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1 Introduction 

The social-ecological impacts of enhancing push-pull intensification are especially focused on in work 
package 4 (WP4) of the UPSCALE Project. Here we present results of Task 4.2, as this WP is targeting 
the ecological impacts of increasing the number and area of push-pull fields at local to landscape to 
regional scales. The focus is on the impacts for biodiversity and ecological networks outside push-pull 
fields. As the agroecological variables within fields are examined in task 4.1. in this study, we designed 
a multi-scale experiment to assess the ecological impacts of push-pull systems, with a particular focus 
on their effects beyond the boundaries of agricultural fields. This research is aimed at exploring the 
spill-over effects into surrounding grasslands, considering how various factors—such as landscape 
characteristics, regional variations across different countries, and local differences in land use 
composition—affect insect diversity, abundance, and beta diversity. By incorporating these elements, 
the study seeks to provide a comprehensive understanding of how push-pull farming influences 
ecological dynamics across multiple scales, particularly in non-crop habitats. This report provides an 
overview of statistical analyses examining ecological effects of push-pull plots, conventional plots, and 
semi-natural grassland plots on arthropod communities. First analyses focused on taxa richness and 
arthropod abundance between regions and habitats. Linear mixed models were applied to investigate 
the relationships between biomass and taxa richness—both at the species and functional group 
levels—and various landscape parameters. Further analyses focused on beta diversity, employing non-
metric multidimensional scaling (NMDS) to evaluate community compositions across various habitats 
and countries. Building on the multi-scale experimental design, possible ecological spill-over effects of 
push-pull intensification on biodiversity, ecological networks, and beta diversity beyond agricultural 
fields can be examined. This study therefore focuses on the questions how the distance to and the 
amount of Push-pull are influencing insect communities outside croplands and how the community 
compositions are changing between regions and habitats. 

 

2 Methods 

2.1 Study sites 

The investigations were carried out in and near the Lake Victoria basin of Uganda, Kenya, and Rwanda 
within two rainy seasons (Figure 1): the first from March to June 2022 and the second from September 
2022 to January 2023 (Kendall, 1969). These regions experience the rainy season aligned with peak 
crop and natural vegetation growth. Major insect activity and diversity are also found at this time 
(Kishimoto‐Yamada & Itioka, 2015). Field selection was done primarily by WP2 with a focus on 
evaluating the suitability of field sites across the five East African Upscale partner countries - Ethiopia, 
Kenya, Rwanda, Tanzania, and Uganda. This evaluation aimed to identify locations representative of 
the diverse environmental gradients within the region, including climate conditions, land-use 
patterns, and soil fertility, to ensure the representative implementation of push-pull technology. 
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Figure 1:  Overview map of the Upscale East African study plots, which were used for fieldwork of WP2 
and WP4. The samples analyzed in this report are only from Ugandan, Rwandan, and Kenyan sites. 

 

2.2 Field selection 

The selection of study plots was led by WP2, whereby GIS (Geographic Information System) and 
ground truthing were used by layering relevant geographic data and verifying on-the-ground 
conditions. Fields were chosen to capture a wide range of environmental gradients, mainly focusing 
on soil fertility and grassland cover, while ensuring these gradients remained independent of one 
another. The selection process began by identifying study regions based on factors such as land cover, 
soil fertility, and altitude. The primary criteria were initially determined by the WP2 and WP4 teams 
and pertained to soil fertility characteristics as well as the number of PP-fields and the percentage of 
grassland within a one-kilometer radius around the study plots. The objective was to situate the fields 
in a manner that ensured a minimum distance of one kilometer between those designated for the 
same work package. To examine the impact of push-pull cropping on agroecological assessments, a 
subset of 15 sites (field pairs) were selected in each study country for Task 4.2. Field selection was 
finalized in February 2022 (For more details see Deliverable D2.2).  

In the case of Uganda, supplementary plots were required and subsequently verified on the ground 
following the team's arrival in March 2022. Most of the fields were intercrop fields, which are fields 
on which maize is grown in combination with a legume (e.g., beans). These fields are utilized as control 
fields for the push-pull fields.  
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Figure 2: The three different plot types analyzed: A) Push-pull plot, B) Conventional plot, C) Grassland 
plot. 

Also, in Rwanda and Kenya, not only maize monoculture, but also maize inter culture fields occurred 
and were included as control plots. Therefore, in all three countries they were uniformly summarized 
as "conventional plots" for all analyses.  

Furthermore, the overlap between WP2 and WP4 fields was maintained to the greatest extent 
possible to reduce the total number of fields. This was of particular importance due to the 
considerable distances between the experimental plots, to ensure adherence to the schedule. A 
subset of the same sites which were chosen for task 4.1 and gradients were utilized, with the exception 
that sampling did occur also in grassland areas adjacent to selected fields.  

