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As part of Work Package 4 (WP 4) of the UPSCALE project, Task 4.1
evaluates the effects of scaling up the push-pull technology (PPT) on the
agricultural efficiency of both push-pull and conventional practice. This
study examines arthropod abundance and pest control dynamics in push-
pull and conventional fields, while considering the influence of
neighboring fields and surrounding landscape composition.

Fieldwork was conducted for two rainy seasons from March to June 2022
and from September 2022 to January 2023 in five East African countries.
A standardized protocol was developed to ensure consistency across all
countries and sampling rounds. Statistical analyses, including linear mixed
models, were used to assess the relationships between biodiversity, pest
control, crop productivity, and key landscape parameters such as field-
edge density and the proportion of maize cultivation.

The comparison between push-pull and conventional plots revealed no
significant differences for non-pest arthropod abundance and maize yield.
However, for pest leaf damage, push-pull plots showed significantly lower
damage on average compared to conventional plots. The adjacent plot
type also played a pronounced, but contrasting role. In Rwanda, leaf
damage was significantly higher when the adjacent fields were push-pull
rather than conventional fields. But in Kenya, significantly lower leaf
damage was observed in fields adjacent to push-pull rather than
conventional fields. Seasonal effects were strong across all response
variables.

The effects of landscape variables on total arthropod abundance, leaf
damage, and yield also varied across the countries, emphasizing the
complexity of landscape interactions. Notably, a higher proportion of
maize in the landscape as well as high edge density of land use patches
correlated with increased arthropod abundance in Kenya, but these
effects were not observed in other East African countries.

Taken together, these results confirm the impacts of PPT on reducing pest
damage in smallholder cereal crops, even as these results did not translate
to differences in yields. We also emphasize a high context dependency of
PPT impacts in terms of pest damage between countries, and few
measurable effects on communities of non-pest arthropods. Additional
analyses will further elucidate the drivers of observed differences. These
results feed into ongoing synthesis approaches for climatic and socio-
ecological modelling of push-pull and non-push-pull farming transitions
across East African countries (WP4, 5).
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1. Introduction

Agricultural intensification in sub-Saharan Africa, particularly in maize monoculture systems, poses
significant challenges for biodiversity, pest control, and sustainability. Push-pull technology (PPT) has
been developed as an innovative, eco-friendly pest management system to address these issues. By
integrating "push" plants that repel pests and "pull" plants that attract and trap pests, PPT reduces
pest pressure, enhances crop yields, and improves soil health without relying on chemical inputs
(Pickett et al. 2014; Khan et al. 2014)In addition to its direct benefits within fields, PPT also contributes
to broader ecological benefits, including the promotion of natural enemies and biodiversity through
increased habitat complexity (Midega et al. 2014).

While much research has focused on the within-field effects of PPT on pest control and crop yield,
fewer studies have explored its impacts on surrounding agricultural systems. As part of Work Package
4 (WP 4) of the UPSCALE project, Task 4.1 evaluates the effects of scaling up PPT on the agricultural
efficiency of both push-pull and conventional fields by investigating the role of PPT in shaping
arthropod communities, biodiversity, and pest control across spatial scales. Specifically, the study
seeks to understand how neighboring field composition, and landscape parameters affect pest
pressure and ecosystem services in Kenya, Uganda, Rwanda and Ethiopia.

To address these objectives, a nested experimental design was implemented across gradients of push-
pull adoption, encompassing both conventional and push-pull fields. The study examines arthropod
abundance and natural pest control dynamics in push-pull and conventional fields, while considering
the influence of neighboring fields and surrounding landscape composition. Linear mixed models,
were used to assess the relationships between biodiversity, pest control, and key landscape
parameters such as field-edge density and maize cultivation intensity. In addition, the study examines
how the interaction between push-pull and neighboring conventional fields influences pest control
and crop productivity.

By focusing on the ecological impacts of PPT on agricultural fields and their surroundings, this study
addresses two critical questions: (1) How does the presence of neighboring push-pull fields influence
pest pressure and biodiversity in conventional fields on one hand, and in push-pull fields on the other
hand? (2) What role do landscape parameters, such as edge density and maize cultivation intensity,
play in shaping these effects?

2. Methods

2.1 Study Sites

The impacts of upscaling PPT on agricultural effectiveness in both push-pull and conventional fields
are investigated in WP 4, Task 4.1. Fieldwork was conducted for two rainy seasons (A and B) from
March to June 2022 and from September 2022 to January 2023 across five countries: Tanzania, Kenya,
Rwanda, Uganda, and Ethiopia (Ethiopia one season only; see deliverable D4.2 by Meinhof et al. for a
detailed study site description). Some datasets could not be included in their current stage in the
present deliverable: Tanzania data are currently not available due to inconsistency in protocol
processing. Similarly, Ethiopia leaf damage and yield data are currently not available due to corrections
required in the data processing. Uganda arthropod data could not be included due to delays in the
identification of arthropod samples.
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2.2 Site selection

Field selection was initially based on recorded GIS data, followed by systematic ground-truthing to
verify suitability. To analyse the influence of both local and landscape-scale variables on push-pull
effectiveness and spill-over impacts, we considered several key factors: the percentage of push-pull
fields in the surrounding landscape, gradients in landscape composition, and soil quality. The local-
scale analysis includes assessments such as grassland cover analysis, climatic variables, and the
duration of regional push-pull implementation (see deliverable D2.1 for details).

