.24a
2.06b
1.77bc
1.28c
0.39

–
2.13a
–
2.16a
–
1.39b
0.21

Contrasts were made for 1) sole and intercrop systems with control and +P fertilizer and 2) intercrops only at control, +P and +NP fertilizer. Results for site were
averaged over cropping system and two fertilizer levels. Results for cropping system were averaged over sites and fertilizer treatments. The SED shows standard error of
difference between means. Means within the same column under site or cropping system followed by different letters per contrast are significantly different at
P < 0.05. Inter = intercropped with maize; ldP = long-duration pigeonpea, mdP = medium-duration pigeonpea, LB = Lablab.

LER was calculated as:
LER =

sole and intercrops) but only including control and +P fertilizer, and (ii)
a contrast of only intercrop systems but including all three fertilizer
levels: control, +P and +NP fertilizer. To assess the effects of various
treatments on DM and the grain yield of maize and legumes, mixed ef
fects models were fitted using the lme4 package in R software. The DM or
grain yield was used as the response variable, while site, cropping sys
tem and fertilizer were used as fixed effects. To account for variation in
DM and grain yield due to differences in farms, a variable ‘farm’ was
included as a random effect in the mixed model. Significance of effects of
model parameters on DM and grain yield were evaluated using the
lmerTest package available in R software. Where mean differences were
significant, least significant difference test (LSD test) was used to sepa
rate means using the agricolae package and reported at a significance
level of P < 0.05.

YMZi
YLi
+
YMZs
YLs

= RY MZ (partial LER of maize)+RY L (partial LER of legume)
Where YMZi and YMZs represent yield of maize in intercrop and sole
stand, respectively, YLi and YLs represent yield of the legume in intercrop
and sole stand, respectively, while RYMZ and RYL represent relative yield
of maize and relative yield of legume, respectively.
ATER was calculated as:
ATER =

(RY MZ

× tMZ ) + (RY L
T

× tL )

Where tMZ and tL represent duration (in days) from planting to harvest
taken by maize and legume, and T represents duration (days) of the
whole intercropping system.
All statistical analyses were performed in RStudio Version 1.0.143 (R
Core Team, 2021), separately for maize and legume, per season. Since
the treatments for sole and intercropped legumes did not overlap
completely (sole crops did not have a “+NP” treatment), analysis for
legumes was executed in two contrasts: (i) a contrast of all systems (both

3. Results
3.1. Soil characterisation and weather attributes
Baseline soil properties varied among sites (Table 2). Following
Hazelton and Murphy (2016) to interpret the soil test results,

Table 5
Amount of fallen leaves (t ha− 1) as affected by site and cropping systems from on-farm trials in the 2018/2019 season, in Babati, Northern Tanzania.
Cropping system
ldP sole
ldP inter
mdP sole
mdP inter
LB sole
LB inter
Mean
SED (Site)
SED (Cropping system)
SED (Site×Cropping system)

Sole and intercrops with control and +P fertilizer (t ha− 1)

Intercrop systems with control, +P and +NP fertilizer (t ha− 1)

Riroda

Arri

Dareda

Mean

Riroda

Arri

Dareda

2.86
2.22
1.86
1.30
0.82
0.68
1.62a

1.98
1.46
1.25
0.79
0.72
0.63
1.14b

1.64
0.84
1.19
0.53
0.57
0.58
0.89b

2.16a
1.51b
1.43b
0.87c
0.70c
0.63c

–
2.21a
–
1.21b
–
0.65cde
1.36

–
1.45b
–
0.76 cd
–
0.53e
0.91

–
0.81c
–
0.55de
–
0.58de
0.65

0.17
0.12
ns

Mean
1.49
0.84
0.59
–
–
0.12

Contrasts were made for 1) sole and intercrop systems with control and +P fertilizer and 2) intercrops only at control, +P and +NP fertilizer. Results for site are
averaged over cropping systems and fertilizer levels. Results for cropping system are averaged over sites and fertilizer treatments. The SED shows standard error of
difference between means. Means within the same column followed by different letters are significantly different at P < 0.05. Inter = intercropped; ldP = longduration pigeonpea, mdP = medium-duration pigeonpea, LB = Lablab.
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Table 6
Dry matter yield (t ha− 1) of legumes at final harvest as affected by cropping system and fertilizer from on-farm trials over two seasons in Babati, Northern Tanzania.
Season

2017/2018

2018/2019
(minus leaf fall)

2018/2019
(plus leaf fall)

