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ABSTRACT

Push-pull technology is increasingly promoted in sub-Saharan Africa, particularly for pest management and enhancing crop
productivity. However, its influence on soil properties remains understudied, despite its potential implications for soil health and
sustainable soil fertility management. This study examines soil properties in push-pull and conventional non-push-pull cropping
systems. Soil samples were collected from push-pull and conventional plots in Ethiopia, Kenya, Rwanda, and Uganda. We exam-
ined the associations between soil physicochemical properties and cropping systems, along with key components of push-pull,
namely Desmodium coverage and plot age, and manure and mineral fertiliser application. Overall, there were a few differences
in soil properties between push-pull and conventional cultivation. In Kenya and Uganda, where Desmodium cover varied con-
siderably, higher cover was positively associated with soil organic matter, cation-exchange capacity, and multiple nutrients. In
Rwanda, Desmodium cover was positively associated only with phosphorus. Plot age in Kenya was negatively associated with pH
and potassium, suggesting acidification from N, fixation and potassium mining in the system. In Kenya, manure application was
negatively associated with soil pH, CEC and several nutrients, while in Uganda, it was positively associated with calcium, sodium
and zinc. In Ethiopia, manure application was positively associated with potassium and zinc, but only when testing the push-
pull systems separately. Mineral fertiliser use was negatively associated with potassium and pH in Kenya, the only country with
considerable use of mineral fertilisers. The data highlight a need for adaptive soil and crop management, including affordable
non-acidifying N fertilisers and liming products for long-term sustainability of the push-pull system. The complexity in farmer
adoption and practices, and the underlying soil and climate conditions, limit our ability to disentangle the contribution of system
components to the effects of the push-pull system. Nevertheless, our findings highlight the complex and context-dependent asso-
ciations of push-pull cropping and soil properties, underscoring the need for site-specific management to sustain soil health and
crop productivity across sub-Saharan Africa.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2026 The Author(s). Food and Energy Security published by John Wiley & Sons Ltd.
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1 | Introduction

Push-pull technology (PP) has gained prominence in sub-
Saharan Africa (SSA) for its role in integrated pest (stem
borers and fall armyworm) and weed (Striga) management
(Khan et al. 2000, 2002). Push-pull typically integrates cere-
als such as maize and sorghum with the nitrogen-fixing le-
gume Desmodium to deter pests and suppress weeds—push,
while Brachiaria or Napier grasses are planted along plot bor-
ders to trap pests—pull (Cook et al. 2007; Khan et al. 2000;
Pickett et al. 2014). In recent years, PP has also been adapted
to vegetable and legume production to help close the yield gap
(Chidawanyika et al. 2023, 2025). While PP is widely promoted
for its benefits in controlling lepidopteran pests and Striga
weeds, some additional benefits on soil fertility have also been
reported, such as increased nitrogen (N) and phosphorus (P)
(Ndayisaba et al. 2021), and increased soil organism diversity
(Mutyambai et al. 2024). The long-term effects of PP on soil
fertility, however, remain poorly understood.

Sustaining soil fertility is essential for long-term agricultural
productivity, yet soil degradation remains a pressing chal-
lenge in SSA (Sanchez 2002; Sanchez and Swaminathan 2005).
Although only a fraction of SSA's potential arable land is used
for cultivation (estimated at around 20%) (FAO 2025; McIntyre
et al. 2009), much of the arable land suffers from low nutri-
ent levels and declining soil organic carbon (SOC), driven by
prolonged cultivation (Jones et al. 2013; Soil Nutrient Maps of
Sub-Saharan Africa 2018). Desertification, soil erosion, and the
widespread burning of crop residues further degrade soil fertil-
ity (Boiko 2024; Jones et al. 2013). These factors significantly
undermine productivity and food security, particularly for
smallholder farmers who struggle to afford agrochemical inputs
(Beegle et al. 2016). Addressing these challenges requires adopt-
ing cropping systems that enhance soil organic matter (SOM)
and nutrient reserves while optimising the use of inorganic fer-
tilisers (Vanlauwe and Giller 2006).

Many legume-based cropping systems, such as those incorporat-
ing Desmodium, enhance biological nitrogen fixation, enriching
the soil with organic N (Chu et al. 2004; Temperton et al. 2007).
In addition, legume residues and root biomass contribute to in-
creased SOC and N levels (Amanuel et al. 2000; Lupwayi and
Soon 2009, 2015), while also promoting carbon sequestration
in the soil through residue decomposition (Kuyah et al. 2023;
Meena et al. 2018; Ndayisaba et al. 2022). Soil C and N accu-
mulation is, however, a gradual process, as plant material must
first be deposited, decomposed, and integrated into the soil
(Meena et al. 2018). In perennial legumes, these contributions
depend on natural senescence and die-off unless trimmed and
left as mulch. The duration of legume establishment and inte-
gration into the soil is thus a key factor influencing soil fertility
improvements.

The quantity and biomass of legumes also play a significant
role in soil fertility outcomes (Lupwayi and Soon 2015; Meena
et al. 2018). Vigorous legume growth provides greater inputs of
SOM and N, enhancing soil carbon storage and nutrient cycling.
Robust legume growth, however, requires adequate supplies
of other nutrients, including phosphorus (P), potassium (K),
and magnesium (Mg), which must be sourced from the soil or

supplemented through mineral fertiliser or manure application
(Mugwe et al. 2019; Vanlauwe et al. 2015). The influence of pe-
rennial legumes on soil stocks of these nutrients varies across
studies. Previous research has suggested a potential depletion of
soil P due to high legume demand for energy transformation in
root nodules (Mitran et al. 2018). In contrast, another study has
reported that Desmodium can enhance P availability (Ndayisaba
et al. 2021). These findings indicate that perennial legumes can
have complex and context-dependent effects on soil nutrient
dynamics.

