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Push-pull cropping and ecosystem 
functioning in sub-Saharan African 
smallholder systems  

Abstract 

Ecological intensification aims to sustain crop yields by enhancing ecosystem 
functions, yet its performance across the diverse environments of sub-Saharan Africa 
is not well understood. Drawing on data from four East African countries, this thesis 
investigates how push-pull (PP) cropping system interacts with soil conditions and 
landscape structure to influence natural enemy communities, lepidopteran pest 
regulation and Striga weed suppression. Across countries, natural enemy 
communities were dominated by ants, and the overall abundance and diversity of 
natural enemies varied with landscape heterogeneity, cropping season and elevation. 
However, landscape effects were only present in Kenya. The push-pull system 
increased natural enemy abundance only in landscapes with high forest cover, while 
reduced crop cover, greater grass cover and configurational heterogeneity tended to 
reduce natural enemy abundance. Reduced crop cover, greater grass cover and 
configurational heterogeneity were also associated with lower pest damage, most 
likely due to mechanisms other than predation. PP cropping increased pest 
suppression in Uganda and Ethiopia, whereas no effects were detected in Kenya or 
Rwanda, although pest damage varied with seasons in Rwanda. At the soil level, PP 
fields with high Desmodium cover had elevated SOM, N, and P, but responses 
differed among countries. Field age produced divergent soil trajectories, with some 
older PP fields showing acidification and others accumulating SOM. Striga weed 
suppression demonstrated context dependency: PP was most effective in uniformly 
nutrient-poor or physically constrained soils, while in countries with limited soil 
variation or low seedbank pressure, soil interactions could not be detected. These 
findings highlight that PP is a context-dependent system whose effectiveness varies 
across ecological gradients. Aligning PP with local agroecological conditions is 
therefore essential for achieving consistent and sustainable outcomes in smallholder 
farming systems. 

Keywords: biocontrol, ecological intensification, fall armyworm, landscape, natural 
enemies, pests, soil fertility, stemborer, Striga   
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Abstract 
Ekologisk intensifiering syftar till att upprätthålla goda skördenivåer genom att 
förbättra ekosystemens funktioner, men hur väl detta fungerar i de varierande 
miljöerna i Afrika söder om Sahara är fortfarande dåligt känt. Med utgångspunkt i 
data från fyra östafrikanska länder undersöker denna avhandling hur 
odlingssystemet push-pull (PP) samverkar med jordförhållanden och 
landskapsstruktur för att påverka samhällen av naturliga fiender, reglering av 
skadegörande fjärilslarver och ogräset Striga. Samhällena av naturliga fiender 
dominerades av myror, och artrikedomen varierade med landskapets heterogenitet, 
odlingssäsong och höjd över havet. Landskapseffekter påvisades dock endast i 
Kenya. Där ökade push-pull förekomsten av naturliga fiender endast i landskap med 
hög skogstäckning, medan minskad grödtäckning, större grästäckning och 
konfigurationsheterogenitet tenderade att minska förekomsten av naturliga fiender. 
Minskad grödtäckning, större grästäckning och konfigurationsheterogenitet var 
också förknippad med lägre skadegörarnivåer, mest troligt på grund av andra 
mekanismer än predation. PP-odling minskade skadegörarangreppen i Uganda och 
Etiopien, medan inga effekter påvisades i Kenya eller Rwanda, även om 
skadegörarangreppen varierade med årstiderna i Rwanda. PP-fält med hög 
Desmodium-täckning (en av samodlingsväxterna i PP) hade förhöjda nivåer av 
SOM, N och P, men responsen skiljde sig mellan länder. Vissa äldre PP-fält visade 
försurning medan andra ackumulerade SOM. Bekämpning av Striga-ogräs var 
kontextberoende: PP var mest effektiv på enhetligt näringsfattiga fält eller med 
begränsande markfysik, medan i länder med begränsad variation i markförhållanden 
eller med liten fröbank påvisades inget markberoende. Dessa resultat visar att PP är 
ett kontextberoende odlingssystem vars effektivitet varierar över ekologiska 
gradienter. Att anpassa PP efter lokala agroekologiska förhållanden är därför 
avgörande för att uppnå pålitliga och hållbara resultat i småbrukarsystem. 

Keywords: biologisk bekämpning, ekologisk intensifiering, höstarmélarv 
(Spodoptera frugiperda), landskap, naturliga fiender, skadegörare, markbördighet, 
stamborrare, Striga (häxaört)  
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1. Introduction 

1.1 From conventional to ecological intensification 
For thousands of years, agriculture has been the cornerstone of human 
societies, influencing livelihoods, economies and landscapes globally. This 
traces back to the Neolithic period, characterised by stone tools and the 
domestication of plants and animals, and extends through the invention of 
plough-based cropping and irrigation systems in Mesopotamia (Ellis, 2000; 
Grigg, 1974). With the growing population and rising food demand, 
conventional agricultural intensification emerged as the key strategy, aiming 
to increase productivity per unit area of land (Bailey-Serres et al., 2019; Ellis, 
2000). 

The Green Revolution marked the height of conventional intensification, 
spurring economic growth and livelihood improvement for many farming 
households (Evenson & Gollin, 2003). It promoted large-scale monocultures 
of improved crop varieties of staples such as maize, wheat and rice, 
combined with synthetic mineral fertiliser, chemical pesticide inputs and 
irrigation (Pingali, 2012). While this strategy strengthened global food 
security, it came at a cost, posing serious challenges to sustainability. The 
expansion of large-scale monocultures and heavy dependence on synthetic 
external inputs led to biodiversity loss, soil degradation, water depletion and 
contamination, raising concerns about their long-term sustainability (Foley 
et al., 2011). In particular, the ecological cost of synthetic pesticides was 
epitomised by Rachel Carson’s Silent Spring in 1962 (Paull, 2013). Carson 
raised concerns that the indiscriminate use of chemicals such as DDT 
(dichlorodiphenyltrichloroethane) was causing widespread damage to 
wildlife, resulting in “a spring without voices,” where birdsongs and other 
signs of life were silenced by environmental contamination. Silent Spring 
sparked a global debate on the hidden costs of conventional intensification, 
marking a turning point in environmental consciousness worldwide. 

The growing awareness of ecological damage arising from the Green 
Revolution prompted a renewed focus on more environmentally friendly 
approaches. The principles of agroecology, which focus on applying 
ecological principles and concepts in crop production, intensified in the late 
20th century (Gallardo-López et al., 2018). Although the practices 
themselves are much older, rooted in the knowledge and traditions of 
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different indigenous farming communities worldwide (Pimbert et al., 2021), 
the term agroecology only began to appear in the literature in the 1920s 
(Gliessman, 1990; Klages, 1928). Building on these ecological principles, 
the concept of Integrated Pest Management (IPM) gained prominence as a 
crucial alternative framework. IPM was first formally proposed in the late 
1950s (Stern, 1959), and by the late 1970s, it had become a pivotal and 
widely adopted strategy for using ecological approaches to manage 
invertebrate pests, weeds and pathogens (R. F. Smith et al., 1976). This move 
signified a shift from calendar-based pesticide application to a more 
ecologically informed pest control approach. 

The early 21st century witnessed the emergence of new concepts such as 
sustainable intensification (Pretty et al., 2011; Rockström et al., 2017) and 
ecological intensification (Bommarco et al., 2013; Tittonell, 2014), in 
response to the ecological costs of conventional intensification. Both 
approaches aimed to enhance crop productivity while reducing negative 
externalities, put emphasis on ecological functions, and integration of local 
knowledge with scientific innovations. Together, they reflect a paradigm 
shift in how intensification is viewed in modern agriculture. 

Ecological intensification is gaining momentum as the world strives to 
achieve global food security without compromising ecosystem health, in line 
with the Sustainable Development Goals (Mishenin et al., 2021; 
Shahmohamadloo et al., 2021). This approach harnesses ecosystem 
functions that directly support agricultural productivity, such as pollination, 
natural pest control, and soil fertility (Krupek et al., 2022). Unlike the 
conventional approaches, ecological intensification positions biodiversity 
not as a constraint but as a critical asset to productive agroecosystems 
(Bommarco et al., 2013). Its effective application, however, goes beyond the 
local field scale. At the landscape scale, increasing habitat availability and 
heterogeneity could enhance the abundance of beneficial organisms, such as 
natural enemies, pollinators, and the ecological services they provide 
(Clarkson et al., 2022; Marja et al., 2022). This could reduce on-farm 
pesticide use, enhancing in situ biodiversity above and below ground, and 
promoting crop productivity over time, thus a win-win strategy. 
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1.2 Biodiversity and ecosystem functions in 
agroecosystems 

At the core of ecological intensification is biodiversity, specifically in 
reference to species richness, evenness and functional traits. Biodiversity 
provides multiple ecosystem functions, such as weed and pest control, 
pollination, and nutrient cycling, that directly or indirectly promote 
sustainable agricultural productivity (Altieri & Nicholls, 2018; Jonsson et al., 
2017). Natural enemies of crop pests, including arthropod predators, 
parasitoids, pathogens (i.e. bacteria and fungi), amphibians, and birds, help 
to suppress pest populations, thereby reducing the need for chemical 
pesticides (Avalos et al., 2020). Pollinators such as bees, flies, as well as bats 
and birds, enhance the reproductive success of insect and animal-pollinated 
crops, contributing to yield (Mphethe et al., 2025; Requier et al., 2023).  

Similarly, soil fauna, such as earthworms, termites, microorganisms 
(bacteria, archaea, fungi), are vital in nutrient cycling, decomposition of 
organic matter, and improving soil structure, which enhances soil aeration 
and water movement (Edwards & Arancon, 2022; Traoré et al., 2022). 
Vegetation biodiversity at both the local field and landscape scale also 
contributes substantially to ecosystem functions (Beillouin et al., 2021). 
Agricultural practices such as mixed cropping, agroforestry and crop rotation 
increase crop heterogeneity, which can help with weed suppression, reduce 
soil erosion, and promote steady yield (Kumari et al., 2024; Scott‐Brown et 
al., 2025). At the landscape level, natural and seminatural habitats such as 
hedgerows, grass meadows, and trees act as sources for these beneficial 
organisms, enabling spillover into farmlands, as well as providing corridors 
for their movement (Petit & Landis, 2023). Therefore, at both local and 
landscape scales, biodiversity promotes ecosystem functioning by reducing 
reliance on chemical inputs, increasing agroecosystems' resilience to 
environmental perturbations, and enhancing overall sustainability. Among 
these processes, natural enemies play a critical role in pest regulation. 
Characterising the structure, composition, and environmental drivers of 
natural enemy communities is essential for sustaining effective biological 
control in agroecosystems.  
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1.3 Natural enemy community structure and ecological 
importance 

The community structure, encompassing diversity, abundance, and 
functional composition of natural enemies (i.e. ants, parasitoid wasps, 
spiders, and predatory beetles), is central in regulating pest populations in 
agroecosystems (Jonsson et al., 2017; Ratto et al., 2022). Their presence in 
the agroecological systems can reduce crop pests by up to 90%, highlighting 
both ecological and economic benefits (Martin et al., 2013). Diverse 
communities of natural enemies enhance biological control through 
complementary foraging strategies and temporal stability in pest suppression 
(Laubmeier et al., 2023; Mesmin et al., 2022). Moreover, structurally 
complex natural enemy assemblages can strengthen the agroecosystems´ 
resilience to environmental disturbances and management changes by 
increasing their capacity to regulate pests (Rusch et al., 2015). However, 
these communities can be influenced by both local factors, such as cropping 
systems, and landscape-scale factors, including habitat composition, 
configuration, and elevation (Debinski, 2023; Karp et al., 2018). Notably, 
elevation represents a particularly important environmental gradient that 
shapes biodiversity patterns, physiological adaptations and species 
interactions (Kunene et al., 2022; Paudel et al., 2021). Assessing how multi-
scale drivers affect natural enemy community structure is essential for 
promoting sustainable, ecologically based pest management strategies. 

1.4 Elevation gradient and natural enemies  
Elevation is an important environmental gradient influencing biodiversity 
and is increasingly important as species shift upward in response to climate 
change (Jacobsen, 2020; McCain & Garfinkel, 2021). Elevation changes are 
associated with variations in temperature, oxygen availability, humidity, and 
vegetation structure, which in turn influence the organismal physiology 
(Khaliq et al., 2023), diversity and spatial distribution (M. A. Smith et al., 
2023), habitat selection (Uhey et al., 2022) and species interactions (Sam et 
al., 2023; Wang et al., 2024). In agricultural landscapes, these climatic and 
vegetation shifts have significant implications for natural enemy 
communities that provide pest control services (Herrera-Alsina et al., 2025; 
Uhey et al., 2022).  
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Studies across elevational gradients document clear shifts in the diversity 
and abundance of arthropod natural enemies, such as ants (Kunene et al., 
2022; Munyai & Foord, 2012), spiders (Måsviken et al., 2023), and 
parasitoid wasps (Randall, 2025). Lower warmer elevations tend to support 
greater species richness and activity, while higher elevations often harbour 
more endemic or cold-tolerant taxa (Herrera-Alsina et al., 2025; Hodkinson, 
2005). These compositional changes reflect physiological constraints, such 
as developmental time and reproductive capacity (Helms, 2023), and 
resource availability (Rödder et al., 2021). Such shifts in community 
composition create distinct ecological niches; for example, predatory ants 
may dominate at low elevations, while specific spider taxa may become more 
prominent at higher elevations, depending on climatic and habitat conditions 
(Kunene et al., 2022; Nogueira et al., 2021). Understanding the structural 
shifts of natural enemy communities along the elevation gradient is crucial 
for predicting spatial variation in pest regulation and designing adaptive, 
climate-resilient pest management strategies. 

1.5 Smallholder farming in sub-Saharan Africa  
Agriculture contributes approximately 20% of sub-Saharan Africa's GDP, 
and employs most of its population. However, food insecurity remains a 
persistent problem since an estimated 90% of the production comes from 
smallholder, low-input, rainfed systems (Boda et al., 2024; Khan et al., 
2014). These farms, often typically under two hectares, are heavily reliant on 
ecosystem functions such as pollination, pest control and soil fertility 
(Drinkwater & Snapp, 2022; Morizet‐Davis et al., 2023), due to their low 
input nature. To manage risks and enhance crop productivity, smallholder 
farmers often practice mixed cropping, which enhances ecosystem 
functioning (Rapsomanikis, 2015). However, the sustainability of these 
systems is increasingly threatened by rapid population growth (Beegle et al., 
2016), land-use change (Bununu et al., 2023; Molotoks et al., 2021), and 
climate-related pressures (Alexandridis et al., 2023). Developing sustainable 
smallholder farms remains a pressing goal as many of the communities 
relying on these systems continue to face undernutrition, food insecurity, and 
poverty (Khan et al., 2014).  
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1.6 Importance of maize and sorghum in sub-Saharan 
Africa 

Cereal production in sub-Saharan Africa is largely dominated by maize (Zea 
mays [L.]), accounting for about 40% of the total cereal output in Africa 
(Erenstein et al., 2022; FAO, 2025a). Maize is the most widely cultivated 
staple cereal crop, supporting the food security and livelihood of nearly a 
quarter of a billion people (Erenstein et al., 2022). Between 2020 and 2025, 
maize production in SSA has marginally declined from 87.5 to about 84 
million tons (FAO, 2025a). Despite maize's vulnerability to crop failure, i.e. 
severely reduced or negligible yield due to its specific biological needs 
during growth, it remains central to SSA smallholder farmers' food systems 
(Asfaw et al., 2024; Ragasa et al., 2025). 

Sorghum (Sorghum bicolor [L.]), on the other hand, while less dominant 
when compared to maize, plays an increasingly important role in enhancing 
food security across SSA, particularly in arid and semi-arid regions (Hadebe 
et al., 2017; Orr et al., 2016). Unlike maize, sorghum is well-adapted to heat 
and drought, among other multiple biotic and abiotic stresses, making it more 
resilient to climate change (Huang, 2018; Tari et al., 2013). These traits make 
sorghum a strategic crop for vulnerable farming communities in SSA. 
Approximately 65% of sorghum is utilised for food consumption, while the 
remaining is used for other non-food purposes, such as animal feed and fuel 
(Orr et al., 2016). Africa remains the top producer of sorghum at about 28.5 
million tons in 2024, led by Nigeria (7 million tons), Sudan (5.3 million 
tons), and Ethiopia (4.1 million tons) (Charyulu et al., 2024; IGC Report, 
2024). Ethiopia exemplifies sorghum's potential in the region as it is 
currently East Africa’s top producer. Research shows that while the total area 
planted to sorghum may decrease, overall output can still increase due to 
gains in productivity (Charyulu et al., 2024). For this reason, sorghum’s 
climate resilience could offer an essential buffer against food insecurity and 
environmental shocks (Tari et al., 2013). 

1.7 Constraints to cereal production in sub-Saharan 
Africa 

Cereal production in sub-Saharan Africa is severely limited by a combination 
of both abiotic and biotic factors. These factors are often interconnected and 
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are exacerbated by climate change, poor agricultural practices and 
socioeconomic challenges. 