In each country, we selected fields as follows:

e 10 conventional fields adjacent to conventional fields
e 10 conventional fields adjacent to push-pull fields

e 10 push-pull fields adjacent to conventional fields

e 10 push-pull fields adjacent to push-pull fields

This configuration enables the measurement of spillover effects from one field type to the adjacent
field. Non-push-pull fields are maize fields (or sorghum in the case of Ethiopia) either in monoculture
orintercropped with legumes and summarized as conventional fields (C). Push-pull fields (P) are maize
fields (or sorghum in the case of Ethiopia) intercropped with Desmodium spp. and surrounded by a
trap grass from various PPT generations, i.e. Napier or Brachiaria. Sampled adjacent fields, together
with nearby grasslands (D4.2) are defined as a cluster (see Fig. 1 and deliverable D4.2 for details).

2.3 Sampling design

A standardized protocol was developed to ensure consistency in data collection across all countries
and sampling rounds (see Fig. 1). The response variables arthropod abundance, leaf damage and yield
were sampled (see Table 1 for an overview of the number of observations for each variable).

Legend
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Figure 1: Standardized protocol of the work in one field in WP 4. Impacts of PPT in grasslands surrounding

fields are described in deliverable D4.2. In this deliverable (D4.1), we focus on impacts within push-pull
and non-push-pull fields.
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Arthropod richness was assessed by installing four pitfall traps in each focal field, which were left in
place for seven days before collection (see Fig. 2). This was repeated two times per season. Arthropods
were identified to the family level, and total abundance was calculated as the number of individuals

captured per trap and sampling round.

Figure 2: Installation steps of pitfall traps in the field (figure by D. Meinhof).

Pest occurrence was evaluated by monitoring crop conditions for both pest-related and
environmental damage (see Fig. 3). In each focal field, 21 maize plants, divided into three transects
(seven plants per transect), were tagged for repeated assessment (two times per season). For each
plant, all leaves were examined and scored based on the standardized damage scale.

From these observations, the number of damaged and undamaged leaves per plant was calculated for
further analysis.

Score  Simple 1 1o 5 whole plant damage scale for the fall army-
worm (whole plant assessed)

| No damage

ra

Little damage

3 Medium damage

4 Heavy damage (most 78
of the plant with -
damage symptoms) gl b

5 Very heavy or total
damage (plant is
almost dying)

Usually used for pest monitoring and decision-making
Figure 3: Pest leaf damage on a maize plant (left) and damage score scale (from Toepfer et al. 2021)
To assess the economic impact of pest damage, the tagged plants were evaluated for yield at the end

of both growing seasons. Yield was quantified as the dry weight of maize cobs (in grams), which served
as the key economic parameter in this study.
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Table 1: Number of observations for each response variable per country.

Response (unit) Kenya Rwanda Uganda Ethiopia
Total Abundance (# individuals) N=539 N=109 N=NA N=214
Leaf Damage per plant (%) N=3038 N=1638 N=2767 N=NA
Yield per plant (g) N=834 N=794 N=772 N=NA

2.4 Landscape analyses

Landscape parameters were calculated across multiple buffer zones ranging from 250 to 2000 meters
radius (in 250-meter intervals) around the study plots to investigate landscape-scale effects. For
further analyses, the 1000-meter buffer was selected as it yielded the lowest Akaike Information
Criterion (AIC) value, determined through preliminary modeling in the Kenya dataset. Two key
landscape parameters were used to describe the surrounding environment: landscape configuration,
represented by edge density, and landscape composition, represented by the percentage of maize
cover (including both maize monocultures and intercropped maize fields).

Edge density, a measure of landscape configuration, was calculated as the total edge length of land
use patches per hectare (m/ha) using eight land use categories: Bare soil, Built-up, Cropland, Forest,
Grassland, Shrubland, Flooded vegetation, and Water. Maize cover percentage, a measure of
landscape composition, was calculated from land use classes derived from UPSCALE classification
maps (see deliverable D5.1). All geoprocessing and calculations were conducted using ESRI ArcGIS Pro
3.2.0, calculated by J. Zhang (UWUE) based on maps by Liepa et al. (D5.1).