Cropping system

ldP sole
ldP inter
mdP sole
mdP inter
LB sole
LB inter
SED (Cropping system)
Fertilizer
Control
+P
+NP
SED (Fertilizer)
Cropping system
ldP sole
ldP inter
mdP sole
mdP inter
LB sole
LB inter
SED (Cropping system)
Cropping system
ldP sole
5.11a
ldP inter
3.96b
mdP sole
4.64a
mdP inter
3.25c
LB sole
3.66bc
LB inter
2.34d
SED (Cropping system)
SED (Site × Cropping system)

Contrasts
Sole and intercrops
with control and +P fertilizer
(t ha− 1)

Intercrop systems
with control, +P and +NP fertilizer (t ha− 1)

2.48a
2.37a
2.51a
1.57b
2.36a
1.62b
0.23

–
2.28a
–
1.56b
–
1.70b
0.20

2.03b
2.36a
–
0.13

1.83
2.00
1.83
ns

3.04a
2.54bc
3.26a
2.43c
2.96ab
1.72c
0.30

–
2.67a
–
2.39a
–
1.80b
0.25
Site
Riroda
–
4.61a
–
4.01ab
–
2.62 cd
ns
0.69

0.34
ns

Arri
–
4.43a
–
2.90bc
–
2.07d

Dareda
–
3.33abc
–
2.93bcd
–
2.49bcd

Contrasts were made for 1) sole and intercrop systems with control and +P fertilizer and 2) intercrops only at control, +P and +NP fertilizer. Results for cropping
systems were averaged over sites and fertilizer levels. Results for fertilizer were averaged over sites and cropping systems. The SED shows standard error of difference
between means. Means within the same column under site, cropping system or fertilizer per season followed by different letters are significantly different at P < 0.05.
Inter = intercropped with maize; ldP = long-duration pigeonpea, mdP = medium-duration pigeonpea, LB = Lablab.

significantly larger concentrations of available P (P = 0.04) were
recorded in Riroda than in the other sites, with below critical P-con
centrations (9–15 mg kg− 1) in all locations in Arri and some locations in
Dareda. There was no indication of K deficiency, as all sites had con
centrations well above the critical threshold of 0.2 cmol kg− 1. A
consistent pattern was observed for SOC and total N in the different sites,
in the order of Riroda<Dareda<Arri, with significant differences be
tween these sites (P = 0.003 for SOC and 0.002 for total N). The soil was
slightly acidic (pH<6) in Dareda and neutral in Riroda and Arri. Soils at
the Riroda site had significantly larger sand content (P = 0.008) and
smaller silt (P = 0.02) and clay content (P = 0.01) than at the Arri and
Dareda sites (Table 2).
Rainfall amounts were up to 551 mm in 2017/2018 and up to
236 mm in the 2018/2019 season (Fig. 4). In both seasons, there was a
severe dry spell in the first half of the season, where no rainfall was
received for 1–2 months (Fig. 4). In 2017/2018, the dry spell between 40
and 70 days after sowing (DAS) coincided with the vegetative growth
stage of maize and legumes. However, in the 2018/2019 season, the dry
spell which occurred between 30 and 90 DAS extended into the repro
ductive phase of maize.
As expected, the highest-elevation site, Dareda, recorded the lowest
temperature in most cases throughout the growing period and across the
two seasons (Fig. 5). Whereas in 2017/2018 the temperature started to
decline at 60 DAS, in the 2018/2019 season, the temperature remained
high and dropped only at 120 DAS (Fig. 5). This coincided with the
extended dry spell, an indication that cloudiness had a dampening effect
on temperature. We do not have detailed rainfall and temperature data
for the 2019/2020 season, but the weather situation was close to what
was experienced in the 2017/2018 season.

