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Abstract
Aims This study aimed to disentangle tree-crop-
fertilizer interactions in agroforestry systems, which
has been suggested as an entry point for sustainable
intensification of smallholder farming systems in
sub-Saharan Africa (SSA). Although tree-crop sys-
tems generate multiple economic and ecological
benefits, tree-crop competition commonly occurs.
We hypothesized that mineral fertilizers affect facil-
itative and competitive interactions differently in
tree-crop systems.
Methods Tree-crop-fertilizer interactions were explored
for wheat growing under Faidherbia albida, and maize

growing under Acacia tortilis and Grevillea robusta
through omission trials of nitrogen (N) and phosphorus
(P) in open fields and fields under tree canopy, using a split
plot design. The experiments were conducted in Ethiopia
and Rwanda, replicated four times, and over two seasons.
Results Our results demonstrated that the presence of
F. albida significantly improved N and P use efficiencies,
leading to significantly higher (P< 0.001) grain yields in
wheat.This tree speciescontributedaround64kgha−1yr.−1

of mineral N. The P use efficiency of wheat under
F. albidawas double that of open field wheat. By contrast,
G. robusta and A. tortilis trees lowered nutrient use effi-
ciencies in maize, leading to significantly less maize grain
yields compared with open fields receiving the same
fertilization. Probabilities of critically low crop yields
and crop failure were significantly greater for maize grow-
ing under the canopy of these species.
Conclusions Our results showed that recommended fer-
tilizer rates led to facilitative interaction only with
F. albida, highlighting that fertilizer recommendations
need to be adapted to agroforestry systems.
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Introduction

In many smallholder farming systems of sub-Saharan
Africa (SSA), poor soil fertility is a major limitation to

https://doi.org/10.1007/s11104-019-04271-y

Responsible Editor: Remi Cardinael.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11104-019-04271-y) contains
supplementary material, which is available to authorized users.

T. S. Sida (*) :D. Tirfessa
International Maize and Wheat Improvement Center
(CIMMYT)-Ethiopia, Shola Campus, ILRI, P.O. Box 5689, Addis
Ababa, Ethiopia
e-mail: tesfayesida@gmail.com
e-mail: tesfaye.sida@wur.nl

T. S. Sida :A. Ndoli :K. E. Giller
Plant Production Systems, Wageningen University, P.O. Box 430,
6700 AK, Wageningen, The Netherlands

F. Baudron :A. Ndoli
International Maize and Wheat Improvement Center (CIMMYT),
Southern Africa Regional Office, P. O. Box MP 163, Mazowe
Road, Harare, Zimbabwe

Plant Soil (2020) 453:173–188

/Published online: 4 September 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-019-04271-y&domain=pdf
http://orcid.org/0000-0001-6482-2669
https://doi.org/10.1007/s11104-019-04271-y


crop production (Barrett and Bevis 2015). Insufficient
nutrient input causes low crop yields (Vanlauwe et al.
2011; Barrett and Bevis 2015), fuelling a vicious cycle
of soil degradation, low productivity and poverty in the
region. The problem is compounded by the fact that
most smallholders are resource-constrained and can on-
ly afford limited quantities of mineral fertilizers (Sileshi
et al. 2009; Yirga and Hassan 2010). Even where
farmers apply inorganic fertilizers, soils in many parts
of the tropics are unresponsive (Vanlauwe et al. 2011). A
large proportion of soils in SSA are unresponsive
due to limited soil organic matter and reduction in
biological functions, undermining immediate gains
from application of mineral fertilizers (Tittonell and
Giller 2013). There is a need for integrated soil
fertility management (ISFM) – whereby mineral
and organic nutrient sources are utilized efficiently.
As sources of soil organic matter are scarce, agro-
forestry trees offer a viable path to increase inputs of
organic matter in SSA (Lahmar et al. 2012).

In addition to improving soil nutrients through atmo-
spheric nitrogen (N) fixation by some leguminous spe-
cies (Giller 2001), agroforestry trees may improve soil
fertility by increasing soil organic matter (Teklay et al.
2006; Gnankambary et al. 2008). Organic matter accu-
mulating from decomposing plant parts play a critical
role in improving soil quality and enhancing longer-
term soil productivity in most smallholder farming sys-
tems in the tropics (Sanchez et al. 1997; Palm et al.
2001). Organic inputs from Gliricidia sepium, for ex-
ample, resulted in higher N and phosphorus (P) uptake
by maize in Malawi (Akinnifesi et al. 2007).

As these trees also compete with crops for soil re-
sources (Bertomeu et al. 2011), an understanding of the
interactions between on-farm trees and mineral fertilizer
is needed to manage tree-crop interactions (positive or
negative). It has been established that there is an in-
crease in soil carbon under trees (Bayala et al. 2015).
This improves soil physical properties through soil ag-
gregate formation and increased biological activities in
the soil (Bayala et al. 2008), leading to lower soil density
and improved soil porosity for better water infiltration
under tree canopies compared with bare soils (Bayala
et al. 2007; Sanou et al. 2010; Bargués Tobella et al.
2014). The presence of trees improves soil chemical
fertility through addition of organic matter, which serves
as the source of nutrients through decomposition (Rao
et al. 1997). The trees also improve understory micro-
climate and the increased accumulation of soil organic

matter creates favourable conditions for the micro-
organisms that thrive under their crowns compared with
open field conditions. In addition to these improved soil
conditions, trees reduce radiation underneath their
crowns, leading to favourable condition for the associ-
ated crops (Sida et al. 2018b). Regardless of these
improvements in soil conditions, improved yield in
associated crops has not been automatically observed
(Ndoli et al. 2017). According to Bayala et al. (2008),
one of the reasons for these tree-associated improve-
ments not to lead to an increase in crop yield is that
both the tree and the crop are sharing the same pool of
nutrients and soil water. Under those circumstances, it is
common that the competition for these resources causes
poor performance in associated crops, which in most
cases are the less competitive species. Mineral fertilizer
amendments may potentially offset such competition
and improve crop performance. We hypothesized that
facilitative and competitive interactions are affected by
the use of mineral fertilizers. In addition, these tree-crop
interactions could vary depending on agroecology, tree
species and crop species.

