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Figure 3: The characteristics of the rainy seasons, i.e., the onset, cessation and length, from the simulation with
RegCM4 driven by MPI-ESM for the historical period (1980-2004), distinguishing between (a-c) one dominant
rainy season, (d-f) the first and (g-i) the second of two dominant rainy seasons. Grey in the study region
indicates areas with neither one nor two dominant rainy seasons. Units are Julian day with a contour interval
of 18 Julian days for the onset and cessation and day with a contour interval of 9 days for the length of the
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1 Introduction

The push-pull technology (PPT) is an innovative farming approach relying on planting food crops with
several other crops to harness biodiversity-based ecological functions that reduce pests and weeds
and improve yields. In East Africa, in PPT a cereal crop is intercropped with a legume (Desmodium
spp.) that increases soil quality, suppresses weeds and repels pests (‘push’), and bordered with fodder
grasses that attract (‘pull’) and suppress pests (Khan et al. 2008; Ndayisaba et al. 2021; Ndayisaba et
al. 2022). PPT increases yields compared to non-push-pull fields by 200-300% on average (Kfir et al.,
2002; Midega et al., 2015), and benefits farmers economically (Chepchirchir et al., 2018; Kassie et al.,
2018). The region has seen changes in climate (Evans, Mukhovi & Nyandega 2020; Kogo, Kumar &
Koech 2021) and increased maize yield variability (1981-2010) (lizumi & Ramankutty 2016). The extent
to which the effectiveness of PPT is maintained under adverse weather conditions, and consequences
for yield variability, are yet to be quantified (Alexandridis et al. 2023). The general objective of WP5 in
UPSCALE is to assess the potential of PPT in contributing to climate resilience across the region. This
deliverable summarizes recent results obtained in WP5 using a multi-methods approach that includes
combining climate data with existing data on the effectiveness in push-pull in terms of reduced pest
pressure and improved yields, climate change model projections, earth observation, and participatory
socio-ecological modelling of the PPT system including its significance in the adaptation of
smallholders to climate change using models of different systems associated with PPT in East Africa,
across spatiotemporal scales. Model development was described in a previous deliverable (D5.3). In
Section 2 we describe future climate conditions relevant to maize cultivation and PPT effectiveness,
using regional climate models carefully selected based on an in-depth analysis of the performance of
different models in capturing the characteristics of the rainy seasons (May 2005). We then relate these
to results from linear mixed models fitted to a long-term dataset of maize yield, pests and weeds in
PPT and non-PPT fields, to assess whether ecological intensification of maize production with PPT
helps smallholder farmers in western Kenya insure crop yields against adverse weather conditions
(reproducing key findings from work presented more exhaustively in D5.3; Clough et al. in prep.), and
discuss the implications for future performance of smallholder maize production and the effectiveness
of PPT. In Section 3, we used Earth observations to reveal impacts of climate variability on maize
cropping systems in sub-Saharan Africa (Liepa et al. 2025). In Section 4, we use a validated qualitative
mathematical model of the PPT system elicited from stakeholders across East Africa (for model
development see D5.3 and Alexandridis et al. in prep.) to anticipate effects of climate change on
agroecological transitions including the role of PPT. Moving forward, we aim to combine improved
understanding from analyses of these models with knowledge generated from other WPs, to assess
the potential for ecological intensification of agriculture in East Africa, and target upscaling PPT across
space and time.
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2 Present-day climate conditions, recent trends, potential

future changes and implications for maize cultivation and
effectiveness of PPT

Section 2 is based on material from an unpublished manuscript by W. May, and an unpublished
manuscript by Clough Y., May W., Luttermoser T., Nyagol D., Alexandridis N., Chidawanyika F., Jonsson
M., Midega C.A.O., Poveda K., Khan Z. Results are preliminary.

2.1 Background and aims

Anthropogenic emissions of various greenhouse gases (GHGs) and aerosols and anthropogenic land-
use changes have marked effects on climate at global, regional and local scales, both for the historical
and the future period. In addition to increasing temperatures, the amount of precipitation is increased
over some parts of the globe, e.g., in the tropics and the extratropics and decreased in the subtropics.
At the same time, the variability of weather and climate is enhanced and the intensity and/or
frequency of various types of extreme weather and climate events, such as heatwaves, droughts and
heavy precipitation, are increased. These changes in weather and climate have adverse effects,
including on the agricultural sector in East Africa, and may affect the effectiveness of different
measures and strategies employed by smallholder farmers to improve their yields, such as PPT.

2.2 Climate simulations and scenarios

Regional climate models (RCMs) provide regional climate information at higher spatial resolution,
typically at about 25 km. RCM simulations typically cover an entire continent. At the lateral boundaries
RCMs are driven either by re-analyses of the atmospheric conditions or by data from simulations with
global General circulation models (GCMs). The COordinated Regional Downscaling EXperiment
(CORDEX) initiative results in the production of numerous continental-scale climate simulations, with
some weaknesses, though, that hamper a consistent assessment of the value of these downscaled
projections across different regions and inhibit the coordinated use of the projections for impact
studies in most regions.

The CORDEX-CORE (Coordinated Output for Regional Evaluations) initiative overcomes these issues by
using a core set of RCMs driven by a common set of GCMs, following the same simulation protocol for
each domain and using the same resolution. CORDEX-CORE consists of three RCMs downscaling three
GCMs from CMIP5 (Coupled Model Intercomparison Project Phase 5) for two GHG concentration
pathways for 9 domains at a resolution of about 25 km (Giorgi et al. 2022). The two forcing scenarios
considered are the RCP 2.6 and the RCP 8.5 scenarios, that is a low and a high emission scenario (Moss
et al. 2010).