2.5 Data Analysis

To evaluate the effects of ecological and landscape variables on arthropod abundance, maize yield,
and leaf damage, linear mixed-effects models (LMMs) were applied separately for each response
variable and country using R Statistical Software (R Core Team 2023). The models for abundance and
yield were fitted using the “Imer” function of the “ImerTest” 3.1-3 package (Kuznetsova et al. 2017),
which allows for hypothesis testing using Satterthwaite’s method for degrees of freedom. Abundance
and yield variables were log-transformed to meet model assumptions. For arthropod abundance, the
log+1 transformation of the total abundance was used as the response variable. For maize yield, we
modelled the the log+1-transformed dry cob weight. Leaf damage was modeled using a beta-binomial
approach implemented in the “glmmTMB” 1.1.5 package (Brooks et al. 2017), which accommodates
binomial response data with overdispersion. All models included random intercepts for clusters and
plots nested within clusters to account for spatial pseudoreplication.

The fixed effects included plot type (P vs. C), neighboring plot type (P vs. C), season (A vs. B), trap
location (for damage assessment: in-field position, either Transect 1-3; for pitfall traps: trap location
at the field edge or the field center), edge density, and maize percentage. We tested interactions
between plot type and neighboring plot, plot type and season, neighboring plot and season, plot type
and trap location, plot type and season and neighboring plot and season. The landscape variables edge
density and maize percentage were standardized using the scale() function in R. This transformation
centers the variables around a mean of zero and scales them by their standard deviation, ensuring
comparability and improving model convergence.

10
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We examined residual diagnostics and performed model validation using the “simulateResiduals”
function of the “DHARMa” package (Hartig 2016) for the Kenya models. This included tests for
normality, homoscedasticity, and spatial autocorrelation. Spatial autocorrelation in model residuals

was tested using the spline.correlog() function of the “ncf” 1.3-0 package (Bj@rnstad und Falck 2001),
which calculates spline correlograms to visualize and quantify spatial patterns. Normality of residuals
was assessed using Q-Q plots, and heteroscedasticity was visually inspected with residual variance
plots. The models conformed to assumptions of normality and homoscedasticity, and residuals
showed no spatial autocorrelation. To assess multicollinearity among fixed effects, variance inflation
factors (VIF) were calculated using the vif() function from the “car” package (Fox und Weisberg 2019).
All VIF values were below 5, indicating no problematic multicollinearity among predictor variables.

Model summaries are shown in the Appendix Tables 2-4. Relevant results were visualized using
“ggplot2” 3.4.2 (Wickham et al. 2007). Effect sizes for the fixed effects were calculated and
standardized using the standardize_parameters() function of the “effectsize” 0.7.0 package (Ben-
Shachar et al. 2020). The standardized coefficients, along with their 95% confidence intervals, were
visualized using “ggplot2” 3.4.2 (Wickham et al. 2007). These plots include a dashed vertical line
representing the null effect to help identify significant predictors.

3. Results

3.1 Comparison of push-pull vs. conventional fields

The total abundance of arthropods across different taxonomic orders in push-pull and conventional
fields is compared in Kenya (see Fig. 4). The most abundant orders, such as Poduromorpha,
Hymenoptera, and Entomobryomorpha, show consistent dominance across both plot types, with
slight variations in their relative abundance. While push-pull fields generally maintain higher or
comparable arthropod counts for most orders, some less dominant taxa, such as Araneae and
Coleoptera, exhibit no clear pattern of variation between the two treatments.

11
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Figure 4: Number of individuals of arthropods (Abundance) in push-pull (P) vs conventional (C) fields in
Kenya. Abundance data are log+1 transformed.

Across all three response variables—arthropod abundance, maize yield, and leaf damage—the
comparison between push-pull and conventional plots revealed mixed results (see Fig. 5).

The comparison between push-pull and conventional plots revealed no significant differences for
arthropod abundance. In Kenya, Rwanda and Ethiopia, plot type did not significantly affect abundance,
with estimates of -0.15 (p = 0.583), -0.35 (p = 0.634) and 1.26 (p=0.28), respectively.

For leaf damage, push-pull plots consistently showed significantly lower damage compared to
conventional plots. In Kenya, damage was reduced by -0.97 (p < 0.001), while in Uganda and Rwanda
similar trends were observed -0.75 (p < 0.001); -1.28 (p < 0.001) with a significant reduction of
damaged leaves in push-pull plots.

For maize yield, the difference between push-pull and conventional plots was not statistically
significant in either Kenya (0.09, p=0.7), Uganda (-0.3, p = 0.419) or Rwanda (-0.63, p = 0.06).

12
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Figure 5: Plot type (P=push-pull vs C= conventional plots) differences in abundance, leaf damage (%)
and yield (cob dry weight in g) across countries.

Abundance is shown for Kenya (n=539), Rwanda (n=109) and Ethiopia (n=214). Leaf Damage and Yield
are shown for Kenya (n=3038, 834), Rwanda (n=1638, 794) and Uganda (n=2767, 772), respectively).
Abundance and Yield data are displayed on a log scale. Statistical analysis was performed separately
for each country. * p<0.05, ** p<0.01, *** p<0.001.