Most studies conducted so far to improve tree-crop
interactions have focused on tree management prac-
tices, in particular, root and canopy pruning (Jackson
et al. 2000). However, studies exploring the impact of
combining trees with mineral fertilizers on crop per-
formance have been scarce. Thus, the current study
aimed to (i) understand the impact of different com-
binations of N and P fertilizers on crop yield in tree-
crop systems and (ii) evaluate mineral fertilizer-tree
combinations that maximize agronomic nutrient use
efficiencies (AE) in different agroecologies.

Materials and methods

Site description

This study was conducted in two countries, Ethiopia and
Rwanda, where retaining scattered trees in fields have
been practiced for centuries. The study was conducted
under three different agroecologies. Mojo (8.509° N and
39.071° E) is located in the Central Rift Valley of
Ethiopia at an elevation of 1665 m above sea level
(m.a.s.l). The climate is semi-arid with average annual
rainfall of 700 mm yr.−1 received mainly between June
and October. The long-term mean daily temperature is
24.2 °C and the mean maximum daily temperature is
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31 °C. Temperature may peak above 35 °C. Andosol is
the dominant soil type (RSO 2003), characterized by
poor water holding capacity. Sparsely distributed
F. albida is the main agroforestry species to which
wheat (Triticum aestivum var. aestivum) and teff
(Eragrostis tef) are associated in the area. F. albida in
the study area is not undergoing reverse phenology
(Sida et al. 2018b). It has been attributed to the heavy
pruning performed towards the end of dry season. As a
result, the trees produce freshly regenerating leaves
during the wet cropping season.

Meki is also located in the Central Rift Valley of
Ethiopia (8.1855o N and 38.86o E) to the Southwest of
Mojo at an elevation of 1500 m.a.s.l, and is characterized
by a semi-arid climate. The annual average temperature is
19.3 °C and the average annual rainfall is 775 mm.
Similar to Mojo, Andosol is the dominant soil type.
The area is dominated by savannah woodland vegetation
type, where the retention of scattered trees during con-
version to agriculture created agroforestry parklands.
Although, the local farming systems are characterised
by diverse crops in rotation, maize (Zea mays), bean
(Phaseolus vulgaris) and sorghum (Sorghum bicolor)
are the most dominant. Maize associated with A. tortilis
represents the most dominant agroforestry practice in this
area, and was thus, selected for our investigation.

A similar study was conducted in Bugesera, Rwanda
(2.354° S and 30.265° E), at an elevation of
1397 m.a.s.l. The area is characterized by bimodal rain-
fall with primary and secondary peaks in April and
November, respectively. A short dry season - from Jan-
uary to mid-March – is followed by a long rainy season
– from mid-March to June. A long dry season – from
mid-June to September is then followed by a short rainy
season – from mid-October to December. The annual
rainfall ranges from 850 to 1000mm. This area has a dry
season lasting for three months and an average temper-
ature of 21 °C (Verdoodt and Van Ranst 2003). Some of
the dominant agroforestry tree species include
G. robusta, Senna spectabilis and Euphorbia spp. Soils
at Bugesera are humic and haplic Ferralsols. In
Bugesera, the current study explored interactions be-
tween G. robusta and maize under different N and P
fertilizer management.

Tree selection, experimental setup and data collection

Tree-crop-fertilizer interaction was explored for wheat
growing under crowns of F. albida (Mojo, Ethiopia),

and maize growing under A. tortilis (Meki, Ethiopia)
and G. robusta (Bugesera, Rwanda). For each species,
selected trees were located in a single field within a
farm. We used key informant interviews, group discus-
sions, DBH (diameter at breast height) estimates, and
visual observations to select trees with approximately
similar ages, crown structures, and pruning history.
Most scattered tree species are known for their crown
asymmetry (Sileshi et al. 2014). To avoid fertilizer re-
distribution problem because of these asymmetry, we
purposively selected trees showing crowns very close to
symmetrical distribution in the plot. We selected trees in
such a way that North-South crown diameters did not
deviate from East-West crown diameters by more than
5% (Table 1). In addition, we assigned fertilizer treat-
ments randomly so that the asymmetry effect on the
result is minimized. As farmers usually prune trees
every 2–3 years, we selected trees that are in their
second season after pruning (i.e., the experiments had
been completed before the trees reached the next prun-
ing cycle). Plots measuring 10 × 10 m were established
around each tree, with the tree at the centre. The trees
selected for the experiment were a minimum of 40 m
away from any other tree in the field. Within the same
field, another plot of the same size was established in an
open field, at least 40 m away from any tree. The open
fields were also a minimum of 40 m away from the
experimental tree as well as any tree in the field. Each of
these plots (under tree canopy and open field conditions)
was split into four sub-plots, measuring 4 × 4 m and
received different mineral fertilizers. The 10 × 10 m plots
were considered main plots, while fertilization was a sub-
plot factor. Open field and under canopy plots received
inorganic fertilizers as: no fertilizer /control (N−P−), P
only (P+N−), N only (P−N+) and combined N and P
(N+P+) as sub-plot treatments (Fig. 1). The fertilizer
treatments were randomly allocated within the main
plots. In Ethiopia, this setting was replicated in four farms
and repeated over two seasons. In Rwanda, the experi-
ment was replicated in three farms and repeated over four
seasons. Individual trees for a particular species were
selected to be as similar as possible. Tree heights and
canopy diameters (East-West and North-South) for the
selected trees were measured to fix the DBH, canopy
radius and height of the selected trees to be within 5% of
the size of the first purposively selected tree, in order to
maintain reasonable similarity between selected trees.