3.2. Dynamics of dry matter production and grain yield of maize
Significant main effect of fertilizer was found for maize dry matter
(DM) and grain for both seasons. The effect of site was significant for
maize grain yield only in the second season (2018/2019). There was no
significant effect of cropping system on dry matter production and grain
yield of maize. Addition of NP fertilizer significantly enhanced maize
DM (P < 0.001 and =0.01 in 2017/2018 and 2018/2019 respectively)
and grain yield (P < 0.001 and =0.009 in 2017/2018 and 2018/2019
respectively) compared with the control plots and/ or +P plots (Table 3,
Fig. 6). In the 2017/2018 season, the effects of nitrogen fertilizer were
evident, as +NP plots produced more maize DM and grain yield than +P
(+1.5 t ha− 1 DM, +0.8 t ha− 1 grain) and control plots (+2.5 t ha− 1 DM,
+1.2 t ha− 1 grain). In 2018/2019 season, maize production in control
plots was significantly less than +P (− 1.1 t ha− 1 DM, − 0.7 t ha− 1 grain)
and +NP plots (− 1.9 t ha− 1 DM, − 0.9 t ha− 1 grain) (P = 0.01 and 0.009
for DM and grain yield respectively) (Table 3, Fig. 6).
In the 2018/2019 season, grain yield of maize across the various
cropping systems was significantly smaller (P = 0.01) in Riroda than
Arri (− 26% DM, − 43% grain) and Dareda (− 32% DM, − 52% grain)
(Fig. 7). Maize growth was in most cases not affected by the presence of
legumes, as it produced similar DM and grain yield in sole- and in
tercrops (Table 3 and Figs. 6, 7).
3.3. Dynamics of dry matter production and grain yield of legumes
3.3.1. Legume dry matter
Compared with medium-duration pigeonpea (240 days) and lablab
(180–210 days), the growth duration was longest for long-duration
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Fig. 8. Legume grain yields as affected by cropping system from on-farm trials during the 2017/2018 (A, B, D, E) and 2018/2019 (C&F) seasons in Babati, Northern
Tanzania. Contrasts were made for 1) sole and intercrop systems with control and +P fertilizer (A, B, C) and 2) intercrops only at control, +P and +NP fertilizer (D, E,
F). ldP= long-duration pigeonpea; mdP= medium-duration pigeonpea; LB= lablab; inter= intercrop. Mean differences at 5% significance level in the various box
plots are indicated with different small letters on the upper side. Error bars indicate the standard error of means.

pigeonpea (270 days). During the co-growth stage in the intercrops
(from at least 120 up to 180 days after sowing), the growth of legumes in
intercrops was suppressed by maize. This is reflected by the greater
biomass production in sole legume crops than the intercrops, which was
statistically significant (P < 0.001) in the 2018/2019 season (Table 4).
Within this data set, contrasts were made for sole and intercrop systems
combined with control and +P fertilizer (referred to as contrast 1), and
for intercrop systems combined with control, +P and +NP fertilizer
(referred to as contrast 2).
At the time of maize harvest, under both contrasts, the DM produc
tion was significantly different across sites (P = 0.02 or 0.01) in the
2017/2018 season, where legumes in Riroda site produced greater DM
than Dareda. Under contrast 1 (all systems but only including control
and +P fertilizer), DM production of pigeonpea was greater (P < 0.001)
in pure stand than in intercrop with maize in the 2018/2019 season.
Both in pure stand and in the intercrop, the DM production of lablab was
significantly less than that of the two sole pigeonpea varieties
(P < 0.001). Under contrast 2 (intercrop systems with control, +P and
+NP fertilizer), significantly greater DM (P < 0.001) was produced in
Riroda than the Arri and Dareda sites in the 2018/2019 season (Table 4).
Furthermore, intercropped lablab produced significantly less DM
(P = 0.003) than the two pigeonpea intercrops (Table 4).
Leaf fall was quantified in the 2018/2019 season (Table 5) and

included in determination of DM production of legumes at final harvest
(Table 6). While pigeonpea plants shed leaves from the beginning of the
reproductive stage (starting from 150 DAS), lablab plants did so only at
physiological maturity. Under contrast 1 (all systems but only including
control and +P fertilizer), a significant main effect of site (P = 0.02) and
cropping system (P < 0.001) was observed for the overall amount of
senesced leaves (Table 5). Plants at the Riroda site produced more
senesced leaves than those at Arri (30% greater) and Dareda (45%
greater) (Table 5). Furthermore, across sites, sole long-duration
pigeonpea produced more senesced leaves than the pure stands of
medium-duration pigeonpea and lablab (Table 5). Intercropped with
maize, both pigeonpea varieties produced less senesced leaves than in
pure stand, but for lablab this difference was not observed (Table 5).
Under contrast 2 (intercrop systems at control, +P and +NP fertil
izer), a significant site × cropping systems effect was observed
(P = 0.03). In Riroda and Arri sites, significant differences were
observed among the three legumes, with long-duration pigeon
pea>medium-duration pigeonpea>lablab (Table 5). In Dareda site,
long-duration pigeonpea produced the largest amounts of senesced
leaves. For long-duration pigeonpea, leaf fall differed with site (Rir
oda>Arri>Dareda), while production of medium-duration pigeonpea
was greater in Riroda than at the other two sites. For lablab no site
differences were observed (Table 5).
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Fig. 9. Land equivalent ratio (LER) (A, B) and Area time equivalent ratio (ATER) (C, D) in the various cropping systems as affected by fertilizer from on-farm trials
during the 2017/2018 and 2018/2019 seasons in Babati, Northern Tanzania. Mean differences at 5% significance level in the various fertilizer inputs are indicated
with different small letters on the upper side of each box plot, per season. ns= not significant. MZ= maize; ldP= long-duration pigeonpea; mdP= medium-duration
pigeonpea; LB= lablab. The black dotted horizontal line shows LER/ATER value of one. Note that for the calculations in the +NP systems, the legume pure stands in
the +P treatment were used as reference. The SED shows standard error of difference between means of fertilizer treatments (C, +P and +NP).