3.2 Local scale comparison

Adjacent plot

At the local scale, the adjacent (neighboring) plot type did not significantly influence the abundance
of non-pest arthropods in most regions. For instance, in Kenya, the effect of neighboring plot type was
only marginally significant (-0.46, p = 0.078) (see Fig. 6). Similarly, no significant effect of neighboring
plot type on abundance was observed in Rwanda (0.54, p = 0.479) or Ethiopia (1.26, p=0.28).

For leaf damage, the neighboring plot type played a more pronounced role (Fig. 7). In Kenya, leaf
damage was significantly lower in a push-pull field than a conventional field when neighboring fields
were conventional (-0.75, p=0.003), indicating an either repellent or trapping effect of the PPT for
pests compared to the conventional plots. However, leaf damage was also significantly lower in
conventional plots adjacent to PPT than when they were adjacent to conventional. In these plots, leaf
damage was similar to the damage in PPT plots themselves, thus indicating that proximity to PPT plots
led to reduced pest pressure in neighbouring conventional fields, i.e. a beneficial spillover impact of

13
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the PPT. Together, these results suggest a ‘sink’ role of the PPT which may have directly reduced pest

populations sufficiently to lower pest pressure also in neighbouring conventional fields.

However, in Rwanda, opposite patterns were observed. In this case, the highest leaf damage occurred
in conventional fields located next to push-pull fields (-1.28, p < 0.001) (see Fig. 7). This damage was
significantly higher than when fields neighboured other conventional fields. In contrast to Kenya,
these results suggest a negative spillover impact of PPT on neighbouring plots, which led to increased
pest pressure potentially through a ‘barrier’ role of the PPT for pests, which subsequently had higher
attack rates in neighbouring non-PPT fields.

In both countries, damage in the PPT plots themselves did not vary according to management of the
neighbouring plots (Fig. 7). In contrast to Kenya and Rwanda, in Uganda, no such neighbour effects
were observed.

Yield declined in plots neighboring a push-pull plot in Rwanda (-0.71, p=0.019) but not in the other

countries.
Kenya Plot_type
10000 o =0222 . B¢
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Figure 6: Abundance for the different plot typed (P and C) and the adjacent plots at the x axis for Kenya.
Abundance is log+1 transformed.
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Figure 7: Comparison of number of damaged leaves in percent between plot types (P and C), either
adjacent to push-pull or adjacent to conventional fields. Different letters represent significant
differences between plot types (Tukey post-hoc tests corrected for multiple testing).

Seasonal effects

Seasonal effects were strong and consistent across all response variables. For arthropod abundance,

abundance was significantly lower during the secondary season in Kenya (-0.73, p < 0.001) (see Fig. 8).

Leaf damage also decreased in all countries significantly during the secondary season, with reductions
of -1.94 (p < 0.001) in Kenya, -2.22 (p < 0.001) in Rwanda and -0.22 (p < 0.001) in Uganda (see. Fig. 9).
For maize yield, in Kenya Season B had less yield (-1.52, p < 0.001) but no significant seasonal effects

were observed in the other regions.

Kenya
10000 T T

1000

100

10

Abundance

Season

Figure 8: Seasonal comparison of Season A and B and the abundance of arthropods sampled in Kenya.

* p<0.05, ** p<0.01, *** p<0.001
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Figure 9: Seasonal comparison of the leaf damage in percent according to the plot type (C or P) for
fields in Kenya, Rwanda and Uganda.

In-field position

Transect or trap location had minor effects on arthropod abundance, with a small but non-significant
increase near field edges in Kenya (0.23, p=0.097). For leaf damage, location effects were more
apparent; for instance, in Uganda, plants in transects farther from field edges showed slightly higher
damage levels (0.09, p = 0.026), but also significantly in Kenya and Rwanda (0.096, p=0.03 and -0.144,
p < 0.001). No significant effect of plant location on maize yield was detected in any region.
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3.3 Landscape scale comparison

The landscape variables, maize percentage and edge density, showed varying effects across the
response variables. Maize percentage was significant in Kenya, where a higher proportion of maize in
the landscape correlated with increased arthropod abundance (0.31, p = 0.007) (see Fig.: 10).
Arthropod abundance was positively associated with edge density in Kenya (0.31, p = 0.014) (see Fig.:
11), though no such relationship was found in Rwanda or Ethiopia.
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Landscape composition: Maize% (scaled)

Figure 10: Relationship between landscape composition (scaled percentage of maize cover) and
arthropod abundance (log+1 transformed) in Kenya.

Data points represent individual observations, and the black line indicates the fitted linear regression
model with a 95% confidence interval (shaded area). A significant positive association is observed (**p
<0.01).
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Figure 11: Relationship between landscape configuration (scaled edge density) and arthropod
abundance (log+1 transformed) in Kenya.

Data points represent individual observations, and the black line indicates the fitted linear regression
model with a 95% confidence interval (shaded area). A significant positive association is observed (*
p<0.05).

For leaf damage, edge density had a marginally negative effect in Kenya (-0.20, p = 0.097), though this
trend was not significant in other regions. Maize percentage did not significantly influence damage
levels across any region.