Trees were managed following farmers’ typical prac-
tices and plots were managed following recommended
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practices. Wheat variety ‘Kilinto’, maize varieties
‘Melkasa-2 and PAN4M21, which were well-adapted to
the respective environmental conditions, were used in
Mojo, Meki and Bugesera, respectively. Plots where N
was used as a treatment were fertilized with 64 kg ha−1 N
(split applied 50% at sowing and the remaining side
dressed six weeks after planting). In plots where P was
used as treatment, 30 kg ha−1 P was broadcasted at
sowing. For wheat in Mojo, seed was drilled at a spacing
of 20 cm between rows at a rate of 150 kg ha−1. For maize
in Meki and Bugesera, a recommended spacing of 70 cm
between rows and 30 cm between plants was used.

Crop growth and development data were collected at
two weeks interval starting 30 days after planting. At
harvest, dry biomass and grain yields were estimated.
For maize, yield was sampled from five central rows,
leaving the border rows. For wheat, yield was estimated
from a sub-plot of 9 m2 at the centre of the experimental
plots. For both crops, samples were dried at 65 °C for
48 h to estimate dry matter yield.

Data analysis

Because our data was generated from contrasting sea-
sons and agroecologies, we made comparisons of treat-
ment effects for each site separately. We used split plot

ANOVA for mean separation in R (R Core Team 2017).
In the model (Eq. 1), treatment (i.e., under canopy vs
open field) was considered main plot factor, while fer-
tilization was treated as a sub-plot factor.

Y ij kð Þ ¼ αþ βTRi kð Þ þ γFRj þ λ TRi kð Þx FRj
� �

þ μ FRj kð Þx SNk
� �þ μ TRi kð Þx SNk

� �þ ε ð1Þ

where, Yij(k) represents across season maize or wheat
grain yield, TRi(k) is the ith treatment (i.e., under tree
canopy or in open field condition) nested within the kth

season, FRj is the jth type of fertilizer, SNk is the kth

season, ε is the residual, and where, α, β, γ, μ and λ
represent regression coefficients for the main and inter-
action effects. The effect ‘season’ was used as a group-
ing variable (i.e., the comparison between treatments
was performed, ignoring the variation between seasons),
while farms were treated as replications in the model.
Interactions and main effects that had little explanatory
power, i.e., variables with F-values lower than 0.1, were
removed. Statistical analysis was performed with
square-root-transformed values for maize grain yield
from Meki to follow normal distribution. For Bugesera,
the grain yield followed a Poisson distribution and its
data was analysed assuming this distribution. Where
transformed data were used, mean comparison was

Table 1 Characteristics of trees used in the experiment

Tree species Algometric Characteristics Age (Years) Age estimation method

DBH (cm) Height (m) Crown diameters (cm)

F. albida 60.5 (5.3) 16.8 (2.2) 13.2 (2.4) 73.4 (6.7) (Sida et al. 2018)

A. tortilis 29.7 (2.9) 6.8 (0.6) 18.3 (2.3) 59.5 (6.8) (Martin and Moss 1997)

G. robusta 24.7 (2.3) 8.4 (0.5) 2.4 (0.2) 17.0 (0.0) (Kuyah et al. 2012)

Fig. 1 Field layout for fertilizer-
tree combinations. Control (no
fertilizer applied), P only
(30 kg ha−1 P), N only
(64 kg ha−1 N) and NP
(30 kg ha−1 P with 64 kg ha−1 N)
fertilization rates.
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made on a back-transformed least squared mean, i.e., on
the mean that was adjusted for other factors.

In addition to causing variations in yield, the treat-
ments are likely to be associated to crop failures or
extremely low yields. The probabilities of crop failure
and low yields were computed using Eqs. 2 and 3.

P0 ¼ Y0

Yt

� �
ð2Þ

where, P0 is the proportion of plots characterized by
crop failure for a given treatment, Y0 is the number of
plots characterized by crop failure (i.e. plots yielding no
grain harvest at all) and Yt is the total number of plots in
the whole experiment.

Pi ¼ Yi

Yt

� �
ð3Þ

Where, Pi is the proportion of plots characterized by
critically low crop yield under a given treatment, Yi is
the total number of plots with critically low crop yield
and Yt is the number of plots in the whole experiment.
All yields that were two standard deviations lower than
the mean grain yield were considered critically low.

We also computed agronomic nitrogen use effi-
ciency (NUE) and phosphorus use efficiency (PUE)
for under canopy and open field treatments using
Eqs. 4 and 5, respectively (Vanlauwe et al. 2011).
This was mainly because we hypothesized that the
possible increase in organic matter content under the
canopy of trees may improve nutrient use efficien-
cies in agroforestry systems.

NUE ¼ YN−YC

FAPN

� �
ð4Þ

where, NUE represents agronomic use efficiency for
nitrogen (kg/kg), YN represents grain yield (kg ha−1)
from treatments where nitrogen fertilizer was ap-
plied, YC represents grain yield from the control
(open field treatments where no fertilizer was used
[kg ha−1]) and FAPN represents the amount of nitro-
gen fertilizer applied as a treatment (kg ha−1).

