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A B S T R A C T

The adoption of suitable crop cultivars is central to the sustainable intensification of smallholder cropping
systems across Sub-Saharan Africa and plays a crucial role in improving smallholder incomes and food
security. Breeding programmes have significantly increased the availability of early-, mid-, and late-maturing
crop cultivars tailored to the Target Population of Environments in Sub-Saharan Africa. However, there is
a substantial lack of data-driven maturity group recommendations at a detailed spatial scale. The absence
of targeted guidance on the suitability of maturity groups limits the ability of smallholder farmers to make
optimal cultivar adoption decisions. Here, we propose a framework using gridded crop modelling to identify
locally relevant maturity group recommendations at a high spatial resolution for field crops. Implementing
the framework for maize in Ghana, we employ the APSIM crop model across 3927 point locations and
weather records for recent thirty years. We show that mid-maturing cultivars consistently provide the
highest yields across all national production locations in the major growing season. In the minor growing
season, we find that early- and mid-maturing cultivars provide the highest yields across distinct spatial
suitability clusters. Specifically, in the minor growing season, mid-maturing cultivars provide the highest
yields in high-yielding environments, while early-maturing varieties provide the highest yields in low-yielding
environments. We identify specific environment-by-management combinations for which different maturity
groups are optimal. The proposed framework enables the development of spatially and seasonally tailored
maturity group recommendations that take advantage of prevailing genotype-by-environment-by-management
interactions. The approach can readily be scaled to other crops and countries.
1. Introduction

With the slow pace of poverty reduction in Sub-Saharan Africa
(SSA), global extreme poverty progressively concentrates in the con-
tinent’s rural, agricultural-based livelihoods (World Bank, 2022). In-
reasing agricultural productivity is a necessary step to reduce poverty
nd food insecurity in rural Africa (Byerlee et al., 2009; Dhakal et al.,

2022; Fischer et al., 2014). While it is controversial which policies
rovide feasible and efficient pathways to transition smallholder pro-
uction systems towards a sustainable intensification (Grewer and
odriguez, 2019; Kolapo et al., 2022), improved crop cultivars are a

central technical component of more productive and profitable farming
systems (Jaleta et al., 2018; Smale et al., 2013). The adoption of
mproved maize cultivars is of particular importance as maize is a
entral component of farming systems across SSA (Dixon et al., 2020)

∗ Corresponding author at: Centre for Sustainable Agricultural Systems, University of Southern Queensland, 487-535 West Street, Toowoomba, QLD 4350,
Australia.

E-mail address: uwe.grewer@unisq.edu.au (U. Grewer).

and constitutes the region’s first and third most important crop in
terms of cultivated area and production value (FAO (2024), Section
7 of the Supplementary Information (SI)). Historically, the lack of
dedicated breeding programmes across SSA meant that suitable crop
cultivars were only scarcely available (Pingali, 2012). This situation
has drastically changed in recent decades (Krishna et al., 2023). Major
investments in regional and national breeding efforts have resulted in
the release of a large number of crop cultivars that are both highly
adapted to local agro-ecological circumstances and provide diverse
phenological traits (Bhargava and Srivastava, 2019; Masuka et al.,
2017a,b). As one important trait, maize cultivars of diverse maturity
groups are nowadays readily available for commercialisation by seed
distribution systems (Tarekegne et al., 2023). However, only a small
fraction of maize grown in SSA uses seeds from certified breeding
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sources that have been replanted less than three times (Abate et al.,
2017). One reason for these low rates of adoption and replenishment is
that current seed commercialisation systems fail to overcome prevailing
market imperfections and consequentially do not effectively service
smallholder producers (Chivasa et al., 2022). Another major limitation
s the lack of maize cultivar recommendations. Specifically, the issue of
ptimising the choice of maize maturity groups has not yet been widely
nvestigated at scale. Early-maturing cultivars can provide an important
trategy to reduce the risk of crop failure in shorter growing seasons and
scape late-season drought and heat stress (Badu-Apraku et al., 2013).