For maize yield, edge density and maize percentage exhibited only weak or non-significant effects. In
Kenya, edge density showed a positive but non-significant relationship with yield (0.13, p = 0.349),
while maize percentage had no detectable impact.

3.4 Effectsize

Standardized effect sizes for fixed effects across models revealed that plot type and season were
among the strongest predictors for leaf damage and arthropod abundance, while landscape-level
variables had relatively smaller, though still meaningful, effects (see Fig. 12). For example, in Kenya,
the standardized coefficient for edge density on arthropod abundance was 0.31 with a confidence
interval excluding zero, indicating a robust positive relationship. Similarly, season had a large negative
effect on leaf damage in both Kenya and Rwanda, highlighting its importance as a determinant of
damage variability (see Fig. 13). Yields had the least significant effects in the fixed effects (see Fig. 14).
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Figure 12: Effect sizes of fixed effects for the response variable Abundance across the countries Kenya,
Rwanda and Ethiopia

The plots display the standardized coefficients and their 95% confidence intervals for each predictor
variable from separate models. The red dashed lines represent the null effect (coefficient = 0). Variables
are grouped and analyzed separately for each country to illustrate regional specific differences.
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Figure 13: Effect sizes of fixed effects for the response variable leave damage across the countries Kenya,
Rwanda and Uganda

The plots display the standardized coefficients and their 95% confidence intervals for each predictor
variable from separate models. The red dashed lines represent the null effect (coefficient = 0). Variables
are grouped and analyzed separately for each country to illustrate regional specific differences
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Figure 14: Effect sizes of fixed effects for the response variable Yield across the countries Kenya,
Rwanda and Uganda

The plots display the standardized coefficients and their 95% confidence intervals for each predictor
variable from separate models. The red dashed lines represent the null effect (coefficient = 0). Variables
are grouped and analyzed separately for each country to illustrate regional specific differences

4. Discussion

The results of this study reveal nuanced insights into the ecological and agronomic effects of PPT
across different countries in East Africa. While the positive aspects of push-pull fields, as previously
highlighted (e.g. (Khan et al. 2008), were not fully replicated in this large-scale study, key findings
underline its pest-repellent benefits. For maize yield, no significant improvements were observed
across the analyzed regions, which may partly be due to using dry cob weight as a parameter. Dry
weight is naturally influenced by maize variety and environmental conditions, which may limit its
efficacy as a uniform yield indicator. However, the significantly lower leaf damage observed in push-
pull fields compared to conventional fields shows the pest-repellent and/or trapping potential of the
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technology, representing a substantial advantage for pest management. These findings align with
previous studies demonstrating the pest-repellent benefits of push-pull systems (Midega et al. 2014).

The differences in total arthropod abundance, often considered as an indicator of biodiversity, were
not significant between push-pull and conventional fields. However, this should be further analyzed
at family level, including taxonomic traits, to better understand potential ecosystem services provided
by specific arthropod groups. Such detailed analyses could clarify the ecological contributions of push-
pull fields and provide a more comprehensive interpretation of biodiversity benefits.

4.1 Local impacts

Spillover effect on adjacent fields

The spillover effects of push-pull fields on adjacent fields varied significantly between regions and
provide an important dimension to understand the impact from the PPT. No significant effect of the
type of adjacent field could be seen on total arthropod abundance. However, pest pressure in
conventional fields appeared to depend on the management of the adjacent field. In Kenya, for
example, conventional fields adjacent to conventional fields exhibited higher pest damage than
conventional fields adjacent to push-pull fields. This indicates a beneficial impact of push-pull fields
on neighboring plots, whereby pests in neighboring plots are reduced in the presence of a PPT field
(Luttermoser et al. 2023).

In Rwanda, the situation was different. Conventional fields neighboring push-pull fields showed
significantly higher pest damage compared to those adjacent to other conventional fields, likely due
to pests being driven out of the push-pull fields and moving into nearby conventional fields. These
findings emphasize the likely importance of field size, landscape structure, and a regional context in
shaping the local effectiveness and impacts of PPT.

Seasonal pattern

The results show the influence of seasonal conditions on pests and the effectiveness of push-pull
systems. Changes in weather patterns, such as the increasing frequency of extreme weather events
and shifts in rainy season timing, have disrupted the traditional two-season system in East Africa
(Thornton et al. 2014). The first rainy season, usually longer and the second shorter season are less
and less predictable. These changes may be reflected in the seasonal differences observed in Kenya,
where arthropod abundance was significantly lower during the shorter second season. Despite
reduced abundance of potential natural enemies, pest damage to maize plants was also lower during
this season, likely due to irregular rainfall limiting pest activity.

Interestingly, during the first, longer rainy season, PPT demonstrated a positive effect on pest control
(i.e. lowered pest leaf damage), highlighting its potential as a climate-smart solution for pest
management in times of changing climatic conditions (Alexandridis et al. 2023). These findings
underline the resilience of push-pull systems under variable climatic conditions and their potential to
moderate the impacts of unpredictable rainfall on pest pressures (Midega et al. 2018).