PUE ¼ YP−YC

FAPP

� �
ð5Þ

where, PUE represents agronomic use efficiency for
phosphorus (kg/kg), YP represents grain yield from
treatments where phosphorus fertilizer was applied
(kg ha−1), YC represents grain yield from the control

(open field treatments where no fertilizer was used
[kg ha−1]) and FAPP represents the amount of phos-
phorus fertilizer applied in the treatment (kg ha−1).

Equations (4) and (5), respectively, were applied for
treatments where N and P were applied. Treatments that
did not receive the respective nutrients were excluded
from the analysis on nutrient use efficiencies.

Results

Crop yield reductions and failures
under tree-crop-fertilizer interactions

Neither crop failure nor critically low yield was recorded
from F. albida-wheat systems. The probabilities of maize
yield reduction in A. tortilis-maize and G. robusta-maize
systems were influenced both by the presence or absence
of trees and the type ofN and P combinations used (Fig. 2).

InG. robusta-maize systems in Bugesera (Fig. 2), the
probabilities of crop failure for under canopy maize
were 25.0%, 15.0%, 17% and 8.0%, for the control, P
only, N only and combined NP treatments respectively.
By comparison, the probabilities of crop failure in maize
were less in the open field. It was 10.0%, 7.5%, 6.0%
and 7.0%, respectively, for the control, P only, N only
and combined NP fertilizer applications. The probabil-
ities of critically low maize yield in under canopy treat-
ments that received no fertilizer, N only, P only and NP
were 45.0%, 33.0%, 33.0% and 13.3%, respectively.
The probabilities of such a low yield were relatively
lower for the corresponding open field treatments at
around 8.0% for all treatments.

In A. tortilis-maize systems in Meki (Fig. 2), the
probabilities of critically lowmaize yield in under canopy
treatments that received no fertilizer, N only, P only and
NPwere 13.3%, 13.3%, 8% and 8%, respectively. For the
open fields, there was no critically low yield under the
combined application of NP. The probability of crop
failure for the other fertilizer treatments (control, N only
and P only) in the open fields was similar: around 8%.

Effect of NP fertilizers on wheat yield inF. albida-wheat
systems

The presence of F. albida trees and fertilizer application
showed a statically significant effect (P < 0.05) on
wheat grain yield in Mojo (Table 2 and Fig. 3). The
interaction between the type of NP fertilizer used and
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the presence of F. albida trees was also statistically
significant (P< 0.001).

Grain yield under the tree canopy was significantly
higher (P < 0.001) than grain yield in the open fields

(Table 2), when both treatments did not receive any
fertilizer. Application of P only to wheat under canopy
produced significantly higher (P < 0.001) grain yield
than any open field treatments, except the NP treatment.
For example, application of P only to wheat under
canopy resulted in twice as much grain yield as wheat
in open field plots receiving the same fertilization.

The N only treatment resulted in comparable wheat
grain yield in open field and under canopy treatments,
indicating that N fertilization of wheat under canopy did
not lead to yield gain, contrasting with P fertilization.
Combined application of N and P produced significantly
higher (P < 0.001) grain yield for wheat under canopy
of F. albida compared with wheat in open fields. The
combined NP treatment under canopy produced signif-
icantly larger yield than any other treatments. Open field
wheat did not respond to application of P only fertilizer,
resulting in yields that were comparable with the control
treatment (Fig. 3) and significantly smaller than under
canopy wheat receiving no fertilization.

Effect of NP fertilizers on maize yield
in A. tortilis-maize systems

Under A. tortilis-maize systems in Meki (Table 1 and
Fig. 4), maize yields were lower under tree canopy than
in open fields (P< 0.001). Meanmaize grain yield in the
open field was significantly (P < 0.05) higher than
maize grain yield under the canopy of A. tortilis, regard-
less of the N and P treatment used (Table 2).

Fig. 2 The probability of crop
failure (no grain yield) and
critically low yield (yields of −2
standard deviations from the
mean) in A. tortilis-maize and
G. robusta-maize systems with
control (N−P−), P only (N−P+), N
only (N+P−) and NP (N+P+)
fertilizer applications. Note: the
broken vertical lines represent the
threshold for critically low yield,
calculated as the difference
between the mean and two
standard deviations, while the
solid vertical lines represent the
sum of the mean and two standard
deviations.

Table 2 Summary of the results of GLMMmodels for explaining
the variability in grain yields under F. albida-wheat (Ethiopia, n =
4), A. tortilis-maize (Ethiopia, n = 4) andG. robusta-maize (Rwan-
da, n = 3) systems. Probabilities of significant effects (P < 0.05) are
indicated in bold

Tree species Effects Df F-value P value

F. albida Treatment (tree) 1 67.7 <0.0001

Fertilizer 3 43.6 <0.0001

Season 1 2.2 0.1480

Treatment: fertilizer 3 19.6 <0.0001

Treatment: season 1 1.4 0.2380

Fertilizer: season 3 0.7 0.5410

A. tortilis Treatment (tree) 1 11.8 0.0016

Fertilizer 3 109.8 <0.0001

Season 1 0.8 0.4926

Treatment: fertilizer 3 0.3 0.8544

Treatment: season 1 0.6 0.4276

Fertilizer: season 3 0.4 0.7550

G. robusta Treatment (tree) 1 8693.8 0.0268

Fertilizer 3 1887.0 <0.0001

Season 3 8117.7 <0.0001

Treatment: fertilizer 3 801.5 0.0015

Treatment: season 3 368.1 0.0002

Fertilizer: season 9 78.8 <0.0001
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With further mean comparison (Table 3), there was no
significant difference in grain yield between the open field
and under canopy control. Application of N-containing
fertilizer (N alone and combined NP) to the open fields
resulted in significantly higher yields compared with the
open field control and all under canopy treatments (Con-
trol, P, N and NP). Application of P only to open field
produced comparable grain yields to under canopy maize
that received no fertilizer. N only and combined NP
fertilizers applied to under canopy plots resulted in maize

grain yields that were only comparable to open field plots
without any fertilization (control). Under canopy maize
that received P only, resulted in significantly higher yields
than under canopy plots that received no fertilizer.