1.7.1 Biotic constraints  

 Insect pests 
Among the major biotic stresses are insect pests such as maize stalk stem 
borers, Busseola fusca (Noctuidae), sorghum stem borers Chilo partellus 
Swinh (Pyralidae) (Khan et al., 2006) and fall armyworm Spodoptera 
frugiperda (Day et al., 2017). Stem borers and FAW pose a serious threat, 
with estimated yield losses ranging from 0 to 100 %, and are therefore 
considered among the worst biotic constraints in the region (De Groote, 
2002; De Groote et al., 2020). The corn leaf aphid (Rhopalosiphum maidis) 
and greenbug (Schizaphis graminum) are sap-feeding pests on both crops, 
which can lead to stunted growth, leaf discolouration, and reduced yield 
(Gonçalves et al., 2020; Royer et al., 2015). The sorghum midge 
(Stenodiplosis sorghicola) is a key pest of sorghum, whose larvae feed on 
developing sorghum seeds in the flower spikelets, resulting in significant 
yield losses (Okosun et al., 2021). Termites also cause economic losses to 
many crops globally due to their polyphagous nature, causing damage to the 
roots and lower stems (Otieno, 2018; Rana et al., 2021). Other below-ground 
pests include soil pests, such as rootworms, wireworms, cutworms and white 
grubs, which attack roots and seedlings, causing stunted growth and wilting, 
potentially killing the plant (Okosun et al., 2021).  

 Birds 
Birds are also a major pest of maize and sorghum in the region (De Mey et 
al., 2012; Mey & Demont, 2013). The Red-billed Quelea (Quelea quelea) is 
one of the most damaging avian pests in Africa, with its preferred diets 
consisting of sorghum and millet (DLCO-EA, 2022; FAO, 2025b). Other 
significant bird pests include village weavers (Ploceus cucullatus), doves 
and pigeons, especially species like the African mourning dove (Streptopelia 
decipiens), Rose-ringed Parakeet (Psittacula krameri), Red Bishop 
(Euplectes orix) and crows (Mey & Demont, 2013; Mofokeng & Shargie, 
2016). These birds cause damage by forming massive flocks in the fields, 
devouring either the planted seeds or the seeds on the stalks (Raheem et al., 
2021). Moreover, they are highly adaptable, and their migratory nature 
makes it difficult for farmers to predict and prevent attacks. As much as 
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traditional control methods, such as human "bird scarers," are being used, 
they are labour-intensive and often ineffective against massive bird flocks 
(Hiron et al., 2014).  

 Weeds 
Weeds likewise pose a significant constraint to cereal production in sub-
Saharan Africa, with some species causing substantial yield losses (Tittonell 
& Giller, 2013). The most problematic weed is Striga spp., also known as 
the “witchweed”, a parasitic plant known to attach to cereal roots like maize 
and sorghum, hindering their growth (Orr et al., 2016). Striga hermonthica 
and Striga asiatica are the key species in the region (Reynolds et al., 2015). 
Under severe infestation, Striga alone can cause yield losses of up to 100% 
in maize, depending on crop variety, growth stage and environmental 
conditions (Hayelom, 2014; Khan et al., 2002). In some cases, smallholder 
farmers have been forced to abandon severely infested fields, reducing 
available land for cultivation (Atera & Itoh, 2011). Other non-parasitic 
weeds include: Johnsongrass (Sorghum halepense), witchgrass (Panicum 
capillare), spear grass (Imperata cylindrica), crabgrass (Digitaria 
sanguinalis), goosegrass (Eleusine indica), pigweed (Amaranthus spp.), 
lambsquarters (Chenopodium album), purple nutsedge (Cyperus rotundus), 
and common purslane (Portulaca oleracea), which are major threats during 
the first few weeks of the crop's growth (Gharde et al., 2018; Silberg et al., 
2019). The competition from these weeds can lead to significant yield losses 
if not properly managed. 

 Diseases (fungi, bacteria and viruses) 
In addition to insect pests and weeds, diseases caused by fungi, bacteria and 
viruses have constrained the production of maize and sorghum. For example, 
fungal diseases such as the northern corn leaf blight (Setosphaeria turcica), 
cause lesions on the leaves, reducing the plant's photosynthetic capacity (Li 
et al., 2024), sorghum downy mildew (Peronosclerospora sorghi) and sooty 
stripe (Ramulispora sorghi), cause leaf discolouration and stunting growth 
(Jeger et al., 1998; Perumal et al., 2008), and charcoal rot (Macrophomina 
phaseolina), which infects the stalk, cause it to rot, and the plants to lodge 
and die prematurely (Rajput et al., 2023). Bacterial diseases include bacterial 
stalk rot (Erwinia chrysanthemi), which causes the stalks to rot and collapse 
(Ullah et al., 2025). Viral diseases include maize streak virus (MSV) and 
maize dwarf mosaic virus (MDMV), which are transmitted by insects and 
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cause leaf streaking, mottling, and severe stunting (Emeraghi et al., 2021; 
Massawe et al., 2018). The MDMV is also linked to maize lethal necrosis 
(MLN), which has caused a widespread cereal failure in SSA, leading to food 
insecurity (Mahuku et al., 2015).  

1.7.2 Abiotic constraints  

Degraded soils 
Low soil fertility and water stress are among the most significant abiotic 
constraints to maize and sorghum production in the region. African soils are 
old, strongly weathered and inherently less fertile (Jones et al., 2013; Managa 
& Nkobole, 2016). This is reflected in continent-wide assessments such as 
the Soil Atlas of Africa, which document the widespread occurrence of 
highly leached nutrient-poor soil types like Ferralsols and Acrisols across 
vast areas of the continent (Jones et al., 2013), 

The poor soil fertility is a multifaceted issue encompassing both soil 
chemistry and physics. The most significant soil chemical challenge is the 
lack of essential plant nutrients. Key among these is the depletion of critical 
nutrients such as nitrogen (N), phosphorus (P), and potassium (K). This 
depletion is primarily driven by continuous cultivation without sufficient 
nutrient replenishment, a process commonly referred to as crop nutrient 
mining (Ikazaki et al., 2024; Maes et al., 2023). Furthermore, the depletion 
of these nutrients is severely exacerbated by low soil organic matter (SOM) 
content. First, SOM plays a crucial role in soil chemistry by providing a 
reservoir of low-release nutrients, particularly N and P, through 
mineralisation (Laub et al., 2025). Secondly, SOM improves cation exchange 
capacity (CEC), the soil's ability to hold onto positively charged essential 
nutrients (like K+, Ca2+, Mg2+), thereby preventing their leaching (Ayongwa, 
2011). Lastly, SOM helps buffer soil pH against extreme acidity or alkalinity 
(Vanlauwe & Giller, 2006). The limited use of organic inputs (i.e. manure 
and crop residues) and inorganic inputs (synthetic fertiliser) also exacerbates 
soil infertility (Maes et al., 2023). This low or complete lack of fertiliser and 
soil amendments means that crop productivity is particularly dependent on 
often severely depleted soil fertility, leading to continuous cycles of low 
yield and continued nutrient mining (Laub et al., 2025; Zou et al., 2022).  

The physical properties of soils are also a limiting factor in the region. 
Decades of desertification and soil erosion caused by deforestation and poor 
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land management have stripped away nutrient-rich topsoil, removing 
essential plant nutrients and soil organic carbon (SOC). The loss of topsoil 
and SOC leads to the breakdown of soil aggregates and poor soil structure, 
resulting in compacted soils, which simultaneously hinders air exchange, 
root growth, and microbial activities. These degraded soils have low water 
infiltration, retention and drainage capacity, meaning rainwater is either lost 
as runoff or percolates too rapidly for effective root uptake. As a result, plants 
may experience alternating periods of drought stress and waterlogging, both 
of which reduce nutrient availability and impair root function. Such 
conditions not only constrain crop growth but also create favourable 
conditions for parasitic weeds like Striga, which thrives in low nitrogen and 
low carbon soils under water stress. The combined loss of soil carbon and 
poor water regulation thus perpetuates a cycle of degradation and 
vulnerability of cereal crops in the region (Ikazaki et al., 2024). Moreover, 
water stress alone can cause substantial yield losses, with maize being most 
vulnerable from pre-tassel emergence through the early grain filling stage, a 
period during which drought can reduce grain yield by up to 90% under 
extreme stress (NeSmith & Ritchie, 1992; Omokpariola et al., 2025). 

Climate change 
Climate change also serves as an abiotic constraint in cereal production in 
SSA by altering the physical conditions of the agricultural environment, 
making them increasingly unsuitable for crop growth. As highlighted in the 
introductory statement of this section, climate change intensifies the 
constraints mentioned earlier through thermal stress, drought and flooding 
(Kotir, 2011; Omokpariola et al., 2025). The rising global temperatures lead 
to higher frequency and intensity of heat waves, and generally higher average 
temperatures across the growing season. This increased heat can impact the 
plant physiology by accelerating growth and shortening the life cycle, 
particularly during the crucial flowering and grain filling stages (Tran et al., 
2025). Such compression of the growth period reduces photosynthetic 
efficiency and pollination success, leading to smaller grain size and overall 
lower yields. Maize is highly susceptible to heat stress, with studies showing 
substantial yield decline associated with even the slightest increase in mean 
temperature (Adhikari et al., 2015; Liu et al., 2025).  

Climate change also disrupts predictable rainfall patterns, leading to both 
drought and floods. Drought is one of the most severe abiotic stresses 
affecting SSA's predominantly rainfed agriculture. The reduced and erratic 
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rainfall causes prolonged dry spells and soil moisture deficit during critical 
growing stages (Alimagham et al., 2024). Water scarcity limits nutrient 
absorption and reduces turgor pressure, resulting in stunted growth, poor 
grain filling and permanent wilting. Furthermore, drought also exacerbates 
existing soil acidity and heavy metal toxicity by concentrating solutes, 
further inhibiting nutrient uptake and plant development. Studies estimate 
that drought can cause yield declines of up to 30% in arid and semiarid zones 
of SSA (Omokpariola et al., 2025; Onyeaka et al., 2024). Conversely, climate 
change increases the frequency and intensity of rainfall, which leads to 
flooding. Heavy downpour accelerates soil erosion, washing away fertile 
topsoil and essential nutrients, leaving behind infertile soils (Kotir, 2011), 
while waterlogging leads to soil anoxia that deprives roots of oxygen, root 
damage, increases seed mortality, and nutrient leaching (Bedasa et al., 2025; 
Tran et al., 2025). Collectively, these processes reduce soil fertility and crop 
productivity, underscoring the urgent need for adaptive strategies to buffer 
smallholder farming systems against climate variability. 

1.7.3 Socio-economic constraints  
Beyond abiotic and biotic limitations, socioeconomic factors also 
significantly limit maize and sorghum productivity in SSA. Smallholder 
farmers often face limited access to essential agricultural inputs, credit and 
extension services (Ferris et al., 2014; Gómez y Paloma, 2020). Additionally, 
poor infrastructure, particularly poor road networks and storage facilities, 
leads to substantial post-harvest loss (Nyambo et al., 2022), while weak 
market systems create unstable prices, discouraging farmers from adopting 
new farming technologies (Chianu et al., 2008). When combined with biotic 
and abiotic stressors, these socioeconomic issues present a major barrier to 
improving cereal production and require broader institutional and policy-
level interventions. 

1.8 Strategies to improve crop productivity in sub-
Saharan Africa 

Improving maize and sorghum yield in SSA requires a multifaceted approach 
that combines both elements of conventional and ecological intensification 
to address agronomic, environmental, and socioeconomic constraints. 
Conventional intensification includes, for example, the use of high-yielding, 
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pest-resistant and drought-tolerant seed varieties, which can significantly 
increase yields (Tandzi & Mutengwa, 2020). To achieve this, plant breeding 
efforts must be tailored to specific agroecological zones to maximise their 
potential. In parallel, ecological intensification focusing on utilising 
ecosystem functions to boost productivity should be encouraged. A critical 
part of this is utilising crop diversification strategies, such as crop rotation 
and intercropping (Bommarco et al., 2013; Jaworski et al., 2023). These 
strategies play a vital role in sustaining soil fertility and boosting productivity 
by leveraging biodiversity (Dainese et al., 2019; Kebede, 2021).  

Integrated pest and weed management (IPM) strategies further contribute 
to sustainable production. The use of biological control agents, such as 
predatory arthropods and parasitoids, can greatly reduce losses from pests 
such as FAW and stemborers (Hassanali et al., 2008). One example of an 
IPM and weed management system is the push-pull technology (Pickett et 
al., 2014), which will be discussed in detail in the following section. Beyond 
pest and weed management, improving on-farm practices, i.e. mixed 
cropping, mulching, infrastructure and market access can reduce post-
harvest losses and increase profitability. Moreover, investing in extension 
services, farmer training, and digital tools remains essential for 
disseminating agronomic knowledge (Hazell & Rahman, 2014). 
Collectively, these diverse interventions enhance the sustainability and 
resilience of cereal production and improve food security across sub-Saharan 
Africa. 

1.8.1 The push-pull technology  
Push-pull (PP) is a promising ecological intensification strategy developed 
for smallholder farmers in Africa, designed to address insect pests, parasitic 
weeds and limited soil fertility that constrain cereal yields (Khan et al., 2006; 
Pickett et al., 2014). Originally developed to manage the stemborer moths 
and parasitic Striga weeds, it has since proven effective against the invasive 
fall armyworms (FAW), which have plagued maize production across the 
region since 2016 (Cheruiyot et al., 2021; Midega et al., 2018). The PP 
system intercrops maize or sorghum with Desmodium spp., a 'push' intercrop, 
and the field is surrounded with Brachiaria or Pennisetum spp. grasses as a 
“pull” border crop (Pickett et al., 2014). The system has also been adapted 
and intensified to include high-value vegetable crops within the cereal 
component (Chidawanyika et al., 2025). Desmodium suppresses pests 
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through multiple mechanisms: releasing semiochemicals that influence 
FAW and stemborer behaviour and attract natural enemies, and physically 
trapping and killing larvae, demonstrating that PP effectiveness arises from 
interacting chemical and mechanical pathways (Da Silva et al., 2022; Erdei 
et al., 2024; Odermatt et al., 2025). 

Beyond pest control, Desmodium roots exude allelopathic compounds 
that induce suicidal germination in Striga (Khan et al., 2002; Kountche et al., 
2019). As a legume, it also enhances soil fertility by fixing atmospheric 
nitrogen and contributing organic matter that increases SOC, P, and N 
(Kuyah et al., 2023; Meena et al., 2018). Desmodium’s dense foliage 
improves moisture retention and reduces erosion, while both the intercrop 
and border grasses serve as valuable livestock fodder (Hassanali et al., 2008). 
Across diverse agroecological zones, PP has consistently shown improved 
pest and weed management, soil fertility and an increase in crop yield 
(Luttermoser et al., 2023; Midega et al., 2018; Ndayisaba et al., 2021).  

1.8.2 Drivers of variability in push-pull performance  
Despite the demonstrated success of the PP technology across many sites in 
East Africa, yields under the system remain highly variable (Khan et al., 
2014). A large-scale study spanning three East African countries, for 
instance, found that maize yields in PP fields ranged widely from 
approximately 2 to 6 tonnes per hectare (t/ha) (Midega et al., 2018). This 
variability suggests that the performance of PP is shaped not only by its 
capacity to suppress pests and weeds but also by broader environmental and 
management factors. Challenges such as drought, nutrient deficiencies, and 
competition from non-parasitic weeds often constrain yields in ways that PP 
alone cannot fully address. Understanding the contextual factors shaping PP 
performance is therefore critical, particularly in smallholder farming systems 
where resource limitations and environmental heterogeneity are common. 
This section highlights two key drivers of PP variability, namely soil fertility 
and landscape structure and how they interact with the system. 

1.8.3 Soil fertility as a driver of push-pull effectiveness  

 Soil fertility and crop vulnerability 
Low soil fertility is a major limiting factor for crop production in smallholder 
systems and fundamentally shapes plant vulnerability to pests and weeds. 
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Adequate nutrient availability supports plant growth, biomass production 
and the development of structural and biochemical defences (Chrysargyris et 
al., 2017; Roosta, 2024). When soils are deficient in essential nutrients such 
as N, P or K, plant growth is stunted, physiological resilience is reduced, and 
their natural defences are weakened (Tripathi et al., 2022). As a result, plants 
become more susceptible to insect pests, e.g. FAW and parasitic weeds, e.g. 
Striga and are less likely to recover from damage. This leads to significant 
yield losses, and these dynamics highlight an important indirect link between 
soil fertility, pest and weed pressure, and the potential success of the PP 
system. 

Soil fertility as a determinant of PP system performance 
The performance of the PP system is closely tied to the underlying soil 
fertility conditions. The intercrop Desmodium, for instance, requires 
adequate plant nutrients to grow vigorously, suppress weeds, and perform its 
ecological functions, including the production of important secondary 
metabolites (Erdei et al., 2024; Venkatasai et al., 2025). In fertile soils, 
Desmodium can perform its functions more effectively, strengthening pest 
and Striga suppression and improving crop growth (Herms & Mattson, 1992; 
Saleem et al., 2023).  

The mechanisms underlying PP effectiveness may also differ across 
fertility gradients. In low soil fertility conditions, yield gains are likely driven 
primarily by biological N fixation and weed suppression, alleviating nutrient 
limitation and competition, whereas in moderately fertile soils, improved 
pest regulation through enhanced ecological functioning may play a larger 
role. This functional flexibility helps explain why PP can perform well across 
a range of soil types, while also contributing to the observed variability in 
outcomes. 