Africa is one of the continents considered in CORDEX-CORE (Dosio et al. 2021). May (2025)
investigated the quality of the simulation of the seasonal variation of rainfall in East Africa for these
simulations, namely the set of simulations with the three RCMs driven by the ERA-Interim re-analyses
and the set of simulations with the three RCMs driven by the atmospheric data from the three GCMs
for the historical period. The results based on the simulations driven by ERA-Interim showed that the
RegCM4 RCM (Giorgi et al. 2012) is slightly better at representing the seasonal variation of rainfall in
East Africa than the two other RCMs. The results based on the historical simulations driven by the
three GCMs revealed that only for the MPI-ESM (Giorgetta et al. 2013) the RCMs can capture the
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seasonal variation of rainfall in East Africa realistically. When driven by the two other GCMs, the RCMs
have deficiencies in simulating the occurrence of the characteristic two rainy seasons in the central
tropics and over the Horn of Africa. Therefore, only results for the simulations with RegCM4 driven by
MPI-ESM are presented here, and only for the high emission scenario RCP 8.5, which is associated with
the strongest changes in climate.

2.3 The seasonal variation of rainfall and its change
In the historical period, the strength of annual mean rainfall in East Africa is strongly related to the
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Figure 1: Annual mean daily precipitation (a), (b) the variance of the mean annual cycle of daily
precipitation and the fractions of the variance explained by (c) the first harmonic and (d) the second
harmonic of the mean annual cycle from the simulation with RegCM4 driven by MPI-ESM for the
historical period (1980-2004). Units are mm/day with a contour interval of 0.25 mm/day in (a),
(mm/day)? with a contour interval of 1 (mm/day)? in (b) and % with a contour interval of 5 % in (c, d).
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major mountain ranges in the region, e.g., the Ethiopian and the Kenyan Highlands, the Kipengere
Range in southern Tanzania and the mountain ranges in the western parts of Rwanda and Burundi
(Fig. 1a). These are also the areas, where the variance associated with the annual cycle of daily rainfall,
representing the strength of the seasonal variation, is strongest (Fig. 1b). The central tropics as well
as the Horn of Africa and the coast regions in Kenya and northern Tanzania are dominated by two
rainy seasons as indicated by the relatively large fraction of the variance of the annual cycle associated
with the 2" harmonic in these areas (Fig. 1d). The areas further away from the equator as well as the
coastal region of southern Somalia (which is a particularity of this simulation) are dominated by one
rainy season as indicated by the rather strong fraction of the variance of the annual cycle linked to the
1°* harmonic (Fig. 1c).
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Figure 2: Differences between the simulations with RegCMA4 driven by MPI-ESM for the future period
(2070-2094) for RCP 8.5 and the historical period (1980-2004) for (a) annual mean daily precipitation
(a), (b) the variance of the mean annual cycle of daily precipitation and the fractions of the variance
explained by (c) the first harmonic and (d) the second harmonic of the mean annual cycle for 1981-
2009. Units are mm/day with a contour interval of 0.2 mm/day in (a), (mm/day)? with a contour
interval of 1 (mm/day)? in (b) and % with a contour interval of 6 % in (c, d).
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In the future period, the strength of annual mean rain fall is reduced over all the major mountain
ranges in East Africa and increased over the southern part of the Horn of Africa, in the central tropics
and most of Tanzania (Fig. 2a). The geographical distribution of the changes in the variance associated
with the annual cycle of daily rainfall is characterized by a corresponding pattern, except for the
central part of the Ethiopian Highlands, where the variance is decreased (Fig. 2b). The contribution of
the 2" harmonic to the variance of the annual cycle is reduced in all the regions where it typically is
relatively strong, e.g., the central tropics as well as the Horn of Africa and the coast regions in Kenya
and northern Tanzania and slightly enhanced elsewhere (Fig. 2d). The geographical distribution of the
changes in the contribution of the 1° harmonic shows the opposite behaviour with increases in the
regions typically dominated by two rainy seasons (Fig. 2c). This illustrates that in the future the role of
the two rainy seasons is less prominent in the central tropics as well as over the Horn of Africa and the
coast regions in Kenya and northern Tanzania. The coastal region of southern Somalia, on the other
hand, becomes dominated by two rainy seasons, as it is to be expected.

Applying the procedure described in Dunning et al. (2016) to the mean annual cycle of daily rainfall at
each grid point, the characteristics of the rainy seasons in East Africa were described by the onset and
cessation dates as well as the length of the rainy seasons. It is distinguished between grid points with
one dominating rainy season (grid points where the 1% harmonic of the annual cycle is the leading
one) and grid points with two dominating rainy seasons (grid points where the 2"¢ harmonic is the
leading one).