Instead, mid- and late-maturing cultivars are better placed to achieve
high crop yields when favourable growing conditions prevail. However,
beyond such generic advice, specific, data-driven recommendations
about site-specific maturity group suitability are lacking, aside from few
exceptions (Grewer et al., 2024). Targeted recommendations and agri-
cultural extension advice are central components of making cropping
ystems adapted to site-specific climatic conditions (Hasibuan et al.,

2023; Tanimonure and Naziri, 2021). Here, we present an in-silico ap-
roach using cropping systems modelling to identify suitability hotspots

of early-, mid-, and late-maturing crop cultivars to maximise grain
yield at a high spatial resolution. As an example, we focus on maize
in Ghana. Building on high-quality crop-physiological data from agro-
nomic field trials, we calibrated crop model cultivar parameters for the
widely grown, mid-maturing Obatanpa maize cultivar. Synthetic early-
nd late-maturing cultivars that only differ regarding their maturity
equirements but have otherwise identical cultivar characteristics were
erived as a form of in-silico experimentation. Using a range of typical

crop management treatments, we simulate the rainfed, nitrogen-limited
yield potential of maize cultivars across the main maize production
locations in Ghana for recent thirty years. Based on local statistics
of spatial association, it is subsequently evaluated if there is a high
prevalence of spatial clusters where a specific maturity group is clearly
more suitable than alternative options. We analyse the stability and
sensitivity of yield for each cultivar maturity group under varying sea-
sonal climate conditions and different crop management systems. The
results quantify how much national maize production may vary due to
changes in the maturity group of the maize cultivars grown. Overall, we
identify main conclusions for maize maturity group recommendations
at a high spatial resolution in Ghana and derive general lessons for
identifying locally relevant cultivar maturity recommendations across
smallholder agriculture. While existing gridded crop modelling analyses
have predominantly focussed on evaluating the future impact of climate
change on crop yield (Jägermeyr et al., 2021), the here provided
ovel approach showcases how to leverage gridded crop modelling

for the analysis of farm-level crop management decisions. Our main
contribution focuses on providing data-driven guidance on cultivar
maturity group suitability at high spatial resolution that are tailored
to different growing seasons.

2. Material and methods

This analysis employed cropping systems’ modelling to simulate
crop yield of one reference cultivar each for early-, mid-, and late-

aturing maize in Ghana. Crop growth has been simulated across a
egular spatial grid of 3927 point locations at a resolution of 0.05
ecimal degrees (approximately 5.55 km at the equator) across the
ain national maize growing area (879,603 ha) during the major and
inor growing seasons of recent thirty years (1986 to 2015).

2.1. Data sources

Meteorological data on daily precipitation as well as daily maximum
nd minimum temperature was obtained from the Climate Hazards
entre InfraRed Precipitation with Stations (CHIRPS) dataset (Funk et al.,

2015) and the Climate Hazards centre InfraRed Temperature with Stations
(CHIRTS) dataset (Verdin et al., 2020). Both datasets have a spatial
2

resolution of 0.05 decimal degrees and have been computed using
infrared data from remote sensing, meteorological station data, and
bias correction methods. CHIRPS ranked among the most accurate
rainfall datasets when evaluated against weather station data in sub-
Saharan Africa (Funk et al., 2015; Gebrechorkos et al., 2018). Daily
data on solar radiation and wind speed were used from the Daily
Surface Meteorological Dataset for Agronomic Use (AgERA5) at a spatial
resolution of 0.1 decimal degrees (ECMWF, 2020; Hersbach et al.,
2020). Daily reference evapotranspiration data employing the Penman–
Monteith equation (Allen et al., 1998) at a spatial resolution of 0.1
ecimal degrees was used from FAO (2021). We utilised soil data

from the Global High-Resolution Soil Profile Database for Crop Modelling
pplications (Han et al., 2015). The dataset has a resolution of 5-arc

minutes and has been derived from the SoilGrids-1 km (Hengl et al.,
2014) and the Africa Soil Information Service (AfSIS) datasets. Han et al.
(2015) have complemented the soil data with soil hydraulic property
ariables using pedo-transfer functions. Soil pH values and the initial
mmonium content of each soil layer were employed from the Harvest