At final harvest of the legumes in the 2017/2018 season, intercrops
with medium-duration pigeonpea and lablab produced significantly
smaller legume DM (P < 0.001) than intercropped long-duration
pigeonpea under both contrasts (Table 6). Under contrast 1 (all sys
tems but only including control and +P fertilizer), significant main ef
fects of cropping system (both seasons) and fertilizer (2017/2018) were
found for DM yield of legumes (Table 6). Furthermore, control plots
produced significantly less DM (P = 0.006) than plots where P was
added. In the 2018/2019 season, sole crops consistently produced more
biomass (P < 0.001) than the intercrops with maize irrespective of
whether or not fallen leaves were included in the biomass. No significant
differences in DM were observed among the three legumes in pure stand,
with exception of lablab (when fallen leaves were included) which was
smaller (P < 0.001) than the other two legumes. Production including
leaf fall of the legumes in intercrop with maize was significantly
different (P < 0.001) in the order; long-duration pigeonpea>mediumduration pigeonpea>lablab.
Under contrast 2 comparing only intercrop systems but including all
three fertilizer treatments, significant main effect of cropping system
(both seasons) and significant site × cropping system effect (2018/2019
with leaf fall) were found for DM yield of legumes (Table 6). No sig
nificant difference was recorded between any of the three fertilizer
levels. When fallen leaves were excluded, the DM of the legumes in
intercrop with maize did not differ significantly, except for lablab which
produced less DM (P < 0.001).

only for medium-duration pigeonpea (Fig. 8 A). Under contrast 1 (all
systems but only including control and +P fertilizer), a significant main
effect of cropping system (P < 0.001) was observed in the 2017/2018
season (Fig. 8 A). Additionally, significant site × fertilizer (P = 0.03)
(2017/2018) (Fig. 8B) and site × cropping system (P = 0.001) (2018/
2019) (Fig. 8 C) effects were observed. In the 2017/2018 season, sole
lablab produced a significantly greater grain yield (0.6–1 t ha− 1 more)
than all other systems except for intercropped lablab (Fig. 8 A). Control
plots in Riroda site produced a significantly greater grain yield
(0.6–0.8 t ha− 1 more) than control plots in other sites and +P plots in
Dareda site (Fig. 8B). In the 2018/2019 season, sole long-duration
pigeonpea produced significantly greater grain yield in the Arri site
(0.6–1.3 t ha− 1 more) than all other intercrops (Fig. 8 C).
Under contrast 2 comparing only intercrop systems but including all
three fertilizer treatments, significant main effects of cropping system
(2017/2018; P = 0.04 and 2018/2019; P < 0.001) and fertilizer (2017/
2018; P = 0.03) were observed (Fig. 8). In the 2017/2018 season,
intercropped lablab had a grain yield 0.5 t ha− 1 greater than inter
cropped medium-duration pigeonpea (Fig. 8D). Plots with +NP fertilizer
produced significantly smaller grain yields (0.2 t ha− 1 smaller) than
control and +P plots (Fig. 8E). In the 2018/2019 season, intercropped
long-duration pigeonpea produced 0.3–0.4 t ha− 1 more grain than other
intercrops (Fig. 8 F).
3.4. Assessing intercrop productivity

3.3.2. Legume grain yield
Legumes tended to produce greater grain yield in sole than in the
corresponding intercrops, but the difference was significant (P < 0.001)

The land equivalent ratio (LER) and area time equivalent ratio
(ATER) were substantially greater than one for all intercropping systems
(Fig. 9), demonstrating a relative yield advantage of intercropping over
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Fig. 10. Above ground dry matter production of a succeeding maize crop as affected by the site (A, B), preceding crop combination (C, D) and fertilizer applied in the
preceding seasons (E, F) from on-farm trials during the 2019/2020 season in Babati, Northern Tanzania. Mean differences at 5% significance level in the various box
plots are indicated with different small letters on the upper side. ns= not significant. Graphs A, C and E include all systems at two fertilizer levels (control; C and +P),
while B, D and F include only systems that had maize in the preceding seasons, at all three fertilizer levels (control; C, +P, and +NP). The separation was made to
account for the effect of the +NP treatment which was only present in maize-based systems. MZ= maize; LB= lablab; ldP= long-duration pigeonpea; mdP= mediumduration pigeonpea. Error bars indicate the standard error of means.