 

2.3 Sampling design 

Field selection was done using grassland and PP-gradients as well as soil parameters and buffer zones 
of 1km radius between plots. For investigations of task 4.1 push-pull and non-push-pull plots got 
selected always as field pairs. A push-pull maize field is indicated with the letter "P," while a 
comparable conventional maize field is labelled "C." The conventional maize fields in the study area 
are either mono-cropped maize or maize-legume intercropped fields. They are comparable in size and 
crop management to the push-pull fields and, as a result, typically receive no pesticide or fertiliser 
applications. This classification results in three possible combinations for the field pairs: Push- pull pair 
(PP), Push-pull neighbouring conventional field (PC), and conventional field pair (CC). Additionally, to 
address the specific issue of more natural habitats, a plot of grassland (GL) was sampled in proximity 
(10-200m) to each field pair in task 4.2. (Figure 2, 3). These grassland plots were characterised by more 
natural vegetation but mostly used as grazing land or were fallow lands. 

 

 

A B

C
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Figure 3: Overview of the Upscale study plots and landscape composition in Uganda and an example 
of a cluster composition. 

 

For this study, we collected 214 malaise samples from 79 repeatedly sampled locations in Uganda, 
Rwanda, and Kenya (Figure 1). Malaise traps of the Townes style were utilised, as these are lightweight 
and have been demonstrated to have comparable high catch rates (Matthews & Matthews, 1983; 
Townes, 1972). These traps were placed in the grasslands and at the field pairs to sample communities 
of flying arthropods (Figures 3 and 4). The traps were installed twice per rainy season, initially at the 
start of the season and subsequently at the same location after a four-week interval. This was to 
ensure data collection during the vegetative growth stages of maize and again during the reproductive 
development stages. These growing stages could be identified in the field by examining whether the 
maize had developed a tassel and was flowering or not. Following each installation, a trap was 
dismantled, and the sample was collected after precisely seven days. This resulted in two standardized 
arthropod bulk samples per location and season. 

Metabarcoding of the malaise samples was performed by AIM (Advanced Identification Methods 
GmbH) using amplicon-based metabarcoding of the COI gene to assess the taxonomic diversity of the 
sampled insect communities. In addition, weight determination of the dry arthropod biomass was 
conducted. The resulting taxonomic groups were filtered for a determination accuracy of at least 95% 
using the Grade ID of the Barcode of Life Data System (BOLD).  
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Figure 4: Main tasks of WP4 fieldwork in Uganda 2022. From top to bottom: temperature and 
precipitation monitoring, field preparation and vegetation analyses, malaise trapping. 

 

Temperature data during the sampling periods were recorded at a height of 2 meters using 
Thermochron iButtons from Maxim Integrated Products, while precipitation was measured on-site 
with rain gauges (Figure 4). Both temperature loggers and rain gauges were distributed as evenly as 
possible across different regions. Sampling periods were aligned with the rainy seasons, spanning from 
late March 2022 to the end of June 2022, and from October 2022 to February 2023. For Kenya, on-
site temperature and precipitation data were unavailable and were therefore substituted with 
satellite data from Copernicus (ERA5-Land monthly averaged). This satellite data was used for 
comparative analyses involving Kenyan sites. For separate analyses of Ugandan and Rwandan sites, 
on-site climate data was employed to achieve higher spatial resolution. Notably, a strong correlation 
was confirmed between the satellite-derived and field-measured climate data. 
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2.4 Landscape analyses 

The remote sensing data were extracted from land cover classification maps of Uganda, Rwanda, and 
Kenya derived by Adomas Liepa using Sentinel-2 and Planetscope data (Liepa et al., 2024). The land 
cover maps from these two sources were fused using the "pensharpening" technique to achieve a 3-
meter resolution cover map, which can be used for spatial calculations. A random forest classification 
was conducted based on field data collected in June 2022 for Uganda and Rwanda and in June 2023 
for Kenya.  

The landscape composition is defined in eight distinct land use classes: bare soil, cropland, flooded 
vegetation, forest, grassland, shrubland, urban area, and waterbodies. For the subsequent analysis of 
semi-natural habitats (SNH), the categories—flooded vegetation, forest, grassland, shrubland, and 
waterbodies—were aggregated. The category of flooded vegetation encompasses solely naturally 
flooded vegetation, such as swamps, and excludes rice cultivation or other crops. Further 
differentiation of these eight land use classes is possible, as the individual crops can also be identified.  

However, these differ between the three countries depending on the reliability of the identification 
of crops through satellite image analysis. For this reason, a subclass was formed in which the cropland 
category could be further subdivided uniformly across all three countries. It was possible to identify 
whether maize was the main crop in a given area, thus forming the two subclasses of cropland: "maize-
cropland" and "non-maize-cropland" (https://www.upscale.biozentrum.uni-
wuerzburg.de/Download/ShowXml.aspx?DatasetId=11840). 

The data extraction and subsequent calculations were conducted with R version 4.3.1 for Windows (R 
Core Team, 2023). A buffer zone with a 250-meter up to 2 km radius was delineated for each plot 
using the coordinates of the plot centroid as the center point. The classification data for the buffer 
zones and edge density values were extracted from Jie Zhang (UWUE) using ESRI ArcGIS Pro 3.2.0, 
based on the land cover classification maps (Esri, 2023). The number of push-pull fields within a 1 km 
radius around each sampled study plot was determined by country field teams before the fieldwork 
in 2022, under the guidance of Work Package 2 (WP2). Using the recorded coordinates, a spatial 
analysis was conducted in ArcGIS Pro 3.2.0 to calculate the number of push-pull fields within a 1 km 
buffer zone surrounding each study plot (Esri, 2023). To address the partial coverage of our land cover 
maps within the 250 m until 2000 m buffer zones, the ESA World Cover map 2021 got employed to 
supplement the data beyond the limits of our classification map (Zanaga et al., 2021). The resulting 
landscape composition, which includes the proportions of grassland and cropland within each spatial 
buffer zone, provides a basis for our deliverable. 