Choice 27 Generic Soil Profile Database (Koo and Dimes, 2013).
The spatial scope of the analysis covers the main maize-growing

locations in Ghana. Starting from the entire geographic area of Ghana
(OCHA, 2021), we disregarded areas occupied by major waterbodies
(RCMRD, 2020), as well as all areas with a land cover of bare land,
dense forests (>60%), open forest (30%–60%), or dense shrubland
(>60%) according to the FAO Land Cover Classification System (LCCS1)
within the MODIS Land Cover Type Product (Friedl and Sulla-Menashe,
2019). Further, locations that record less than 100 ha of maize culti-
vation per 5-arc minute pixel (appr. 10,000 ha at the equator) in the
IFPRI Spatial Production Allocation Model (SPAM; Yu et al., 2020) were
not considered in the analysis. The resulting considered physical area
planted to maize in this analysis accounts for 879,603 ha which aligns
with the government-recorded total annually harvested area across all
seasons that varied between 880,250 ha and 1,266,000 ha for the most
recently reported years between 2010 and 2021 (FAO, 2024).

Agronomic and crop-physiological data from agricultural field trials
for crop model calibration and evaluation was utilised from the Accra
plains in southern Ghana. A detailed description of the field trial data
is provided by MacCarthy et al. (2015).

2.2. Crop model parameterisation and evaluation

We simulated maize growth using the Agricultural Production Sys-
tems sIMulator (APSIM-classic version 7.10; Holzworth et al., 2014).

PSIM is a dynamic, process-based, biophysical simulation model of
the climate-soil-crop interface. It has been widely evaluated by crop

odelling studies against data from agronomic field trials in SSA (Beah
et al., 2021; Chisanga et al., 2021; Falconnier et al., 2020; Feleke et al.,
2021; Rodriguez et al., 2017; Seyoum et al., 2017, 2018; Traore et al.,
2017), including various applications in Ghana (Adiku et al., 2015;
Fosu-Mensah et al., 2012; MacCarthy et al., 2015, 2009).

We derived the initial nitrate content of soil profiles based on the
otal nitrogen content and bulk density of each soil layer, as reported

in the Global High-Resolution Soil Profile Database for Crop Modelling
pplications (Han et al., 2015). Following established approximations

in gridded crop modelling (AgMIP, 2014), we assumed that initial N-
NO3 constituted 0.1% of total soil nitrogen. Initial soil water content
at planting was determined by initiating simulations three months
prior to the growing season start with a profile saturated at 10%. Soil
water dynamics were then simulated over several months leading up
to the planting date, taking into account daily meteorological data.
We conducted APSIM parameterisation and model evaluation (detailed
description in SI-Section 3) using agronomic field trial data from the
major and minor cropping seasons of 2008 and 2009 across three
sites at Kpong in the Coastal Savannah agroecological zone (MacCarthy
et al., 2015). The experimental trial covers a range of fertilisation and
residue management treatments. The field-measured data consists of
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Fig. 1. Comparison of simulated and measured crop yield for two calibrated maize
cultivars using the evaluation dataset.
Note: Comparison of simulated versus measured yield for the APSIM maize calibration used
in this study (‘Obatanpa 2905’) and for the APSIM maize calibration from a previous study
(‘MacCarthy’; MacCarthy et al., 2015) using a different APSIM version across the same
gronomic field trial dataset. Further details of the crop model calibration and evaluation

process are provided in SI-Section 3.

phenology (number of days required to reach anthesis and maturity),
aximum realised Leaf Area Index (LAI), plant nitrogen uptake, crop

iomass and grain yield at maturity, as well as selected soil water
easurements.