Push-pull contribution to soil fertility: benefits and constraints 
A core feature of PP is its capacity to enhance soil fertility over time. The 
primary benefit arises from the intercrop Desmodium, a legume that fixes 
atmospheric nitrogen into the soil, contributes root biomass and leaf litter, 
and improves soil organic matter content, leading to enhanced soil structure 
and water retention (Nair et al., 2021; Ndayisaba et al., 2021). However, the 
soil-improving benefits of the system are not immediate. Soil fertility 
recovery is a gradual process that may take several seasons before substantial 
improvements become noticeable. This slow trajectory may not align with 
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the immediate needs of smallholder farmers facing acute food insecurity. 
Moreover, the process of N fixation itself requires other essential nutrients, 
particularly P, because it is energy demanding and depends on P-rich 
adenosine triphosphate (ATP) and adequate P availability for effective 
nodulation (Zhong et al., 2023). In soils that are already critically depleted 
of P or other micronutrients, the system's ability to fix N and improve soil 
health may be severely limited without the addition of external amendments.  

Trade-offs and competition under low-fertility conditions 
Although Desmodium contributes to long-term soil restoration, it can also 
compete with the main crop for water and nutrients, especially in low-
fertility or drought-prone environments (Suárez et al., 2022; Vazeux‐
Blumental et al., 2025). To mitigate these risks, Desmodium biomass 
management is recommended, as competition is always seen when the 
Desmodium grow beyond its designated rows (Pickett et al., 2014). These 
synergistic and antagonistic interactions between soil fertility and the PP 
system need to be considered. The successful upscaling of the PP system thus 
requires adaptive management strategies that actively mitigate resource 
competition and use supplementary inputs to bridge the gap between the 
immediate needs of food-insecure farmers and the system's long-term soil 
health benefits. 

1.8.4 Landscape structure and pest regulation in push-pull systems 
Agricultural landscapes consist of complex mosaics of crop fields, 
interspersed with seminatural habitats (SNH) such as grassland and forest 
(Macfadyen et al., 2021; Macfadyen & Muller, 2013). At broader spatial 
scales, two components of landscape structure, composition (types and 
proportions of different land cover) and configuration (their spatial 
arrangement), shape ecological processes by determining resource 
availability and the movement of organisms, including pests and natural 
enemies (Marja et al., 2022). Because many insects disperse over large 
distances, landscape structure can strongly influence local pest regulation.  

Although SNH provides natural enemies with essential resources, such as 
food and shelter, thereby enhancing biological control (Zhang et al., 2021), 
they may also benefit pest species, leading to variable outcomes across 
regions and farming systems (Daelemans et al., 2023; González et al., 2022). 
As a result, the net effect of landscape complexity on pest suppression is not 
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universally positive. Instead, outcomes could depend on pest traits, crop 
type, and on-farm management (Dainese et al., 2019; Karp et al., 2018). This 
variability underscores the importance of evaluating PP within its landscape 
context. 

Landscape composition  
Agricultural landscapes with a high proportion of SNH generally support 
greater abundance and richness of natural enemies due to increased 
availability of alternative prey and nesting sites (Dassou et al., 2023; 
Hohlenwerger et al., 2022). By sustaining these beneficial organisms, such 
habitats enhance natural pest regulation in adjacent crop fields (Marja et al., 
2022; Tortosa et al., 2023). As mentioned earlier, greater SNH cover does 
not guarantee improved pest suppression (Dainese et al., 2019; Karp et al., 
2018). Thus, the net outcome of landscape composition depends on how it 
interacts with farm-level management, including PP. 

In contrast, simplified landscapes dominated by monocultures often lose 
key SNH and field margins, reducing habitat for natural enemies and 
increasing susceptibility to pest outbreaks, which may lead to greater 
pesticide use (Zhao et al., 2015). A growing body of work shows that low 
landscape complexity can weaken biological control effectiveness 
(Carbonne et al., 2022; Feit et al., 2021), underscoring the importance of 
maintaining or restoring habitat diversity at the landscape scale to support 
resilient pest control services.  

Landscape Configuration  
Beyond composition, landscape configuration also plays a critical role in 
shaping pest regulation dynamics (Duarte et al., 2018; Haan et al., 2020). 
Features such as field size and shape, edge density, distance between habitats 
and connectivity influence the movement and interaction of pests and their 
natural enemies. In smallholder farming systems characterised by fine-
grained heterogeneity, natural enemies' spillover into fields can be enhanced 
(Haan et al., 2020). 

One key configuration metric is edge density, which describes the degree 
of landscape fragmentation and complexity (Macfadyen & Muller, 2013). 
Higher edge density increases the connectivity between crops and adjacent 
SNH, promoting the movement of natural enemies and improving pest 
suppression (Grande et al., 2020; Rand et al., 2006). Conversely, landscapes 
with low edge density, typical of large contiguous monocultures, reduce 
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connectivity while enabling rapid pest buildup (Furlong & Zalucki, 2010). 
These patterns underscore the value of integrating configuration-based 
landscape planning with farm-level practices to design functionally 
connected, ecologically resilient agroecosystems. 

Landscape context and the effectiveness of PP  
The effectiveness of local interventions such as PP depends on how they 
interact with surrounding landscape features, particularly in smallholder 
systems characterised by heterogeneous land use. A crucial concept 
illustrating this interaction is the Intermediate Landscape Complexity 
Hypothesis, which proposes that habitat manipulations such as flower strips 
or PP systems tend to be most effective in landscapes of intermediate 
complexity, where they supplement but do not replace existing ecological 
processes (Tscharntke et al., 2012). In highly simplified landscapes, local 
interventions may be insufficient to restore ecological balance, whereas in 
very complex landscapes, additional interventions may provide limited gains 
because natural regulation is already high, or because SNH also supports pest 
populations. 

Empirical evidence globally supports this context dependency. Studies 
from Africa show that landscape complexity can enhance pest suppression 
by attracting beneficial insects (Brévault et al., 2025; Macfadyen et al., 
2021). Research from other regions supports this broader pattern; for 
example, Jonsson et al. (2015) found that flower strips were more effective 
at attracting beneficial insects in a more complex landscape. However, while 
these studies point to a generally positive relationship, other studies have 
reported neutral or negative effects of landscape complexity (Dainese et al., 
2019; Karp et al., 2018). Assessing these multiscale interactions is essential 
for designing resilient strategies that enhance natural pest regulation while 
maximising PP performance. 
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2. Aims 

This thesis investigates how local (soil fertility and cropping systems) and 
landscape-scale (composition, configuration, and elevation) factors shape 
natural enemy communities and assesses how these multiscale drivers 
influence the performance of push-pull cropping systems in suppressing 
lepidopteran pest damage and Striga weeds. The specific objectives of the 
thesis were to : 
 
• Assess how elevation and grassland cover shape natural enemy 

communities in Kenyan maize crops (Paper I) 
• Examine the soil property responses to push-pull cropping in East Africa 

(Paper II) 
• Determine the effect of push-pull cropping and soil physical and 

chemical properties on Striga seed density and pest damage (Paper III) 
• Evaluate how push-pull cropping and landscape structure influence the 

natural enemy community and pest control (Paper IV) 
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3. Materials and Methods 

3.1 Overview of datasets 
This thesis draws on data from two complementary research projects 
investigating arthropod biodiversity, landscape factors, soil fertility and the 
regulation of FAW, stemborer pests and Striga seed density in East African 
smallholder agroecosystems. Data for Paper I were collected under the 
Resilient Push-Pull project in Kenya, focusing on how elevation and 
grassland cover shape natural enemy communities in maize cropping 
systems. 

Data for Papers II-IV were obtained from a large-scale regional study 
under the Horizon 2020 UPSCALE project, in collaboration with national 
partners across five East African countries: Ethiopia, Kenya, Rwanda, 
Uganda, and Tanzania. In this study, I examined the effects of soil fertility, 
cropping systems and landscape structures on the performance of push-pull 
technology across four countries: Ethiopia, Kenya, Rwanda, and Uganda. 
Data from Tanzania could not be analysed due to practical challenges. 

3.2 Study area and field selection  
The data for Paper I were collected in western Kenya between September 
2019 and July 2020. Twenty-four smallholder maize fields located across six 
counties (Bungoma, Homabay, Kisumu, Trans-Nzoia, Uasin-Gishu, and 
Vihiga (Figure 1a) were selected along an elevational gradient of 1050-2000 
meters above sea level (masl).  

In Papers II-IV, data were collected between March 2022 and March 
2023 across four East African countries: Ethiopia's eastern Amhara region 
(Dawachefa and Kalu districts), Kenya's western region (Homabay, Kisumu, 
Siaya, Vihiga counties), Rwanda's north-eastern region (Gatsibo district), 
and Uganda's south-eastern region (Kamuli, Kisozi, Namwendwa, 
Namutumba, Namasagali district) (Figure 1b). A total of 128 fields were 
selected, with 32 fields per country. The general study regions within each 
country were determined based on soil maps (Jones et al., 2013). 
Subsequently, the specific fields were preselected using existing GIS-based 
landcover maps and verified through ground truthing to ensure suitability.  
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The experimental design followed a paired approach, where each pair was 
located within 10 to 50 meters of each other, and, where possible, on the 
same farm, to reduce soil and management variability (Tittonell et al., 2005). 
In each country, 16 fields were under push-pull (PP) cropping, and 16 were 
non-push-pull (NPP) control fields. In the PP fields, maize was intercropped 
with Desmodium in Kenya, Rwanda and Uganda, while in Ethiopia, sorghum 
was intercropped with Desmodium. The NPP control fields primarily 
consisted of sole-cropped maize, though a few were intercropped with other 
crops, depicting the diverse farming practices in the region. In Kenya, two 
fields included common beans and one with groundnuts (3 fields); in 
Rwanda, two included bananas, and one each with cassava, beans, and 
potatoes (5 fields); and in Uganda, three had common beans, three with 
cassava, and one each with soybeans and sweet potatoes (8 fields). In 
Ethiopia, all NPP were solely planted with sorghum. The sizes of the fields 
varied between 100m2 and 1500m2, with Rwanda having smaller fields due 
to its hilly terrain. 

 
 
 
 
 
 
 
 
 
 
 



39 

 
Figure 1: Map of the study area in East Africa. (a) maize fields located along an elevation 
gradient in western Kenya, and (b) sorghum and maize fields in Ethiopia, Kenya, 
Rwanda, and Uganda. 

 
 



40 

3.3 Estimation of landscape structure  
For Paper I, grass cover composition was quantified by establishing a 1 km 
radius buffer around the centre of each field. This spatial scale is considered 
appropriate for studying the population dynamics of arthropod predators in 
agricultural landscapes (Lu et al., 2022; Rusch et al., 2016), to quantify grass 
cover composition. The buffers were created in ArcGIS using high-
resolution satellite imagery from Google Earth (2017). Within each buffer, 
grassland areas were manually mapped, and the percentage cover of grass 
was calculated, ranging from 5% to 30%. 

For Paper IV, landscape data from the 96 fields across the three countries 
(Kenya, Rwanda and Uganda) were used to investigate the effect of cropping 
system and landscape structures on natural enemy abundance and pest-
related leaf damage. Land cover surrounding each field was estimated using 
detailed crop classifications derived from Sentinel-2 and PlanetScope 
satellite data. The classification was based on field data collected in June 
2022. A MaxNDVI image composite was created, and a Random Forest 
classification was subsequently applied to generate a high-resolution land 
cover map. These maps were harmonised and reclassified into 8 distinct land 
cover types (bare soil, built-up, cropland, forest, grassland, shrubland, 
flooded vegetation, and water). For areas outside the extent of the detailed 
classification map but still within the studied landscape, the reclassified ESA 
WorldCover 2021 dataset was used to fill data gaps. 

Landscape metrics were computed using software ESRI ArcGIS Pro 
3.2.0, using a 1000 m radius buffer centred on each field. Landscape 
composition was expressed as the proportion of each land cover type relative 
to the total landscape. Landscape configuration was quantified using edge 
density, calculated as the total length of all edge lengths (boundaries between 
different land cover types) divided by the total landscape area. 

3.4 Overview of the dominant soil types 
The study region spans a range of agroecological zones, with diverse soil 
types underpinning variation in agricultural conditions and productivity 
across the region (Papers II and III). The Amhara region of Ethiopia is 
characterised by dominant Vertisols and Leptosols. Western Kenya features 
a combination of Plinthic Acrisols and Eutric Gleysols, reflecting both well-
drained and periodically waterlogged conditions. In Rwanda's Gatsibo 
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district, Umbric Ferralsols and Regosols are predominant, while in south-
eastern Uganda, Acrisols, Nitisols, and Ferralsols dominate (Jones et al., 
2013).  

3.5 Climatic conditions  
All four countries experience bimodal rainfall, with annual precipitation 
ranging between 1150 and 1650 mm and a mean annual temperature between 
19.0 and 24°C. In Ethiopia, the East Amhara region receives short rains 
(Bega season) from February to May, and long rains (Kiremt season) from 
June to September. The region receives an average of 1,113 mm of rainfall 
annually and has a mean annual temperature of 20.1°C (Dessalegn & Akalu, 
2015; Tiku et al., 2025) . In western Kenya, long rains occur from March to 
May, followed by short rains from October to December. The region receives 
about 1,500 mm of rainfall annually, with a mean annual temperature of 
24°C (Hession & Moore, 2011; Indeje et al., 2001). Similarly, both eastern 
Rwanda and South-eastern Uganda experience long rains from March to 
May and the short rains from September to November. Eastern Rwanda 
receive approximately 1,170 mm of rainfall annually and has a mean annual 
temperature of 19°C (Rwema et al., 2025; Siebert et al., 2019), while south-
eastern Uganda receives around 1,197 mm of rainfall annually and a mean 
annual temperature of 22.8°C (Hession & Moore, 2011; Nsubuga et al., 
2014). 

3.6 Data collection  

3.6.1 Arthropod sampling and identification 
In Paper I, ground-dwelling arthropods were sampled over two consecutive 
planting seasons: the short rainy season (September to December 2019), 
where sixteen fields were sampled and the long rainy season (March to July 
2020), where all twenty-four fields were sampled. There was only one maize 
cropping season at the highest elevations, which motivated the different 
number of fields between seasons. Sampling across seasons was critical to 
account for the variability in arthropod populations throughout the year 
(Fischer et al., 2022). Arthropod populations are not static, as their 
abundance and composition can fluctuate in response to environmental 
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changes such as rainfall and temperature (Fischer et al., 2022; Høye, 2020), 
life cycles, phenology (Gerlich et al., 2025), resource availability (Achury et 
al., 2022; Farooq et al., 2022), and farm management practices (Brusse et al., 
2024). Sampling in each field was carried out twice using six wet pitfall 
traps, which were placed at least three rows from the field edges, and 5-10 
meters (m) apart. To capture the insects, traps were filled to two-thirds with 
water and a few drops of unscented detergent to break the water's surface 
tension (Yi et al., 2012). After approximately 24 (±3) hours of exposure, 
traps were collected and all specimens retrieved. The specimens were then 
preserved in 70% ethanol and stored at -35°C. All arthropods were later 
identified to the genus level; only arthropod predators and parasitoids were 
selected for statistical analyses to assess the impacts of elevation and 
grassland cover.  

In Paper IV, arthropods were sampled using a combination of wet pitfall 
traps and sweep netting to capture both ground-dwelling and foliage-
dwelling taxa. Sampling spanned two consecutive planting seasons in Kenya, 
Rwanda and Uganda. Within each field, sampling was conducted twice per 
season. Three parallel transects were established along the maize rows in 
each field. The first transect was placed 1m from the field edge, while the 
second and third transects were positioned 2 to 4 m inward from the previous 
one, maintaining consistent spacing. Four wet pitfall traps were installed on 
the first 2 transects (2 traps per transect) using a double cup method. Each 
trap was placed at a position corresponding to 25% of the transect distance 
from each end of the transect, with the rim level to the ground surface to 
ensure unobstructed access for the arthropods. Traps were filled to two-thirds 
of their volume with a preservative solution of water and ethylene glycol, 
plus a few drops of unscented detergent. Each trap was covered with a clear 
plexiglass sheet, positioned 3cm above the ground to reduce rainfall 
interference and catch unwanted small mammals. The traps were left in the 
field for seven days. In total, four wet pitfall traps were installed per field. 
After the exposure period, the traps were removed, and all specimens were 
collected. For sweep netting, arthropods were collected along each 
established transect, performing 25 sweeps per transect (one left-to-right 
loop was considered one sweep). All specimens from both sampling methods 
were preserved in 70% ethanol and stored at -40°C. Arthropods were 
identified to the family level in each country, with only arthropod predators 
and parasitoid taxa included in subsequent statistical analyses.  
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Figure 2: Arthropod sampling in a maize field in Rwanda (a) wet pitfall trap installation, 
(b) specimen collection after seven days, and (c) an insect captured by sweep netting 
(Photos: Grace M. Amboka). 

3.6.2 Soil measurement, sampling and analysis 
Field-saturated soil water infiltration rates and soil penetration resistance 
were measured, and soil samples were collected from both PP and NPP fields 
in Papers II and III. 

Field-saturated water infiltration 
The infiltration rate was measured at three locations per field using a double-
ring infiltrometer (20/30 cm inner/outer diameter). The measurements were 
conducted on level ground between maize rows. Readings were recorded for 
approximately 2.5 hours, or until the infiltration rate had stabilised. The 
average of the three determinations was taken as indicative of the soil’s 
saturated hydraulic conductivity under field conditions (Figure 3a).  