Effect of NP fertilizers on maize yield
in G. robusta-maize systems

For G. robusta in Bugesera (Table 1 and Fig. 4), the
presence of trees and fertilizer application showed a

Fig. 3 Comparison of wheat grain yield in control plots and in
fertilized plots, with different application of mineral fertilizer in
open field conditions or under the canopy of F. albida. N+P−,
N−P+ and N+P+ indicate nitrogen only, phosphorus only and

combination of nitrogen and phosphorus fertilizers, respectively.
Control plot represent open field plot that did not receive any
fertilization. Broken lines represent 1:1 line

Fig. 4 Boxplots showing grain
yield in open field and in under
canopy plots, with different
applications of N and P fertilizers
in open field conditions or under
the canopies of G. robusta
(Bugesera) and A. tortilis (Meki).
N−P−, N+P−, N−P+ and N+P+,
respectively, indicate control,
only nitrogen, only phosphorus
and combined nitrogen and
phosphorus fertilizers

Plant Soil (2020) 453:173–188 179



statically significant effect (P < 0.05) on maize grain
yield. The presence of G. robusta trees significantly re-
duced maize grain yield (P< 0.05), regardless of the
fertilization used (Table 4). All under canopy treatments
resulted in significantly (P< 0.001) less maize yield com-
pared with any of the treatments in the open fields. The
only exception was under canopy maize that received
combined NP fertilizers, which was the highest yielding
among all under canopy treatments. It resulted in compa-
rable (only 5.4% lower) maize yield with the open field
maize that did not receive any fertilizer (control). Com-
pared with the unfertilized maize in the open field, the
presence of G. robusta trees resulted in a 75.7%, 61.0%
and 50.0% reduction in grain yield for no fertilizer, P only
and N only treatments, respectively. For open fields, sep-
arate application of either N or P fertilizers resulted in
comparable maize yields. By contrast, application of N
only resulted in significantly higher maize yield than
application of P only to under canopy maize.

An interesting result from G. robusta-maize systems
was that with the control, use of P only, N only and
combined NP fertilizers (Table 4 and Fig. 4), maize
grain yield under the canopy showed a progressive and
significant increase (P < 0.001). This can point to the
conclusion that fertilizer rates different from those cur-
rently recommended for the area may enhance produc-
tivity of maize in these systems (Table 4).

Tree-crop interactions and agronomic fertilizer use
efficiencies

NUE and PUE varied across tree-crop systems (Figs. 5
and 6). In F. albida-wheat systems (Fig. 5a), application
of N only fertilizer did not improve NUE of under
canopy wheat compared with open field wheat. By
contrast, NUE was 17.4% higher for under canopy
compared with open field treatments when combined
NP fertilizer was used (i.e., 23 kg grain for every kg of N

Table 3 Mean comparison for grain yield [mean (se)] as affected
by combinations of N-P fertilizers under and outside the canopies
of F. albida (wheat) in Mojo and A. tortilis (maize) in Meki,

Ethiopia. Means followed by similar letters within a column are
not significantly different at the 5% probability level

Tree species Treatments Wheat grain yield (kg ha−1)

Canopy Fertilizer Season 2014 season 2015

F. albida Open field N−P− 1090 (225)a 718 (127)a

N−P+ 1078 (179)a 1020 (108)a

N+P− 1829 (177)b 1717 (135)b

N+P+ 2267 (133)c 1993 (77)b

Under canopy N−P− 1496 (148)b 1370 (313)c

N−P+ 2493 (408)cd 2482 (191)d

N+P− 1716 (157)b 1865 (283)b

N+P+ 2585 (203)d 2502 (71)d

LSD (kg ha−1) 226.6 303.7

CV (%) 12.1 19.0

A. tortilis* Open field N−P− 2076 (421)a 1656 (126)a

N−P+ 2802 (644)bc 1844 (632)a

N+P− 3170 (502)b 2479 (201)b

N0+P+ 3465 (555)b 3854 (545)c

Under canopy N−P− 1518 (201)a 1146 (112)a

N−P+ 2386 (460)c 1354 (339)a

N+P− 1951 (307)a 1396 (229)a

N+P+ 2102 (192)a 1563 (222)a

LSD (kg ha−1) 710.0 771.2

CV (%) 31.2 39.0

*In 2015 maize failed from the majority of the plots because of El Niño and only the maize Stover was analyzed.
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applied on the open field wheat, while it was 27 kg for
under tree canopy wheat, on average). This indicates
that P is more limiting than N for wheat production
under the canopy Of F. albida.

As illustrated on Fig. 5b, the presence of
F. albida trees almost doubled PUE of wheat
(39.2 kg of grain for every additional kg of P added)
compared with open fields (19.3 kg of grain for every

additional kg of P added). Interestingly, PUE of open
field wheat improved significantly with the applica-
tion of N-containing fertilizer (i.e., N and NP) to the
open field, indicating that N is more limiting than P
for open field wheat.