Evidence suggests that PP enhances soil health through nitro-
gen fixation, erosion control, enhanced carbon inputs, and ben-
eficial soil organisms (Jalloh et al. 2024; Mutyambai et al. 2024;
Ndayisaba et al. 2021), although the underlying mechanisms
and long-term effects of PP on soil health remain uncertain.
While these benefits indicate potential long-term gains in SOM
and nutrient availability, their effectiveness likely depends on
factors such as the duration of PP cropping, Desmodium cover-
age, and interactions with different mineral fertiliser and ma-
nure inputs. Understanding these relationships is critical for
optimising PP systems and soil fertility benefits in smallholder
farming systems in SSA.

This study examines how twenty-two key soil properties in four
East African countries are associated with PP cropping, the du-
ration of PP cropping, Desmodium coverage, and mineral fer-
tiliser and manure application. By evaluating these factors, we
aim to provide insights into PP's potential as a sustainable soil
fertility management strategy.

2 | Methodology
2.1 | Study Area

Our study was conducted within a year, between 2022 and 2023,
across four East African countries: Ethiopia, Kenya, Rwanda,
and Uganda (Figure 1). Sampling took place on smallholder
farms in Ethiopia’s Amhara region (districts of Dawachefa,
Kalu, and Qewot, and Shewarobit City Administration), Kenya's
western region (Homabay, Kisumu, Siaya, and Vihiga counties),
Rwanda’s northeastern Gatsibo district, and Uganda's southeast-
ern region, in Kamuli and Namutumba districts. An overview of
the climatic conditions and dominant crops in each study region
is provided in Table 1.

2.1.1 | Overview of the Dominant Soil Types in
the Study Region

The study regions span diverse agroecological zones, each with
distinct soil types. In the Amhara region of Ethiopia, Vertisols
and Leptosols are predominant, highlighting the region's varied
topography and seasonal rainfall (Jones et al. 2013). In western
Kenya, soils vary widely, with common types including Plinthic
Acrisols and Eutric Gleysols, indicative of both well-drained and
periodically waterlogged conditions. Gatsibo district in Rwanda
is mainly composed of Umbric Ferralsols and Regosols, typical
of weathered tropical soils with moderate fertility. In South-
eastern Uganda, the dominant soil types include Acrisols,
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FIGURE1 | Study plotlocations in Ethiopia, Kenya, Rwanda, and Uganda.

Nitisols, and Ferralsols, which support diverse cropping systems
despite limitations in nutrient availability and structure (Jones
et al. 2013).

2.1.2 | Plot Selection

Plot selection was based on existing GIS databases and pedo-
climatic characteristics of PP plots, which were confirmed by
ground truthing and surveys. We used the Soil Atlas of Africa
(Jones et al. 2013) and the African Soil Information Services
maps to account for broad-scale soil differences and identify
general soil type patterns. While local spatial variation exists,
these maps provided a basis for selecting plot pairs with com-
parable soil conditions, which was further validated through
ground truthing.

A total of 128 plots were selected across the four countries, with
32 plots in each country arranged in a paired design. We selected
these plots based on existing PP fields and gradients of soil fer-
tility. In each country, 16 plots were managed under the PP
cropping system, consisting of maize (in Uganda, Rwanda, and
Kenya) or sorghum (in Ethiopia) intercropped with Desmodium
and with Brachiaria or Napier grasses planted along plot borders,
while the remaining 16 plots in each country served as controls.
The control plots (conventional non-push-pull, NPP) in Kenya,
Rwanda, and Uganda predominantly consisted of monocropped

maize, although a few maize intercropping systems were ob-
served, whereas in Ethiopia, it was solely sorghum. In Uganda,
seven plots were intercropped: three with common beans, three
with cassava, and one each with soybeans and sweet potatoes.
In Rwanda, five plots were intercropped: two with bananas, and
one each with cassava, beans, and potatoes. In Kenya, three
plots were intercropped: two with common beans and one with
groundnuts.

To help minimise potential soil variation within plot pairs, we
conducted a rough test of soil texture by feel and by checking
soil colour. Corresponding PP and NPP plots were placed on the
same farm, or when necessary on different farms, but always
within 10-50m of each other, as recommended for minimising
soil and management variability (Tittonell et al. 2005). The 128
plots varied in size across the countries from about 10mx10m
to about 50m x 30 m. Notably, in Rwanda, PP plots were approx-
imately one-third to half the size of their corresponding control
plots. Overall, plots in Rwanda were also smaller than those in
other countries.

2.2 | Soil Measurements
In each plot, we measured field-saturated soil-water infiltration

rates, soil penetration resistance, and collected soil samples for
laboratory analysis of twenty additional variables.
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2.2.1 | Field-Saturated Water Infiltration

r . w .
= 5 g‘ The infiltration rate was measured at three locations per plot
(; — N 4 aF using a double-ring infiltrometer (20/30 cm inner/outer diam-
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2188 3g 88 3« eter). The measurements were conducted on level ground be-
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=& 2 2 5 o 273 for approximately 2.5h, until the infiltration rate stabilised.
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2 é =@ E Z The average of the three determinations was taken as indic-
a — ~ ative of the soil's saturated hydraulic conductivity under plot
conditions.
g . § 2.2.2 | Soil Penetration Resistance
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2l €% g £ g3 = = Soil penetration resistance was measured once during the sam-
: 2 E ] 8 4 f; 88 pling season using a portable static cone penetrometer (Wile,
= 5‘6‘3 go § _§ = -5 g § Tuusula, Finland). The measurements were carried out after
p= 2z & g}a = 5 E £ z substantial rainfall and subsequent drainage to plot capacity,
E n a = this being the simplest way to standardise the conditions across
= plots and countries. The depth (in half or whole sections of the
rod length) at which the tip of the rod reached a resistance of
200psi (approx. border between favourable and satisfactory
£ e conditions for root penetration) and 300psi (border between
& g B O ) satisfactory and poor conditions) was recorded, and the depth
g = g e ‘%: %: % recalculated to meters. We also measured the depth at which
E g g g N — Q the rod could be inserted no further, which indicates the total
£ 3 depth of the soil profile or an otherwise poorly penetrable layer.
Any decreases in penetration resistance at larger depth and their
approximate depths were also noted. The measurements were
repeated 10 times across each plot, and an average penetration
== E g g = d
R = epth calculated.
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9 2.2.3 | Collecting and Drying of Soil Samples