 

2.5 Insect functional groups 

Insect families were classified into eight functional groups: detrivores, fungivores, hemovores, 
herbivores, omnivores, parasitoids, pollinators, and predators. The classification was based on the 
"universal insect trait tool", originally developed for taxa in Germany, with a particular focus on larval 
feeding types (Hörren et al., 2022). Despite its regional specificity, the classification was applied to the 
tropical taxa with some adjustments, considering the differences in species traits between Central 
Europe and sub-Saharan Africa. Additional data were obtained through online and literature research, 
with a primary focus on an extension of the original allocation table for sub-Saharan regions, as 
developed by Küstner and Vogel (Küstner, unpublished).  

 

https://www.upscale.biozentrum.uni-wuerzburg.de/Download/ShowXml.aspx?DatasetId=11840
https://www.upscale.biozentrum.uni-wuerzburg.de/Download/ShowXml.aspx?DatasetId=11840
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Families were classified according to the predominant functional group of their adult members, given 
that Malaise traps primarily capture adult insects. In instances where the family-level categorization 
was uncertain, the families were grouped according to the functional group that was most prevalent 
in the study region. The Families with non-feeding adults or if no information was available (e.g., 
Baetidae or Diastatidae) were excluded from further consideration. For analyses, our focus was on the 
five dominant functional groups — herbivores, omnivores, parasitoids, pollinators, and predators — 
which collectively represent 94% of all insect taxa found. For this report, less abundant and diverse 
taxa classified as detrivores, fungivores, or hemovores were excluded. 

 

2.6 Grassland comparison 

For each grassland plot where a Malaise trap was installed (15 plots per country), data collection was 
systematically conducted. Ground-truthing of each plot was performed during the initial visit and 
installation of the Malaise trap, and this process was documented using the Kobo-App and saved in 
an online database (KoBoToolbox, 2019). In each sampling round, three representative locations 
within each grassland plot were selected for vegetation surveys. A 1x1 meter area was delineated at 
each location to assess vegetation. The selection of these locations aimed to capture the diversity 
within the plot; for example, if the plot was predominantly covered with medium-height grass but had 
shrubs along the edges, one survey was conducted at the edge to include the shrubs. Within each 1x1 
meter area, the percentage cover of open ground, grass, herbs, shrubs, trees, and crops was estimated 
and recorded, ensuring the percentages summed to 100%. The species of crops present, if any, were 
also noted. Additionally, the abundance of flowers within the area was estimated. Photographs were 
taken vertically from shoulder height for each surveyed 1x1 meter area, and the timestamp of each 
photo was recorded to ensure accurate matching with the corresponding survey data (Figure 4). 

 

2.7 Statistical analyses 

The statistical analysis was mostly done with R 4.3.1 for Windows, but also QGIS 3.32 Lima was used 
for landscape parameters (QGIS Development Team, 2024; R Core Team, 2023). 

The resulting taxonomic groups from the metabarcoding were filtered for a determination accuracy 
of at least 95% using the Grade ID of the Barcode of Life Data System (BOLD). For all analyses on 
biomass the arthropod dry weight per sample got measured, but for investigations on diversity the 
metabarcoding data got further filtered to the class "Insecta". The metabarcoding data set provided 
by AIM was cleaned and the "BIN_species" (Barcode Index Numbers) were created. These BIN_species 
are regarded as individual taxa, forming the basis of all subsequent diversity analyses. To this 
objective, the most detailed taxonomic level assignable to a taxon within the BOLD database was 
merged with the BOLD_BIN using the "mutate" command from the "tidyverse" 2.0.0 package (R Core 
Team, 2023; Wickham et al., 2019). 

The differences in taxa richness, also inside the functional groups as well as the variations in biomass 
between the different habitats were visualized with boxplots and investigated with an analysis of 
variance using the 'aov' command of the R package 'stats’ 4.3.1 (R Core Team, 2023). 
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If relevant, the analysis was further carried out with a Tukey post hoc test with the command 
‘TukeyHSD’ (R Core Team, 2023). Non-metric Multidimensional Scaling (NMDS) on taxa and functional 
groups level was calculated using “metaMDS” from the “vegan” 2.6-4 package (Oksanen et al., 2001).  