sole cropping. Large variation in LER and ATER was observed, with
average values of 1.81 and 1.85 for LER, and average of 1.39 and 1.40
for ATER in 2017/2018 and 2018/2019 seasons respectively. Significant
main effects of fertilizer were observed for both LER and ATER in the
two seasons (P < 0.05). In the 2017/2018 season, the +NP plots
exhibited significantly smaller LER and ATER values than the unfertil
ized control (16% and 18% smaller respectively) and +P plots (18%
smaller) (Fig. 9 A, C). In the 2018/2019 season, +NP plots recorded
significantly smaller LER and ATER values than control plots (22% and
23% smaller respectively) (Fig. 9B, D).
No significant effects of site and cropping system were observed for
LER and ATER. In none of intercrop systems did the species grow for
exactly the same time period; LER values were always greater than the
equivalent ATER value. Notably, the partial LER of maize exceeded one
in almost all cases, whereas partial LER for legumes was smaller than for
maize and less than one in all cases (Fig. 9). By contrast, average partial
ATER values for maize were smaller than partial ATER for long-duration
pigeonpea. This discrepancy arises because the growth time of longduration pigeonpea was equal to that of the intercrop system, while
that of maize was much shorter.

3.5. Residual effects of two seasons of maize-legume intercropping on
maize
In the third season of experimentation, pure stands of maize were
grown on all plots to investigate the residual effects of the two preceding
cropping seasons. For the contrasts, a distinction was made between (1)
pure stands and intercrop systems with control and +P fertilizer (all
systems) and (2) pure stand of maize and intercrops that included maize
at control, +P and +NP fertilizer (maize systems).
Significant main effects of site (P = 0.04 under both contrasts),
cropping system (P = 0.003 under all systems and P = 0.02 under maize
systems), and fertilizer (P = 0.002 under maize systems) were found for
DM of the succeeding maize crop after two seasons (Fig. 10). The DM
yield in Arri was significantly greater than in Riroda (43% and 44%
greater under all systems and maize systems, respectively) (Fig. 10 A, B).
DM yield following two seasons of continuous maize was smallest and
significantly less (1.6–2.5 t ha− 1 less) than in plots that followed pure
stand legumes or maize intercropped with legumes, except for maizelong duration pigeonpea (Fig. 10 C). Within the maize systems and
averaged over three fertilizer levels, yields in the continuous maize
treatment were 0.9–1.3 t ha− 1 less than in plots following maize
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Fig. 11. Grain yield of a succeeding maize crop as affected by site (A, B), preceding crop combination (C, D) and fertilizer (E, F) from on-farm trials during the 2019/
2020 season in Babati, Northern Tanzania. Mean differences at 5% significance level in the various box plots are indicated with different small letters on the upper
side. ns= not significant. Graphs A, C and E include all systems at two fertilizer levels (control; C and +P), while B, D and F include only systems that had maize in the
preceding seasons, at all three fertilizer levels (control; C, +P, and +NP). The separation was made to account for the effect of the +NP treatment which was only
present in the maize-based systems. MZ= maize; LB= lablab; ldP= long-duration pigeonpea; mdP= medium-duration pigeonpea. Error bars indicate the standard
error of means.

intercropping with a legume (Fig. 10D). The effect of fertilizer appli
cation was evident when comparing only maize systems; plots that had
no fertilizer applied (control plots) in the first two seasons produced
significantly less (1.4–1.7 t ha− 1 less) DM yield in the third season than
where fertilizer was applied (Fig. 10 F).
A similar pattern was observed for maize grain yield, where signifi
cant main effects of site (P = 0.03 under all systems; P = 0.04 under
maize systems), cropping system (P < 0.001 under both comparisons),
and fertilizer (P < 0.001 under both comparisons) were found for grain
yield of the succeeding maize crop after two seasons (Fig. 11). Grain
yield was significantly greater in Arri than in Riroda and Dareda sites (all
systems: 42% and 47% greater; maize systems: 47% and 52% greater)
(Fig. 11 A, B). Grain yield following two seasons of continuous maize
was smallest and significantly less (0.8–1.9 t ha− 1 less) than in all other
systems (Fig. 11 C), and significantly less (1.0 t ha− 1 less) than in maizelong duration pigeonpea plots (under maize systems) (Fig. 11D).
Notably, maize after lablab sole cropping exhibited the largest grain
yields (0.9–1.4 t ha− 1 larger) than those of the other two sole legume