H

; . = Each plot was represented by a composite soil sample (0-20 cm

S . as 9 depth) consisting of 20 soil cores (2.5cm diameter) collected
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% 2R 5 298 ¥EF 23 & \{—5 mesh. The fine fraction was thoroughly homogenised and
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g m E"j/ é“; X a 2.2.4 | Laboratory Analyses

*

el
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b The samples were analysed for soil texture in the soil labora-

.§ tory at Makerere University (Kampala, Uganda) using the hy-

‘é - drometer method (Bouyoucos 1962). Soil chemical properties

3 i were analysed at Crop Nutrition Laboratories (Nairobi, Kenya)

Q

b= .g - & according to their Complete Soil Analysis package, following

E 9 8 'c% 2 protocols from Pansu and Gautheyrou (2006). The soil chemical

© g Eg 2 I3 properties analysed were pH, electrical conductivity (EC), soil

~ al & o Q; § organic matter (SOM), total nitrogen (N), and ‘plant-available’

e S| = 3 = < phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg),
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) Eén g g 5 3 sulphur (S), sodium (Na), iron (Fe), manganese (Mn), boron (B),

5 “ copper (Cu) and zinc (Zn). Carbon-to-nitrogen ratio (C:N ratio)
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and cation exchange capacity (CEC) were calculated from the
analytical data.

2.3 | Plot-Level Agronomic and Management Data
Collection

Additional data collected on each plot included Desmodium cov-
erage, which was scored between 20% and 100% based on vi-
sual assessment. In each field, we first identified the rows where
Desmodium was planted and observed them at peak growth.
Plots in which these rows were densely covered along their en-
tire length were assigned a score of 100%. For plots with par-
tial coverage, we estimated the percentage of ground within the
rows visibly covered by Desmodium. Complementary informa-
tion was also obtained from farmers through a questionnaire.
This included the age of the PP plots (recorded as the number of
growing seasons since establishment) and whether manure or
mineral fertilisers had been applied during the current cropping
season (recorded as binary variables: applied or not applied). In
Ethiopia, manure application primarily consisted of cow dung,
whereas in the other countries, the specific type and composi-
tion of manure were not systematically recorded and likely var-
ied across farms.

2.4 | Data Analysis

To evaluate the association of the cropping system (PP vs. NPP),
manure or mineral fertiliser use, and percentage of clay (covari-
ate) on soil variables, we analysed each country separately using
Generalised Linear Models (GLMs) with a Gamma distribution.
The percentage of clay was used as a covariate since clay con-
tent directly impacts soil dynamics such as water retention, root
penetrability, and nutrient retention (NCDA and CS Agronomic
Division 1999) but remains independent of the cropping system.
For PP plots, we further examined the association of plot age
(continuous), Desmodium cover (continuous), and fertiliser ap-
plication (treated as two separate categorical variables: manure
application (Yes/No) and mineral fertiliser application (Yes/No))
with various soil variables using GLMs.

Variance Inflation Factors (VIFs) were calculated to assess
multicollinearity among explanatory variables in both models:
the cropping system model (clay percentage, cropping system,
manure or mineral fertiliser use) and the PP model (age of plot,
Desmodium percentage cover and manure or mineral fertiliser
use). The VIFs were computed using the vif function from the
fmsb package version 0.7.6 (Minato Nakazawa 2024). Only vari-
ables with VIF values less than 3 were retained for subsequent
analyses. We excluded interaction terms between explanatory
variables due to high correlations in the dataset. Model selection
was performed using Akaike's Information Criterion (AAICc
<2) with the dredge function in the MuMIn package version
1.48.4 (Kamil Barton 2024). For models meeting this criterion,
model averaging was conducted using the model. avg. function.
When there were no competing models (AAICc > 2 compared to
the best model), the best model was selected as the final model,
following the guidelines of Burnham et al. (2011). The goodness
of fit for all models was evaluated using the simulateResiduals
function from the DHARMa package version 0.4.6 to ensure

the validity of the model assumptions. All statistical analyses
were conducted in R version 4.4.0 (R Foundation for Statistical
Computing, Vienna, Austria 2024).

3 | Results

3.1 | Baseline Soil Characteristics and Nutrient
Variability Across Study Sites

Soil texture ranged from light to heavy, with the lightest soils
found in Uganda and Rwanda, and the heaviest in Ethiopia and
Kenya (Table 2). Soil pH ranged from very strongly acidic to mod-
erately alkaline; soils in Kenya varied from very strongly acidic
to neutral, Ethiopia varied from neutral to moderately alkaline,
Rwanda varied from very strongly acidic to slightly acidic, and
Uganda varied from strongly acidic to neutral. The CEC varied
widely, with levels well above what is regarded as a minimum
for productive soils (15meq/100g) (FAO 2007; NAAIAP 2014) in
Ethiopia and parts of Kenya. Lower CEC levels were recorded in
Rwanda and Uganda, reflecting the differences in clay content
and organic matter. Soils in Kenya and Uganda generally had
the highest measured infiltration rates, while those in Rwanda
and Ethiopia were lower.

Soil nutrient levels across study sites showed considerable vari-
ation, ranging from values well below agronomic recommen-
dations to concentrations that far exceeded critical thresholds.
For example, P levels were generally below the recommended
30ppm, particularly in Uganda, Kenya, and Rwanda, but ex-
ceeded 300ppm in Ethiopia. Nitrogen levels were generally
below the critical threshold across all countries, while S levels
were similarly low in Kenya, Rwanda, and Uganda. Potassium,
Ca, and Mg concentrations ranged from severely deficient to
highly elevated, with notably high values observed in Ethiopian
and Kenyan plots and consistently lower values in Rwanda and
Uganda. Copper and Mn levels were generally sufficient across
all sites and countries. In contrast, B and Zn levels were gener-
ally deficient in all countries.