Spatial autocorrelation was tested using “testSpatialAutocorrelation” command of the “DHARMa” 
0.4.6 package. Compliance with model assumptions was confirmed graphically using 
“simulateResiduals” of the “DHARMa” 0.4.6 package in R (Hartig, 2016). The beta diversity per sample 
was determined as the mean distance to all other samples, this was done using the command 
“vegdist” of the R package “vegan” 2.6-4 (Oksanen et al., 2001; R Core Team, 2023). Afterwards the 
values could get incorporated into the generalized linear mixed models. This approach was selected 
due to its suitability for presence/absence data and is well fitted to the analysis of metabarcoding 
data, where the reliability of abundance estimates is uncertain. We controlled for climate parameters 
using either the measured mean temperature (°C) and mean precipitation (mm) in the field or satellite 
data. As elevation data strongly correlates with climate data and has a higher spatial resolution for all 
the study plots, it could also be used to substitute temperature and precipitation values in some 
models. 

All models were done using generalized linear mixed models with “Country”, “Cluster” and “PlotID” 
as a random term to account for geographical dependency and duplicated measurements per plot. 
They were executed with the command “glmer.nb” of the  package “lme4” version 1.1-34 for taxa 
richness investigations and with “glmmTMB” command of the package “glmmTMB” version 1.1.9  for 
investigations on the biomass data (Bates et al., 2015; Brooks et al., 2017). The effects of the climate 
and landscape parameters on taxa richness, functional group taxa richness, and biomass were 
compared by model selection with the function ‘dredge’ of the package ‘MuMIn‘ version 1.47.5 (Kamil 
Bartoń, 2010). The best-supported model was selected based on the bias-corrected Akaike 
information criterion values (AICc) and adapted if correlations of parameters existed. 
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3 Results 

3.1 Metabarcoding 

The results of the metabarcoding analysis indicate that over 50% of the sequenced DNA is assigned to 
the order Diptera (flies). The next five most prevalent orders, identified in the 214 malaise samples 
from the three sampled countries, are Hymenoptera (primarily wasps, bees, and ants), Lepidoptera 
(butterflies and moths including 13% Spodoptera), Hemiptera (true bugs), Coleoptera (beetles), and 
Orthoptera (grasshoppers, locusts, and crickets). Collectively, these orders account for approximately 
98% of the identified Barcode Index Numbers (BINs). The remaining 2% are distributed among nine 
additional orders, as illustrated in Figure 5. 

 
 

 

 

Figure 5: Proportions of the Barcode Index numbers (BINs) identified during the metabarcoding. 
Distributed across insect orders in the malaise data set from the study. 
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3.2 Regions 

The data from the 214 malaise samples collected from the work package 4, task 4.2 study plots were 
analyzed with an analysis of variance to assess regional differences in biomass and taxa richness of 
flying insects (Pterygota) across Uganda, Rwanda, and Kenya. In the case of Ugandan samples even 
between two rainy seasons, in Kenya and Rwanda only from the second season. The results revealed 
significant regional differences (Figure 5). Among the three countries, Uganda exhibited the highest 
values for both biomass and taxa richness, with Season A outperforming Season B in these metrics. In 
contrast, the lowest arthropod biomass was recorded in Rwandan crop field and grassland plots. 

 

 

Figure 6: Regional differences in biomass and taxa richness of flying insects (Pterygota) between the 
three analyzed countries (Uganda, Rwanda, Kenya) and between rainy seasons marked with "A" or 
"B". All sampled farmland and grassland plots are plotted here together. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 7: Habitat (farmland vs grassland plots) differences in biomass and taxa richness of flying insects 
(Pterygota). Data is summed for the three analyzed countries (Uganda, Rwanda, Kenya). * p<0.05, ** 
p<0.01, *** p<0.001. 

 

Despite this, Rwanda showed a higher average taxa richness compared to Kenya, where the median 
taxa richness was the lowest. Additionally, the Ugandan plots displayed a greater variability in both 
biomass and taxa richness compared to the samples from Rwanda and Kenya. 

 

3.3 Habitat 

By plotting the data of the three countries, no significant difference in taxa richness between farmland 
and grassland plots was detectable. But for biomass measurements a slight increase can be seen in 
grassland against farmland habitats (Figure 7). Metabarcoding analysis does not provide precise 
abundance estimates for individual taxa or groups. However, it enables a detailed assessment of 
diversity patterns. In comparing the distribution of the five selected functional groups across the two 
habitats, a higher taxa richness of pollinators was observed in grassland compared to farmland. For 
the remaining four functional groups, no significant differences in taxa richness were detected when 
data from all three countries were aggregated (Figure 8). 
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Figure 8: Habitat (farmland vs grassland plots) differences of insect taxa richness per functional group 
and summed for the 5 main functional groups (top left). Selected functional groups are herbivores, 
omnivores, parasitoids, pollinators and predators (from top center to bottom right). Data is summed 
for the three analyzed countries (Uganda, Rwanda, Kenya). * p<0.05, ** p<0.01, *** p<0.001. 

 

Significant differences in taxa richness were observed when comparing farmland (FL) and grassland 
(GL) on a country-by-country basis. In Uganda during Season B, pollinators exhibited significantly 
higher taxa richness in grassland plots. A similar pattern was observed in Rwanda during Season B, 
where pollinators also had higher taxa richness in grasslands. However, the trend was reversed for 
herbivores in Rwanda, where taxa richness was lower in grasslands compared to farmlands. 
Additionally, in Kenya during Season B, slightly more predator taxa were recorded in farmlands than 
in grassland areas. 
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Figure 9: Habitat (farmland vs grassland plots) differences of insect taxa richness per functional group. 
Displayed functional groups are pollinators, predators and herbivores (from top center to bottom 
right). Data got separately analyzed for different countries and rainy seasons (marked with "A" or "B").  
* p<0.05, ** p<0.01, *** p<0.001. 