Spatial pattern within the field

The within-field position showed significant differences in pest damage, consistent with findings by
Boetzl et al. (2019). Plants located further from field edges tended to experience lower pest pressure,
likely due to edge effects and the distribution of pest populations. These spatial dynamics highlight
the importance of considering within-field variability when designing pest management strategies and
evaluating the effectiveness of push-pull systems.
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4.2 Landscape effects

The effects of landscape variables on total arthropod abundance, leaf damage, and yield varied across
the countries, emphasizing the complexity of landscape interactions. In Kenya, the percentage of
maize around the fields was a significant positive predictor of arthropod abundance, as well as edge
density, also positively associated with abundance. This may be due to the fact that landscape
complexity supports natural enemy diversity by enhancing habitat availability (e.g. Martin et al. 2016;
Schneider et al. 2015). However, these effects were not observed in Rwanda or Ethiopia, likely due to
differences in field size and landscape composition (Martin et al. 2019).

For leaf damage, edge density had a weak negative effect in Kenya, suggesting a potential protective
role of more complex landscapes against pests, though no significant effects were found in other
regions. Maize percentage had no significant effect on pest damage in this study, in contrast to the
expected impact of increased crop cover diluting pest populations (Schneider et al. 2015). This may
be due to the dominance of maize across all landscapes, limiting variability.

Foryield, neither edge density nor maize percentage had significant effects. Push-pull yields have been
shown to benefit in complex landscapes more from companion crops than direct pest suppression
(Kebede et al. 2018). Factors such as soil fertility, maize variety and climate may be stronger
determinants than landscape pattern.

5. Conclusion

This study on the ecological effectiveness of PPT compared to conventional farming provides valuable
insights into its agronomic and ecological impacts across East African landscapes. The findings
highlight the potential of PPT to contribute to sustainable agricultural systems by balancing
productivity with environmental resilience. While the expected yield benefits were not fully realized—
likely due to maize variety and environmental variability—the significant reduction in leaf damage
demonstrates the strong pest-repellent and/or pest-trapping properties of the technology. The
observed spillover effects, particularly in Kenya, suggest that PPT can extend benefits beyond
individual plots. However, regional differences emphasize the importance of landscape structure and
field size in shaping these effects.

The influence of landscape variables such as edge density and maize percentage on arthropod
abundance and leaf damage further underscores the complexity of agroecological interactions. These
findings contribute to broader discussions within the UPSCALE project by providing essential data that
can be integrated with other work packages. Combining these results on adjacent field effects with
findings on spillover effects beyond field boundaries (D4.2) and soil analysis data (D2.2) will help
create a more comprehensive understanding of the impacts of PPT. Moreover, integrating this
information into WP5 can support the development of detailed, evidence-based maps to guide future
agricultural planning and policy recommendations.

5.1 Next steps

Further analyses will expand the scope of the landscape-level investigation by incorporating additional
variables such as soil fertility, percentage of grassland, temperature, precipitation, landscape
composition, population density, Shannon diversity index, field size and elevation. Exploring
interactions between these landscape variables and plot-level factors could provide insights into their
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combined influence on biodiversity and ecosystem services. Temporal analyses across multiple
seasons will help capture dynamic changes in community structure and ecosystem functions.

A more detailed analysis of arthropod data at the family level and their taxonomic traits will be
performed using Bray-Curtis dissimilarity. Linking arthropod functional traits to ecosystem services,
including rates of predation and parasitism, could provide more understanding of their ecological roles
in both push-pull and conventional systems. These analyses aim to refine the understanding of
landscape-scale drivers of biodiversity and productivity in agroecological systems.
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7. Appendix

Table 2: Summary of Fixed Effects from the Linear Mixed Model for total Abundance (log-transformed)
data.

Data analysis was made separately for each country (Kenya, Rwanda and Ethiopia). Estimates,
standard errors, degrees of freedom, t-values, and p-values are provided for each predictor, including
main effects and interactions. t-tests use Satterthwaite's method. Signif. codes: 0 “***’ 0.001 “**’
0.01*”0.05“’0.1°"1