In the historical period, the annual rainy season starts in boreal spring in the areas north to the equator
and in austral spring in the areas to the south (Fig. 3a), and the annual rainy season ends in the local
autumn seasons (Fig. 3b). There are some regional variations in the onset and cessation dates, such
as a rather late onset and relatively early cessation dates of the annual rainy season in northern
Ethiopia, Eritrea and Djibouti as well as in central Tanzania (Fig. 3a). In many areas the annual rainy
season lasts almost 6 months, except for the regions mentioned above, with a rainy season of about
three months in the very north of East Africa (Fig. 3c). In the central tropics and the coastal region of
Kenya and northern Tanzania, the first of two rainy seasons starts in the beginning of boreal spring
and in April over the Horn of Africa (Fig. 3d). The cessation dates reveal a similar regional variation
ranging from late spring to early summer (Fig. 3e), resulting in a rainy season of two to three months
length except for eastern Kenya with a rainy season between 1.5 and two months and a rainy season
of about one month over the tip of the Horn of Africa (Fig. 3f). The second of two rainy seasons starts
in late boreal autumn in the central tropics as well as in western and central Kenya and between one
and two months earlier over the Horn of Africa (Fig. 3g). Also in this case, the cessation dates show a
similar regional variation except for the northern part of the Horn of Africa with a cessation in
December (Fig. 3h). Hence, the second rainy season lasts for more than three months in this region
compared to less than two months in central Kenya and between two and three months in most other
areas (Fig. 3i).

In the future period, the tip of the Horn of Africa is dominated by one rainy season, while the coastal
region of southern Somalia is dominated by two rainy seasons (as indicated by the dark grey shading
in Fig. 4). The onset of the annual rainy season is delayed over the entire region but particularly in
northern Ethiopia, Eritrea and Djibouti (Fig. 4a). The cessation of the annual rainy season is also
delayed over the northern part East Africa (but typically not as much as the onset date) and hardly
changed over the southern part (Fig. 4b). Therefore, the length of the annual rainy season is reduced
by two to three weeks in most regions (Fig. 4c). Similarly, the length of the first of two rainy seasons
is reduced by three to 6 weeks over most of the region (Fig. 4f), consistent with an earlier cessation
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date in the entire region (Fig. 4e) and a later onset date in most of the region. Also the onset of the
second of two rainy seasons is delayed in most of the region (Fig. 4g) but in this case also the cessation
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Figure 3: The characteristics of the rainy seasons, i.e., the onset, cessation and length, from the
simulation with RegCM4 driven by MPI-ESM for the historical period (1980-2004), distinguishing
between (a-c) one dominant rainy season, (d-f) the first and (g-i) the second of two dominant rainy
seasons. Grey in the study region indicates areas with neither one nor two dominant rainy seasons.
Units are Julian day with a contour interval of 18 Julian days for the onset and cessation and day with
a contour interval of 9 days for the length of the rainy seasons
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is delayed (Fig. 4h). Hence, the second of two rainy seasons lasts two to four weeks longer over the
Horn of Africa and in the part of the central tropics that is located north of the equator, and this rainy
season is several weeks shorter south of the equator, particularly in the coastal region of Kenya (Fig.

4i).
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Figure 4: Differences between the simulations with RegCMA4 driven by MPI-ESM for the future period
(2070-2094) for RCP 8.5 and the historical period (1980-2004) in the characteristics of the rainy
seasons, i.e., the onset, cessation and length, distinguishing between (a-c) one dominant rainy season,
(d-f) the first and (g-i) the second of two dominant rainy seasons, for 1981-2009. Dark grey in the study
region indicates areas with different dominant rainy seasons for the two data sets and light grey areas
with neither one nor two dominant rainy seasons in one of the data sets. Units are day with a contour

interval of 6 days.
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2.4 Conclusions

The climate scenario presented here is characterised by some notable changes in the seasonal
variation of rainfall in East Africa caused by the projected anthropogenic global warming. Of particular
concern to the agricultural sector is the projected shortening of the first of two rainy seasons by 4 to
6 weeks in the central tropics. This is because this is the most important season for agriculture in this
region. The fact that annual mean rainfall is projected to increase in this region suggests that the
amount of rainfall accumulated during the two rainy seasons combined will increase but it is not clear
whether this also is the case for the first of the two rainy seasons alone. This also suggests that the
intensity of rainfall events will increase under global warming, including the intensity of heavy rainfall
events with adverse effects on agriculture.

In addition to the projected changes in the seasonal variation of rainfall, changes in the variability of
rainfall within the rainy seasons affect agriculture. For instance, both drought and excessive rainfall
have adverse effects on yields. Assuming that the overall tendency that the variability of weather and
climate is enhanced and the intensity and/or frequency of various types of extreme weather and
climate events are increased due to global warming, the adverse effects on yields will be amplified.

In some regions, especially at low elevation, the projected warming and, in particular, the expected
strong increases in the intensity of daily maximum temperatures as well as in the intensity and/or
frequency of heatwaves will amplify the adverse effects of the projected global warming on agriculture
in East Africa.

2.5 Implications for effectiveness of PPT in maize cultivation

The results obtained in 2.3., as well as forthcoming analyses on the variability of rainfall within rainy
seasons, can be used to discuss the likely effects of climate change on the future effectiveness of PPT.
As described in a previous UPSCALE deliverable (D5.3) and in a forthcoming publication (Clough et al.
in prep), we assessed the effects of climate variables on yields, Striga counts and stemborer damage
incidence using data collected from paired PPT and non-PPT fields by extension agents of the
International Centre of Insect Physiology and Ecology (icipe) in Western Kenya from 2005 through
2016, including both short-rain (October-January) and long-rain (March-August) . This data includes
644 farms across eight regions of western Kenya, covering together 24 cropping seasons. We fitted
linear mixed models with random intercept for farmer and fixed factors treatment (PPT vs. control),
region and site-and-year specific climate variables. Here, for brevity, we only recapitulate results for
accumulated rainfall, and the 90" percentile of the Daily Mean Temperature (DMT).