Soil penetration depth 
Soil penetration depth was measured once during the sampling season using 
a portable static cone penetrometer (Wile, Tuusula, Finland). Measurements 
were taken under standardised soil moisture conditions after significant 
rainfall followed by drainage to field capacity. For each reading, the depths 
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at which penetration resistance reached 200 psi (favourable to satisfactory 
root penetration) and 300 psi (satisfactory to poor conditions) were recorded, 
along with the maximum depth reached by the rod. Ten measurements were 
collected per field, converted to metres, and averaged to estimate the field’s 
maximum penetration depth (Figure 3b). Soil penetration data were not 
available for the Ugandan fields. 

Soil sample collection, preparation and laboratory analyses 
Composite soil samples (0-20 cm depth) were collected from 20 soil cores 
(2.5 cm diameter) taken in a zig-zag pattern across the field and then 
homogenised for laboratory analysis. The samples were air-dried indoors on 
trays, and aggregates were crushed. The soil was subsequently sieved 
through a 2 mm mesh, and the resulting fine fraction was homogenised for 
further analysis (Figure 3c-e). 

The prepared soil samples underwent comprehensive laboratory analysis 
to determine twenty additional physical and chemical properties. Soil texture 
was analysed at Makerere University in Kampala, Uganda, using the 
hydrometer method (Bouyoucos, 1962). A complete soil chemical analysis 
was performed at Crop Nutrition Laboratories in Nairobi, Kenya, using the 
procedures described by Pansu and Gautheyrou (2006). Chemical properties 
were assessed through standard laboratory methods. Soil pH and electrical 
conductivity (EC) were measured potentiometrically. Plant available 
nutrients including phosphorus (P), potassium (K), calcium (Ca), magnesium 
(Mg), sulphur (S), sodium (Na), iron (Fe), manganese (Mn), boron (B), 
copper (Cu), and zinc (Zn) were extracted using Mehlich 3 solution and 
quantified with inductively coupled plasma optical emission spectroscopy 
(ICP-OES). Soil organic matter was analysed using the Walkley-Black 
method and converted to organic carbon, based on the assumption that SOM 
contains 58% carbon. Total N was determined using the Kjeldahl method. 
The carbon-to-nitrogen ratio (C: N ratio) and cation exchange capacity 
(CEC) were subsequently calculated from the analytical data. 

3.6.3 Striga seed bank assessment 
Striga seed bank and husk density were determined in the soil at Makerere 
University. This was done through wet sieving followed by flotation in 
sucrose solution, following Berner´s protocol (Berner et al., 1997). The 
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isolated seeds and husks were counted under a light dissecting microscope at 
30X magnification (Paper III).  

3.6.4 Pest damage assessment  
In both PP and NPP fields, leaf damage caused by FAW and stemborers was 
recorded (Papers III-IV). Along each transect, seven maize plants were 
systematically selected; every second plant was tagged for subsequent field 
observations, resulting in a total of 21 tagged plants per field. Damage was 
recorded on all the leaves of each tagged plant (Figure 4a-d). Leaf damage 
was scored using a simple scale ranging from 1 to 5 (Toepfer et al., 2021). 
Due to the difficulty in visually distinguishing damage caused by FAW and 
stem borers, the score represented the combined damage by both pest groups. 
Leaf damage from non-targeted pests (wilting, breakage, livestock feeding, 
or other insect infestations) was also recorded but excluded from subsequent 
analyses, ensuring that the damage estimate specifically represented FAW 
and stem borer activity.  

3.6.5 Field-level agronomic and management data  
Field-level data were collected to characterise management practices and 
crop attributes. In each PP field, Desmodium coverage was visually 
estimated and scored between 20% and 100%. Information on field age 
(number of growing seasons since establishment) and fertiliser use (manure 
or mineral, recorded as applied or not applied) was obtained from the farmers 
through a questionnaire. Across countries, the age of the PP fields ranged 
from 6 months to 14 years, with the oldest fields in Kenya and the youngest 
in Uganda. Desmodium cover showed the greatest variation in Kenya and 
Uganda (20% to 100%), moderate in Rwanda (50% to 100%), and uniform 
in Ethiopia (75%). Manure application was most frequent in Rwanda, while 
mineral fertiliser use was highest in Kenya and absent in Ethiopia (Paper 
II). 
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Figure 3: Field soil measurements and laboratory processing (a) water infiltration, (b) 
soil compaction, (c) sample collecting (d) crushing and sieving, and (e) weighing and 
sub-sampling (Photos: Grace M. Amboka) 

 

 
Figure 4: FAW and stemborer damage in maize fields (a) push-pull field, (b) pest-
induced leaf damage, (c) FAW damage severity scored using the Toepfer et al. (2021) 
visual scale, and (d) maize whorl damage by FAW larvae (Photos: Grace M. Amboka). 
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3.7 Statistical analyses  
All statistical analyses were conducted in R version 4.4.0 (R Core Team, 
2024).  

Common statistical procedures  
To ensure consistency across analyses, all models were checked for 
multicollinearity and selected based on the same information-theoretic 
approach. Multi-collinearity among predictors was assessed using Variance 
Inflation Factors (VIFs), calculated with the vif function in the fmsb package 
(Minato Nakazawa, 2024). Only variables with VIF < 3 were retained, 
indicating no significant collinearity (Zuur et al., 2010). Interaction terms 
were excluded when strong correlations were detected among predictors. 
Model selection was performed for competing models on Akaike's 
Information Criterion (ΔAICc<2) using the dredge function in the MuMIn 
package (Kamil Bartoń, 2024). When multiple competing models met this 
criterion, model averaging was conducted using the model. avg function, 
otherwise the single best model was retained (Burnham et al., 2010). Model 
fit checks were performed using the simulateResidual function in the 
DHARMa package (Papers I-IV). 
 

Paper I  
Generalised linear mixed models (GLMMs) were used to assess the effects 
of elevation and surrounding grassland cover on the predator communities. 
Data from two sampling rounds per season were pooled, and four key 
diversity metrics were calculated for each field using the vegan package 
(Oksanen et al., 2025): Shannon diversity index, species richness, Pielou’s 
evenness, and overall abundance. Data from both seasons were combined to 
increase statistical power. Field identity was included as a random factor to 
account for the non-independence of observations within the same field. 
Models were fitted with the appropriate error distribution: negative binomial 
distribution for species richness and abundance, beta for evenness, and a 
Gaussian for Shannon diversity, using the lme4 and MASS packages. 
Multicollinearity assessment and model selection were conducted as outlined 
in the common statistical procedures section. 

To assess the effects of elevation and grassland cover on natural enemy 
community composition, Non-Metric Multidimensional Scaling (NMDS) 
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was performed on the Bray-Curtis dissimilarity matrix using the metaMDS 
function in the package vegan (Oksanen et al., 2025). Differences in 
community composition among predefined categories of elevation and 
grassland cover were tested using permutational multivariate analysis of 
variance (PERMANOVA) with the adonis function. The assumption of 
homogeneity of multivariate dispersion was confirmed first using the 
betadisper function before PERMANOVA. Pairwise comparisons were 
subsequently conducted to identify specific group differences (Anderson, 
2005).  

Paper II  
Generalised linear models (GLMs) were used to evaluate twenty 
physicochemical soil properties associated with push-pull (PP) and non-
push-pull (NPP) cropping systems and analysed separately for each country. 
The effects of cropping systems (PP vs. NPP) and fertiliser type (manure or 
mineral) on soil properties were evaluated. The percentage of clay was 
included as a covariate, as clay content directly influences soil properties, 
but is independent of the cropping system. For PP fields, separate GLMs 
were fitted to examine the effect of field age, Desmodium cover, and fertiliser 
application on the twenty soil variables. Model selection and collinearity 
diagnostics followed the procedures described in the common statistical 
procedures section above. 

Paper III  
Generalised linear mixed models were applied to test the effects of the 
cropping system and soil physicochemical properties on Striga seed density 
and leaf damage. Models were fitted with the appropriate error distribution: 
negative binomial or Poisson on Striga seed density and Gaussian for leaf 
damage, using the lme4 and MASS packages. The field pair was included as 
a random factor.  

Before model fitting, six key physicochemical properties were selected 
per country (CEC, N, P and pH, water infiltration rates, and soil compaction 
depth), and summarised using principal component analysis (PCA), with the 
prcomp function in the package stats. The CEC was used as a proxy for 
exchangeable cations and clay content, while total N and P were included as 
they are limiting in all the countries, with concentrations way below the 
critical thresholds (FAO, 2007; NAAIAP, 2014). Soil pH was included 
because it directly influences nutrient availability for plant uptake. The first 
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two principal components (PC1 and PC2) were included as predictors in the 
GLMMs.  

In Ethiopia, PC1 captured a gradient from high soil pH and CEC to low 
P availability, while PC2 represented a gradient from greater soil penetration 
depth to lower N content and reduced infiltration capacity. In Kenya, PC1 
captured a gradient from high pH, P, and CEC to low infiltration rates, while 
PC2 represented a gradient from greater soil penetration depth to lower N 
content. In Rwanda, PC1 captured a gradient from high CEC and N content 
to lower pH, while PC2 represented a gradient from higher P availability to 
lower infiltration capacity and reduced soil penetration depth. In Uganda, 
PC1 captured a gradient from high pH, CEC, P, and N, while PC2 
represented a gradient from high infiltration capacity and N content to lower 
P availability. Multicollinearity assessment and model selection were 
conducted as outlined in the common statistical procedures section. 

Paper IV  
Generalised linear mixed models were applied to test the effects of the 
landscape structure, cropping system and season on natural enemy 
abundance, richness and leaf damage. Models were fitted with the 
appropriate error distribution: negative binomial or Poisson on natural enemy 
abundance and richness, and leaf damage was modelled using linear mixed 
models fitted with lme4 and MASS packages. The field pair was included as 
a random factor.  

Before model fitting, four landscape variables within a 1000m buffer 
(forest, grass, cropland cover and edge density) were summarised using 
principal component analysis (PCA), with the prcomp function in the 
package stats. The first two principal components (PC1 and PC2) were then 
included as the landscape predictors in the GLMMs. In Kenya, PC1 captured 
a gradient from high cropland cover to high grass cover and edge density, 
while PC2 represented high cropland to high forest cover. In Rwanda, PC1 
ranged from high cropland cover to high grass and forest cover, whereas PC2 
represented a gradient from low to high grass cover and edge density. In 
Uganda, PC1 captured the gradient from high cropland cover to high forest 
cover and edge density, while PC2 ranged from low grass cover to high forest 
cover. Multicollinearity assessment and model selection were conducted as 
outlined in the common statistical procedures section. 
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4. Results and Discussion 

This thesis shows that the push-pull (PP) system enhances key ecosystem 
functions, including soil fertility, natural enemy diversity, and the 
suppression of pests and Striga weed. However, these benefits are shaped by 
soil conditions, landscape structure, and seasonal dynamics, making PP 
performance context-dependent across East Africa. Understanding how 
these field-to-landscape-scale interactions mediate PP outcomes is essential 
for promoting cropping systems that sustain ecosystem services and 
productivity in sub-Saharan African agroecosystems. 

The results show that natural enemy communities were shaped by 
environmental context. At the field scale, elevation influenced natural enemy 
composition, with higher elevations exhibiting lower evenness, while grass 
cover showed a weak positive effect on richness. The higher elevation was 
dominated by Myrmicaria ants while the lower elevation supported a broader 
mix of genera, including Aphaenogaster, Crematogaster, Odontomachus, 
and Pachycondyla ants, along with Allonemobius crickets and Lycosa spiders 
(Paper I). The performance of the PP system varied across countries, with 
natural enemy responses and pest damage affected differently by landscape 
structure and differed between the long and short rainy seasons in different 
countries (Paper IV). In Kenya, natural enemy responses and pest damage 
varied with landscape structure, with PP field in more complex, grass-rich or 
forested landscapes showing higher natural enemy activity and reduced pest 
damage. Uganda showed consistently lower pest damage under PP, with 
neither landscape nor season influencing the relative effectiveness of PP, 
while in Rwanda cropping system effect depended on season, with higher 
natural enemy abundance and richness, along with lower pest damage 
observed during the short rainy season. These findings highlight the 
importance of habitat complexity, seasonal climatic variation and more 
stable system performance in shaping biocontrol potential. 

At the soil level, PP cropping improved several physicochemical 
properties compared to NPP systems, particularly in relation to Desmodium 
cover, though effects varied between countries. For example, PP fields with 
high Desmodium cover had high N, P, and SOM (Paper II), highlighting the 
benefits of integrating Desmodium within the cereal fields. In Paper III, the 
effect of PP on Striga seed density and pest damage was inconsistent across 
countries. In Uganda, PP consistently suppressed Striga seed density 
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independent of soil conditions, while in Rwanda, PP interacted with soil 
properties and showed no effect in Ethiopia and Kenya, while pest damage 
was reduced in Ethiopia and Uganda (Paper III). These patterns demonstrate 
that PPs' effectiveness is context-dependent, with soil fertility only 
explaining variation in Rwanda.  

To strengthen natural regulation of fall armyworm, stem borers and Striga 
under PP, management needs to be aligned with local ecological conditions 
such as conserving forest remnants, maintaining grassy edges and 
hedgerows, or promoting agroforestry in Kenya; improving soil fertility in 
Rwanda through practices like adding organic amendments or manure to 
reduce Striga proliferation; timing PP establishment ahead of the short rainy 
season to maximize on the natural enemy activity to suppress pest; and 
ensuring vigorous Desmodium and trap grasses in Uganda (Papers I to IV). 

4.1 Effect of elevation, landscape structure and 
seasonality on natural enemies and pest damage  

In Paper I, across both long and short rainy seasons, a total of 1317 natural 
enemies were collected, representing 60 families and 174 genera. It was 
found that ants (Hymenoptera| Formicidae) dominated the community 
(52%), followed by omnivorous crickets (Orthoptera| Trigonidiidae; 10%) 
and spiders (Araneae| Lycosidae; 9%) In Paper IV, natural enemy 
communities were substantially larger due to a longer sampling period, with 
33,934 individuals collected in Kenya and 20,697 in Rwanda across both 
long and short rainy seasons, representing 119 families in Kenya and 64 in 
Rwanda. Like Paper I, ants dominated the natural enemy assemblages, 
accounting for 52% of individuals in Kenya and 67% in Rwanda. Crickets 
(Orthoptera: Gryllidae) were the second most abundant group, comprising 
27% of individuals in Kenya and 7% in Rwanda, respectively. Spiders were 
also well represented, particularly Lycosidae in Kenya (6%) and Salictidae 
in Rwanda (10%). The dominance of ants in our study mirrors patterns in 
tropical agroecosystems, where ants frequently dominate (Schultheiss et al., 
2022). 

The importance of ants in pest control in sub-Saharan Africa has been 
examined in a few studies. For example, Dassou et al. (2021) and Koffi et 
al. (2020) showed that predatory ants such as Pheidole and Campotonus 
could effectively control the invasive FAW in maize fields in Benin and 
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Ghana. Despite these benefits, certain ant taxa, such as Crematogaster, can 
defend plant sucking aphids against other natural enemies, potentially 
exacerbating pest problems (Wills & Landis, 2018). Nevertheless, ants´ 
abundance in most tropical agroecosystems makes them possible allies in 
IPM, even though studies on their role in pest suppression are still limited in 
the region. 

4.1.1 Effects of elevation on natural enemy diversity and community 
composition 

Natural enemy communities responded to elevation changes (Paper I). It 
was found that natural enemy evenness declined significantly with increasing 
elevation (Figure 5), while richness and total abundance showed no clear 
elevational trends. The reduced evenness at higher elevations might be due 
to cooler climatic conditions and reduced resource availability (Ceia-Hasse 
et al., 2023), which together may limit the establishment of more diverse 
communities. In contrast, lower elevation supported a more diverse and 
evenly distributed community, likely due to higher plant productivity and 
resource availability (Farooq et al., 2022; Pilar et al., 2020), which can 
sustain a broader range of natural enemy species. 

Apart from affecting evenness, elevation also shifted community 
composition (Paper I). Notably, Myrmicaria ants became increasingly 
dominant above 1600 meters above sea level (masl), while ants from the 
genera Pachycondyla, Odontomachus, and Crematogaster were more 
common at lower elevations ranging between ~1200 to 1500 masl. Such 
taxa-specific turnover is consistent with elevational filtering documented in 
other tropical and temperate systems (Kunene et al., 2022; Måsviken et al., 
2023), suggesting that elevation acts as a major determinant of species 
distribution through its influence on thermal tolerance, habitat structure, and 
resource dynamics. Dominance by a few species at high elevations (such as 
Myrmicaria) may reduce functional redundancy, compromising pest control 
services, whereas the more even communities at lower elevations are likely 
to be more stable in the event of environmental perturbations (Lefcheck et 
al., 2015; Loreau & De Mazancourt, 2013). 
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Figure 5: Relationship between elevation and natural enemy evenness in Kenya. Points 
represent individual field sites, and the fitted line shows the significant negative 
relationship predicted by the linear regression (p < 0.05, Wald z-tests). 

4.1.2 Landscape heterogeneity and season as drivers of natural 
enemy communities  

Papers I and IV demonstrated that landscape structure, particularly the 
amount of semi-natural habitat, played an important but context-dependent 
role in shaping natural enemy communities. In Paper I, even though 
grassland cover explained less variation in community composition than 
elevation, it still influenced community composition during the long rainy 
season. It was found that maize fields embedded in >20% grass cover 
supported higher richness of natural enemy assemblages, whereas landscapes 
with <10% grass cover were dominated by a single genus. This suggests that 
grasslands and other semi-natural habitats can provide essential resources 
and refuges that help maintain diverse natural enemy assemblages (Farooq 
et al., 2022; Pilar et al., 2020).  