Kenya
Fixed effects:
Estimate Std. Error df t value Pr(>|t])
(Intercept) 5.08652 ©.19639 64.35799 25.980 < 2e-16 ***
Plot_typeP -9.14981 ©.27141 55.42981 -0©.552 9.5832
Neighbor_plotP -9.45572 ©.25221 41.56962 -1.807 0.0780 .
Trap_locationedge 9.23177 ©.13975 496.53844 1.658 9.0979 .
SeasonB -9.72992 ©.17339 509.63136 -4.210 3.02e-05 **=*
edge _density_scaled ©.30726 ©.11658 24.87019 2.636 9.0145 *
Maize_scaled 9.31396 ©.10852 28.02164 2.893 0.9073 **
Plot_typeP:Neighbor plotP 0.47684 ©.37966 22.13266 1.256 9.2222
Plot_typeP:Trap_locationedge 0.06832 ©.19709 495,98235 0.347 9.7290
Plot_tvpeP:SeasonB -9.01559 ©.20122 508.40118 -0.077 9.9383
Neighbor_ plotP:SeasonB 9.33589 0.20116 509.26346 1.670 0.0956 .
Rwanda
Estimate Std. Error df t value Pr(>|t]|)
(Intercept) 3.276259 ©.577688 98.000000 5.671 1.43e-97 ***
Plot_tvpeP -0.348477 0.729526 98.000000 -0.478 9.6339
Neighbor_plotP ©.543523 0.764206 98.000000 0.711 0.4786
Locationedge -9.105584 ©.285212 98.000000 -0.370 0.7120
Season 0.101006 ©.389674 98.000000 ©.259 0.7960
edge_density_scaled -0.058730 0.129609 98.000000 -0.453 ©.6515
Maize scaled -9.201566 0.113167 98.000000 -1.782 0.0778 .
Plot_typeP:Neighbor plotP -9.387496 ©.500659 98.000000 -0.774 0.4408
Plot_typeP:Locationedge 0.003638 ©.358366 98.000000 0.010 0.9919
Plot _typeP:Season 0.444065 ©.518360 98.000000 ©.857 0.3937
Neighbor_ plotP:Season -0.163546 0.496492 98.000000 -0.329 0.7426
Ethiopia
Estimate Std. Error df t value Pr(>|t|)
(Intercept) 2.60809 1.09025 60.23665 2.392 9.0199 *
Plot_typeP 1.25757 1.15236 G57.78071 1.091 0.2797
Neigbor_plotP 0.64717 1.17500 60.02398 8.551 9.5838
Locationedge -0.18594 1.16287 187.62952 -0.160 0.8731
Plot typeP:Neigbor plotP 0.36445 1.61331 £54.44452 0.226 0.8221
Plot_typeP:lLocationedge 9.10173 1.21634 186.92686 0.084 0.9334
Neigbor_plotP:Locationedge -8.09093 1.24287 186.94779 -0.073 0.9418
Plot_typeP:Neigbor plotP:Locationedge 8.41321 1.67512 185.96648 a.247 8.8054
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Table 3: Summary of Fixed Effects from the Beta-Binomial Model for Leaf Damage in Kenya, Rwanda
and Uganda.

Estimates, standard errors, z-values, and p-values are provided for each predictor, including main
effects and interactions, based on the proportion of damaged vs. undamaged leaves. Signif. codes: 0
**%70,001 “**70.01 “*’0.05°°0.1°"1

Kenya

Estimate Std. Error z value Pr(>|z]|)
(Intercept) ©.10857 0.20468 ©.530 9.595816
Plot_typeP -9.96947 9.29111 -3.330 0.000868 ***
Neighbor_plotP -0.75339 0.26049 -2.893 0.003813 **
Transect3 0.09678 0.04534 2.135 ©.032791 *
SeasonB -1.93630 0.10720 -18.062 < 2e-16 ***
Maize_age_Days ©.03400 0.03950 0.861 ©.389296
Maize scaled -8.17737 ©.11137 -1.593 ©0.111244
edge_density_scaled -0.19560 ©.11790 -1.659 ©.097165 .
Plot_tvypeP:Neighbor plotP 1.13829 0.42890 2.654 0.0907955 **
Plot_typeP:Transect3 -9.04818 ©.06502 -0.741 ©.458691
Plot_typeP:SeasonB 8.33949 ©.11957 2.839 0.0904523 **
Neighbor_plotP:SeasonB 0.10798 ©.11956 ©.903 0.366435
Rwanda

Estimate Std. Error z value Pr(>|z]|)
(Intercept) 0.208782 8.23083 8.900 ©.367952
Plot_typeP -1.28122 ©.31532 -4.963 4.84e-95 ***
Neighbor_plotP 1.16958 0.29471 3.765 0.000167 ***
Transect -9.14483 0.03442 -4.208 2.58e-0Q5 **=*
SeasonB -2.21968 0.09510 -23.341 < 2e-16 ***
Maize scaled 0.17459 ©.12183 1.433 ©.151840
edge _density_scaled -0.06166 0.11228 -0.549 ©.582873
Plot_tvpeP:Neighbor plotP -0©.74282 ©.42588 -1.744 ©.081125 .
Plot_typeP:Transect ©.19215 0.94798 4.005 6.21e-95 ***
Plot_typeP:SeasonB 1.01570 0.18%49 9.277 < 2e-16 ***
Neighbor_plotP:SeasonB -9.18135 0.10749 -1.687 ©.091567 .
Uganda