In the long rains control yields decreased with the 90th percentile of the DMT, while the higher PPT
yields remained stable (Figure 5A). Striga counts were lower in PPT and decreased more strongly with
90t percentile DMT in PPT than in the control plots (Figure 5E). Stemborer damage increased with
increasing 90" percentile DMT in the PPT but decreased in the control (Figure 5I). Yields depended
similarly on accumulated rainfall in both treatments (Figure 5B). On the natural scale (not shown),
Striga decreased more strongly with accumulated rainfall during the long rains in the control
treatment than in PPT, despite the estimates on the log scale not being significantly different (Figure
5F). In both PPT and control, stemborer damage incidence increased from low to medium rainfall
before decreasing again (Figure 5J), but on the natural scale (not shown) we observe a higher
difference between PPT and control at low to intermediate rainfall. The model for the short rains
shows a stronger response to rainfall in the (generally higher) PPT yields than in control yields, with
both a stronger increase towards the optimum and a stronger decrease after the optimum (Figure
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5D). In the short rains, Striga counts increased in both treatments from low to medium rainfall before
decreasing at higher rainfall levels (Figure 5H), leading to a particularly high Striga count in the control
at intermediate rainfall (between 300 and 500mm). With increasing accumulated rainfall, stemborer
damage incidence increased in the control plots but decreased in the PPT plots (Figure 5L). The 90t
percentile of the DMT did not affect yield during the short rains, where DMT values were lower than
in the long rains. Independently of the treatment, stemborer damage was higher when the 90%
percentile DMT was higher (Figure 5K).
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Figure 5: Responses of maize yields (A-D), counts of the parasitic weed Striga spp. (E-H) and damage
incidence of the stemborer pests (I-L) in push-pull (blue) vs non-push-pull fields (red) to climate
variables during the long rains; predictions for the means and 95% confidence intervals are from linear

mixed models (see Section 3.2 for details). Modified after Clough et al. in prep and D5.3.

We can revisit these results in the light of the projected changes in rainfall and rainy season length for
Western Kenya consistent with RCP8.5 as seen in Figure 4 and discussed in Sections 2.3 and 2.4. Should
accumulated rainfall increase during the long rains (first of the two rainy seasons), we may expect a
negative effect on yields. This pattern is however similar for PPT and non-PPT fields (Figure 5B) which
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translates to a relative increase in the PPT yields compared to the control. We can also see that some
of the factors motivating farmers to adopt PPT (Adesina et al. 2023), such as Striga pressure, but also
stemborers, decrease at high rainfall, which may risk impacting the attractiveness of PPT. For the
short rains (second of the two rainy seasons), the effectiveness of PPT is non-linearly dependent on
the rainfall. An increase in the rainfall could have both positive or negative effects depending on the
extent of the increase, and the current predominant conditions. Forthcoming analyses linking these
models to the projected climate variables given the climate scenarios will allow to explore these
effects more in detail. Our analyses of the long-term data suggest that the effectiveness of PPT is
robust to changes in climate.

3 Earth observations reveal impacts of climate variability on
maize cropping systems

Section 3 is a summary of the published study by Liepa et al. (2025) with the same title, to which the
reader is referred for full details.

3.1 Background and aims

The smallholder farms in Kenya are largely rainfed, making them highly dependent on timely seasonal
rains (Richard et al. 2017). It is common to see the yearly total precipitation relatively unchanged,
while the timing of the rainfall and its intensity become steadily more difficult to predict and adapt to
(Torres, Howitt, and Rodrigues 2019). The onset of the seasonal rainfall is an important factor
contributing to a successful growing season. The timing of the rains will determine the planning and
preparation of the land as well as the sowing of the crop. Therefore, the temporal variations in rainfall
and its intensity have a direct impact on food supply. Section 3 focuses on demonstrating the response
of varying management strategies of agriculture to external climatic forcings by using the
multispectral-normalized difference vegetation index (NDVI) to estimate phenological metrics, such
as start, peak and end of seasons on field-level. The method was applied on maize monocrop and
maize Push-Pull intercrop fields in the Lake Victoria region of Kenya over several growing seasons by
employing a harmonized dense time series of Landsat and Sentinel-2 observations and ground truth
data with the aim of illustrating the ability of both systems to perform under varying climatic
conditions. The aims were to: (i) synthesize available climatological knowledge to derive an accurate
depiction of the climatic conditions and biotic stresses in the area from 2016 to 2023, (ii) extract the
phenological metrics of maize monocrop and Push-Pull fields and (iii) examine the impact of climatic
and biotic factors on the performance of these two agricultural systems.