The age of push-pull plots varied across countries: plots in
Kenya were overall the oldest (2-14years), those in Rwanda
were 3-4years old, Uganda had plots ranging from 6 months to
4years, and all plots in Ethiopia were 3years old. Desmodium
cover showed the greatest variation in Kenya and Uganda (20%-
100%). Rwanda showed moderate variation (50%-100%), and
Ethiopia had uniform coverage, with all plots at 75%. Manure ap-
plication was most frequent in Rwanda, where all plots received
manure, and lowest in Uganda (9% of the plots). In contrast,
mineral fertiliser use was most common in Kenya (84%), very
limited in Rwanda and Uganda (3%), and absent in Ethiopia.

3.2 | Associations Between Soil Properties

and Push-Pull Cropping Systems

3.2.1 | Cropping Systems

The relationship between PP systems and soil properties

varied among countries. Push-pull systems in Ethiopia were
negatively associated with CEC, C:N ratio, and Cu levels, and
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TABLE 2 | Minimum, maximum and median values of soil physical and chemical properties across countries.
Country Ethiopia Kenya Rwanda Uganda
Soil Critical
properties Min Max Med Min Max Med Min Max Med Min Max Med values?
Sand % 23 53 43 29 75 57 37 81 73 43 75 55 —
Silt % 18 44 28 10 38 20 11 49 23 7 45 35 —
Clay % 23 41 32 11 39 25 2 38 6 2 20 10 —
pH 6.99 8.81 7.425  4.88 7.29 5.96 4.65 6.18 5.685 513 6.75 6.04 >5.5
EC (uS/cm) 34.8 209 57.3 12.5 214 359 13.3 65.6 36.6 176  68.4 34.3 >80
CEC 34.7 79.1 53.9 4.2 46.2 12.9 3.88 20.6 6.585 4.29 17.6 12.8 >15
(meq/100g)
SOM % 1.49 4.04 2.665 1.86 4.72 3.23 1.96 385 2635 247 452  3.695 —
N % 0.089 0.17 0.12 0.09 0.2 0.16 0.074 0.18 0.11  0.09 0.17 0.14 >0.2
C:N 8.25 17.7 11.9 9.42 15.2 12.3 12.4 16 144 139 181 15.35 —
P (ppm) 2.64 323 24.1 1.84 76.2 13.8 4.8 88 30.05 312 80.2  5.655 >30
Ca (ppm) 5010 13,700 7775 468 5810 1220 367 2320 544 290 2550 1600 >400
K (ppm) 248 933 547.5 427 760 178 52.6 468 88.4 454 369 140 >94
Mg (ppm) 612 1770  892.5 77.6 1140 216 53.1 476 123 51 321 222.5 >120
Na (ppm) 19.9 817 32.35 573 359 11.5 0.82 324 1345 0.6 22,5 6.615 —
S (ppm) 14.2 41.8 17.9 5.25 17.4 10.7 7.4 23.8 10.15 8.81 14.6 12.4 >20
B (ppm) 0.46 3.72 0.885  0.09 0.95 0.43 0.2 0.7 0.2 0.11  0.75 0.42 >0.8
Cu (ppm) 0.71 6.11 3.71 0.99 11 3.61 0.8 12.6 2.4 1.66 5.4 3.88 >1
Fe (ppm) 55.6 173 112 98.5 272 160 69.5 399 1155 89.3 175 129 >10
Mn (ppm) 99.8 226 164 126 675 394 371 387 114 40.1 675 512.5 >20
Zn (ppm) 1.14 3.76 1.855 3.03 13.1 6.67 0.9 12.3 395  0.61 244 4.87 >5
Water 20 277 166 95 935 481 24 1188 115.5 147 1364 459.15 —
infiltration
(mm/h)
Depth to 0.302 0.628 0.457 0.095 0.438 0.186 0.015 0.685 0.361 — — — —
200 psi (m)
Depth to 0.449 0.670 0.579 0.141 0.575 0.281 0.163 0.685 0.487 — — — —
300 psi (m)
Depth>300psi 0.320 0.685 0.563 0.179 0.674 0.384 0.259 0.685 0.575 — — — —
(m)

aCritical values (FAO 2007; NAAIAP 2014) refer to the threshold concentrations of extractable nutrients in the soil, above which the addition of more nutrients is
unlikely to result in a significant economic yield increase. Minimum, maximum and median lowest, highest, and middle values recorded for each soil variable across

all observations.

showed a marginally negative association with Fe and Mn
(Figure 2 and Table S1). Although the cropping system was
retained in the final models for SOM, Ca, and Mg, no signifi-
cant associations were found (Table S2). In contrast, PP plots
in Kenya were positively associated with soil Fe concentra-
tions (Figure 2 and Table S3). While the cropping system was
also retained in the final model for EC, no significant asso-
ciation was observed (Table S4). In Rwanda and Uganda, no
significant associations were observed between the PP plots
and any of the measured soil properties (Figure 2), although

cropping system was retained in the final model for N, S, EC,
and Mg for Uganda, and for N, silt% and soil water infiltration
for Rwanda (Tables S5-S8).

3.2.2 | Desmodium Cover

When analysing only PP plots, we found that Desmodium
cover in Kenya and Uganda was positively associated with
SOM, CEC, S and K levels (Figure 3; Tables S9 and S10). High
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FIGURE 2 | Model-predicted associations between cropping system and (a) cation exchange capacity (CEC), (b) carbon-to-nitrogen ratio (C: N),
(c) extractable copper (Cu), (d) iron (Fe), and (¢) manganese (Mn) in PP and NPP plots across Ethiopia, Kenya, Rwanda, and Uganda. Values represent
GLM estimates (mean +standard error), with standard errors back-transformed to the response scale. Differences between cropping systems were
tested using Wald z-tests. Significance levels: * (0.01 < p <0.05), (~) marginally significant (0.05<p<0.1), and (ns) not significant (p >0.1).