In A. tortilis-maize systems, under canopy treatments
showed consistently lower NUE values compared with
open field conditions (Fig. 6a). NUE was 35% higher for

Table 4 Mean comparison for maize grain yield [log-mean (se)]
as affected by combinations of N-P fertilizers under and outside
the canopies of G. robusta in Bugesera, Rwanda. Means followed

by similar letters within a column are not significantly different at
the 5% probability level

Tree species Treatments log-grain yield (kg ha−1)

Canopy Fertilizer Seasons

2015A 2015B 2016A 2016B

G. robusta Open field N−P− 7.5 (0.013)a 6.4 (0.023)a 5.9 (0.031)a 7.5 (0.014)a

N−P+ 7.7 (0.012)b 6.7 (0.020)b 6.1 (0.028)b 7.5 (0.013)a

N+P− 7.7 (0.012)b 6.8 (0.019)b 6.1 (0.027)b 7.6 (0.013)ab

N+P+ 7.9 (0.011)c 7.0 (0.017)c 6.4 (0.024)c 7.9 (0.011)b

Under canopy N−P− 6.3 (0.025)d 4.6 (0.059)d 0.1 (0.577)d 5.8 (0.032)c

N−P+ 6.4 (0.023)d 5.4 (0.039)e 3.5 (0.100)e 6.7 (0.021)d

N+P− 6.7 (0.020)e 5.7 (0.033)f 4.2 (0.071)f 7.0 (0.017)e

N+P+ 7.4 (0.014)a 6.4 (0.023)a 4.6 (0.059)g 7.4 (0.014)a

logLik −4869.5 −7292.6 −3989.4 −6019.3
AIC 9756.9 4613.8 7996.7 2056.5

Means followed by similar letters within a column are not significantly different at the 5% probability level. Letters A (season with long
rains) and B (season with short rains), following the years represent a season within a year

Fig. 5 Comparison of nitrogen use efficiencies (NUE) (a) and
phosphorus use efficiencies (PUE) (b) in open field conditions and
under the canopy of F. albida, with different fertilizer applications.

N+P−, N−P+ and N+P+ indicate nitrogen only, phosphorus only
and combined nitrogen and phosphorus fertilizers, respectively.
Broken lines represent 1:1 lines.
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open field maize (48.3 kg of grain for every kg of N
added) compared with under canopy maize (31.4 kg of
grain for every kg of N added). Similarly, PUE in maize
was 9% higher for open field plots compared with under
canopy plots (Fig. 6b). The inefficient nutrient use does
not appear to be related to the sole availability of nutrients
between under canopy and open-field soils (Table S1).

In G. robusta-maize systems, the majority of under
canopy maize showed inefficient utilization of nitrogen
and phosphorus, as evidenced by negative NUE (Fig.
6a) and PUE (Fig. 6b). NUE was 13.2 kgkg−1 for open
field conditions, while it was extremely low for under
canopy treatments (0.1 kg of grain for every kg of N
added). Similarly, the PUE was significantly lower for
under canopy maize (0.5 kg of grain for every kg of P
added) compared with open field maize in Bugesera
(29 kg of grain for every kg of P added). Under the

current study, the type of mineral fertilizer applied to
under canopy maize did not cause significant varia-
tion in the nutrient use efficiencies of maize associ-
ated to G. robusta. This may imply the existence of
factors in addition to nutrient affecting nutrient uti-
lization by under canopy maize.

Discussion

The outcome of fertilizer-tree-crop interactions depends
on tree species and crop type

Our results clearly demonstrated that different on-farm
tree species interact uniquely with crops, resulting in
different responses to N and P fertilization. With the
exception of F. albida, perhaps the most ideal

Fig. 6 Comparison of nitrogen use efficiencies (NUE) (a) and
phosphorus use efficiencies (PUE) (b) of maize in open conditions
and under the canopy of G. robusta (Bugeseara) and A. tortilis

(Meki). N+P−, N−P+ and N+P+ indicate nitrogen fertilizer only,
phosphorus fertilizer only and combined nitrogen and phosphorus
fertilizers, respectively. Broken lines represent 1:1 lines.
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agroforestry species, the other two tree species under the
current study raised the old question of tree-crop com-
patibility for optimum productivity (German et al.
2006). While maintaining these trees in the system is
beneficial for biodiversity and associated ecosystem
services (Pattanayak and Mercer 1998; Bhagwat et al.
2008) and income generation (Steffan-Dewenter et al.
2007; Sida et al. 2018a), our results raise at least two
main concerns. The first is whether fertilizer recommen-
dations should consider tree-induced heterogeneity,
which is common in many farming systems of SSA to
address the negative effects of these trees on crops. The
second is whether these systems require redesign such
that trees are rearranged in ways that minimize their
negative effects on crops.

On the other hand, tree-crop compatibility appears to
be dictated by the type of associated crop. Wheat under
the canopies of F. albida responded positively to tree
presence. This contrasts with maize, which usually
underperforms in the presence of trees (Ndoli et al.
2018). Similarly, Noumi et al. (2011) reported from
the Mediterranean ecosystem that A. tortilis shades sup-
pressed yields more in wheat than barley.

In A. tortilis-maize system, low yields and crop
failures were more probable under tree canopy com-
pared with open field conditions. This could be due
to the fact that tree-crop competition is particularly
high for this tree species and will intensify under
moisture stress condition (Noumi et al. 2011). In
support of this, Rao et al. (1997) argued that the
positive influence of scattered trees on crops may be
offset by large competition of trees with crops for
water, especially during dry seasons. Low yields and
complete crop failures observed in our study could
also be attributed to such competitions. Because tree
shades can cause significant delay in the vegetative
development of understorey crops (Page et al. 2011),
crops may fail due to shortage of moisture at the
grain filling stage.