Estimate Std. Error z value Pr(>|z|)
(Intercept) -0.050608 ©.156973 -0.322 0.747151
Plot_tvpeP -0.749512 ©.213585 -3.509 0.000449 ***
Neighbor plotP -0.162129 ©.208693 -0.777 ©.437231
TransectB ©.089102 ©.042311 2.106 9.035216 *
TransectC ©.093739 0.042063 2.229 0.925843 *
SeasonB -9.221462 ©.049931 -4.435 9.19e-06 ***
Maize_age_scaled -0.007331 ©.016081 -0.456 ©.648475
Maize scaled ©.086336 0.077201 1.118 09.263429
edge _density._scaled 0.084500 0.085751 ©.985 ©.324421
Plot _tvpeP:Neighbor plotP ©.248215 ©.3354084 ©.740 ©.459271
Plot_typeP:TransectB ©.153078 0.062577 2.446 0.914436 *
Plot_ tyvpeP:TransectC 0.096910 0.062415 1.553 ©.120501
Plot tvpeP:SeasonB ©.314531 ©.052138 6.033 1.61e-09 ***
Neighbor nlotP:SeasonB -9.011919 9.852392 -0.227 ©.820841
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D4.1: Report on the impacts of push-pull on

H2020-SFS-2019-2 ecological effectiveness.

Table 4: Summary of Fixed Effects from the Linear Mixed Model for Maize Yield

(log-transformed dry weight of cobs) in Kenya, Rwanda and Uganda. Estimates, standard errors,
degrees of freedom, t-values, and p-values are provided for each predictor, including main effects and
interactions. t-tests use Satterthwaite's method. Signif. codes: 0 “***’0.001 “**’0.01 “*’0.05 " 0.1 ’1

Kenya

Estimate Std. Error df t value Pr(>|t])
(Intercept) 3.96421 ©.17932 27.55486 22.107 < 2e-16 ***
Plot_typeP 0.09428 0.24216 26.79533 ©.389 ©.70012
Neighbor_ plotP ©.05725 0.24174 23.60628 ©.237 ©.81483
SeasonB -1.520%96 ©.11563 769.68911 -13.153 < 2e-16 ***
Transect2 -9.03313 ©.08464 795.36120 -0©.391 ©.69555
Transect3 ©.03543 0.08421 795.54254 ©.421 ©.67403
edge_density_scaled 8.10429 8.12560 20.11314 0.830 0.41609
Maize_scaled -0.06858 9.11575| 22.08367 -0©.592 ©.55956
Plot _typeP:Neighbor plotP ©.129060 ©.38920 19.02768 ©.331 ©.74393
Plot_typeP:SeasonB 0.34344 ©.11826 786.86183 2.994 ©.00379 **
Plot_typeP:Transect2 0.05474 0.11645 796.74726 0.470 ©.63844
Plot_typeP:Transect3 0.06671 0.11668 796.67057 ©.572 ©.56763
Neighbor plotP:SeasonB -0.06057 0.11793 784.36824 -0.514 0.60765
Rwanda

Esftimate Std. Error df t value Pr(>|t])
(Intercept) 4.651098 ©.242357 61.996329 19.191 <2e-16 ***
Plot_typeP -8.633532 ©.33131e 54.162753 -1.912 0.0611 .
Neighbor_plotP -0.709953 ©.283248 25.428352 -2.5@6 ©.0189 *
SeasonB ©.126825 ©.112528 780.645275 1.127 ©.2601
Transect -0.804917 ©.046343 762.246801 -0©.106 ©.9155
edge _density _scaled 0.126372 ©.099660 15.309112 1.268 0.2237
Maize_scaled -9.137446 ©.104080 16.477676 -1.321 0.20847
Plot_typeP:Neighbor plotP ©.655558 ©.395719 15.389939 1.657 ©.1178
Plot_typeP:SeasonB ©.173973 ©.132398 766.769968 1.314 ©.1892
Plot_typeP:Transect ©.878095 ©.063864 762.252404 1.223 0.2218
Neighbor _plotP:SeasonB ©.198635 ©.130325 765.246133 1.524 0.1279
Uganda

Estimate Std. Error df t value Pr(>|t])
(Intercept) 5.87851 ©.27347 32.18689 21.496 <2e-16 ***
Plot_typeP -0.30451 ©.37227 31.92482 -0.818 ©.4194
Neighbor_plotP 0.14066 ©.35367 26.06360 ©.398 ©.6941
SeasonB 0.26146 0.16986 713.93481 1.539 0.1242
Transect2 -9.19154 ©.14174 735.33257 -1.351 0.177@
Transect3 -0.82635 ©.13885 736.87722 -0.19@ ©.8496
edge _density_scaled ©.13493 ©.13873 19.36128 0.973 ©.3428
Maize scaled 0.02124 0.11993 28.606621 e.177 0.8612
Plot_typeP:Neighbor plotP -©.40198 ©.53524 18.48429 -0.751 ©.4621
Plot_typeP:SeasonB -0.08737 ©.20428 698.69970 -0.428 ©.6690
Plot_typeP:Transect2 ©.37958 0.21092 734.60995 1.799 ©.0724 .
Plot_typeP:Transect3 0.28134 0.21163 737.64312 1.329 0.1841
Neighbor _plotP:SeasonB -0.19536 ©.20547 684.06129 -0.951 ©.3421
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