Desmodium cover in Kenya was also positively associated
with N, and marginally with Ca levels, although Desmodium
cover was retained in the final model for C:N ratio, EC, B,
Cu, and Zn levels; no significant associations were found
(Table S11). Desmodium cover in Uganda was positively as-
sociated with Na, B, and Cu, and marginally positively asso-
ciated with Mg (Figure 3 and Table S10). Although it was also
retained in the final model for N, pH, and Fe, no significant
associations were observed for these variables (Table S12). In
Rwanda, Desmodium cover was positively associated with P
and marginally negatively associated with Cu levels (Figure 3
and Table S13). Although it was retained in the final model
for SOM, N, K, and Na; no significant associations were found
(Table S14). We did not evaluate associations between soil
properties and Desmodium cover in Ethiopia, due to a lack of
variation across PP plots.

3.2.3 | Push-Pull Plot Age

Older push-pull plots in Kenya showed a negative association
with soil pH and K, and a marginally negative association with
B levels (Figure 4 and Table S9). Although plot age was retained
in the most parsimonious model for Fe; its association was sta-
tistically non-significant (Table S11). In Uganda, plot age was
negatively associated with Cu and marginally positively associ-
ated with C:N ratio (Figure 4 and Table S10). Plot age in Rwanda
did not exhibit significant associations with any soil param-
eters (Figure 4 and Table S13); although retained in the final
model for SOM and N, no significant associations were observed
(Table S14). In Ethiopia, associations between soil properties
and plot age could not be evaluated due to a lack of variation
across PP plots.

3.3 | Clay Content and Soil Properties

Across plots, clay content consistently emerged as an important
covariate influencing soil properties. In both Kenya and Uganda,
N, Cu, Mn, and Zn were positively associated with clay content
(Tables S3 and S6). Sulphur was positively associated with clay
in Kenya and Rwanda, while Fe and CEC were positively as-
sociated with clay content in Uganda and Rwanda; in Kenya,
CEC also showed a marginal positive association (Tables S3, S5
and S6). Magnesium was positively associated with clay content
in Uganda and Kenya, and marginally in Rwanda, whereas Ca
was positively associated with clay in Uganda, and margin-
ally in Kenya and Rwanda. The C:N ratio was positively asso-
ciated with clay content in Uganda but negatively in Rwanda
(Tables S3, S5 and S6). Additional country-specific patterns in-
cluded a positive association of SOM and pH, and a marginally
positive association of B with clay content in Uganda (Table S6).
In Rwanda, EC was marginally positively associated with clay
content (Table S5), while no significant association was found
in Ethiopia.

3.4 | Associations Between Soil Properties
and Manure and Mineral Fertiliser Application

3.4.1 | Manure Application

Across all cropping systems (PP and NPP) in Kenya, manure
application was negatively associated with pH, K, Ca, Mg, Mn,
and marginally negatively associated with CEC (Figure 5 and
Table S3). Although manure application was retained in the
most parsimonious models for SOM, C:N ratio, EC, Fe, B, and
soil water infiltration, no significant associations were found
(Table S4). Similarly, in Kenya's PP plots only, manure applica-
tion was negatively associated with CEC, K, Ca, Mg, and mar-
ginally with B (Table S9). While manure use was retained in the
most parsimonious models for SOM and Cu, no significant asso-
ciations were observed (Table S11).

In contrast, manure application in the Ugandan cropping sys-
tems was positively associated with Ca, Na, Zn, and margin-
ally positively associated with CEC, N, P, C: N ratio, pH, and
Cu (Figure 5 and Table S6). Although no significant associa-
tions were found for SOM, Mg, Mn, Fe, B, and Na with ma-
nure application, they were retained in the most parsimonious
models (Table S8). Within PP plots in Uganda, manure appli-
cation was positively associated with Zn and Na (Table S10),
although no significant association was observed with N, pH,
P, B, and Cu; manure application was retained in the final
models (Table S12).

Manure application in Ethiopia showed no significant asso-
ciations with any measured soil properties across cropping
systems (Figure 5 and Table S1). Although it was retained in
the final models for N, Fe, Cu, Zn, and Na and water infiltra-
tion, no significant associations were found (Table S2). In PP
plots in Ethiopia, manure use was positively associated with
K and Zn, marginally positively associated with Ca and mar-
ginally negatively associated with P and Mg (Tables S15 and
S16). Manure application in Rwanda was uniform across all
plots, precluding any statistical evaluation of its association
with soil properties.

3.4.2 | Mineral Fertiliser Application

The application of mineral N-P fertiliser across cropping sys-
tems in Kenya was negatively associated with soil pH, K, and
marginally negatively associated with C:N ratio (Figure 6 and
Table S3). Mineral fertiliser application in PP plots was also
negatively associated with soil K, and marginally with Ca and
CEC levels (Table S9). While mineral fertiliser application
was retained in the final models for SOM, CEC, Ca, B, and ex-
plorable soil depth, no significant associations were observed
(Table S11). Given the (almost) absent use of mineral fertiliser
in Ethiopia, Rwanda, and Uganda, these countries were ex-
cluded from this analysis.
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FIGURE 3 | Relationships between Desmodium cover and (a) cation exchange capacity (CEC), (b) soil organic matter (SOM), (c) nitrogen (N), (d)
phosphorus (P), and (e) sulphur (S), (f) calcium (Ca), (g) potassium (K), (h) magnesium (Mg), (i) sodium (Na), (j) boron (B) and (k) copper (Cu) in
PP plots across Kenya, Rwanda, and Uganda. Linear regression models were used to assess the associations, with fitted lines shown in each panel.
Significance levels are indicated as follows: *** (p <0.001), ** (0.001 <p<0.01), * (0.01 <p<0.05), (~) marginally significant (0.05<p<0.1), and (ns)
not significant (p >0.1).
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4 | Discussion

This study provides valuable insights into how push-pull (PP)
cropping systems interact with soil properties in East Africa,
demonstrating how extensive Desmodium cover contributes to
the system's capacity to improve soil health. Our findings high-
light that the association is context-dependent, shaped by com-
plex regional variations in soil conditions and cropping systems.