crops and the intercrops. The effect of fertilizer application was evident;
plots that had no fertilizer applied (control plots) in the preceding sea
sons yielded significantly less grain yield in the succeeding maize crop
than where fertilizer was applied under all systems (0.8 t ha− 1 less) and
maize systems (0.9 t ha− 1 less) (Fig. 11E, F).
4. Discussion
The productivity and yields of maize in intercrops was unaffected by
the presence of legumes. Although pigeonpea was sown simultaneously
with maize, its slow initial growth resulted in little competition. By contrast
relay-planting of lablab one month after maize was effective at managing
the expected strong competitive interaction with maize. The growth and
yield of the intercropped legumes was negatively influenced by the pres
ence of maize, and full recovery of the legume between the time of maize
harvest and final harvest only occurred for long-duration pigeonpea in the
2017/2018 season. However, at the aggregate system level, all intercrops
performed better than sole crops as shown by the consistent LER and ATER
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of greater than 1. Productivity of maize following two seasons of legumes
or legumes intercropped with maize was larger than in plots that had been
preceded by sole maize. Furthermore, maize yields were larger in plots that
had received fertilizer in the preceding seasons than control plots that had
received no fertilizer.

of cowpea in intercrop with maize has been shown to be an effective
TND strategy (Jeranyama et al., 2000). By contrast, there was a signif
icant reduction in legume biomass production in the intercrops at the
time of maize harvest in the 2018/2019 season (Table 4).
The legume crop in intercropping systems only recovered partially
after the removal of maize, as legume plants were released from
competition. The larger yields of legumes in pure stands than intercrops
can partly be attributed to the reduced radiation reaching the lower part
of the intercrop canopy occupied by the legumes before maize harvest.
Indeed, legumes such as lablab have a high demand for light (Cook et al.,
2005). Our results revealed large differences in leaf fall between le
gumes; whilst pigeonpea plants shed leaves from the beginning of
reproductive stage, lablab plants shed leaves only at physiological
maturity when the canopy closes (data not shown). Additionally, both
pigeonpea varieties produced greater senesced leaves when grown as
pure stand than when intercropped with maize, and this was greater
than for pure and intercropped lablab. Differences in DM production
between legumes may thus be obscured if fallen leaves are omitted. Leaf
fall from legumes have been reported to result to increases in soil
organic matter/ soil carbon content, and this is highly beneficial in terms
of carbon sequestration as well as from the standpoint of soil health and
soil fertility (Paustian et al., 2019).

4.1. Seasonal and site effects
Maize was strongly affected by the differences in rainfall between the
two seasons, but the yields of the legumes were more stable. While le
gumes had similar grain yields in the two seasons (Table 6), grain yield
of maize was much smaller in 2018/2019 than 2017/2018 (Figs. 6, 7).
The differences were associated with differences in total rainfall (2017/
2018: 467–551 mm; 2018/2019: 230–236 mm), and also possibly with
differences in within season rainfall distribution. In relation to this,
projected increase in rainfall variability is likely to increase the chances
of yield reductions or even crop failures, but intercrops such as inclusion
of grain legumes into maize-based systems have been said to reduce such
yield risks (Bedoussac et al., 2015). Indeed, component crops in an
intercrop are said to complement each other, as they may differ in
tolerance to climate-related stress; hence if one crop performs poorly the
other may still perform well (Trenbath, 1993). Maize is particularly
drought-sensitive during the critical reproductive phase (tasselling to
grain filling) (Daryanto et al., 2016), which in our study occurred at
70–90 days after sowing (DAS). This was after the drought period in
2017/2018 season, but partly coincided with the drought period in the
2018/2019 season. Legumes were less affected by dry spells than maize,
presumably due to their deeper rooting (Rusinamhodzi et al., 2012).
Indeed, an inspection of root profiles in this study at the reproductive
growth stage of the legumes showed that both pigeonpea and lablab had
a deep taproot which extended beyond 2 m depth (data not shown).
The significantly smaller productivity of maize in Riroda in the
2018/2019 season is possibly due to the substantially larger sand con
tent observed in the Riroda site (Table 2), as such soils are characterized
by low moisture-holding ability (Nkurunziza et al., 2019). Additionally,
the SOC content and total N in Riroda site were significantly smaller
than at the other sites (Table 2), which likely resulted in low nutrient
supply. Notably, the harvest index for maize in Riroda site was smaller
than in the other sites in the 2018/2019 season (Fig. 7). This is possibly
due to the extended drought period, which depressed maize growth
during the reproductive stage. Contrary to maize, the productivity of
legumes at final harvest was in most cases significantly larger in Riroda
than in the other sites (Table 6, Fig. 8). For intercrops in 2018/2019, the
significantly larger yields of legumes in Riroda could be associated with
the low maize productivity in this site. However, pure legume stands in
Riroda were also more productive, suggesting a more structural differ
ence between sites. Particularly relevant is that, despite the differences
in productivity, general trends related to the effects of cropping system
and fertilizer use were largely consistent across sites.