 

3.4 Landscape 

Landscape analyses showed in general, that on average, 70% of the study area consisted of agricultural 
land and 28% of SNH in total for Kenya, Rwanda and Ugandan study sites used for task 4.2. The rest 
was urban area (1%) and area of bare soil (1%), this was measured in a radius of 250 m around each 
sampled farmland and grassland plot. When it comes to maize cropping, we could see that 36% of the 
cropland has maize as the dominant crop. Country-wise the main differences for satellite analyses 
were the different plot sizes, especially in Rwanda where the average PPT plot was 218m2 and 
therefore smaller than in Uganda (535m2) and Kenya (406m2). 

Across the study sites in Uganda (Seasons A and B), Kenya (Season B), and Rwanda (Season B), no 
significant correlation was identified between the number/area of push-pull technology (PPT) fields 
within a one-kilometer radius of grassland plots and the recorded arthropod biomass or insect taxa 
richness (Figure 12).  
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Figure 10: Number of Push-pull plots in 1 km radius around grassland plots in Kenya, Uganda and 
Rwanda and the effect on insect biomass and taxa richness. Each datapoint represents one GL plot. * 
p<0.05, ** p<0.01, *** p<0.001. 

 

However, distinct trends emerged when analyzing the data at the country level. In Uganda during the 
first season, as well as in Kenya during the second season, a positive correlation was observed 
between the number of PPT plots in the vicinity and arthropod biomass. Conversely, in Rwanda, an 
inverse relationship was detected, where biomass decreased with an increasing number of nearby PPT 
plots. The impact of PPT plot amount on insect taxa richness was only significant in Kenya during the 
second season, where an increase in PPT plots was associated with higher taxa richness. These 
findings, along with their statistical significance, are visually represented in Figure 10.  

 

Furthermore, investigating the distance between a Grassland plot and the neighbouring Push-pull plot 
did not show any significant effects on the insect taxa richness or biomass inside the grassland for the 
three countries summed (Figure 11). Only in Uganda in season B there was a significant increase of 
biomass with an increasing distance to the PPT plots. This was tested for the summed amount of GL 
plots (65) neighbouring at least one push-pull plot and for the several GL plots per country. 
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Figure 11: Distance of grassland plots to the neighboring Push-pull plot in Uganda, Rwanda and Kenya 
and the effect on insect biomass and taxa richness. 

3.5 Beta diversity 

In total after metabarcoding analysis and filtering of the datasets, we collected 6254 different insect 
taxa of 296 families and 15 different orders. All the taxa could get assigned to a family, but only 44,2% 
to genus and 9% to species level. Therefore, to create functional groups we used the family level and 
assigned 256 (86%) of these families to the 5 main functional groups: herbivores (76), omnivores (28), 
parasitoids (31), pollinators (81), and predators (40). In total, 94% of the taxa were grouped into these 
5 main functional groups. 

Non-Metric Multidimensional Scaling (NMDS) was performed for samples from Uganda, Rwanda and 
Kenya to detect differences in community composition. Herein the focus was on the different 
countries and different types of plots (grassland or farmland plot). On taxa level the NMDS shows with 
a stress level of 0.201 a good representation of the data. The Adonis test revealed a highly significant 
effect of the countries (F = 12.2385, p < 0.001) and of the plot type (F = 2.3664, p < 0.001) on taxa 
composition, while “Plot type farm distinction” was less significant (F = 1.6479, p < 0.01). 
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Figure 12: NMDS on taxa level of all 214 malaise samples, countries colorized, and plot types depicted 
by shape. 

 

4 Discussion 

4.1 Regions and habitats 

The regional differences in biomass of the countries can be attributed to the different climate 
conditions observed. In comparison between the study sites in Kenya, Rwanda and Uganda, Ugandan 
plots had the highest mean temperatures and precipitation. As these climate values could be found 
positively correlated with the biomass found in the samples. This could be shown in the correlation 
plot (Figure 13). Furthermore, the correlation shows that elevation is negatively correlated with the 
amount of biomass and therefore insect abundance, which is especially relevant for Rwandan sites. 
As in Rwanda the location of sampling plots is higher than in Uganda and Kenya. These climate and 
elevation effects could be the main reason behind this distribution of arthropod abundance between 
the regions. In the case of taxa richness, the values vary way less between the countries and the 
differences can be explained by the climate differences between seasons A and B in Uganda. As season 
A had on average a higher precipitation and higher temperatures than season B this supports the 
expectation that climatic conditions are drivers of arthropod abundance and diversity.  