3.2 Methods

The datasets used in this study are as follows. The satellite data consists of sentinel-2, Landsat 7,
Landsat 8 and Landsat 9 sensor data, the ground-truth vector data of 58 ground-referenced fields (26
Push-Pull and 32 maize monocrop fields). Lastly, monthly climate assessment reports from GEOGLAM
crop monitor spanning 2016—2023 period were used. The GEOGLAM Crop Monitor for Early Warning
(CM4EW) is a relatively recent crop monitoring tool with the focus of providing a reliable and vetted
crop assessment for countries exposed to food insecurity (Becker-Reshef et al. 2020). A total of 88
monthly crop condition reports and 6 special reports for the study area are available for the 2016—
2023 period and were used in this study.
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The study follows a 4-step methodological workflow: (i) growing season condition estimation: it
focuses on synthesizing monthly regional climate and growing season assessment reports into a single,
consistent growing season condition overview from 2016 to 2023; (ii) satellite data pre-processing: it
is centered around satellite data pre-processing for phenological metrics extraction; (iii) phenological
metrics extraction: it utilizes a dense harmonized NDVI timeseries to retrieve the phenological metrics
of the maize monocrop and Push-Pull intercrop fields in the study area; and, (iv) statistical analysis of
the impacts of climate conditions on crop phenology: the phenological outputs of (ii) and (iii) are
compared with the reported growing season conditions from (i).

The reports gathered from the GEOGLAM Crop Monitor for Early Warning database were synthesized
to get an accurate depiction of the crop conditions during the timeframe of this study. A special focus
was given on the identification and timing of extreme hot, dry, or wet conditions, desert locust, FAW,
and delayed onset of the season. Growing seasons which contained these conditions during most of
the season were categorized having stress-induced growing conditions, while growing seasons with
reportedly good conditions were categorized as having favorable growing conditions. The timing and
cause of stress-induced growing conditions were cross-referenced with additional scientific
publications where available.

3.3 Results

A climate assessment of the study area between 2016 and 2023 reveals that 7 out of 15 growing
seasons experienced unfavorable conditions due to climatic factors, pest outbreaks, or both. Between
2016 and 2022, multiple growing seasons were marked by distinct limiting factors that negatively
impacted crop yields. During the 20162017 short rains, dry weather and a delayed onset of rainfall,
combined with an outbreak of fall armyworm (FAW), constrained productivity. In 2018, delayed
rainfall onset continued to disrupt planting schedules. The 2019 season experienced significant heat
and rainfall deficits from March to May, which led to a late start of the growing season. Early 2020
brought excessive rainfall, resulting in flooding in areas around Lake Victoria, further affecting crop
development. The short rains of 2020 were heavily impacted by a desert locust invasion, which posed
a major biotic stress to crops. The 2021-2022 period, covering both the short rains of 2021 and the
long rains of 2022, was characterized by delayed rainfall, below-average precipitation, and an invasion
of African armyworm, all of which collectively suppressed yield potential across the region.

Push-Pull fields consistently demonstrated higher vegetation health, recording the highest maximum
NDVI averages in 11 out of 15 growing seasons. The most notable differences appeared during the
short rains of 2016 and 2022, with Push-Pull intercropping showing maximum NDVI values higher by
0.5 and 0.4, respectively. These discrepancies were most pronounced in short growing seasons, which
are typically characterized by unpredictable and sporadic rainfall. Among the four seasons that
showed the greatest differences in seasonal duration, two were marked by unfavorable conditions:
the 2020 short season, impacted by a desert locust outbreak, and the 2021 short season, affected by
fall armyworm invasion, delayed rainfall, and below-average precipitation. In both cases, Push-Pull
fields exhibited longer growing season durations compared to monocropped maize. In contrast, under
favorable conditions, both systems displayed similar season lengths, with one notable exception
during the 2018 long rains, when Push-Pull fields had a 97-day cycle compared to just 88 days for
monocrop fields.
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3.4 Discussion

Differences between maize monocrop and Push-Pull intercrop fields were at their peak during periods
of biotic stress in the area. These were caused by desert locust (2020 short season) and fall armyworm
(2016 short, 2021 short and 2022 long seasons). The FAW outbreaks were accompanied by delayed
and below-average rainfall in all three seasons.The biggest discrepancies between the two
agricultural systems occurred mainly during the short growing season between the October and
December months. Unlike the rains during the long growing season, rainfall in the period of October
to December is more unpredictable which can cause issues with crop planting for farmers. Having
Push-Pull outperforming maize monocrop during short growing seasons may indicate a higher
adaptive capability of Push-Pull intercropping. This study suggests a higher adaptive capability of
Push-Pull intercropping, in line with a study based on household surveys in the research area by
Ndayisaba et al. (2023) that showed that under rainfall-deficit periods Push-Pull agriculture yielded
more maize than its non-push-pull counterpart.

To conclude, this research incorporates a temporal dimension in agricultural monitoring by
harmonizing Landsat 7, 8, and 9 with Sentinel-2 imagery, enabling the extraction of phenological
metrics using NDVI thresholds as proxies for vegetation health. Analysis shows that inter-class
differences in cropping systems are detectable with Earth observation tools. Regional climatic
stressors, particularly desert locust and fall armyworm outbreaks, had the most significant impact
during biotic stress periods. Push-Pull agriculture demonstrated greater resilience, evident from
longer season durations and higher peak NDVI values under adverse conditions. Although both
cropping systems responded similarly in terms of the start and end of their growing seasons, short
rainy seasons led to earlier season termination, while long but unfavorable seasons delayed both the
onset and end of growth periods.

4 Participatory social-ecological model of the PPT system

Section 4 is based on parts of the preliminary analyses conducted for an unpublished manuscript led
by N. Alexandridis. Updated full results will be presented in Deliverable D5.5. “Participatory
assessment of sustainable intensification”.