4.3. Effects of fertilizer
Maize and legumes showed contrasting patterns of response to fer
tilizer. In most cases, maize yields increased strongly in response to
direct N fertilization. Although integration of legumes contributes N
through atmospheric N2-fixation, it clearly did not contribute enough to
preclude the need for applying N fertilizer to maize (cf. Jeranyama et al.,
2000; Giller, 2001). The increased maize growth with application of
fertilizer N resulted in stronger competition with the legumes, resulting
in significantly less pigeonpea and lablab grain yield in intercrops where
N fertilizer was added (Fig. 8). In relation to this, application of N fer
tilizer in cereal-legume intercrops has been reported to increase the
competitiveness of the cereals, very likely leading to a competitive
imbalance and a failure of legumes in mixtures (Ofori et al., 1987; Pelzer
et al., 2012; Yu et al., 2016). As commonly observed in SSA (Sanginga
et al., 2003; Vanlauwe et al., 2019), application of P fertilizer led to
increased yields (Tables 3, 6 and Fig. 6).
4.4. Intercrop productivity
Improved productivity of cropping systems is often observed when
cereals are intercropped with grain legumes due to differences in func
tional traits and TND. In particular, differences in growing period allow
complementarity in resource capture of light, water and nutrients (Li
et al., 2020). In our study, establishment of the intercrop systems was
timed to minimize the competitive effects of legumes on maize, with
legumes benefiting from the release of competition after maize harvest.
Pigeonpea has a slow initial growth, limiting early competition with
cereals in intercrops (Silim et al., 2005), which was the case in the
maize-pigeonpea intercrops in our study. Further, when sown simulta
neously with maize, pigeonpea continued to grow for three to four
months after maize harvest, which ensured that the greatest demand for
water and nutrients occurred after maize had been harvested, similar to
the pattern observed by Dalal (1974), resulting in TND. For lablab which
is more competitive than maize, the delay in sowing time ensured that
the two crops only had a partial overlap, also resulting in TND. Thus, the
timing of the establishment of the intercrop systems in our study helped
to minimize the competitive effects of legumes on maize, with legumes
benefiting from release of the competition after maize harvest. This
resulted in partial LER values of maize ≥ 1 in almost all cases, whereas
partial LER for legumes were always < 1. As this was an additive design,
the legumes provided a supplementary yield benefit. The LER values
partly reflect TND between the companion crops; productivity of

4.2. Effects of cropping system
As noted, maize growth and yield was in most cases not affected by
the presence of legumes. This is consistent with previous research on
maize-pigeonpea systems showing no significant effects of pigeonpea on
maize (Myaka et al., 2006; Waddington et al., 2007; Kimaro et al., 2009;
Rusinamhodzi et al., 2012). The growth duration of pigeonpea was 3–4
months longer than that of maize. Consequently, the greatest demand
for water and nutrients in pigeonpea occurred after maize was harvested
(Dalal, 1974), which is a form of temporal niche differentiation (TND)
(Yu et al., 2015; Li et al., 2020). Relay-planting of lablab one month after
maize planting allowed the maize crop to establish well before the
closure of the lablab canopy. Our results demonstrate that a one-month
delay in planting of lablab is sufficient to avoid the negative competitive
effects on growth and yield of maize, but we cannot rule out that a
slightly shorter delay would have given a similar result. Relay planting
14
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intercrops increases with greater TND (Yu et al., 2015; Li et al., 2020).
The positive relationship between LER and TND does not consider that
the system requires a larger part of the growing season, whereas ATER
accounts for the extended growth duration and provides a more mean
ingful comparison. The recorded ATER values > 1 indicate the suit
ability of the investigated cropping systems. Significantly greater LER
and ATER were observed in control plots compared with plots that
received N-fertilizer. This finding supports the observation that relative
productivity of intercrops is usually greater at lower N- input, and TND
is required to achieve greater yield at high nutrient availability (Rao
et al., 1987; Li et al., 2020). Weaker growth in the control plots leads to
reduced shading of the legume by the intercropped maize as reported by
Kermah et al. (2017). Feng et al. (2021) also reported that in a
maize-peanut intercrop, high N input led to the vigorous growth of
maize, which negatively affected peanut due to competition for light.