Paper IV demonstrated seasonal and landscape structural effects on 
natural enemy abundance and richness. In Kenya, an interaction between 
landscape structure gradient and PP fields was observed, with PP fields 
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supporting higher natural enemy abundance than NPP fields in more forested 
(and less cropped) landscapes, while no difference in abundance was 
detected in low-forest areas (Figure 6a; Table 1). Contrary there was a non-
significant negative relationship between natural enemy abundance and 
landscape, as they tended to decline with increasing grassland cover and edge 
density and with reduced cropland cover. Natural enemy richness was 
significantly affected by seasons, with fewer taxa recorded in the short rainy 
season. Increasing forest cover also showed a positive but non-significant 
effect on richness in both PP and NPP fields, indicating that forested 
landscapes may provide complementary resources and microhabitats that 
enhance natural enemy communities. 

These landscape-dependent patterns are consistent with broader evidence 
that forested and heterogeneous landscapes increase natural enemy activity. 
Forested landscapes, for instance, are known to provide cooler 
microclimates, structural complexity and litter, supporting richer predator 
communities (Clarkson et al., 2022; Hohlenwerger et al., 2022). These trends 
align with evidence from empirical and meta-analytic studies showing that 
landscape complexity, particularly semi-natural habitats such as grasslands 
and forest patches, can enhance natural enemy richness, abundance, and pest 
control, although effects are not consistent across all systems (Karp et al., 
2018; Marja et al., 2022).  

In addition to landscape gradients, seasonal changes also modulated 
natural enemy abundance and richness in Kenya (Papers I and IV). 
Evidence from Paper I shows that the positive influence of grass cover on 
natural enemy composition in Kenya was significant during the long rains, 
when increased rainfall and vegetation growth enhance floral resources, 
alternative prey, and microhabitat availability (Achury et al., 2022). In Paper 
IV, natural enemy abundance and richness significantly declined from the 
long to the short rainy season. Short rainy seasons in Kenya are often 
associated with shorter crop duration and lower resource availability, 
because smallholder farmers tend to plant early maturing maize varieties to 
cope with the shorter and more variable rainfall (Lila, 2023; Rutsaert & 
Donovan, 2023).  

In Rwanda, however, landscape structure did not modulate PP 
effectiveness. Instead, PP performance was mainly driven by seasonal 
variation. Natural enemy abundance and richness were high during the short 
rainy season (Paper IV), showing that PP effectiveness in Rwanda is linked 
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to climatic seasonality rather than landscape composition. The short rainy 
season coincides with the major cropping season, characterised by high 
maize and bean biomass, dense vegetation cover and stable humidity (NISR, 
2021). These conditions likely enhance resource availability and create 
favourable microhabitat conditions for predators and parasitoids, thereby 
strengthening biological control during this period. 

 

 
Figure 6: Averaged model-predicted associations along PC2 (cropland-forest cover 
gradient), and PC1(cropland-grassland gradient and landscape heterogeneity) in Kenya. 
a) Abundance per field and b) Pest damage per field. All predictions are derived from 
model-averaged GLMMs and are back-transformed to the response scale, with 95% 
confidence intervals. Points represent individual field sites. 

4.1.3 Pest pressure across landscapes, cropping systems, and 
seasons  

In Paper IV, landscape structure, seasonality and cropping system each 
emerged as key drivers of pest damage, with landscape structure being more 
influential in Kenya, seasonality in Rwanda and the cropping system in 
Uganda. In Kenya, pest damage declined along gradients of high grass cover 
and greater landscape heterogeneity, suggesting that cropland-dominated 
landscapes experienced higher pest pressure (Figure 6b). Since natural 
enemy abundance also declined along these gradients, although not 
significantly, other mechanisms are likely contributing to reduced pest 
damage. One possibility is that specialised parasitoids, which were not 
captured by our sampling methods, likely benefited from grasslands and 
suppressed pest populations (Bianchi et al., 2006; Landis et al., 2000). 
Additionally, bottom-up approaches, such as reduced resource concentration 
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in a more heterogeneous landscape, may have a limited pest population and 
thereby reduce pest damage (Andow, 1991; Tscharntke et al., 2005).  

Empirical studies in the Kenyan PP systems have shown that landscape 
complexity can influence both pest pressure and natural enemy responses, 
indicating that PP performance can be shaped by its surrounding landscape 
context rather than functioning in isolation (Midega et al., 2014b). While 
these patterns align with studies showing that heterogeneous landscapes and 
non-crop habitats often enhance natural enemy activity and reduce herbivore 
abundance, global syntheses also demonstrate that landscape effects are not 
universally consistent across systems (Karp et al., 2018). 

In Rwanda, the performance of PP to suppress pest damage was mainly 
modulated by seasons. Pest damage significantly declined during the short 
rainy season compared to the long rainy season, indicating that seasonality 
played an important role in Rwanda (Figure 7). Decline in pest damage 
during the short rainy season may be attributable to the observed increased 
natural enemy abundance and richness, which helps keep pest populations in 
check.  

In Uganda, the cropping system was the primary driver of pest damage, 
with significantly lower damage observed in PP fields compared to NPP 
fields (Figure 8). These reductions appeared relatively insensitive to 
landscape gradients or seasonal variation, suggesting that the core PP 
mechanisms, Desmodium repulsion, trap-grass attraction, and enhanced 
microhabitat conditions for natural enemies functioned more reliably under 
Ugandan conditions. This clear association between low pest damage and PP 
aligns with previous studies showing effective PP-mediated suppression of 
FAW, stemborers and Striga in Uganda (Hailu et al., 2018; Midega et al., 
2018).  

The results in Papers I and IV revealed that PP effects on natural enemies 
and pest damage are context dependent. In Kenya, landscape structure was 
the dominant driver; in Rwanda, seasonal climatic conditions had the 
strongest influence; and in Uganda, the PP system consistently suppressed 
leaf damage. This context dependency reinforces growing evidence that 
biological control outcomes in African agroecosystems are shaped by locally 
specific interactions of climate, landscape, and farming practices rather than 
a single overarching driver (Abbas et al., 2022; Sánchez et al., 2022). 
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Figure 7: Averaged model-predicted associations between cropping seasons (long and 
short rainy seasons) and pest damage per field in Rwanda. All predictions are derived 
from model-averaged GLMMs and are back-transformed to the response scale, with 95% 
confidence interval. 

 
Figure 8: Averaged model-predicted associations between cropping system (push-pull 
and non-push-pull) and pest damage per field in Uganda. All predictions are derived from 
model-averaged GLMMs and are back-transformed to the response scale, with 95% 
confidence interval. 
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4.2 Soil properties, push-pull performance, Striga and 
pest outcomes 

4.2.1 Variation in baseline soil characteristics across sites  
As expected, soils varied widely in texture and physicochemical properties, 
reflecting East Africa’s agroecological diversity (Paper II; Table 2). Soils 
in Uganda and Rwanda were generally lighter and more acidic, while those 
in Ethiopia and Kenya were heavier, with cation exchange capacity (CEC) 
values exceeding the productivity threshold of 15 meq 100 g⁻¹. This 
threshold refers to the concentrations of extractable nutrients in the soil, 
above which the addition of more nutrients is unlikely to result in a 
significant economic yield increase (FAO, 2007; NAAIAP, 2014). 
Infiltration rates were highest in Kenya and Uganda. Available P and total N 
concentrations were generally below agronomic recommendations in all 
countries, except in some Ethiopian fields where P and base cation levels 
were exceptionally high. Boron and zinc deficiencies were consistent across 
all countries, suggesting widespread micronutrient limitations, a pattern also 
reported in a meta-analysis study across sub-Saharan Africa (Sileshi et al., 
2019). Establishing these soil conditions lays the foundation for interpreting 
cross-country differences in PP outcomes underpinning the context-
dependent effects of PP on soil fertility, Striga suppression, and pest 
regulation (Paper III).  

4.2.2 Soil fertility differences between cropping systems 
Although some differences in CEC and micronutrient concentrations were 
observed between PP and NPP fields, particularly lower CEC and 
micronutrients in Ethiopian and slightly higher Fe in Kenyan PP fields, there 
were no significant differences in SOM, total N and available P in any of the 
four countries (Paper II). Rwanda and Uganda showed no detectable 
differences between PP and NPP fields across key fertility indicators. This 
contrasts with earlier studies in Rwanda reporting PP-associated 
improvements in N, P, and SOC (Ndayisaba et al., 2021, 2022). Such 
inconsistencies likely reflect regional differences in soil type (Jones et al., 
2013).  
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4.2.3 Effects of Desmodium cover on soil fertility  
In Paper II, Desmodium cover emerged as an important determinant of soil 
fertility in PP fields, although its effect varied across countries. Higher 
Desmodium cover correlated with increased SOM, CEC, N, K, and S levels 
in Kenya and Uganda, reflecting its contribution to organic matter inputs and 
nutrient enrichment (Meena et al., 2018). In Rwanda, greater Desmodium 
coverage was instead associated with higher P availability (Figure 9), 
supporting its capacity to enhance P mobilisation (White et al., 2021). 
Phosphorus mobilisation is crucial, especially in agricultural systems, 
because P is often bound in forms that are unavailable to the plants (Zhong 
et al., 2023). Thus, increasing the pool of plant-available P can substantially 
improve P uptake, root growth and crop productivity in the highly acidic soils 
common in Rwanda. Greater P availability also enhances overall nutrient 
uptake because well-developed root systems are better able to explore the 
soil profile and access other nutrients and micronutrients. Moreover, 
adequate P alleviates energy limitations within the plant, supporting 
metabolic processes that facilitate the assimilation and transport of multiple 
nutrients. Collectively, these improvements contribute to stronger plant 
growth and greater resilience under nutrient-limited conditions (Divito & 
Sadras, 2014; X. Tang et al., 2021). Ethiopia was excluded from the analysis 
due to a lack of variation in Desmodium cover. These country-specific 
patterns highlight that the soil fertility benefits of Desmodium are context-
dependent and shaped by underlying soil properties and local conditions.  

4.2.4 Soil property changes across push-pull field ages 
In Paper II, older PP fields showed contrasting patterns across countries. In 
Kenya, fields older than 4 years showed signs of acidification and nutrient 
depletion (K, B), likely driven by long-term biomass export from 
Desmodium harvest and repeated application of ammonium-based fertilisers 
(Shi et al., 2019; Sileshi et al., 2019). These patterns suggest that without 
balanced nutrient replenishment, older PP fields may become increasingly 
nutrient-limited over time. 

In Uganda, however, older PP fields (~4 years) exhibited higher C:N 
ratios, indicative of gradual SOM accumulation, which may reflect lower 
biomass export, slower decomposition rates, or sustained inputs from 
Desmodium litter (Meena et al., 2018). This is consistent with reports that 
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Ugandan farmers tend to maintain PP fields for many years because of their 
perceived reliability and yield benefits (Chepchirchir et al., 2018). Such 
long-term maintenance, together with the generally consistent management 
practices documented by Chepchirchir et al. (2018), likely contributes to 
SOM build-up and may help explain the stable PP performance in Striga 
suppression and pest reduction observed in Paper III. Limited variation in 
field age in Rwanda and no variation in Ethiopia prevented assessment of 
field age effects in those countries. 

 

 
Figure 9: Relationships between Desmodium cover and (a) soil organic matter (SOM), 
(B) phosphorus in PP fields 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 < 0.05, and (ns) not significant (p ≥ 0.1). 

4.2.5 Influence of clay content on soil fertility  
Clay content emerged as a strong determinant of soil fertility as clay-rich 
soils were positively associated with SOM, N, S, CEC, Ca, and Mg (Paper 
II). This pattern is consistent with the well-established role of clay in 
enhancing nutrient retention and water-holding capacity (Kome et al., 2019). 
However, clay content did not differ between PP and NPP fields, indicating 
that the observed nutrient differences were likely driven by broader field and 
management-level contexts.  
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4.2.6 Effects of manure and mineral fertiliser application  
In Paper II, we found that manure and fertiliser use contributed to variation 
in soil conditions across fields, although the specific soil responses were 
strongly context dependent. In Uganda, manure use increased CEC, Ca, Zn, 
and N, reflecting its well-established role in replenishing micronutrients and 
enhancing nutrient retention, functions that are particularly valuable in the 
nutrient-depleted and weathered soils common across sub-Saharan Africa 
(Mkhabela, 2006; Sileshi et al., 2025). When applied in adequate quantities, 
manure can also contribute to SOM build-up, improve biological activity, 
and buffer acidity, thus making it an essential amendment for rehabilitating 
degraded soils (Bayu et al., 2005).  

In Kenya, however, manure use was related to lower pH and CEC, 
suggesting possible targeted application to already degraded soils, where 
baseline infertility can obscure potential benefits (Das et al., 2017; Gross & 
Glaser, 2021). Mineral fertiliser use in Kenya further contributed to declines 
in soil pH and base cation levels, consistent with the acidifying effects of 
ammonium-based inputs widely used in the region (Sileshi et al., 2019). 
Among the four countries, Kenya had the highest number of farmers 
applying mineral fertiliser. Despite the potential acidification issues of some 
mineral fertilisers, these inputs remain important in supplying nutrients to 
severely depleted soils. These findings underscore the need for balanced 
nutrient management strategies that integrate both organic and mineral 
inputs, especially in degraded African soils, where they offer complementary 
benefits. However, constraints related to manure availability, fertiliser 
affordability, and input quality continue to limit farmers’ ability to apply 
these amendments at the rates needed to sustain or increase soil health and 
long-term productivity. 

4.2.7 Effects of push-pull and soil fertility on Striga seed bank  
In Paper III, the interactive effect of cropping system and soil fertility on 
Striga seed bank density was assessed. The analysis revealed that the effect 
of PP on Striga seed density varied among countries, with the clearest 
interactions observed in Rwanda. Lower Striga seed density under PP 
occurred only in soils that were less acidic but low in N and CEC, or in soils 
with high P availability, shallow exploitable depth and slower water 
infiltration (Figure 10). These results suggest that PP’s benefits were 
strongest in nutrient-poor or P-rich but physically constrained soils, 
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consistent with previous studies in the region showing that Striga 
suppression by PP is most effective under nutrient-poor conditions (Khan et 
al., 2010; Sileshi et al., 2025).  

In Uganda, PP significantly reduced Striga seedbank density, and this 
strong main effect likely reflects the uniformly low soil fertility, particularly 
severe P limitation across fields. Under such nutrient-constrained conditions, 
where Striga infestation is typically most severe, the allelopathic suppression 
by Desmodium becomes especially effective (Khan et al., 2002; Kountche et 
al., 2019). This pattern aligns with the baseline soil conditions reported in 
Paper II, where Ugandan soils were moderately acidic, lighter and nutrient-
limited, but showed comparatively less variation across fields than those in 
the other countries. Such relatively homogenous soil conditions likely 
contributed to the uniform PP response.  

In contrast to Uganda, neither cropping system nor soil fertility played a 
detectable role in shaping Striga seed banks in Ethiopia and Kenya. 
Ethiopian fields had extremely low Striga seed density levels, ranging from 
0 to 3 Striga seeds per 50grams of soil, likely due to high alkaline soils, 
creating unfavourable conditions for Striga emergence (C. Tang et al., 1999). 
In Kenya, Striga seedbank density also showed no clear response to soil 
gradients or cropping systems, which contrasts with previous studies 
showing strong benefits of the PP system on above-ground Striga count 
(Luttermoser et al., 2023; Midega et al., 2018). These differences are likely 
due to methodological and contextual differences. Whereas earlier research 
focused on above-ground Striga counts in well-managed, long-established 
PP fields, our study assessed the seed bank as a measure influenced by multi-
year legacy effects and was also conducted across fields with more variable 
management histories, both of which can mask current management impacts 
(Murage et al., 2015; Roobroeck et al., 2023). 
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Figure 10: Averaged model-predicted relationship between soil PC1 (high CEC and N, 
low pH), PC2 (high P infiltration capacity and soil penetration depth).The regression 
lines indicate model-predicted relationships based on GLMM model averaging of the 
best support models 

4.2.8 Effects of push-pull and soil fertility on pest damage  
In Paper III, the analysis also revealed that the effect of PP on pest damage 
varied among countries. In Ethiopia and Uganda, PP consistently reduced 
pest damage, and these effects appeared independent of underlying soil 
conditions (Figure 11). We found no evidence that soil fertility gradients 
further enhanced the reduction of leaf damage associated with PP in any of 
the countries. This pattern reflects PP’s fundamental mechanism of volatile-
mediated repellence and attraction (Erdei et al., 2024; Lang et al., 2024), 
rather than soil-driven processes. The observed independence from soil 
fertility suggests that the production and emission of these key volatiles by 
the companion crops Desmodium and border grass (Brachiaria or 
Pennisetum spp.) could be robust across soil fertility gradients present in 
Ugandan and Ethiopian fields. 
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Figure 11: Averaged model-predicted associations between cropping systems and leaf 
damage by FAW and stem borers in (a) Ethiopia and (b) Uganda. Values represent 
GLMM estimates (means ± 95% confidence intervals), derived from model averaging of 
the best-supported models. 