4.1 | Context-Dependent Effect of Push-Pull
Systems

Previous studies in Kenya have reported that PP systems improve
soil properties such as N, P, and C compared to NPP systems
(Ndayisaba et al. 2021, 2022), but this pattern was not consis-
tently observed in our study. Notably, Ndayisaba et al. (2021,
2022) evaluated PP systems under controlled conditions, with
consistent Desmodium cover, standardised crop varieties and
adequate soil fertility inputs. In contrast, our study captures the
real world, smallholder farming systems where management
practices, input use, and Desmodium establishment are highly
heterogeneous.

Push-pull plots in Ethiopia surprisingly exhibited lower CEC
and concentrations of micronutrients such as Cu, Mn, and Fe
than NPP plots. Lower CEC was unexpected, given that legumes
typically enhance soil organic matter and nutrient retention
(Meena et al. 2018). In Kenya, PP plots had significantly higher
available Fe than NPP plots. However, given the large number of
soil variables tested, isolated significant results like this should
be interpreted with caution. The absence of broader significant
associations with other nutrients and soil properties, even in
the older established plots, was unexpected. It is possible that
the results observed in Ethiopia and Kenya were obscured by
substantial underlying variability in soil properties. Push-pull
plots in these regions may have been preferentially implemented
on more degraded plots, potentially masking broader soil im-
provements. Similarly, the lack of significant associations in
Rwanda and Uganda may also suggest that either PP plots were
too young to influence soil properties or that inherent soil vari-
ability masked potential effects. These divergent patterns high-
light the context-dependency of PP adoption and impacts, which
are shaped not only by cropping system design but also by re-
gional differences in soil characteristics and climatic conditions
(Hession and Moore 2011; Jones et al. 2013; Nsubuga et al. 2014;
Rwema et al. 2025) which may have masked the expected im-
provements in soil fertility.

4.2 | Desmodium Cover as a Key Driver of Soil
Fertility

Desmodium cover emerged as a key factor influencing soil fertil-
ity in the PP plots, particularly in Kenya and Uganda, where we
observed wider ranges of Desmodium cover. In both countries,
increased Desmodium cover was consistently associated with
higher levels of SOM, CEC, and S and K levels, and with higher
levels of N in Kenya and Na, B, and Cu in Uganda. This confirms
that Desmodium provides improved soil nutrient pools and soil
health. The role of some legumes in improving soil fertility

primarily through biological nitrogen fixation, and the addi-
tional carbon inputs, is well-established, particularly when in-
troduced as supplementary, often perennial components within
a cropping system (Jackson 2000; Schutter and Dick 2002).
Desmodium contributes to the accumulation of SOM through
leaf litter and root biomass (Amanuel et al. 2000; Liebmann
et al. 2020; Lupwayi and Soon 2009, 2015), which enhances nu-
trient availability and retention (Chu et al. 2004; Li et al. 2007;
Li et al. 2018; Temperton et al. 2007). Additionally, the deep-
rooted Desmodium may enhance nutrient concentrations in the
topsoil by nutrient pumping (Peixoto et al. 2022), where deep-
rooted plants extract nutrients from subsoil layers and redistrib-
ute them to the topsoil via residues and litter (Han et al. 2021).

The availability of P in Rwanda was positively associated with
Desmodium cover, suggesting that intercropping with legumes
may enhance P availability, potentially through microbial mo-
bilisation, shifts in soil pH and organic matter decomposition
(Dong et al. 2024). This finding supports previous research in
SSA, which reported that PP cropping systems can improve
the concentrations of plant-available P in soils compared to
conventional cropping systems (Ndayisaba et al. 2021; White
et al. 2021). However, the effect of Desmodium cover on soil P
was not consistent across all countries studied, indicating that
its influence is likely context-dependent (incl. differences in
adoption and practices) and shaped by underlying soil condi-
tions. These findings nevertheless highlight the importance of
successfully establishing abundant Desmodium cover to fully
realise its potential for enhancing soil fertility and reducing the
reliance on external inputs in smallholder agroecosystems.

4.3 | Influence of Push-Pull Plot Age

The age of PP plots showed contrasting relationships across
countries. In Kenya, where plots were the oldest and had the
widest age range, older PP plots were associated with lower soil
pH, K, and B. This potentially signals progressive acidification
associated with dinitrogen fixation (Giller 2001), and long-term
additional plant nutrient uptake and export via Desmodium
forage without sufficient replenishment. It also suggests that
long-term management of PP systems may require careful mon-
itoring and targeted soil amendments to maintain a good nu-
trient balance and prevent soil acidification over time, thereby
realising the full potential of PP cropping systems.

In addition, plot age in Uganda showed a negative association
with Cu, and a marginally positive association with C:N ratio,
suggesting an ongoing buildup of soil organic matter over time
(Meena et al. 2018). The limited age variability of PP plots in
Rwanda and the same age of all PP plots in Ethiopia obscured
our ability to detect an association between plot age and soil
properties in these countries. Strong effects are unlikely to
emerge with only a one-year age difference, as in Rwanda.

4.4 | Role of Clay Content and Plot Comparability

Higher clay content was generally associated with higher levels
of SOM, N, S, pH, CEC, Ca, and Mg, among other soil variables,
which reinforces the well-established role of clay in enhancing
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FIGURE 6 | Model-predicted associations between mineral fertiliser use and (a) pH, (b) carbon-to-nitrogen ratio (C: N), and (c) potassium (K),

across plots in Kenya. Values represent GLM estimates (mean+standard error), with standard errors back-transformed to the response scale.