We parameterised an APSIM maize cultivar to represent the open-
pollinating, mid-maturing Obatanpa maize cultivar, which is the most

idely grown maize cultivar across all agro-ecological zones in Ghana
Abate et al., 2017; Ragasa et al., 2013). Obatanpa was released in
992 by the Crops Research Institute of Ghana and is a white dent,

flint endosperm Quality Protein Maize with elevated levels of lysine and
ryptophan (Badu-Apraku et al., 2006). To obtain a cultivar parame-
erisation, we first defined stepwise increments of cultivar parameter
alues within a reasonable parameter range (SI-Tab. 5). We then gener-
ted 5184 potential cultivars based on all possible combinations across

the discrete parameter space. The available measurement data were
randomly split into equal-sized datasets for calibration and evaluation.
The relative root mean square error (rRMSE) for all 5184 maize culti-
vars was calculated. During cultivar parameter calibration, we selected
the maize cultivar (‘‘Obatanpa_2905’’) with the lowest average rRMSE
across the six field-measured outcome variables using the calibration
dataset (thermal time requirements to anthesis and maturity, maximum
LAI, plant nitrogen uptake, and crop biomass as well as grain yield
at maturity). Considering this range of outcome variables for model
calibration and evaluation avoids the prioritisation of cultivars that
exclusively provide a good fit for grain yield while poorly reproducing
rop physiological development. When ranking all cultivars using the
valuation data, the cultivar selected during calibration ranks 1/5184
n terms of average rRMSE (0.17) and 133/2078 regarding the RMSE
f crop yield (722 kg/ha). Further details on the fit of simulated versus
easured crop yield are provided in Fig. 1. Overall, the calibrated

ultivar provides a reasonable fit to the available empirical dataset.

2.3. Crop simulation analysis

The crop simulation analysis considers a range of genotype-by-
environment-by-management (G×E×M) combinations. We simulated all
combinations of three nitrogen fertiliser rates (0, 45, 90 kg N/ha),
three planting densities (4.4, 5.6, 6.7 plants/m2), and three cultivar
maturity types (early-, mid-, and late-maturing). The considered ni-
trogen fertiliser rates and planting densities encompass both the most
prevalent current practices in Ghana and the recommendations of the

Adu et al., 2014). Maize
hanaian Ministry of Food and Agriculture (

3

growth was simulated during the major and minor growing seasons
ver thirty years (1986–2015) and across 3927 point locations. Each
ear was simulated independently, without the consideration of any
ntertemporal carry-over of soil conditions. While the south of Ghana is
haracterised by a bimodal rainfall pattern, a unimodal rainfall pattern
revails in the north. We assumed that maize is cultivated during the
inor growing season across southern Ghana up to a latitude of 8.5
ecimal degrees. Across southern Ghana, not all farmers consistently
ultivate the minor growing season, with the density of minor season
ultivation across the farming population diminishing towards northern
ocations.

When comparing the performance of specific existing, commercially
vailable early-, mid-, and late-maturing maize cultivars, it is not pos-
ible to disentangle the impacts of their maturity duration from other
ultivar characteristics. To isolate the exclusive impact of a cultivar’s
aturity duration on crop performance, we used the APSIM-maize

ultivar parameterisation of the mid-maturing Obatanpa cultivar as a
eference point. We then defined hypothetical early- and late-maturing
ariants of the Obatanpa cultivar as a form of in-silico experimentation.

These hypothetical cultivars only differ in terms of their maturity
requirements and were defined by respectively subtracting or adding
qual amounts of thermal time requirements for main growth stages

(SI-Tab. 11).
For each year and location, we calculated a specific start of the

growing season based on a combination of meteorological criteria. The
growing season start was considered to likewise identify the start of
the sowing window. Using such site- and year-specific, meteorological-
driven start dates of the sowing window (Ferijal et al., 2022) instead
of fixed dates from crop calendars or remote-sensing databases (Sacks
et al., 2010; Whitcraft et al., 2015) more closely captures the inter-
annual variability in seasonal climate conditions that farmers consider

hen deciding the timing of sowing. Specifically, we considered the
growing season and sowing window to start when the subsequent
criteria are fulfilled: (i) accumulation of at least 40 mm of precipitation
during a five-day period; (ii) absence of any 10-day period with less
than 5 mm cumulative precipitation during the 30 days consecutive to
the start date (i.e., false season onset); and (iii) occurrence of the start
date within a predefined reference period that corresponds to typically
practised sowing times.1 If the previous criteria were fulfilled, APSIM
initiated a sowing event once cumulative rainfall exceeded 20 mm
during any four-day period and extractable soil water exceeded 30 mm.
f the previous criteria were never fulfilled, planting was enforced at
he end of the predefined reference period. The resulting thirty-year
verage of the growing season start for the major and minor seasons
re shown in SI-Section 5. The growing season was assumed to end at
he first occurrence of a 15-day interval without any precipitation. A
escriptive overview of the approximate duration of major and minor
rowing seasons across locations is provided in SI-Section 6.