4.1 Background and aims

Climate change is expected to exacerbate soil erosion in East Africa due to increased rainfall intensity
and variability (Kimaro et al., 2014). Notwithstanding regional deviations, maize and sorghum yields
in East Africa are expected to decline overall, under different scenarios of climate change (Abera et
al., 2018; Kipkulei et al., 2025; Mohammed & Misganaw, 2022). Although adaptation strategies could
offset climate change impacts (Kimaro et al., 2014), these negative trends may not be reversible by
the end of the century (Rurinda et al., 2015). Here, we input higher soil erosion and lower crop yields
into qualitative models of different system domains of the PPT system, operating at distinct spatial
scales. These models have been validated for Ethiopia, Kenya, Rwanda, Tanzania and Uganda, and can
generate predictions about the direction of interaction-mediated responses of system components to
external input (Dambacher et al., 2003; Sterman, 2010). We use these predictions to identify leverage
points towards enhancing social-ecological resilience of agriculture to projected climate change.
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4.2 Methods

Previously developed social-ecological models were validated with respect to the agronomic,
economic and social domains operating at the local and landscape scales. The validation focused on
variable interactions that were identified as critical for the functioning of each sub-system and the
dynamics of the smallholder agricultural system in the PPT target areas. Most interactions were
confirmed, with a few modifications based on context-specific feedback and discussions with
members of multi-actor communities of practice in Ethiopia, Kenya, Rwanda, Tanzania and Uganda.
Assumptions of the initial and validated models for each studied country are given in Appendix 1.

Increasing soil erosion and crop yield gaps were first used as input for the farm-level agronomic model,
where the respective variables are parts of the system. Model output in the form of increasing or
decreasing system components was then used as input for the landscape-scale agronomic model,
whose output was in turn used as input for affected farm-level models, completing potential feedback
loops. System responses to climate change at different scales were documented and interactions with
decisive influence on model predictions were identified as leverage points towards higher resilience.
Further details on the model development are provided in D5.3.

4.3 Results & Discussion

The results of qualitative model analysis were similar across countries. Increasing soil erosion and crop
yield gaps — two key pressures that are increasing with climate change - reduce farmers’ potential for
conventional agricultural intensification based on external inputs, instead increasing the adoption of
ecological intensification practices, such as PPT. In this scenario, landscape-scale antagonism between
conventional agricultural intensification and extension inclusivity results in the limited resources being
directed primarily towards increasing the inclusivity of existing extension, rather than integrating
specialised extension services.

Despite differences in East African countries’ extension systems, their predominant focus on external
inputs (Isgren & Andersson, 2021) means that increased access to extension services within the farm-
level social model acts to restore farmers’ preference for conventional agricultural intensification,
irrespective of climate change limiting its potential. This feedback loop is accompanied by reductions
in both social capital and food security. Similar intensification traps and lock-ins have resulted from
empirical and modelling studies, with long-lasting negative impacts on crop yields and human well-
being (Tittonell & Giller, 2013; Burian et al., 2024).

Extension services appear to play a central role in the emergence of this outcome. Reducing elements
of conventional agricultural intensification in extension while enhancing integration of specialised
services and ecological intensification of agriculture is a key leverage point towards enhancing
resilience to climate change. However, such a transformation of extension systems can be met with
complex challenges causing resistance to policy change (Isgren et al., 2023). In following steps of our
participatory model analysis, we investigate policy packages with the potential to break feedback
loops that restrict climate resilience.
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5 Conclusions and implications

Climate change effects are anticipated not only in terms of increasing temperatures and total
precipitation. After identifying the pair of regional climate models and earth system models that
performed best in capturing historic patterns during the rainy seasons, we could show that increased
annual precipitation will occur together with a shortening of the rainy seasons (Section 2). Further
analyses of these patterns are ongoing, but delayed onset of rains has been already observed in recent
years (Section 3). Together, these changes in temperature, quantity and distribution and timing of
precipitation are affecting the smallholder maize production as observed both in the long-term yield,
pest and weed data, as well as the earth observation data (Section 2 and 3, respectively). Our analyses
show the effectiveness of PPT in increasing yields, but also productivity of the agroecosystem as
indicated by NDVI. For the latter, PPT had higher NDVI particularly under episodes of biotic stress
through pest invasions (FAW, African Armyworm), while the effects of PPT on buffering climatic factors
were hard to disentangle. The long-term field data, however, shows the ability of PPT to maintain yield
benefits across a range of climate and weather conditions. The results suggest that the different
components of the PPT system — such as stemborer and Striga - may be differently affected by
changing climate in PPT and non-PPT fields. This does not affect the yield increases of PPT over non-
PPT, probably as these are also tightly linked to the soil improvement effects, but it may be an
important factor to consider in PPT dissemination. Finally, preliminary results of simulating climate
change in a qualitative socio-ecological model co-created with stakeholders across East Africa by
increasing the model variables “soil erosion” and “crop yield gaps” reveals feedback loops that sustain
conventional agricultural intensification based on external inputs, despite its reduced potential and
negative side effects under projected climate conditions. Increasing the adoption of more sustainable
ecological intensification practices, such as PPT, depends on the configuration and focus of extension
services, but policy targeting its change may face complex sources of resistance. Insights from these
models forms the basis for key messages being derived towards policy adjustments particularly in the
framework of resilient climate strategies of the partner countries and towards changes addressing the
nature of extension packages for agroecology inclusion, especially in the context of T7.3 (advocacy),
through dissemination with key MAC stakeholders and at the level of AU-EU science-policy boundaries
(WP1).
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7 Appendices

Appendix 1: Assumptions of initial models and changes made during country validation.