In Kenya and Rwanda, we found no evidence that PP or soil fertility 
gradients enhanced leaf damage reduction, suggesting that unmeasured local 
factors may have overshadowed the chemical cues central to PP's 
performance. Landscape features and management practices can strongly 
influence habitat structure and semiochemical dynamics outcomes (Dassou 
et al., 2023), and Paper IV shows that in Kenya, leaf damage decreased with 
increasing grass cover and landscape heterogeneity, indicating that landscape 
complexity can override field-level treatment effects. In Rwanda, seasonality 
played a dominant role in shaping pest damage, suggesting that landscape 
and seasonality drivers, rather than soil fertility of the cropping system, 
govern pest outcomes in Kenya and Rwanda. By contrast, previous studies 
in Kenya consistently reported significant reductions in FAW and stemborer 
damage under PP systems (Khan et al., 2006; Midega et al., 2018). The 
variable results for PP effects on pest damage and Striga suppression are 
explained by different underlying factors: soil conditions were more 
important to Striga responses, whereas pest control was more independent 
of soil conditions. 
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5. Conclusion and recommendations 

This thesis advances our understanding of how ecological processes shape 
pest regulation, weed suppression, and soil health within East African 
smallholder agroecosystems. By integrating natural enemy communities, 
landscape structure, soil properties, and cropping systems, this thesis 
provides a comprehensive synthesis of the multi-scale drivers that influence 
the performance of the push-pull (PP) system. These findings show the 
context-dependent nature of PP performance and demonstrate how multiple 
ecological and agronomic factors jointly shape outcomes for smallholder 
farmers (Catford et al., 2022). Rather than functioning as a “one-size-fits-
all” intervention, PP emerges as a system whose performance varies in 
strength across ecological gradients. Consequently, the effectiveness and 
long-term resilience of PP depend on how well it is aligned with local 
agroecological contexts, underscoring the need for site-specific 
implementation to achieve consistent and sustainable outcomes. 

To sustain effective pest regulation in agricultural systems, natural enemy 
communities are essential. Across the study region, natural enemy 
communities were consistently dominated by ants, yet their abundance and 
richness shifted markedly with changes in elevation, landscape complexity, 
and seasonal conditions (Papers I and IV). Higher elevations were 
characterised by more uneven communities dominated by a few genera, 
whereas lower elevations supported more even and diverse assemblages 
(Paper I). Landscape gradients exerted contrasting influences on natural 
enemy communities. Natural enemy abundance increased along the forest-
cover gradient, whereas landscapes with higher grass cover and greater edge 
density showed a non-significant tendency toward lower abundance and 
richness (Paper IV). These patterns reveal that landscape effects on natural 
enemy communities are more nuanced than commonly assumed. Hence, the 
role of semi-natural habitats in strengthening natural enemy communities 
appears to be context-dependent rather than universally beneficial within 
these smallholder systems. Therefore, given the inconsistent landscape 
effects observed in this thesis, landscape management should be guided by 
local evidence rather than the general assumption about increased habitat 
complexity. 

In Paper IV, pest damage from key maize pests (fall armyworms and 
stemborers) was influenced by landscape heterogeneity, cropping system, 
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and seasonal dynamics. Structurally simple landscapes experienced higher 
pest pressure, whereas more heterogeneous landscapes showed reduced pest 
damage. These patterns did not correspond to changes in natural enemy 
abundance, suggesting that predators were not the primary mechanism. 
Instead, landscape effects may reflect processes such as resource 
concentration, where pests can be reduced by decreasing cropland. Seasonal 
changes altered both pest pressure and natural enemy abundance, 
demonstrating that pest control outcomes cannot be uncoupled from broader 
climatic cycles, since temperature and rainfall influence insect physiology 
and dispersal, as well as cropping decisions (Rutsaert & Donovan, 2023; 
Terblanche et al., 2024). Notably, PP consistently reduced pest damage in 
only two countries, suggesting that its volatile-mediated pest-repelling 
mechanism is robust to underlying soil differences. Because the landscape 
structure did not clearly mediate pest damage through natural enemies, field-
level practices such as cropping decisions and diversification may offer more 
practical leverage points for farmers.  

In contrast, PP’s suppression of Striga showed context-dependent 
patterns, with soil properties moderating its effectiveness in only one country 
(Paper III). The results show that PP can be particularly effective under 
uniformly low soil fertility or physically constrained soils, where Striga 
pressure is typically high, and Desmodium’s suppressive mechanism may 
have greater influence (Khan et al., 2010). However, in countries with 
limited soil variation or low Striga pressure, interactions between PP and soil 
could not be detected, likely because the absence of strong soil gradients or 
existing seedbank legacies obscured moderating effects. These findings 
highlight that Striga suppression is shaped not only by the PP mechanism 
itself but also by soil processes and long-term field management. Thus, 
integrated soil fertility management combining organic amendments, 
adequate fertiliser inputs, and protection of soil organic matter is essential. 
Ensuring farmers have access to quality Desmodium seed and clear guidance 
on establishment and biomass management will further strengthen outcomes. 

In Paper II, high Desmodium cover emerged as a contributor to soil 
fertility within PP fields, by enhancing soil organic matter, nutrient 
concentrations, and P availability. Field age further modulated soil fertility, 
with some PP fields showing gradual nutrient depletion over time, likely due 
to biomass export and fertilisation practices, while others showed gradual 
accumulation of SOM under consistent management. These findings 
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highlight the importance of balanced nutrient management and of 
recognising the long-term consequences of biomass utilisation and fertiliser 
choice in PP systems. Because Desmodium plays a central role in PPs' soil-
improving functions, biomass should not be excessively harvested, as residue 
retention supports soil organic matter, nutrient availability, and the long-term 
soil-improving functions of PP. Fertiliser choice should avoid practices that 
contribute to soil acidification or nutrient depletion over time.  

Based on these insights, tailoring PP interventions to local agroecological 
conditions remains important, particularly regarding soil fertility. Although 
PP often performed independently of soil variation, pairing the system with 
targeted soil amendments may be beneficial in areas with severely degraded 
soils. Furthermore, strengthening smallholder farmers' knowledge and 
reliable inputs is also crucial. Farmer training on pest and weed ecology, 
Desmodium and pull-crop management, soil fertility, and core PP principles, 
alongside improved access to quality Desmodium seeds, trap grasses, and 
appropriate fertiliser sources, will help reduce implementation failures. 
Finally, consideration of long-term soil trajectories through nutrient 
budgeting to optimise on fertiliser use and monitoring can help prevent 
gradual acidification or nutrient depletion that may undermine PP’s long-
term benefits. 

In conclusion, this thesis reveals how biodiversity, soils and landscapes 
jointly shape the success of PP as an ecological intensification strategy in 
East African smallholder farming systems. Yet much remains to be 
uncovered about the subtle interactions that govern life within these 
agroecosystems. 

 
 
. 
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6. Future perspective 

Papers I and IV investigated natural enemy communities, pest damage and 
performance of push-pull (PP) systems across gradients of elevation, 
landscape structure, and two contrasting seasons in East African smallholder 
farms. However, the study captured only a subset of the ecological and 
management variability characteristic of smallholder systems in sub-Saharan 
Africa, which limits broader generalisation of landscape-pest-enemy 
relationships. While landscape structure and seasonality explained some of 
the observed context dependency, a substantial proportion of variation in pest 
damage and PP performance remained unexplained. Future research should 
therefore extend beyond landscape composition alone to examine additional 
drivers of context dependence, including within-field management practices 
(e.g. crop variety choice, Desmodium density, biomass removal, fertiliser 
use), pest pressure history, and climatic variability. To advance mechanistic 
understanding, future studies should identify which specific habitat elements 
(e.g. forests, grasslands, field margins) and landscape configurations 
meaningfully support natural enemies, and how these interact with local field 
conditions such as crop phenology, management intensity, and seasonal 
dynamics to influence pest populations and PP performance. Studies that 
explicitly link landscape structure to natural enemy behaviour, pest 
colonisation dynamics, and crop damage will be crucial for clarifying when 
and why landscape effects translate into effective biological control. Long-
term monitoring that integrates seasonal variability and farmer management 
will further help determine under which conditions landscape structure 
amplifies, dampens, or becomes decoupled from pest suppression in 
heterogeneous smallholder systems 

Paper II examined how Desmodium cover and field age shape soil 
fertility within PP systems, showing that Desmodium contributes to 
increased SOM, nutrient availability, and P mobilisation, while long-term 
management determines whether soils accumulate or lose fertility over time. 
Although soil types were considered during field selection, the study 
captured only part of the soil diversity present across regions where PP is 
implemented. Future research should therefore investigate PP performance 
across a wider range of soil constraints and management histories, including 
differences in biomass utilisation, fertiliser regimes, and Desmodium 
varieties. Such work would help disentangle how management decisions 
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interact with inherent soil properties to shape long-term soil trajectories and 
crop performance under  

Paper III demonstrated that soil conditions influence the effectiveness of 
PP in suppressing Striga, with soil moderation detected in only one country 
and the strongest effects occurring in uniformly low-fertility or physically 
constrained soils. However, the study captured only a subset of the soil and 
Striga variability present across PP-growing regions. Future research should 
examine PP performance across broader gradients of soil fertility, subsoil 
constraints, and Striga seedbank densities, while also accounting for land-
use history, seedbank legacy effects, and variation among Striga ecotypes. 
The role of soil microbial communities also warrants further investigation, 
as interactions between Desmodium, rhizosphere microbes, and nutrient 
cycling may contribute to geographic variation in PP effectiveness. 

Finally, future work would benefit from integrative approaches that 
explicitly link multiple drivers of context dependence, landscape structure, 
soil fertility, management practices, and seasonal variability to crop yield 
outcomes. Structural equation modelling or similar frameworks could help 
disentangle direct and indirect pathways through which PP influences yields 
via pest suppression, weed control, soil fertility, and biodiversity. Such 
integrative analyses would strengthen our ability to predict where and when 
PP delivers the greatest benefits and guide its adaptation and scaling across 
diverse smallholder farming systems. 
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Popular science summary 

Africa’s smallholder farmers are farming on the edge. Nutrient-poor soils, 
rapid landscape degradation, and persistent pests like fall armyworm (FAW), 
stemborers and weeds like Striga continue to undermine cereal production, 
while many farmers are resource-poor, hence unable to afford costly 
fertilisers and pesticides. In response, ecological intensification practices that 
leverage ecological processes are becoming increasingly practical and 
climate-resilient alternatives. 

One promising ecological intensification strategy is the push-pull (PP) 
cropping system, a mixed cropping approach that combines a repellent 
intercrop with an attractive border crop to manage pests. In this system, the 
leguminous intercrop Desmodium “pushes” stemborers and FAW away from 
the main crop, i.e. maize or sorghum, while the surrounding border of 
Brachiaria or Pennisetum spp. grass “pulls” them out of the field where their 
larvae have very low survival rates. Beyond repelling pests, Desmodium also 
attracts natural enemies, suppresses Striga through allelopathic root exudates 
that trigger suicidal germination, and improves soil fertility by fixing 
nitrogen and adding organic matter through its leaves and root biomass. 
However, the landscape and soil conditions under which PP delivers the most 
consistent and sustained benefit remain poorly understood. This thesis, 
therefore, examined how the type of cropping system, together with 
landscape-scale features including composition, configuration and elevation 
factors, shaped natural enemy communities. It also investigated how soil 
fertility and landscape structure influence the performance of the PP system 
in suppressing lepidopteran pest damage and Striga seed bank density. 

Field work conducted across four East African countries revealed a high 
diversity of beneficial arthropods within cereal fields. Tens of thousands of 
natural enemies were recorded, dominated by ants but also including spiders, 
crickets, and other predators that support natural pest regulation. Their 
diversity and abundance varied with elevation, season, cropping system, and 
landscape structure. Higher elevations were dominated by certain taxa, 
making pest control services more vulnerable to environmental change. In 
contrast, lowland areas with greater plant productivity hosted more even 
natural enemy communities, which are more resilient and capable of 
sustaining pest suppression. 
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Landscape features played a nuanced role in shaping natural enemy 
communities. In Kenya, the PP cropping system increased natural enemy 
abundance only in landscapes with higher forest cover, while fields 
embedded in landscapes with more grass cover and high edge density tended 
to support fewer natural enemies, although this latter effect was weak and 
non-significant. These patterns indicate that semi-natural habitats do not 
function uniformly as ecological reservoirs, and their influence on natural 
enemies depends on local context. Importantly, the study did not find clear 
evidence that landscape gradients supporting or reducing natural enemies 
translated into corresponding changes in pest damage, suggesting that 
bottom-up mechanisms, such as resource concentration in the landscape, 
were more influential drivers of pest pressure. 

Within the PP system, healthy Desmodium cover improved soil organic 
matter, nitrogen, and plant-available phosphorus, reinforcing the system's 
broader soil-enhancing functions. These plant-soil interactions are central to 
PP’s ecological performance: as soil fertility improves, crops grow more 
vigorously, become more resilient to stress, and benefit from enhanced 
nutrient cycling. However, this research also showed that these benefits are 
not guaranteed. When Desmodium biomass is regularly harvested for fodder 
or when fertilisers are applied in ways that acidify the soil, nutrient depletion 
can still occur. The long-term sustainability of PP, therefore, depends on 
management practices that maintain soil fertility, including balanced nutrient 
inputs and reducing biomass removal.  

The performance of PP against Striga showed context-dependent 
patterns, with soil conditions moderating its effectiveness in only Rwanda. 
In degraded or nutrient-poor soils, where Striga pressure is typically highest, 
PP’s suppressive mechanisms appeared stronger. In countries with minimal 
soil variation or small Striga seedbanks, these soil-related patterns were more 
difficult to detect because the lack of clear gradients limited observable 
interactions. In contrast, PP’s ability to reduce pest damage was largely 
independent of soil conditions, although the strength of this effect was not 
consistent across countries. 

The results of this thesis highlight that the success of PP as an ecological 
intensification practice is shaped by environmental context. Landscapes rich 
in biodiversity offer stronger natural pest control. Soils with specific nutrient 
limitations respond differently to PP’s ecological mechanisms. Seasonal 
patterns regulate the abundance of both pests and their natural enemies. And 
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farmers’ management decisions determine whether soils improve or degrade 
over time. No single factor dictates outcomes; rather, it's the combination of 
seasons, soil, landscape, and management that governs how well PP 
performs. 

Nature already provides many of the tools needed for sustainable 
agriculture. By understanding and fostering these ecological processes, 
farmers can build productive systems that rely less on costly inputs and more 
on biodiversity, healthy soils, and functional landscapes. Ecological 
intensification is not simply an alternative; it is a pathway toward farming 
that strengthens both ecosystems and livelihoods. 
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Populärvetenskaplig sammanfattning 

Afrikas småbönder odlar på gränsen till vad systemen klarar av. 
Näringsfattiga jordar, snabb landskapsdegradering och ihållande problem 
med skadegörare som höstarmélarv (FAW), stamborrare och ogräs som 
Striga fortsätter begränsa spannmålsproduktionen, samtidigt som många 
bönder är resursfattiga och därför saknar möjlighet att bekosta dyra 
gödselmedel och bekämpningsmedel. Som ett svar på detta framstår 
ekologisk intensifiering som utnyttjar ekologiska processer som ett alltmer 
praktiskt och klimatresilient alternativ. 

En lovande strategi för ekologisk intensifiering är push-pull-systemet 
(PP), ett samodlingssystem som kombinerar en avskräckande 
samodlingsgröda med en attraktiv kantgröda för att hantera skadegörare. I 
detta system skrämmer den baljväxtbaserade samodlingsgrödan Desmodium 
bort stamborrare och FAW från huvudgrödan, det vill säga majs eller durra, 
medan en omgivande kant av gräs som Brachiaria eller Pennisetum spp. 
Lockar dem ur fältet, där larvernas överlevnad är mycket låg. Utöver att stöta 
bort skadegörare lockar Desmodium även naturliga fiender, undertrycker 
ogräset Striga genom allelopatiska rotutsöndringar som utlöser 
självmordsgroning, samt förbättrar markbördigheten genom kvävefixering 
och tillförsel av organiskt material via blad och rotbiomassa. Trots detta är 
de landskaps- och markförhållanden under vilka PP ger de mest konsekventa 
och långsiktiga fördelarna fortfarande dåligt kända.Denna avhandling 
undersökte därför hur lokala odlingssystem, i samspel med 
landskapsfaktorer i större skala inklusive sammansättning, konfiguration och 
höjd över havet formar samhällen av naturliga fiender. Den analyserade även 
hur markbördighet och odlingssystem påverkar PP-systemets förmåga att 
minska skador från skadegörande fjärilslarver samt storleken på Strigas 
fröbank. 

Fältarbete som genomfördes i fyra östafrikanska länder visade på en hög 
mångfald av nyttiga leddjur i spannmålsfälten. Tiotusentals naturliga fiender 
registrerades, dominerade av myror men även inkluderande spindlar, syrsor 
och andra rovdjur som bidrar till naturlig skadedjursreglering. Deras 
mångfald och abundans varierade med höjd över havet, säsong, 
odlingssystem och landskapsstruktur. Högre belägna områden hade 
dominerades av enskilda naturliga fiender, vilket gör skadedjursregleringen 
mer sårbar för miljöförändringar. I kontrast hyste låglandsområden med 
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högre växtproduktion mer jämnt fördelade samhällen av naturliga fiender, 
vilka är mer resilienta och bättre på att upprätthålla skadedjurskontroll. 