As expected, we found overall a lower biomass of arthropods in farmlands than in grasslands. For the 
overall taxa richness, no significant differences were detected comparing these two habitat types, 
which could be explained by the quite high similarity between farmland and grassland plots and the 
low intensity agricultural practices in the study regions which can promote insect diversity (Karp et al., 
2012). 
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For further insight on the abundance of different taxa, metabarcoding should be combined with 
specimen photography, which was not possible due to time and budget constraints (Sickel et al., 
2023). However, by further investigations on taxa richness of several functional groups, pollinator taxa 
richness could be seen to increase in grassland plots, which can be explained by the higher availability 
and diversity of flowering plants in these areas compared to croplands. Moreover, those differences 
in species richness of pollinators were also bet detected in Malawi before, where farmlands showed 
a lower taxa richness and abundance for pollinators, especially butterflies (Vogel et al., 2023). In 
separate country-wise analyses these observations were confirmed for pollinator richness in Uganda 
and in Rwanda in the second season. However, it was also found that farmlands can increase the 
number of herbivore and predator species, as it was observed in Rwanda and Kenya. For herbivores 
as a pest to maize this effect could be explained by the attracting effect of a maize field, especially if 
no insecticides are used, predators then following the herbivores as their prey (Root, 1973). 

 

4.2 Spill-over effects 

The overall analysis across Uganda, Kenya, and Rwanda revealed no significant impact of push-pull 
technology (PPT) field density on arthropod biomass or insect taxa richness. However, country-specific 
trends were observed. In Kenya's second season, a significant positive correlation emerged, with 
higher PPT density linked to increased biomass and taxa richness, potentially influenced by higher 
precipitation and temperature. Uganda exhibited a similar trend in the first season for biomass. In 
contrast, Rwanda showed an inverse relationship, where biomass decreased with increasing PPT plots.  

The absence of an overall effect may also be attributed to the relatively small total area currently 
under push-pull technology in the study regions. These areas might be too limited in comparison to 
surrounding croplands to exhibit a direct impact. Additionally, other factors, such as habitat type or 
broader landscape composition (whether farmland or grassland), may play a more significant role in 
influencing insect taxa richness and biomass, rather than the specific differentiation between cropland 
under push-pull or conventional cropland (Kebede et al., 2018; Martin et al., 2019). In contrast, the 
data from ur study do not suggest that push-pull fields have a harmful impact on the biomass or 
species richness of flying insects.  

The potential lack of significant differences between push-pull and non-push-pull cropland may stem 
from the minimal variation in agricultural practices in the study countries. Maize fields intercropped 
with legumes may not differ substantially from push-pull fields, except at the boundaries with Napier 
grass or Brachiaria. Another possible reason for the absence of significant differences in insect 
abundance and diversity between grassland and agricultural areas could be the low contrast between 
them. Small-scale farming systems in the study areas tend to be more diverse than European 
monocultures, with smaller fields often hosting multiple crops and limited pesticide use due to high 
costs. This creates relatively diverse habitats within agricultural fields, resembling low-intensity 
agricultural lands that support multiple taxa (Karp et al., 2012; Ranganathan et al., 2008). Conversely, 
the grassland areas utilized for the studies were challenging to identify. The study area did not 
encompass any unspoiled areas that were neither utilized for agricultural purposes nor designated for 
construction.  
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Consequently, the grassland areas sampled are typically pastures or fallow fields that have been or 
are currently subject to human influence. Moreover, these areas are typically no larger than the 
adjacent arable land that usually surrounds them on all sides. This does not result in a significant 
contrast between the farmland and the grassland, contrary to what might have been assumed.  

The distance of a grassland plot to the next push-pull plot was investigated to see if the proximity of 
a more natural habitat to a push-pull plot can influence the diversity or abundance of insects and, 
therefore a spill-over effect. The results of our study indicate that the proximity to push-pull fields 
does not effect the insect community, even if one country effect could be found for an increasing 
biomass with increasing distance, this is most probably explained by various landscape effects (Figure 
10).. These findings overall suggest that the presence of these fields may not be a significant factor 
influencing the diversity and abundance of insects in the grasslands. However, it is important to note 
that other environmental factors, such as the habitats in the immediate neighborhood of the 
grasslands, may play a more significant role than only a few push-pull fields in 10 to 250 m distance. 
The distance of the GL and PPT plots might be too high to measure direct spill-over effects (Yousefi et 
al., 2024). Nevertheless, we are planning to investigate a possible proximity on the community 
composition next, using the beta-diversity between grasslands and farmlands. As initial analyses on 
the beta diversity have shown already differences in community composition between regions and 
habitats (Figure 12). 

 

4.3 Community composition 

The taxa composition is most closely aligned with the countries. The Adonis test revealed that the 
factor “Country”, “Plot type” and “Plot type farm distinction” had a significant impact on species 
composition which indicates that the differences in species composition among the countries are 
statistically robust and not due to random variation. The farm distinction was done between grassland, 
push-pull and conventional plots, which indicates a difference in species composition between them, 
which was also expected and seen before in another study in this region (Küstner unpublished). 
Further investigations on this are planned and could reveal how these different types of habitats can 
influence insect community composition and possible positive spill-over effects of push-pull farms as 
a low-intensity agricultural practice to increase beta diversity inside and outside of croplands (Karp et 
al., 2012).    