Initial models

Local Agronomic (LoAg)

The integration of specialised extension services favours all agricultural practices. Conventional
agricultural intensification reduces crop yield gaps, encouraging the cultivation of cereals and fodder
crops and antagonising ecological intensification.

Fodder crop cultivation competes with cereal cultivation and helps reduce soil erosion. Soil erosion is
also mitigated by agroforestry and push-pull practices, both of which ultimately support conventional
agricultural intensification. However, agroforestry competes with cereal cultivation, while push-pull
farming enhances both crop yields and fodder crop cultivation.

Crop yield gaps and soil erosion both encourage the adoption of push-pull. Additionally, soil erosion
promotes agroforestry and fodder crop cultivation, contributes to yield gaps, and undermines
conventional agricultural intensification.

Local economic (LoEc)

Crop, fodder, and livestock production all strengthen farmers’ engagement with their community.
Greater community engagement, in turn, promotes the integration of specialised extension services,
which subsequently boosts the production of crops, fodder, and livestock, as well as increases land
holding size.

Crop production, however, decreases the integration of extension services, raises labour demands,
and competes with livestock production. Fodder production is supported by livestock production but
limits opportunities for off-farm income. Livestock production also helps reduce labour requirements.

Larger land holdings contribute to higher crop production and greater labour needs, while at the same
time reducing the potential for off-farm income. On the other hand, off-farm income supports the
production of fodder and livestock, decreases crop production, and increases labour needs.

Local social (LoSo)

Farmer engagement with the community increases the potential for conventional agricultural
intensification. However, this form of intensification can, in turn, reduce both community engagement
and the diversity of food sources, even as it improves food security.

Social capital and access to extension services support conventional agricultural intensification,
strengthen community engagement, enhance food source diversity, and improve food security.
Additionally, access to extension services builds social capital, which further helps reduce poverty.

Poverty undermines conventional agricultural intensification, weakens farmer engagement with the
community, and reduces diversity of food sources and food security. Greater food diversity
contributes to higher food security. However, as food security improves, access to extension services
aimed at the food insecure tends to decline.

Landscape agronomic (LaAg)
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Inclusive extension services promote cereal cultivation and support conventional agricultural
intensification. In turn, conventional intensification increases the cultivation of cereals and fodder
crops, and raises the likelihood of irrigation use. However, it also contributes to soil erosion,
discourages ecological intensification practices and reduces the inclusivity of extension services.

Fodder crop cultivation and agroforestry both compete with cereal cultivation and help reduce soil
erosion. Additionally, agroforestry supports conventional agricultural intensification. The same is true
for push-pull, which not only reduces soil erosion but also encourages the cultivation of fodder crops.

Irrigation promotes cereal cultivation, while soil erosion stimulates the adoption of fodder crops,
agroforestry and push-pull, and negatively impacts conventional agricultural intensification.

Landscape economic (LaEc)

Inclusive extension services can conflict with the integration of specialised extension services due to
limited resources. However, when specialised extension services are integrated, they become more
relevant to farmers, thereby increasing inclusivity. Both extension inclusivity and integration support
value chain development, as well as the production of fodder and livestock. Additionally, extension
integration promotes larger land holdings and increased crop production.

Conversely, crop production can reduce the motivation to integrate specialised extension services and
competes with livestock production. Livestock production, in turn, supports fodder production.

Value chain development reduces the inclusivity of resource-intensive extension services and leads to
higher seed prices. At the same time, it promotes increases in land holding size, crop production, and
livestock production. Larger land holdings further increase crop production and seed prices. However,
rising seed prices can negatively affect the inclusivity and integration of extension services, as well as
land holding size itself and value chain development.

Landscape social (LaSo)

Farmer engagement with the community strengthens extension inclusivity, builds trust in extension
services, enhances social capital, and improves access to output markets. In turn, extension inclusivity
increases both trust in extension and access to input markets.

Social capital further boosts trust in extension, and both factors contribute to higher labour demands.

Access to input and output markets strengthens social capital and trust in extension services.
Additionally, access to output markets improves access to input markets, which helps reduce labour
needs. Finally, higher levels of labour force improve access to both input and output markets.

Validation changes

Ethiopia

LoAg: Ecological intensification practices are competitive to conventional agricultural intensification,
which in turn targets cereals thus antagonizing fodder crop cultivation, due to land scarcity and
incompatibility of practices. Integration of specialized extension services improves soil protection
practices, reducing soil erosion.

LoEc: Extension is largely demand-driven, suggesting that integration of specialized services is driven
by trends in agricultural production rather than the opposite. Off-farm income is typically invested in
land as a savings vehicle, with limited impact on fodder or crop production.
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LoSo: Conventional agricultural intensification can reduce poverty, but it may not affect food security,
while it may reduce social capital by severing links to the community. Access to extension services
does not affect the diversity of food sources, and it is demand-driven, i.e. expected to be driven by
social capital and food security rather than the other way around.

LaAg: Ecological intensification of agriculture is competitive to conventional intensification, which in
turn antagonises fodder crops, due to land scarcity and incompatibility of practices.