Differences between manure use were tested using Wald z-tests. Significance levels are indicated as follows: * (0.01 <p<0.05), and (~) marginally

significant (0.05<p<0.1).

soil nutrient and water retention capacities (Kome et al. 2019).
Notably, clay content did not differ significantly between PP
and NPP plots, suggesting that the plots were reasonably well
matched in terms of soil texture, which is a prerequisite for eval-
uating the efficacy of PP systems.

4.5 | Contrasting Effects of Manure Fertiliser
Application Across Countries

Manure application yielded mixed associations with soil prop-
erties between countries. The lack of significant associations
between manure use and soil properties in Ethiopia likely re-
flects limited manure application, as few farmers applied ma-
nure in their plots, and those who did may have applied only
small quantities (Rapsomanikis 2015). Manure application
across both cropping systems in Uganda was positively asso-
ciated with key soil parameters, including Ca, Zn (also across
PP plots only), CEC, N, P, C: N ratio, pH, and Cu. This con-
firms the role of manure in promoting nutrient enrichment
and improving overall soil fertility (Mkhabela 2006; Sileshi
et al. 2025).

In contrast, Kenyan plots receiving manure exhibited lower
levels of pH (across all cropping systems), CEC, K, Ca, Mg, and
B (PP plots only). The lower CEC was unexpected, as manure
is typically associated with increased SOM, which in turn en-
hances CEC (Liu et al. 2020; Sileshi et al. 2025). Given that the
soil pH range is below 7.5, an increase in pH following manure
application was also expected (Liu et al. 2020; Shi et al. 2019),
but this was not observed. While farmers are unlikely to have
precise knowledge about fertility differences between neigh-
bouring plots, older PP farmers often established PP systems
in fields previously planted with nutrient-depleting crops such
as sugarcane. This broader awareness of field history may have
influenced manure application decisions. In addition, poten-
tial variability in manure quality and composition across farms
likely contributed to the observed patterns. These findings
should be interpreted as context-dependent associations rather
than direct causal effects of manure application.

The contrasting responses of manure use between the countries
may also reflect regional differences in manure availability and
composition (Das et al. 2017; Silva et al. 2008; Zhang et al. 2015),
application rates (Gross and Glaser 2021) and strategic consid-
erations amongst farmers, the inherent soil buffering capac-
ity (Eghball 2002), as well as differences in the legacy effect
of past cropping on the plots (Garba et al. 2022; Mugi-Ngenga
et al. 2022). It is also probable that where nutrient enhancement
was observed in PP plots, it may have been enhanced by the syn-
ergistic effects of Desmodium on soil nutrient retention and mo-
bilisation (Ndayisaba et al. 2021, 2022).

4.6 | Soil Acidification and Nutrient Imbalances
From Mineral Fertiliser Application

Application of mineral fertilisers in Kenya, where they were
commonly used, was associated with lower soil pH, K, and CEC
in PP plots only. This pattern may reflect the acidifying effects of
continuous mineral N input use and the potential of imbalanced
nutrient uptake (Wallace 1994). The observed association only
in PP plots could be related to differences in baseline soil fertil-
ity, plot history, or management practices rather than deliberate
differential application by farmers. These findings align with
previous research demonstrating soil acidification resulting
from repeated application of ammonium-based fertilisers and
urea (Sileshi et al. 2019). Additionally, the process of N, fixation
by Desmodium in the PP plots also produces acid, decreasing pH
and making it more pronounced (Giller 2001; Tang et al. 1999).

The observed decline in K levels may also suggest increased
plant uptake and export of K from the system when N and P are
applied, as this stimulates greater plant growth. This pattern is
consistent with nutrient mining, whereby enhancing the avail-
ability of certain nutrients can accelerate the depletion of oth-
ers that are not replenished (Dobermann 2007; Noordwijk and
Cadisch 2002). In addition, Desmodium vines are often cut and
carried as fodder for livestock (Khan et al. 2014), resulting in
exporting base cations such as K from the system. This removal,
combined with increased K export through harvested cereals,
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may have contributed to the consistently lower K levels observed
in PP plots.

These patterns highlight the importance of balanced nutri-
ent application that extends beyond N or N-P combinations.
Substituting ammonium-based N fertilisers with nitrate-based
formulations could help mitigate fertiliser-induced acidification
(Rivero-Marcos et al. 2025). Furthermore, wider access to af-
fordable soil testing could enable more targeted and effective
nutrient management. The success of such strategies, how-
ever, depends on the availability of suitable fertiliser options
in the local markets, which is often limited in SSA countries
due to higher prices (Amankwah et al. 2024; Hernandez and
Torero 2013).

5 | Implications and Limitations

Our findings vary considerably across regions, with key factors
such as Desmodium cover, system age, and fertiliser use influ-
encing soil properties. Given that PP systems integrate multiple
components, such as biological nitrogen fixation and organic
matter enhancement from Desmodium, coupled with farmers'
application of external soil amendments, it is difficult to attri-
bute the observed soil changes to a single factor. This complexity
limits our capacity to disentangle the relative contributions of
each system component (e.g., Desmodium vs. fertiliser use) to
the observed soil outcomes.

While some regions, such as those in Kenya and Uganda, show
clear benefits of long-term PP adoption and through greater vari-
ation in Desmodium cover, others (Rwanda and Ethiopia) illus-
trate more nuanced responses, possibly due to having younger
plots, less variation in Desmodium cover, or inherent soil prop-
erties. However, the potential for nutrient depletion and soil
acidification in older plots as observed in Kenya underscores
the need for adaptive management strategies, such as targeted
soil amendments and crop rotations, to sustain long-term soil
health.