 

5 Conclusion 

As intercropping systems in the tropics are increasingly being replaced by large monoculture fields 
with reduced diversity, Push-Pull Technology (PPT) offers a promising solution to enhance food 
productivity while maintaining habitat diversity both within and beyond agricultural lands (Fiorella et 
al., 2010; Khan et al., 2014). Expanding the implementation of PPT could contribute to preserving 
functional biodiversity in croplands, addressing the shortcomings of relying solely on protected areas 
to mitigate the significant biodiversity losses driven by conventional agriculture globally (Pereira et al., 
2010). Additionally, the effectiveness of push-pull fields is highly influenced by landscape composition, 
underscoring the importance of studying both the crop and non-crop areas when upscaling PPT 
(Eigenbrode et al., 2016; Yousefi et al., 2024). 
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The insights gained from this report and ongoing analyses are anticipated to contribute to other work 
packages within the UPSCALE project. The results can inform the synthesis and suitability mapping 
efforts in WP5 and complement the data derived from pitfall and sweep net sampling evaluated in 
WP4. If these initial findings are consistent across the studied regions and during further analyses, 
they could suggest that push-pull farming supports insect communities in terms of taxa richness and 
abundance in adjacent natural habitats. This could encourage the process of upscaling push-pull 
agriculture across East Africa, with ecological benefits. 

 

5.1 Next steps 

Further analyses are required to determine whether community compositions within grassland plots 
change with increasing distance to push-pull plots. In other words, we aim to investigate whether the 
community composition within grasslands becomes more similar to the composition within push-pull 
plots as they grow in proximity to one another. This would indicate the potential for spill-over effects 
of push-pull practices beyond the boundaries of cropland. Subsequently, we intend to ascertain the 
direction of this spill-over effect. Moreover, we want to analyse the surrounding landscapes in more 
detail to see if they have significant effects on diversity, abundance and species compositions in the 
study plots. It is planned to see if an effect of different land use types, maize dominant croplands and 
even different types of field crops do affect insect communities outside croplands in addition or 
instead of areas under PPT. We also plan to investigate and compare the grassland plots to each other, 
for which we will use the vegetation analysis data. This will help to include the parameter of grassland 
“quality” in the spill-over effect analyses. 
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7 Appendix 

 

Figure 13: Number of Push-pull plots in 1 km radius around grassland plots in Uganda, Rwanda and 
Kenya and the effect on insect biomass and taxa richness. 
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Figure 14: Correlation plot of the parameters of the 214 malaise samples and sample sites in Kenya, 
Rwanda and Uganda. 
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Figure 15: Principal component analysis (PCA) on all sampled plots in Uganda, Rwanda and Kenya and 
the effect on insect biomass, taxa richness, climate parameters and elevation. 
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Table 1: Analysis of deviance table (Type II Wald chisquare tests)  from the generalized linear mixed models analyzing the 
effects of the distance to a PPT plot and climate variables on the insect taxa richness inside the grassland plots. The country, 
cluster and plotID were integrated as random terms for analyses across the three countries, analyses focused on one country 
and season had only the plotID included as random term. For each model the response variable, predictors remaining after 
model selection, the random terms, the chi-squared test, the degrees of freedom, and the P value are specified. * p<0.05, ** 
p<0.01, *** p<0.001. 

Response Predictor Random term  Chisq Df P-value 

All plots       

Taxa Richness Distance to PPT Country|Cluster|PlotID  0.1791 1, 59 0.6722 

Taxa Richness Precipita�on   2.6041 1, 59 0.1066 

Uganda A       

Taxa Richness Distance to PPT PlotID  0.3681 1, 15 0.5441 

Taxa Richness Precipita�on   0.0845 1, 15    0.7712 

Uganda B       

Taxa Richness Distance to PPT PlotID  0.1699 1, 13 0.6802 

Taxa Richness Precipita�on   2.1368 1, 13 0.1438 

Rwanda  B       

Taxa Richness Distance to PPT PlotID  4.1475 1, 5 0.05170 

Taxa Richness Eleva�on   2.8002 1, 5 0.09425 

Kenya B       

Taxa Richness Distance to PPT PlotID  0.0812 1, 12 0.77566 

Taxa Richness Eleva�on   9.2461 1, 12 0.00236** 

 

Table 2: Analysis of deviance table (Type II Wald chisquare tests)  from the generalized linear mixed models analyzing the 
effects of the  amount of  PPT plots in a radius of 1 km and climate variables on the insect taxa richness inside the grassland 
plots. The country, cluster and plotID were integrated as random terms for analyses across the three countries, analyses 
focused on one country and season had only the plotID included as random term. For each model the response variable, 
predictors remaining after model selection, the random terms, the chi-squared test, the degrees of freedom, and the P value 
are specified. * p<0.05, ** p<0.01, *** p<0.001. 