Similarly, the probability of low yield and crop fail-
ure were higher under tree canopy than under open field
condition for G. robusta-maize systems. This agrees
with the findings of Ong et al. (2000), which showed
crop failures to be more prevalent under the canopy of
G. robusta. Other studies have suggested that presence
of trees poses consistently negative effects on grain
formation in G. robusta-maize systems, affirming that
the increased probability of crop failure could be due to
competition (Muthuri et al. 2005).

Interestingly, the probability of low yield and
crop failure varied with the NP fertilization in
tree-crop systems (Fig. 2). In both A. tortilis-maize
and G. robusta-maize systems, treatments that in-
volved N fertilizer (i.e., N only and combined NP)
reduced the probability of low yield and crop
failure. Moser et al. (2006) demonstrated that grain
yield increased with an increasing N rate for maize
exposed to pre-anthesis resource limitation (mois-
ture and nutrient stresses). N fertilizer improved
yields under the canopy indicating that competition
for N was part of the reason for yield suppression
under the canopy. This seems, at least partly to
explain, why application of N-containing fertilizers
(N only and NP) reduced the probability of low
yield and crop failure. In addition, the significant
positive response to fertilizer under trees may reveal
that nutrients were more limiting than other re-
sources, especially under tree-crop environments.

Crop response to N and P fertilization varies
with the tree-crop system

Results from our omission trials in F. albida-wheat
systems revealed that N was strongly limiting in the
open field soils of the study area (Fig. 2), contrasting
with under canopy soils. For example, under canopy
treatments that received no fertilizer and open field plots
that received N only resulted in comparable wheat
yields. This suggests that this tree contributes, directly
or indirectly, mineral N about 64 kg N ha−1 yr.−1, which
conforms to recent findings by Yengwe et al. (2017),
who reported F. albida to fix about 96 kg N ha−1 yr.−1

(i.e., 18 kg N ha−1 yr−1 from litter decomposition in
addition to about 78 kg N ha−1 year−1 from native soil
organic matter).

Application of P only caused a contrasting response
in wheat yield for under canopy and open field condi-
tions. Open field plots that received P only fertilization
did not respond compared with the open field control,
while addition of P only to under canopy plots resulted
in large gains in wheat yield. This could refute the
suggestion that F. albida trees might selectively estab-
lish on initially fertile spots (Nair 1993). Although,
Dangasuk et al. (2011) reported that F. albida improved
available P underneath its canopy, our results suggest
that phosphorus limited wheat yields under canopy.
However, N may become limiting once P and other
nutrients are no longer limiting.
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Our results imply that wheat yields may be improved
under F. albidawith minimum N fertilization. However,
further research is needed to assess the optimum
crop stage to apply this small amount of N: e.g., at
planting, booting or first node stage, the three stages
when N uptake by wheat is high (Justes et al. 1994). Our
results also suggested that farmers practicing agroforest-
ry with F. albidamight invest their limited resources on
localized P application instead of N fertilization.

In A. tortilis-maize systems, under canopy grain yield
was not statistically different between all fertilizer treat-
ments, suggesting that N and P may not be limiting in
these systems. Although A. tortilis is known to fix
nitrogen (Schulze et al. 1991), we did not observe any
positive nutrient impact of the tree on the crop growing
under its canopies. The presence of trees had a clear
negative effect on maize yield. This could be explained
by the dense root system of A. tortilis in the top soil
(unlike roots of F. albida that penetrate deep) overlap-
ping with maize roots, intensifying competition for nu-
trients and soil water (Belsky 1994). Stressing the im-
portance of competition for soil moisture under
A. tortilis, Noumi et al. (2011) demonstrated that crop
yields under the canopy of this species were significant-
ly higher during relatively wet years compared with
relatively dry years. Our findings also agree with
Larcher (2000) who showed soil moisture stress, not
nutrients, to be the most important factor determining
crop yield under the canopies of this tree. In addition,
under canopy maize could not respond to nutrients as a
result of heavy shade known to reduce photosynthesis in
graminacea (Belsky 1994).

While fertilization rates under the current study were
those recommended for conventional conditions, our
results suggest that the application of fertilizer in com-
bination with A. tortilis did not influence maize yield. In
addition to tree canopy and root management to reduce
tree-crop competition (Lehmann et al. 1998; Jackson
et al. 2000), further study to disentangle alternative
fertilization practices that may reduce tree-crop compe-
tition in A. tortilis-maize systems is required.

In Rwanda, the presence of G. robusta resulted in an
average yield decline of 75%, 61%, 59% and 38% for
control, N only, P only, and combined NP fertilizers,
respectively, compared with maize outside the canopy
with similar fertilization. While maize yields for N alone
and P alone treatments were generally comparable, the
highest yields were always recorded in the treatments that
received combined NP for both under the canopy and the

open field. The lowest yield decline (38%) under the
canopy of G. robusta as compared with the correspond-
ing open field treatment was observed for combined NP
fertilizer application, suggesting that higher N and P rates
compensate for tree-crop competition. This result corrob-
orates earlier findings of maize grain yield being affected
by shade at kernel setting stage when faced with nutrient
limitation (Andrade et al. 2002), resulting from competi-
tion between trees and crops. A recent study also reported
that the shade from trees may affect grain formation
negatively by decreasing kernel rows per head and ker-
nels per row (Cui et al. 2015), although additional nega-
tive effects from root competition is expected in agrofor-
estry systems (Callaway and Walker 1997). An interest-
ing trend in G. robusta-maize system was the significant
increase in yield with additional fertilizer, suggesting that
fertilizer rates other than currently recommended for open
field systems might optimize under canopy maize yield.
As G. robusta is known for its timber (Bertomeu 2006)
and phosphorus mobilization (Lambers and Shane 2007),
higher rates of mineral fertilizer could improve its contri-
bution to the overall productivity of the system.