Det omgivande landskapet påverkade samhällen av naturliga fiender på 
ett nyanserat sätt. I Kenya ökade PP-systemet endast förekomsten av 
naturliga fiender i landskap med högre skogstäckning, medan fält som låg i 
landskap med mer gräsmarker och hög kantdensitet tenderade att stödja färre 
naturliga fiender, även om den senare effekten var svag och icke-signifikant. 
Dessa mönster indikerar att semi-naturliga habitat inte fungerar enhetligt 
som ekologiska reservoarer och att deras påverkan på naturliga fiender beror 
på lokal kontext. Viktigt är att studien inte fann tydliga bevis för att 
landskapsgradienter som stödjer eller minskar naturliga fiender ledde till 
motsvarande förändringar i skadedjursangrepp, vilket tyder på att bottom-
up-mekanismer, såsom koncentration av födoresurser i landskapet, var mer 
inflytelserika faktorer för skadegörartrycket. 

Inom PP-systemet förbättrade ett friskt och tätt Desmodium-täcke halten 
av markorganiskt material, kväve och växttillgängligt fosfor, vilket stärker 
systemets övergripande markförbättrande funktioner. Dessa mark-växt-
interaktioner är centrala för PP:s ekologiska prestanda: när markbördigheten 
förbättras växer grödorna kraftigare, blir mer stresståliga och gynnas av 
effektivare näringsomsättning. Forskningen visade dock också att dessa 
fördelar inte är garanterade. När Desmodium-biomassa regelbundet skördas 
som foder eller när gödselmedel appliceras på sätt som leder till 
markförsurning kan näringsutarmning fortfarande uppstå. PP-systemets 
långsiktiga hållbarhet beror därför på förvaltningsmetoder som upprätthåller 
markbördigheten, inklusive balanserade näringstillskott och begränsning av 
biomassauttag. 

PP-systemets effekt på Striga visade tydligt sammanhangsberoende 
mönster, där markförhållanden påverkade effektiviteten i endast Rwanda. I 
degraderade eller näringsfattiga jordar, där Striga-trycket vanligtvis är som 
störst, framstod PP:s undertryckande mekanismer som starkare. I länder med 
liten variation i markegenskaper eller mindre Striga-fröbank var dessa 
markrelaterade mönster svårare att påvisa, eftersom avsaknaden av tydliga 
gradienter begränsade möjligheten att observera interaktioner. Däremot var 
PP-systemets förmåga att minska skadegörarskador i stort sett oberoende av 
markförhållanden, även om styrkan i denna effekt varierade mellan länder. 

Resultaten från denna avhandling visar att framgången för PP som 
ekologisk intensifiering är starkt kontextberoende. Biodiversitetsrika 
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landskap ger starkare naturlig skadedjurskontroll. Jordar med specifika 
näringsbegränsningar svarar olika på PP-systemets ekologiska mekanismer. 
Säsongsmönster reglerar abundansen av både skadegörare och deras 
naturliga fiender. Och böndernas förvaltningsbeslut avgör om marken 
förbättras eller försämras över tid. Ingen enskild faktor styr utfallet; det är 
samspelet mellan odlingssäsong, mark, landskap och skötsel som avgör hur 
väl PP fungerar. 

Naturen tillhandahåller redan många av de verktyg som behövs för ett 
hållbart jordbruk. Genom att förstå och främja dessa ekologiska processer 
kan bönder bygga produktiva system som är mindre beroende av kostsamma 
insatsmedel och som baseras på biodiversitet, friska jordar och funktionella 
landskap. Ekologisk intensifiering är inte bara ett alternativ, det är en väg 
mot ett jordbruk som stärker både ekosystem och försörjningsmöjligheter. 
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Introduction

Natural enemies, such as arthropod predators, parasitoids, 
pathogens (i.e., bacteria, fungi, viruses, and nematodes), 
birds, reptiles and amphibians, provide essential pest con-
trol services in agricultural systems (Cortez-Madrigal and 
Gutiérrez-Cárdenas 2023; Ratto et al. 2022). Their presence 
can reduce crop pests by up to 90% (Martin et al. 2013). 
Studying how natural enemies respond to differences in 
environmental gradients, such as landscape composition 
and elevation, can offer valuable insights into the measures 
needed to ensure their survival. Although invertebrate pred-
ators in agricultural systems have been extensively studied 
in the global North (Daelemans et al. 2023; Karimzadeh 
and Sciarretta 2022; Klinnert et al. 2024), similar studies 
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systems by reducing pest populations. However, studies examining how natural enemies respond to environmental gradi-
ents, such as elevation and grass cover, are limited in sub-Saharan Africa. This study investigates the effect of elevation 
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ties in maize fields in western Kenya over two consecutive sampling seasons. We selected maize fields along gradients 
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compared across gradients using Generalised Linear Mixed Models and Non-Metric Multidimensional Scaling. Across 
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elevational gradient, with Myrmicaria ants being less dominant < 1600 masl. Their dominance at high elevations, where 
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in sub-Saharan Africa remain scarce, particularly regarding 
how environmental gradients shape these communities.

The surrounding landscape can play an important, 
though inconsistent, role in shaping invertebrate predator 
communities in agricultural fields (Feit et al. 2019; Karp 
et al. 2018; Klinnert et al. 2024). Landscapes with greater 
proportions of natural or semi-natural habitats often support 
higher natural enemy diversity and abundance, which can 
help suppress pest populations in crops (Alarcon-Segura et 
al. 2025; Litovska et al. 2025; Mazón et al. 2024). However, 
these effects are not always consistent (Karp et al. 2018), 
and seem to be dependent on species functional traits such 
as dispersal, dietary breadth and overwintering preferences 
(Alexandridis et al. 2022; Martin et al. 2019). Grasslands, 
in particular, are important components in the agricultural 
landscape (Debinski 2023; Nagy et al. 2020). They can act 
as havens for natural enemies when crops are disturbed, 
as they share many invertebrate species with annual crops 
(Nagy et al. 2020; Perrot et al. 2021, 2023). Their structural 
complexity, plant diversity, and microhabitats provide nest-
ing sites and alternative food sources that support a wide 
range of invertebrates (Nagy et al. 2020; Silva-Monteiro 
et al. 2022). Empirical evidence shows that grasslands can 
enhance natural enemy activity in adjacent crops (Debinski 
2023; Perrot et al. 2021, 2023). For example, Perrot et al. 
(2021), reported that increasing grassland cover from 0 to 
50% can increase aphid predation by 20%. Beyond provid-
ing habitats, grasslands also enhance landscape connectiv-
ity, serving as corridors for the dispersal of natural enemies. 
This connectivity facilitates movement and colonisation of 
crop fields, thereby strengthening the suppression of pests 
(Fartmann 2024; Novaes et al. 2024).

While landscape composition is important, elevation also 
shapes arthropod diversity and spatial distribution (Smith et 
al. 2023), physiology (Khaliq et al. 2023), habitat selection 
(Uhey et al. 2022), and ecological interactions (Sam et al. 
2023; Wang et al. 2024). As elevation increases, changes 
in temperature, humidity, and atmospheric conditions create 
distinct ecological niches, leading to the zonation of arthro-
pod communities (Uhey et al. 2022). Lower elevations, 
characterised by warmer climates and longer growing sea-
sons, generally support broader ecological niches, enhanc-
ing species coexistence and resource use (Herrera-Alsina et 
al. 2025; Polato et al. 2018). In contrast, higher elevations 
are characterised by lower temperatures and reduced habitat 
area, supporting fewer endemic species adapted to extreme 
conditions (Hodkinson 2005; Poveda et al. 2019; Rödder et 
al. 2021). Elevational gradients also affect arthropod phe-
nology by shifting their developmental time, reproduction 
and activity (Helms 2023), which in turn influences inter-
actions with other organisms, including mutualism (Luna 
et al. 2023), and predation (Randall 2025). Together, these 

processes demonstrate how elevation shapes both the spatial 
and temporal patterns of arthropod diversity, reflecting the 
interplay between environmental pressures and biological 
diversity (Bishop et al. 2014). This highlights the need to 
consider elevational variation in studies of arthropod com-
munities and their ecological roles.

Superimposed on these elevational gradients, climate 
warming is increasingly becoming a cause for concern 
(Rumpf et al. 2019). As the temperature increases at lower 
elevations, species are expected to shift upwards (Jacob-
sen 2020; McCain and Garfinkel 2021). Inevitably, these 
changes may bifurcate coevolved interactions between host 
plants, herbivores, and their natural enemies (Rasmann et 
al. 2014). Long-term studies have revealed declining diver-
sity of specialised mountain parasitoids at higher elevations, 
while generalists are expanding their ranges and moving to 
higher elevations (Di Marco et al. 2023). The loss of spe-
cialised natural enemies can leave their functional roles not 
fully replaced by generalist species and reduce the overall 
effectiveness of pest suppression. This reduction in diver-
sity also reduces functional redundancy, which is vital in 
buffering ecosystems against disturbances, thereby increas-
ing the risk of herbivory outbreaks. For example, a seed-
feeding moth expanded to higher elevations faster than its 
parasitoids, creating a mismatch that elevated the pest popu-
lation (Randall 2025). Such mismatches of pests and their 
natural enemies, as a result of climate change, weaken agro-
ecosystems’ resilience by reducing their capacity to regu-
late pests, increasing vulnerability, which may have severe 
consequences on crop production (Eigenbrode and Adhikari 
2023; Paudel et al. 2021; Randall 2025).

This study examined how elevation (1150–1970 masl) 
and grass cover in the surrounding landscape (2–30%) 
affect natural enemy communities in maize fields in west-
ern Kenya. Specifically, we tested whether (i) increasing 
elevation, and (ii) greater grassland cover affect natural 
enemy abundance, species richness, Shannon diversity and 
Pielou’s evenness; metrics that capture complementary 
aspects of community structure. Previous studies have 
shown that increasing elevation reduces overall species 
diversity (Dolson and Kharouba 2024; Joseph et al. 2019), 
while increasing grass cover can positively enhance natu-
ral enemies diversity (Alarcon-Segura et al. 2025; Nagy et 
al. 2020; Perrot et al. 2021), shaping ecological interactions 
and pest suppression potential. By linking these gradients to 
multiple facets of diversity, we aim to provide a more mech-
anistic understanding of how grass cover in the surround-
ing landscape and elevation shape biocontrol communities, 
with implications for pest management and biodiversity 
conservation strategies in sub-Saharan African agriculture. 
Based on this, we hypothesised that elevation could drive 
shifts in natural enemies’ composition, whereas grassland 
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cover would promote diversity and eventually enhance pest 
control.

Materials and methods

Study site

This study was conducted in Western Kenya across the 
six counties, Bungoma, Homabay, Kisumu, Trans-Nzoia, 
Uasin-Gishu and Vihiga (Fig. 1). The region experiences a 
bimodal rainfall pattern, with long rains from March to May, 
and short rains between October and December, averaging 
rainfall of 1,500 mm annually, and a temperature of 24 °C 
(Hession and Moore 2011). This region is a major producer 
of maize, beans and sugarcane due to its favourable climate.

Sampling

We selected 24 smallholder maize fields along an altitudi-
nal gradient ranging from 1000 m above sea level (masl) in 
Homabay to about 2000 masl in Trans-Nzoia county, and 
percentage grass cover ranging from 2% to 30% within a 
1 km radius. We used high-resolution satellite imagery 
from Google Earth, referencing the year 2017, to analyse 
the landscape composition around each field. Circular buf-
fers with a 1 km radius were created around the centre of 
each field using the ‘buffer’ tool in ArcGIS (version 10.5.1), 
representing a scale appropriate for studying population 

dynamics of arthropod predators in crop fields (Rusch et 
al. 2016). Within these buffers, polygons representing areas 
dominated by grassland were manually drawn based on 
visual observations. The percentage of grass cover within 
each buffer was then calculated to assess its impact on the 
natural enemy communities.

Ground-dwelling arthropods were sampled over two 
planting seasons: the short rains (October to December 
2019) and the long rains (March to May 2020). Sixteen 
fields located between 1150 masl and 1600 masl were sam-
pled during both the short rains (Season 1) and long rains 
(Season 2). An additional eight fields at higher elevations 
(> 1600 masl), where maize is cultivated only once per year, 
were sampled only during the long rains (thus, in total 24 
fields were sampled in the long rains). Six wet pitfall traps 
(7 cm diameter, 15 cm height) were placed in each field at 
least 3 rows from the field edge and at 5–10 m apart from 
each other. The cups were filled to two-thirds with water and 
a few drops of unscented detergent to reduce the surface ten-
sion (Yi et al. 2012). Sampling was conducted twice during 
each season, for 24h (± 3 h) to account for occasional logis-
tical delays in deactivating pitfall traps. The specimens were 
conserved in 70% ethanol and stored in a freezer at −35 °C. 
All arthropods were identified to the genus level by a tax-
onomist at the International Centre of Insect Physiology and 
Ecology (icipe). For subsequent analysis, we focused on 
natural enemies, specifically arthropod predators (including 
carnivores and omnivores) and parasitoids, as these func-
tional groups are directly involved in regulating crop pests 
(Online material 1).

Fig. 1  Map showing the location 
of the studied smallholder maize 
fields in western Kenya along 
altitudinal gradients
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and grassland cover categories, followed by a pairwise com-
parison (Anderson 2005).

Results

We collected a total of 1,317 arthropod predators and para-
sitoids across both seasons (n = 522 in the short rains season, 
n = 795 in the long rains season). The specimens represented 
60 families and 174 genera (Online Resource 1). Ants (For-
micidae) dominated the community, constituting 52% of 
all individuals, followed by Trigonidiidae (crickets, 10%) 
and Lycosidae (wolf spiders, 9%). At the genus level, Myr-
micaria spp. (Hymenoptera: Formicidae) was most abun-
dant (17% of the total natural enemy abundance), followed 
by Pachycondyla spp. (Hymenoptera: Formicidae, 7%), 
Lycosa spp. (Araneae: Lycosidae, 7%), Aphaenogaster spp. 
(Hymenoptera: Formicidae, 6%), and Allonemobius spp. 
(Orthoptera: Gryllidae, 5%) (Fig. 2).

The GLMMs revealed that the effects of elevation and 
grassland cover on diversity metrics varied. Evenness 
decreased significantly with increasing elevation (Fig. 3; 
Table 1). Grassland cover was retained in the final model 
for species richness, but it was not significant (Fig. 3; Table 
1). For Shannon diversity and abundance, neither elevation, 
grass cover, nor their interaction was retained in the final 
model (Online Resource 2). The NMDS analysis revealed 
dissimilarities in natural enemy composition across the 
elevation and grass cover categories. PERMANOVA con-
firmed significant differences across elevations in both sea-
sons (short rains : p = 0.02, R2 = 0.29; long rains : p < 0.01, 
R2 = 0.38 (Fig. 4; Table 2), with elevation accounting for 
approximately 29% and 38% of the variation, respectively. 
Pairwise comparison showed no significant differences dur-
ing the short rains, but in the long rains, a near-significant 
difference was observed between the lowest and highest 
elevation (< 1200 m vs. > 1800 m: p-value = 0.08; Online 
Resource 3). Grass cover significantly influenced commu-
nity composition only in the long rains season (p < 0.01, 
R2 = 0.15, Fig. 5; Table 2), explaining approximately 15% 
of the variation. No effect of grass cover was detected in 
the short rains season (p = 0.50, R2 = 0.13, Online Resource 
4). Pairwise PERMANOVA in the long-rain season revealed 
significant differences in the community composition 
between < 10% and > 20% grass cover categories (p = 0.05), 
whereas no significant pairwise differences were detected 
during the short rains (Online Resource 5).

Notably, Myrmicaria ants became increasingly domi-
nant at elevations > 1600masl and at landscapes with < 10% 
grassland cover, whereas Dolichoderus and Aphaenogas-
ter ants, and Allonemobius crickets were more common in 
fields with > 20% surrounding grass cover.

Statistical analysis

To assess the effects of elevation and surrounding grassland 
cover on natural enemy community composition, we used 
generalised linear mixed models (GLMM) and Non-Metric 
Multidimensional Scaling (NMDS). All statistical analyses 
were conducted in R version 4.4.0 (R Core Team 2024).

Data from the two sampling rounds in each season were 
first pooled, and the normality of the data was tested using 
the Shapiro-Wilk test. Shannon diversity index, species 
richness, Pielou’s evenness, and overall abundance were 
calculated for the predator communities in each field using 
the ‘vegan’ package (Oksanen et al. 2020). Metrics from 
both seasons were combined and analysed using GLMMs, 
richness and abundance were fitted with a negative binomial 
distribution, evenness with a beta distribution, and Shan-
non diversity with a Gaussian distribution, with the field 
included as a random factor.

Grass cover and elevation were negatively correlated (ρ 
= −0.705, p < 0.001). To further assess multi-collinearity, we 
employed Variance Inflation Factors (VIFs) among predic-
tors (percentage grassland cover, elevation and their interac-
tion), using the `vif´ function in the `fmsb´ package (Minato 
2024). All VIF values were < 3, and therefore, both predic-
tors were included in subsequent analyses despite their neg-
ative correlation (Zuur et al. 2010). The models were fitted 
using the `lme4´ and `MASS´ packages, with elevation and 
grass cover included as fixed effects. Models were selected 
based on Akaike’s Information Criterion (ΔAICc < 2) using 
the ‘dredge’ function in the MuMIn package (Bartoń 2024), 
followed by model averaging with the `model.avg´ function 
or the selection of the single best model when there were no 
competing models (ΔAICc > 2) (Burnham et al. 2011). The 
goodness of fit for all models was assessed using the ‘simu-
lateResiduals’ function in the `DHARMa´ package.