level, indicating that the positive effects of including a legume in the
maize cropping system and addition of fertilizer were robust and valid
for all three sites.
5. Conclusion
Maize-legume intercropping systems were superior to sole maize
crops, not only for the additional grain yield from legumes, but also due
to their residual effect which resulted in greater productivity of the
succeeding maize crop. Legumes continued to grow in the dry period
after maize harvest due to their deep rooting. This contributed to
consistent legume crop yields across the two seasons, whereas maize
production was strongly affected by variation in seasonal rainfall. The
yields of maize were increased by N-fertilizer, whereas legume yield
were enhanced by P-fertilizer. Both pigeonpea varieties produced more
senesced leaves when grown as pure stand than when intercropped with
maize. This underscores the importance of quantifying senesced leaves
for future intercropping trials, especially using methods that completely
eliminate decomposition. All intercrops were relatively more productive
than sole crops, with LER and ATER values consistently > 1. The effects
were more evident in control plots, highlighting the advantage of
intercropping under low input systems. Significant residual benefits on
maize grain yields were observed after two consecutive seasons of sole
and intercropped legume crops. P-fertilizer applied in the previous
seasons also showed strong residual benefits. Assessment of the non-N
effects of grain legumes to the associated or succeeding cereal crop
which was not covered in the current study is highly recommended.
Furthermore, since the roots of component crops extended to deeper soil
layers, soil sampling and analysis beyond the 0–20 cm depth covered in
this study is recommended for studies of this nature. Overall, our results
confirm that when the component crop species in an intercrop have
complementary growth patterns, temporal and spatial diversification
provides a plausible pathway for ecological intensification of small
holders cropping systems.

4.5. Residual effects of two seasons of maize-legume intercropping on a
succeeding maize
The DM and grain yield of maize following two seasons of sole or
intercropped legumes was up to 25% and 43% larger, respectively, than
in plots with continuous maize in the preceding seasons (Figs. 10 and
11). The residual benefits of maize-legume intercropping were in most
cases similar to the residual benefits of pure stand legumes. The greater
DM and grain yield in plots where a legume was included during the
preceding seasons can be attributed to benefits associated with both
residual N and non-N effects (Sanginga et al., 1999; Franke et al., 2018).
In our study, we did not observe significant biotic constraints in the
succeeding maize crop. Since we did not retain maize and legume stover
in the field, we attribute any residual N effects to the decomposition of
the legumes’ roots, nodules, and fallen leaves (Ledgard and Giller,
1995). Indeed, other studies have found that contributions from fallen
leaves are more important than retaining the grain legume stover after
harvest (Ncube et al., 2007). Fallen pigeonpea leaves have been reported
to contribute 75–95 kg N ha− 1 to the soil in maize-pigeonpea intercrops
in Malawi (Sakala, 1998). Further, about one-third of the total N2 fixed
by legumes is assumed to remain underground (Peoples et al., 2009),
and may either be used by the succeeding crop or transformed into soil
organic matter (Vanlauwe et al., 2019). This possibly explains the many
reports of the increased yield of subsequent crops when legumes are
included in cropping sequences than when they are not (Peoples et al.,
2009). For example, Rusinamhodzi et al. (2012) reported eight times
greater maize yield following pigeonpea, while Adjei-Nsiah et al. (2007)
reported up to four times greater maize yield following cowpea than
continuous maize. Additionally, a mean of 0.49 t ha− 1 increase in yield
of cereals rotated with legumes relative to continuous cropping of ce
reals in SSA has been reported (Franke et al., 2018).
The residual effect of fertilizer was evident; in most cases, plots with
+P or +NP fertilizer in the preceding seasons yielded significantly more
DM and grain yield in the succeeding maize crop than control plots
where fertilizer was omitted. In the control plots, the lack of fertilizer
addition for three consecutive seasons could have led to soil nutrient
depletion, thus reducing productivity of maize crop planted in the third
season. For maize, no difference was observed between the +P and +NP
fertilizer, indicating that there was no residual effect of N fertilizer from
the previous seasons. In addition to the direct effects of increasing
available soil P with P-fertilizer application, indirect residual benefits on
the maize crop were also expected to accrue from increased biomass
yields of the legumes (Sanginga et al., 2003). The DM and grain yield of
the maize crop in the third season was greater in Arri than the other two
sites, and the difference was significant in some cases (Figs. 10 and
11 A&B). This significantly greater yield of the succeeding maize crop
following two consecutive seasons of sole and intercropped legume
crops at Arri is associated with the more fertile soils with larger SOC and
total N at this site (Table 2). Notably, no interactions were observed
between site × preceding cropping system and site × fertilizer input
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