The contrasting outcomes (i.e., yield declines in
G. robusta and A. tortilis and yield improvement in
F. albida) in fertilizer-tree-crop combinations could be
related to the differences in tree root plasticity, which is a
process that affects the root’s foraging capacity depend-
ing on the nutrient availability surrounding the root
(Leitner et al. 2010; Chen et al. 2013; Henke et al.
2014). From root excavation studies on G. robusta in
Rwanda (Ndoli et al. 2016), F. albida and A. tortilis in
Ethiopia (Sida et al. 2016), only F. albida showed a deep
tap root with few laterals. G. robusta and A. tortilis had
dense lateral roots mostly concentrated in the top soil.
According to Chen et al. (2013) roots can adjust the
direction of growth following resource gradient. In this
case, the laterally branching roots of G. robusta and
A. tortilis could behave in such a way, which could be
the reason why we did not observe much improvement
from nutrients added under their canopies. By contrast,
the deep penetrating roots of F. albida may not respond
in a similar manor, because the chance of these roots
becoming in contact with the soil P patches (created by
treatments applied under a single tree) is lower.

Tree presence modifies crop NUE and PUE

It has been established that combinations of organic
materials and mineral fertilizer can improve nutrient
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use efficiencies in crops (Goyal et al. 1999; Han
et al. 2004). As trees add organic matter to the soil
through litter fall, dead roots and N2 fixation for
some species, nutrient use efficiencies could be
higher for crops growing under their canopies. Ad-
dition of N to the soil in the form of N2 fixation may
increase NUE in two ways. It improves the total
amount of available N under nitrogen-deficient con-
ditions (Hirel et al. 2011), while it improves nitro-
gen availability under nitrogen-rich conditions (Xu
et al. 2012). Our results confirmed this assertion for
F. albida-wheat system, where NUE was larger for
under canopy wheat. Similarly, PUE was doubled
for wheat under the canopy of F. albida. This
F. albida effect is interesting, as inefficient P use
has been a major constraint in agricultural systems
across the tropics (Simpson et al. 2011). In SSA,
where limited availability of P is a critical limitation
in cereal production, F. albida-based agroforestry
systems could improve food security in the regions
where this tree dominates.

However, the presence of G. robusta and A. tortilis
resulted in inferior nutrient use efficiencies in maize. N
and P deficiencies, which are likely to happen because
of competition from tree roots, could be one of the
causes for low nutrient use efficiencies (Simpson et al.
2011). The other explanation for the inefficiencies could
be low radiation penetration resulting in low rates of
photosynthesis in maize (Setter et al. 2001). Although
nutrient use efficiencies by maize are low and often
negative in tree-crop systems, van Noordwijk and
Brussaard (2014) argued that system level nutrient use
efficiency analysis (for example, if the yield of
G. robusta were included in the analysis) may give a
different perspective. According to Sida et al. (2018a), a
farm-scale comparative analysis of ecosystem services,
which included A. tortilis from the same region, indicat-
ed that farmers’ rationale to maintain scattered trees
within crop fields were not for yield purposes alone.
The trade-offs that arose from the presence of these trees
were off-set by the fuel wood, conservation, construc-
tion and social values obtained from these trees.

Limitations and recommendations for future studies

While this study has highlighted the need for adapting
fertilizer application in heterogeneous tree-crop sys-
tems, stronger conclusions have been constrained by
an unbalanced experimental design, the lack of soil

fertility data and possible effects of root plasticity in
response to resource patches created from our treat-
ments. In future studies that aim to explore optimum
fertilization in tree-crop systems, a balanced design
combining more crops with single tree species and a
single crop with more tree species would lead to a
better understanding of mineral fertilizer-tree-crop in-
teractions, particularly in highly heterogeneous farm-
ing systems as the ones considered in this study. Inclu-
sion of soil fertility parameters and a larger number of
replicateswould also enhance our understanding of the
mechanistic processes involved in these interactions.

Conclusions

The current study demonstrated that tree-crop interac-
tions are mediated by the application of N and P fertil-
izers in tree-crop systems. In F. albida-wheat agrofor-
estry systems, N fertilizers could be saved, with local-
ized application of P fertilizers close to tree crowns. In
G. robusta-maize and A. tortilis-maize agroforestry sys-
tems, maize did not respond to N and P fertilizers
applied at recommended rates, although the application
of these nutrients compensated for competition. This
implies that mineral fertilizers can offset the effect of
competition, while they fail to provide the yield advan-
tages similar to mono-cropping situations. Thus, the
current study highlighted the fact that fertilizer recom-
mendations need to be adapted to agroforestry systems.
However, in order to quantify the exact magnitude and
nature of fertilizer-tree interaction in agroforestry sys-
tems accurately, factorial application of higher and low-
er rates of mineral fertilizer is needed. In addition,
further research is needed to identify fertilization rates
that minimize tree-crop competition for G. robusta-
maize and A. tortilis-maize systems, while additional
studies are needed to identify the rates and timing of
application that optimize F. albida-wheat facilitation.
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