To assess natural enemy community composition 
across elevations and grassland cover, we applied NMDS 
using the Bray-Curtis dissimilarity matrix with the func-
tion `metaMDS´ in the package `vegan´ (Oksanen et al. 
2020). For a clearer visualisation, sites were grouped into 
categorical classes. Elevation was classified into six cat-
egories: <1200 m, 1200–1349 m, 1350–1499 m, 1500–
1649 m, 1650–1799 m, and > 1800masl. Grass cover in 
the surrounding landscape was grouped into three classes: 
<10%,10–20%, and > 20% cover. We performed a multi-
variate homogeneity analysis (PERMDISP) using the `beta-
disper´ function in the vegan package to assess whether the 
assumption of homogeneity of group dispersions was met 
(compositional variance). Then we performed a multivariate 
permutation analysis of variance (PERMANOVA), using 
the ̀ adonis´ function from the vegan package to evaluate the 
differences in community composition between elevation 

1 3



International Journal of Tropical Insect Science

significantly with increasing elevation, and that community 
composition shifted with elevation and grassland cover, 
with an increasing dominance of Myrmicaria ants at higher 
elevations with lower grassland cover. While grassland 
cover did not significantly predict key diversity metrics, 
our findings showed a positive, non-significant trend with 

Discussion

This study investigated the effects of elevation (1150–1970 
masl) and surrounding grassland cover (2–30%) on natural 
enemy communities in maize fields in western Kenya across 
two seasons. We found that species evenness declined 

Fig. 3  Non-metric Multidimensional Scaling (NMDS) ordination of natural enemy community composition across elevation categories in (a) 
Short rains and (b) Long rains seasons. The community dissimilarity was computed using the Bray-Curtis index

 

Fig. 2  Scatterplots illustrating the relationship between (a) elevation and evenness, and (b) grass cover and species richness. Solid line indicates a 
significant effect, and a dashed line indicates a non-significant effect which were retained in the final model
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temperatures and limited microhabitats (Jiang et al. 2022). 
These constraints likely create physiological stress for many 
natural enemies by reducing resources, thereby lowering 
evenness, as only a few dominant species can thrive (Ceia-
Hasse et al. 2023). While previous studies have consistently 
shown that higher elevations host fewer species overall 
(Dolson and Kharouba 2024; Supriya et al. 2019), our results 
revealed a more nuanced pattern. Our study found no signif-
icant effect of elevation on overall natural enemy abundance 
and richness. Instead, our results indicated that although the 
total number of species and individuals remained stable, the 
community structure shifted at higher elevations, dominated 
by a few species as reflected by the lower evenness. Ants 
dominated across all elevations, accounting for more than 
half (52%) of all individuals, with Myrmicaria emerging as 
the most abundant genus. Such strong numerical dominance 
of ants is consistent with other studies in tropical agroeco-
systems, where ants often outcompete other insects due to 
their aggressive foraging strategies and generalist feeding 

species richness and a shift in community composition dur-
ing the long rains season, which may have important impli-
cations for pest control.

Our findings demonstrated that an increase in eleva-
tion can decrease species evenness, significantly shaping 
natural enemy communities along an elevational gradient. 
Although we found no significant decline in species rich-
ness, similar studies have reported lower arthropod species 
richness and abundance with increasing elevation (Costa et 
al. 2023; Gilgado et al. 2022; Kunene et al. 2022). Lower 
elevations typically offer more favourable conditions for 
higher plant and arthropod diversity (Farooq et al. 2022), 
which in turn, results in more abundant food, breeding, and 
nesting resources for natural enemies (Farooq et al. 2022; 
Pilar et al. 2020). These more abundant resources likely 
contribute to the higher species evenness that we observed 
at lower elevations.

Higher elevations are often dominated by a few spe-
cialised species that tolerate harsh conditions like lower 

Table 1  Results of the final GLMM for natural enemy evenness and richness in relation to elevation and grass cover. Estimates (Est. ± SE), z values 
and p values Pr(>|z|) are shown. For evenness, Pseudo-R2 is provided, while for richness, both marginal R2m and conditional R2c coefficients are 
reported
Response variable Predictors Est. ± SE z value Pr(>|z|) Pseudo-R2

Natural enemy evenness Intercept 1.55 ± 0.12 12.94 < 0.001 −0.18
Elevation −0.40 ± 0.11 −3.64 < 0.001

Response variable Predictors Est. ± SE z value Pr(>|z|) R2m/R2c
Natural enemy richness Intercept 2.50 ± 0.08 31.35 < 0.001 0.08/0.18

Grass cover 0.07 ± 0.07 1.03 0.305
Negative Pseudo-R² indicates the full model did not improve fit over the null model.

Fig. 4  Non-metric Multidimensional Scaling (NMDS) ordination of natural enemy community composition across grass cover categories in (a) 
Short rain and (b) Long rain. The community dissimilarity was computed using the Bray-Curtis index
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weak influence (Achury et al. 2022; Pérez‐Sánchez et al. 
2023). These findings suggest that the potential weak effects 
of surrounding grassland cover observed in our study may 
stem from other unaccounted variations in microhabitat 
complexity, unmeasured climatic gradients or sampling 
limitations.

Seasonality likely plays a role in shaping natural enemy 
composition in the region. We observed that the effect of grass 
cover was more pronounced during the long rainy season, 
likely due to shifts in climatic conditions, vegetation growth, 
and resource availability (Bishop et al. 2014). Seasonal 
increases in rainfall and plant productivity can enhance flo-
ral and extrafloral nectar resources, alternative prey, and nest-
ing sites, which in turn support higher natural enemy activity 
(Achury et al. 2022). This highlights the importance of devel-
oping pest management strategies that account for seasonal 
dynamics in vegetation and climate, ensuring natural enemies 
are maximised during periods of peak pest pressure.

Implications and limitations

The natural enemy communities in our study were domi-
nated by ants. Although research on the role of ants in pest 
control is limited in sub-Saharan Africa, evidence suggests 
that ants may help reduce pest populations in African crop-
ping systems. For example, studies in Benin and Ghana 
found that Pheidole and Campotonus ants effectively con-
trolled fall armyworms in maize and banana fields (Das-
sou et al. 2021; Koffi et al. 2020). In our study region, the 
dominant ant species included Myrmicaria, Pachycondyla, 
Odontomachus, and Crematogaster. Functional traits of 
these genera suggest potential roles in pest suppression: 
Pachycondyla and Odontomachus ants are medium to large 
predatory ants that actively hunt lepidopteran caterpillars, 
such as the fall armyworm larvae, and other arthropods in 
the soil and leaf litter (Schmidt and Shattuck 2014; Vicente 
et al. 2016); Myrmicaria are small to medium-sized omniv-
orous ants that scavenge and prey opportunistically on 
small pests, and they nest in the soil and grass (Ward and 
Brady 2003); and Crematogaster are small to medium-sized 

behaviours (Helms 2023; Schultheiss et al. 2022). Lower 
elevations (< 1600masl) were dominated by several ant 
genera, including Pachycondyla, Odontomachus, Cremato-
gaster and Aphaenogaster, alongside Lycosa (spiders) and 
Allonemobius (crickets). In contrast, maize fields at higher 
elevations (> 1600masl) were consistently dominated by 
Myrmicaria ants.

Similar changes in the community structure of natural ene-
mies along elevation gradients have been reported in various 
ecosystems (Gilgado et al. 2022; Kunene et al. 2022; Mås-
viken et al. 2023; Pilar et al. 2020). In other studies along 
elevational gradients, Pachycondyla, Odontomachus and Cre-
matogaster ants were recorded at lower elevations (Kunene 
et al. 2022; Munyai and Foord 2012). Contrary to our find-
ings, Myrmicaria ants were recorded mostly between 800-
1400masl; however, these studies were conducted in different 
ecosystems, where other environmental variables and differ-
ing climatic conditions might have influenced the distribution 
of these ants (Kunene et al. 2022; Munyai and Foord 2012). 
Our data show a negative correlation between grassland cover 
and elevation, suggesting that the dominance of Myrmicaria 
ants at high elevations may be driven by low grassland cover, 
a variable that may have differed in other studies.

The effect of grass cover in the surrounding landscape on 
natural enemy communities was less pronounced than that 
of elevation. Although grassland cover was retained in the 
final model for species richness, its effect was non-signifi-
cant. Nonetheless, the positive trend with increasing grass 
cover (Fig. 3) suggests that non-crop habitats may con-
tribute to higher species richness by providing dietary and 
nesting resources for natural enemies (Farooq et al. 2022; 
Pilar et al. 2020). Surrounding areas with low grass cover 
(< 10%) were dominated by Myrmicaria ants, while those 
with higher grass cover (> 20%) were dominated by Doli-
choderus or Aphaenogaster ants, as well as Allonemobius 
crickets. Previous studies have reported that ant communi-
ties are primarily shaped by fine-scale habitat features, such 
as soil types, leaf litter depth, light penetration, or canopy 
density (Maravalhas and Vasconcelos 2020; Pérez-Sánchez 
et al. 2023), with broad-scale vegetation cover having a 

Table 2  Results of the PERMANOVA assessing the effects of elevation and grass cover on natural enemy community composition across two 
seasons. Degree of freedom (Df), sum of squares, explained variation (R2), F-statistic and significance levels are shown in bold
Seasons Source of variation Df Sum of sqs R2 F Pr(> F)
Short rains Elevation 3 1.58 0.29 1.67 0.02

Residual 12 3.79 0.71
Total 15 5.37 1.00

Long rains Elevation 5 3.02 0.38 2.20 <0.01
Residual 18 4.93 0.6
Total 23 7.95 1.00

Long rains Grass cover 2 0.15 0.15 1.83 <0.01
Residual 21 6.77 0.85
Total 23 7.95 1.00
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negative effect on evenness, grassland cover exhibited a 
more subtle influence on richness. For both environmental 
variables, community composition did change radically, 
with stronger dominance of Myrmicaria ants at higher 
elevations and with reduced landscape-level grass cover. 
Considering that climate change is expected to alter spe-
cies distribution, these findings are critical. As temperature 
zones shift, the observed dynamics in our study, such as the 
dominance of specific genus like Myrmicaria ants, could 
be impacted, potentially influencing pest management out-
comes in the future (Eigenbrode and Adhikari 2023; Ran-
dall 2025). Our findings, therefore, underscore the need to 
consider multiple landscape variables, alongside climate 
factors, when designing pest management strategies in sub-
Saharan agricultural landscapes.
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aggressive omnivorous ants that prey opportunistically on 
small pests (Styrsky and Eubanks 2007). Although some 
taxa of ants, including some species of Crematogaster, 
defend plant-sucking insects, such as aphids, against other 
natural enemies, potentially worsening pest problems (Styr-
sky and Eubanks 2007; Wills and Landis 2018), the main 
pests in our systems are fall armyworms and stem-boring 
caterpillars (Kansiime et al. 2024). Given the predatory 
nature of the dominant ants observed, it seems likely that 
they can protect crops against these pests, making them 
potential allies in integrated pest management strategies.

The evenness of natural enemies declined at higher eleva-
tions and, to a lesser extent, in landscapes with low grassland 
cover, with communities becoming increasingly dominated 
by certain ants (especially Myrmicaria). Reduced evenness 
implies that a few taxa disproportionately contribute to the 
community composition, which is likely to compromise the 
stability of pest control services if those dominant taxa are 
negatively affected by environmental stressors (Feit et al. 
2021). In the short term, conserving dominant ants such as 
Myrmicaria, which are ground-foraging generalist preda-
tors capable of preying on a wide range of insects, could 
help maintain pest control services in higher elevations 
and in landscapes with reduced grassland cover (Pilar et al. 
2020). However, reliance on a single dominant genus may 
reduce resilience to pest outbreaks over time as functionally 
important, less common taxa are underrepresented. Thus, 
promoting greater evenness in natural enemy communities 
could be particularly important at higher elevations and in 
landscapes with low grass cover. Such areas could benefit 
from additional interventions, such as habitat restoration, 
that may enhance the stability of pest regulation.

This study’s limitations include the relatively low sample 
size and snapshot character of the sampling regime. Low 
sample sizes may have limited our ability to infer more sub-
tle differences in natural enemy communities and may have 
contributed to the lack of differences in species richness and 
abundance. The use of pitfall traps as the only method to assess 
natural enemy communities is a further limitation. This method 
has a reduced likelihood of detecting foliage-dwelling natural 
enemies, such as lady beetles and mirid bugs, known to be 
prevalent in this system (Yi et al. 2012). Future research should 
thus aim to incorporate additional sampling methods, such as 
sweep netting and a larger sample size, covering longer time 
periods to capture a broader range of natural enemies.

Conclusion

Our study highlights the importance of elevation and grass 
cover in shaping natural enemy communities in agricultural 
landscapes in western Kenya. While elevation had a strong 
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Online Resource 1| Families of natural enemies recorded in maize agroecosystems. All taxa are either 
carnivorous, omnivorous or parasitoids based on well-established knowledge of their feeding habits 

Order Family Abundance Number of genera 
Acariformes 
 

Erythraeidae 1 1 
Phytoseiidae 1 1 

Araneae 
 

Anapidae 3 1 
Anyphaenidae 5 1 
Araneidae 28 2 
Clubionidae 5 1 
Corinnidae 2 1 
Ctenidae 6 1 
Deinopidae 1 1 
Dictynidae 1 1 
Filistatidae 2 1 
Gnaphosidae 4 3 
Gradungulidae 2 1 
Hahniidae 2 1 
Hypochilidae 1 1 
Lamponidae 13 2 
Lycosidae 117 7 
Miturgidae 3 1 
Orsolobidae 1 1 
Oxyopidae 4 1 
Pholcidae 2 1 
Plectreuridae 2 1 
Salticidae 3 2 
Scytodidae 1 1 
Selenopidae 3 2 
Sicariidae 2 1 
Theridiidae 2 1 
Theridiosomatidae 2 1 
Thomisidae 3 1 
Zoropsidae 2 2 



2 

Order Family Abundance Number of genera 
Chilopoda Scolopocryptopidae 3 3 
Coleoptera Anthicidae 3 3 

Carabidae 50 12 
Chrysomelidae 1 1 
Coccinellidae 8 3 
Elateridae 3 2 
Lampyridae 23 2 
Staphylinidae 50 16 

Dermaptera Forficulidae 13 3 
Diptera Dolichopodidae 17 7 

Hybotidae 1 1 
Hemiptera Cydnidae 1 1 

Pentatomidae 1 1 
Reduviidae 4 3 

Hymenoptera Braconidae 7 4 
Bethylidae 4 1 
Chalcididae 3 1 
Eulophidae 1 1 
Figitidae 6 3 
Formicidae 683 46 
Ichneumonidae 3 2 
Platygastridae 1 2 
Platygastrinae 4 1 
Pompilidae 1 1 
Scelionidae 12 1 

Mantodea Mantidae 1 1 
Opiliones Phalangiidae 1 1 

Sclerosomatidae 3 1 
Orthoptera Gryllidae 56 5 

Trigonidiidae 129 3 
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Online Resource 3| Pairwise comparison of natural enemy composition across elevation in two seasons. Values 
indicate Bray-Curtis’s similarity index 

Season Elevation 1 (masl) Elevation 2 (masl) Similarity 
Short rains <1200 1200-1349 0.76 
Short rains <1200 1350-1499 0.70 
Short rains <1200 1500-1649 0.25 
Short rains 1200-1349 1350-1499 0.51 
Short rains 1200-1349 1500-1649 0.17 
Short rains 1350-1499 1500-1649 0.17 
Long rains <1200 1200-1349 0.92 
Long rains <1200 1350-1499 0.23 
Long rains <1200 1500-1649 0.12 
Long rains <1200 1650-1799 0.08  
Long rains <1200 >1800 0.08 
Long rains 1200-1349 1350-1499 0.12 
Long rains 1200-1349 1500-1649 0.08 
Long rains 1200-1349 1650-1799 0.08  
Long rains 1200-1349 >1800 0.08 
Long rains 1350-1499 1500-1649 0.08 
Long rains 1350-1499 1650-1799 0.08 
Long rains 1350-1499 >1800 0.08 
Long rains 1500-1649 1650-1799 0.47 
Long rains 1500-1649 >1800 0.11 
Long rains 1650-1799 >1800 0.12 

 
Online Resource 4| Results of the PERMANOVA assessing the effects of grass cover on natural enemies’ 
composition in the short rains season. Degree of freedom (Df), sum of squares, explained variation (R2 ), F-statistic 
and significance levels are shown 

Seasons Source of variation Df  Sum of sqs R2 F Pr(>F)  
Short rains Grass cover 2 0.70 0.13  0.98  0.50 
 Residual   13 4.67 0.87   
 Total  15 5.37 1.00   

 

Online Resource 5| Pairwise comparison of natural enemy composition across grass cover percentage in Season 
2. Values indicate Bray-Curtis’s similarity index 

Season Grass cover 1 (%) Grass cover 2 (%) Similarity 
Long rains <10 10-20 0.17 
Long rains <10 >20 0.05 
Long rains 10-20 >20 0.19 
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