2.4. Statistical indicators

To characterise the intensity of water availability at location l in
year t during the growing season s, the water balance ratio (WBR) was
calculated as:

𝑊 𝑎𝑡𝑒𝑟 𝐵 𝑎𝑙 𝑎𝑛𝑐 𝑒 𝑅𝑎𝑡𝑖𝑜𝑙 𝑡𝑠 =
𝑇 𝑜𝑡𝑎𝑙 𝑃 𝑟𝑒𝑐 𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑙 𝑡𝑠

𝑇 𝑜𝑡𝑎𝑙 𝑅𝑒𝑓 𝑒𝑟𝑒𝑛𝑐 𝑒 𝐸 𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝑙 𝑡𝑠
The input values of precipitation and reference evapotranspiration refer
o total cumulative quantities during growing season s. To separate
etween various intensities of water surplus or deficit, we defined
he three ranges: low water availability (WBR < 1), medium water

1 1 March to 15 May for the major season in southern Ghana (latitude <=
8.5 decimal degrees); 1 April to 31 July for the major season in northern
Ghana (latitude > 8.5 decimal degrees); 15 August to 31 December for the
minor season in southern Ghana.
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availability (1< WBR < 1.5), and high water availability (WBR > 1.5).
The downside risk of crop yield at location l during the growing

eason s for cultivar c was defined as the average yield reduction below
ts long-term average yield:

𝐷 𝑜𝑤𝑛𝑠𝑖𝑑 𝑒 𝑅𝑖𝑠𝑘𝑙 𝑠𝑐 = 1
𝑁𝑙 𝑠𝑐

𝑛
∑

𝑖=1

{

𝑎𝑏𝑠
(

𝑚𝑖𝑛
[

𝑌𝑖𝑙 𝑠𝑐 − 𝑌 𝑙 𝑠𝑐 , 0
])}

Whereby, 𝑁lsc denotes the total number of yield observations, 𝑌𝑖𝑙 𝑠𝑐
indicates the 𝑖t h observation of crop yield, and 𝑌 𝑙 𝑠𝑐 denotes the average
rop yield. This measure of downside risk indicates the extent to which
aize yields fall below their long-term average in low-yielding seasons.

t highlights which cultivars are prone to expose agricultural producers
to severe reductions in crop production and associated income loss.

2.5. Analysis of spatial association

As the basis for calculating spatial relationships, we employed a
inary spatial weights matrix that considers the closest 24 neigh-

bours around each analysed location, which encompasses all first-
level neighbours (8 direct neighbours) and second-level neighbours (16
neighbours’ neighbours). As indicator of local spatial association, we
computed Local Moran’s I (Anselin, 1995) based on standardised spatial
ag variables. Cluster maps of the direction and significance of spatial

association were generated for a pseudo-p threshold value of 0.05 using
the PySal library (Rey et al., 2022).

2.6. Software implementation

This analysis was conducted using Bash to organise and execute
ll software components and Python for all subscripts. Gridded AP-
IM crop simulation modelling was implemented using High Perfor-
ance Computing (HPC) employing the Simple Linux Utility for Re-

ource Management (SLURM) for job scheduling and workload man-
gement. To create and deploy a portable and reproducible computing
nvironment, the Singularity container platform was used.