Our study suggests that PP may have been preferentially imple-
mented on less fertile or degraded plots, which in turn makes
it difficult to disentangle the full effects of PP cropping on soil
fertility. Relatedly, challenges in identifying well-matched con-
trol plots due to variability in land-use history, management
practices, and farmer decision-making may have introduced
unaccounted confounding factors, limiting the comparability
between treatments. For instance, the absence of data on appli-
cation rates of fertilisers and nutrient content limits our ability
to assess application-response relationships or confidently at-
tribute changes in soil properties to specific inputs. This chal-
lenge is further compounded by known regional differences
in input use; for example, a smallholder farmer in Ethiopia
applies four times less mineral fertiliser than one in Kenya
(Rapsomanikis 2015). Furthermore, manure quality, decompo-
sition rates, and mineral fertiliser formulation can vary widely
across farms and regions, influencing their effects on soil pH,
nutrient availability, and microbial activity (Bayu et al. 2005;
Dahlin et al. 2021; Das et al. 2017; Kumar Bhatt et al. 2019;
Sileshi et al. 2019).

6 | Conclusion

In conclusion, our findings reinforce the potential of PP systems to
contribute to overall soil health, particularly through Desmodium
cover-driven improvements in SOM and N. The relationships, how-
ever, are shaped by site-specific conditions, including soil texture,
plot history, and input management, among other factors not ac-
counted for in our study. To sustain soil health over time, PP sys-
tems must be managed adaptively, bearing in mind integrated soil
fertility management that aligns with local soil conditions. Further
research is needed to explore the long-term impacts of PP systems
on soil health and ecosystem services, particularly in the context
of climate change, local management practices, and quantitative
fertiliser amendments. As efforts to upscale PP technology in sub-
Saharan Africa intensify, understanding the complex, context-
specific responses of soils to PP will be critical to achieving both
productivity and sustainability goals.
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Additional supporting information can be found online in the
Supporting Information section. Table S1: Soil parameters retained in
the final averaged GLM models for PP and NPP systems in Ethiopia.
Estimates (£ standard errors), z-values (or t-values), and p-values are
reported for each predictor variable retained after model averaging.
Significant p-values (p<0.05) and marginally significant p-values
(0.05<p<0.1) are shown in bold. Table S2: The results of model se-
lection assessing the responses of soil physiochemical properties to
clay %, cropping systems, and manure use in Ethiopia. AIC (Akaike
Information Criterion) shows how well a model fits the data. Table S3:
Soil parameters retained in the final averaged GLM models for PP and
NPP systems in Kenya. Estimates (+ standard errors), z-values (or t-
values), and p-values are reported for each predictor variable retained
after model averaging. Significant p-values (p <0.05) and marginally
significant p-values (0.05<p<0.1) are shown in bold. Table S4: The
results of model selection assessing the responses of soil physiochem-
ical properties to Clay %, cropping systems, manure and mineral use
in Kenya. AIC (Akaike Information Criterion) shows how well a model
fits the data. Table S5: Soil parameters retained in the final averaged
GLM models for PP and NPP systems in Rwanda. Estimates (+ stan-
dard errors), z-values (or t-values), and p-values are reported for each
predictor variable retained after model averaging. Significant p-values
(p<0.05) and marginally significant p-values (0.05<p <0.1) are shown
in bold. Table S6: Soil parameters retained in the final averaged GLM
models for PP and NPP systems in Uganda. Estimates (+ standard er-
rors), z-values (or t-values), and p-values are reported for each predictor
variable retained after model averaging. Significant p-values (p <0.05)
and marginally significant p-values (0.05<p<0.1) are shown in bold.
Table S7: The results of model selection assessing the responses of soil
physiochemical properties to clay %, and cropping systems in Rwanda.
AIC (Akaike Information Criterion) shows how well a model fits the
data. Table S8: The results of model selection assessing the responses of
soil physiochemical properties to clay %, cropping systems, and manure
use in Uganda. AIC (Akaike Information Criterion) shows how well a
model fits the data. Table S9: Soil parameters retained in the final av-
eraged GLM models for PP systems in Kenya. Estimates (+ standard er-
rors), z-values (or t-values), and p-values are reported for each predictor
variable retained after model averaging. Significant p-values (p <0.05)
and marginally significant p-values (0.05<p<0.1) are shown in bold.
Table S10: Soil parameters retained in the final averaged GLM models
for PP systems in Uganda. Estimates (+ standard errors), z-values (or
t-values), and p-values are reported for each predictor variable retained
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after model averaging. Significant p-values (p <0.05) and marginally
significant p-values (0.05<p<0.1) are shown in bold. Table S11: The
results of model selection assessing the responses of soil physiochemical
properties to Desmodium cover %, PP plot age, manure and mineral use
in PP plots in Kenya. AIC (Akaike Information Criterion) shows how
well a model fits the data. Table S12: The results of model selection
assessing the responses of soil physiochemical properties to Desmodium
cover %, PP plot age, and manure use in PP plots in Uganda. AIC
(Akaike Information Criterion) shows how well a model fits the data.
Table S13: Soil parameters retained in the final averaged GLM models
for PP systems in Rwanda. Estimates (+ standard errors), z-values (or
t-values), and p-values are reported for each predictor variable retained
after model averaging. Significant p-values (p <0.05) and marginally
significant p-values (0.05<p<0.1) are shown in bold. Table S14: The
results of model selection assessing the responses of soil physiochem-
ical properties to Desmodium cover % and PP plot age in PP plots in
Rwanda. AIC (Akaike Information Criterion) shows how well a model
fits the data. Table S15: Soil parameters retained in the final averaged
GLM models for PP systems in Ethiopia. Estimates (+ standard er-
rors), z-values (or t-values), and p-values are reported for each predictor
variable retained after model averaging. Significant p-values (p <0.05)
and marginally significant p-values (0.05<p<0.1) are shown in bold.
Table S16: The results of model selection assessing the responses of soil
physiochemical properties to manure use in PP plots in Ethiopia. AIC
(Akaike Information Criterion) shows how well a model fits the data.
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