LaEc: Integration of specialised extension services can broaden the audience of interested farmers,
thus enhancing inclusivity of extension, which primarily targets crop production. Centrally provided
incentives for farmers are implemented through an extension model that relies on model farmers and
farmer groups, and is only minimally influenced by market forces, minimizing interactions of seed price
and value chain, and their impact on land holding size.

LaSo: Farmer community involvement enhances access to input markets mediated by groups of
farmers, while access to output markets reduces the need for labour dedicated to this task.

Kenya

LoAg: Ecological intensification practices are competitive to conventional agricultural intensification,
which in turn antagonizes fodder crop cultivation, due to land scarcity and incompatibility of practices.
Integration of specialized extension services improves soil protection practices, reducing soil erosion.

LoEc: Extension is mostly demand-driven, suggesting that integration of specialized services is driven
by trends in agricultural production rather than the opposite. Off-farm income is typically invested in
land as a savings vehicle, with limited impact on fodder production. Livestock production has a limited
impact on labour demand.

LoSo: Conventional agricultural intensification can reduce poverty, but it may not affect food security,
while it may reduce social capital by severing links to the community. Access to extension services
does not affect the diversity of food sources, and it is demand-driven, i.e. expected to be driven by
social capital and food security rather than the other way around.

LaAg: Ecological intensification of agriculture is competitive to conventional intensification due to land
scarcity and incompatibility of practices.

LaEc: Integration of specialised extension services does not compete for resources with the inclusivity
of extension, which primarily targets crop production.

LaSo: Access to output markets reduces the need for labour dedicated to this task.
Rwanda

LoAg: Ecological intensification practices are competitive to conventional agricultural intensification,
which in turn antagonizes fodder crop cultivation, due to land scarcity and incompatibility of practices.
Integration of specialized extension services improves soil protection practices, reducing soil erosion.

LoEc: Extension is mostly demand-driven, suggesting that integration of specialized services is driven
by trends in agricultural production rather than the opposite. Off-farm income is typically invested in
land as a savings vehicle, with limited impact on fodder production. Livestock production has a limited
impact on labour demand.

LoSo: Conventional agricultural intensification can reduce poverty, but it may not affect food security,
while it may reduce social capital by severing links to the community. Still, it can enhance a farmer’s
potential to act as a model for others, although this role is equally played by farmers promoting
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ecological intensification. Access to extension services does not affect the diversity of food sources,
and it is demand-driven, i.e. expected to be driven by social capital and food security rather than the
other way around.

LaAg: Ecological intensification of agriculture is competitive to conventional intensification due to land
scarcity and incompatibility of practices, but intensification pathway does not necessarily affect land
dedicated to fodder crops.

LaEc: Integration of specialised extension services does not compete for resources with the inclusivity
of extension, which primarily targets crop production.

LaSo: Access to output markets reduces the need for labour dedicated to this task.
Tanzania

LoAg: Ecological intensification practices are competitive to conventional agricultural intensification,
which in turn antagonizes fodder crop cultivation, due to land scarcity and incompatibility of practices.
Fodder can also be produced by agroforestry. Integration of specialized extension services improves
soil protection practices, reducing soil erosion.

LoEc: Extension is largely demand-driven, suggesting that integration of specialized services is driven
by agricultural trends (i.e. crop, livestock and fodder production) rather than the other way around.
Off-farm income is typically invested in land as a savings vehicle, with limited impact on crop or fodder
production, due to land availability and communal pastureland.

LoSo: Conventional agricultural intensification with a focus on monocrops is not linked to food security
and can reduce social capital by severing links to the community, but it does not affect a farmer’s
potential to act as a model for others. Although access to extension services can reduce poverty by
educating farmers, it is demand-driven, so enhanced by food security rather than the other way
around. Peer-to-peer farmer support is not constrained by wealth status.

LaAg: Ecological intensification of agriculture is competitive to conventional intensification due to
incompatibility of practices.

LaEc: Extension services primarily target crop production, and their level of integration does not
depend on crop production. Land holding size is not controlled by market forces, such as the price of
seeds.

LaSo: Farmer community involvement enhances access to input markets mediated by groups of
farmers, while access to output markets reduces the need for labour dedicated to this task.

Uganda

LoAg: Ecological intensification practices are competitive to conventional agricultural intensification,
which in turn antagonizes fodder crop cultivation, due to land scarcity and incompatibility of practices.
Fodder can also be produced by agroforestry. Integration of specialized extension services improves
soil protection practices, reducing soil erosion.

LoEc: Extension is largely demand-driven, suggesting that integration of specialized services is driven
by trends in agricultural production rather than the opposite. Off-farm income is typically invested in
land as a savings vehicle, with negative impact on fodder production. Livestock production
antagonizes crop production, with the latter having limited impact on labour requirements.

LoSo: Conventional agricultural intensification with a focus on monocrops is not linked to food security
and can reduce social capital by severing links to the community, but it does not affect the variety of
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food sources or a farmer’s potential to act as a model for others. Peer-to-peer farmer support is not
constrained by wealth status and primarily promotes ecological intensification of agriculture. Access
to demand-driven extension services is not associated with food security or the variety of food

sources.

LaAg: Ecological intensification of agriculture is competitive to conventional intensification, which in
turn antagonises fodder crops, due to land scarcity and incompatibility of practices.

LaEc: Extension services primarily target crop production.

LaSo: Farmer community involvement enhances access to input markets mediated by groups of
farmers, while access to output markets reduces the need for labour dedicated to this task.
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