Response Predictor Random term  Chisq Df P-value 

All plots       

Taxa Richness Amount  PPT Country|Cluster|PlotID  0.0583 1, 207  0.80924 

Taxa Richness Eleva�on    6.4097 1, 207 0.01135* 

Uganda A       

Taxa Richness Amount  PPT PlotID  0.0411 1, 24 0.839397 

Taxa Richness Temperature   8.7440 1, 24 0.003105** 

Uganda B       

Taxa Richness Amount  PPT PlotID  0.1213 1, 22 0.72764 

Taxa Richness Temperature   5.2089 1, 22 0.02247* 

Rwanda  B       

Taxa Richness Amount  PPT PlotID  0.0086 1, 15 0.92622 

Taxa Richness Precipita�on   5.4492 1, 15 0.01958* 

Kenya B       

Taxa Richness Amount  PPT PlotID  8.3643 1, 17 0.0038267** 

Taxa Richness Temperature   11.3190 1, 17 0.0007672*** 
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Table 3: Analysis of deviance table (Type II Wald chisquare tests)  from the generalized linear mixed models analyzing the 
effects of  the distance of PPT plots to a grassland plot and climate variables on the arthropod biomass inside the grassland 
plots. The country, cluster and plotID were integrated as random terms for analyses across the three countries, analyses 
focused on one country and season had only the plotID included as random term. For each model the response variable, 
predictors remaining after model selection, the random terms, the chi-squared test, the degrees of freedom, and the P value 
are specified. . * p<0.05, ** p<0.01, *** p<0.001. 

Response Predictor Random term Chisq Df P-value 

All plots      

Biomass Distance to PPT Country|Cluster|PlotID 0.0906 1, 58 0.7634 

Biomass Precipita�on  45.7471 1, 58 1.345e-11 *** 

Uganda A      

Biomass Distance to PPT PlotID 0.1556 1, 15 0.69322 

Biomass Precipita�on  5.3473 1, 15 0.02075 * 

Uganda B      

Biomass Distance to PPT PlotID 8.4503 1, 13 0.00365** 

Biomass Precipita�on  0.0566 1, 13 0.81194 

Rwanda  B      

Biomass Distance to PPT PlotID 1.0407 1, 5 0.3077 

Biomass Precipita�on  19.1572 1, 5 1.204e-05 *** 

Kenya B      

Biomass Distance to PPT PlotID 0.6685 1, 12 0.4136 

Biomass Precipita�on  0.0594 1, 12 0.8075 

 

Table 4: Analysis of deviance table (Type II Wald chisquare tests)  from the generalized linear mixed models analyzing the 
effects of  the amount of  PPT plots in a radius of 1 km and climate variables on the arthropod biomass inside the grassland 
plots. The country, cluster and plotID were integrated as random terms for analyses across the three countries, analyses 
focused on one country and season had only the plotID included as random term. For each model the response variable, 
predictors remaining after model selection, the random terms, the chi-squared test, the degrees of freedom, and the P value 
are specified. . * p<0.05, ** p<0.01, *** p<0.001.. 

Response Predictor Random term  Chisq Df P-value 

All plots       

Biomass Amount PPT Country|Cluster|PlotID  0.0678 1, 207 0.7945 

Biomass Eleva�on   24.3844 1, 207 7.89e-07*** 

Uganda A       

Biomass Amount PPT PlotID  5.3492 1, 24 0.02073* 

Biomass Temperature   4.1607 1, 24 0.04137* 

Uganda B       

Biomass Amount PPT PlotID  0.1752 1, 22 0.6755 

Biomass Temperature    0.0002 1, 22 0.9876 

Rwanda  B       

Biomass Amount PPT PlotID  8.5497 1, 15 0.0034559** 

Biomass Temperature    10.8890 1, 15 0.0009673*** 

Kenya B       

Biomass Amount PPT PlotID  31.665 1, 17 1.832e-08*** 

Biomass Precipita�on   15.604 1, 17 7.811e-05*** 
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Table 5: Variance table of the principal component analysis (PCA) displaying the proportion of variance explained by each 
principal component. The PCA is focusing on all sampled plots in Uganda, Rwanda and Kenya and the effect on insect 
biomass, taxa richness, climate parameters and elevation.The explained variance, the cumulative variance and the top 
contributor are specified.  

PC Explained Variance Cumula�ve Variance Top Contributor 

PC1 PC1 0.571 0.571 Eleva�on_m 

PC2 PC2 0.193 0.763 Taxa_richness 

PC3 PC3 0107 0.869 Temperature_mean_degrees_COPERNICUS 

PC4 PC4 0.095 0.965 Precipita�on_mean_mm_COPERNICUS 

PC5 PC5 0.035 1.000 Eleva�on_m 
 

 

Table 6: Statistical output of the non-metric multidimensional scaling (NMDS) displaying the differences in species 
composition of all malaise samples from Uganda, Rwanda and Kenya. The predictors, degrees of freedom, sum of squares, 
the squared R value, the F value and the P-value are specified.. 

NMDS Df Sum of Sqs R^2 F P-value 

Country 2 7.333 0.101 12.238 0.001 

Plot_type 1 0.709 0.010 2.366 0.001 

Plot_type_std 1 0.494 0.007 1.648 0.003 

Precipita�on_mean_mm_COPERNICUS 1 0.992 0.014 3.311 0.001 

Taxa_richness 1 1.251 0.017 4.175 0.001 
Biomass_g 1 0.451 0.006 1.504 0.008 
Residual 206 61.717 0.846 NA NA 
Total 213 72.946 1 NA NA 
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