3. Results

3.1. Average performance of cultivar maturity groups across large spatial
and temporal scales

During the major growing season of recent thirty years (1986–2015)
n Ghana, the mid-maturing maize cultivar in general outperformed

the late- and early-maturing cultivars (Fig. 2(a); SI-Tab. 1). The mid-
maturing maize cultivar (mean: 4484 kg/ha) provided moderately
higher yields than the late-maturing cultivar (mean: 4231 kg/ha) and
much higher yields than the early-maturing cultivar (mean:
3821 kg/ha). All cultivars had similar levels of interannual yield
variability and downside risk (SI-Fig. 3 & 4). With few exceptions, the
identified yield ranking of the cultivar maturity groups (mid > late >
early) in the major growing season was consistently found across all
years (Fig. 2(b)), as well as across low-, medium- and high-yielding
conditions (Fig. 2(c)).

During the minor growing season, the early-maturing cultivar gen-
erally outperformed the mid- and late-maturing cultivars (Fig. 2(d),
SI-Tab. 1). The early-maturing cultivar (mean: 3942 kg/ha) provided

oderately higher yields than the mid-maturing cultivar (mean:
777 kg/ha), and drastically higher yields than the late-maturing
ultivar (mean: 2690 kg/ha). During the minor season, the different
ultivars observed strongly different levels of interannual yield vari-

ability and downside risk (SI-Fig. 3 & 4). The early-maturing cultivar
provided the highest yield stability and the lowest level of downside
risk. Both, the mid- and particularly the late-maturing cultivar were
instead characterised by higher levels of yield variability and downside
risk. The overall yield ranking of the cultivar maturity groups (early
> mid > late) in the minor growing season was less spatially and
 z

4

temporally consistent than in the major growing season. While the
early-maturing cultivar provided in general the highest yield, it was
outperformed by the mid-maturing cultivar in several years (Fig. 2(e))
and for high-yielding conditions (Fig. 2(f)). While the early-maturing
ultivar was most successful in reducing the risk of low yields and crop
ailure, it was also less successful than the mid-maturing cultivar to
apitalise on favourable growing conditions. The late-maturing cultivar

consistently provided strongly lower yields than the other cultivars
cross all years and seasonal conditions. Further, it led to a particularly
igh risk of crop failure.

Across all locations, years, and crop management options, the high-
est maize yield during the major growing season was achieved 1%,
5%, and 13% of the time by the early-, mid-, and late-maturing
ultivar, respectively (SI-Tab. 1). Nationally, when considering the
ain maize growing areas during the major season, shifting from

he lowest- to the highest-yielding cultivar would have increased the
itrogen-limited, rainfed maize production potential by 694,478 t or
9.9% per year.2 Instead, shifting from exclusively growing the on

average highest-yielding cultivar in the major growing season – i.e., the
mid-maturing cultivar – to the site-, year-, and management-specific
highest-yielding cultivar, would have increased total maize production
by only 34,283 t or 0.8% per year.

The highest maize yield during the minor growing season was
achieved 55%, 45%, and 0% of the time by the early-, mid-, and late-
maturing cultivar, respectively (SI-Tab. 1). Nationally, when consider-
ng the main maize growing areas during the minor season, shifting
rom the lowest- to the highest-yielding cultivar would have increased
he nitrogen-limited, rainfed maize production potential by 1,024,919
 or 58.6% per year. Instead, shifting from exclusively growing the on
verage highest-yielding cultivar in the minor growing season – i.e., the
arly-maturing cultivar – to the site-, year-, and management-specific
ighest-yielding cultivar, would have increased total maize production
y 124,778 t or 4.7% per year.

3.2. Spatial hotspots of maturity group suitability

Beyond the aggregate national evaluation, a spatially disaggregated
analysis can identify differences in cultivar performance across geo-
graphic locations. Overall, Ghana observes known spatial differences
in rainfed maize yield potentials, with the southern Forest and Tran-
sition agro-ecological zones generally observing a higher maize yield
potential than the northern Savannah agro-ecological zones (Boullouz
et al., 2022; MOFA, 2022; WUR and UNL, 2024).3 We found that
maize growing locations in south-western Ghana constituted the largest
spatially continuous area with a high yield potential across all cultivars
(Fig. 3(a) & (d)). Further areas with a high yield potential were the
orthern Volta, southern Oti, eastern Upper East, and south-eastern
pper West regions. All other maize-growing areas north of the Ashanti

egion had a low maize yield potential.
In the following, we compare the long-term average maize yield

by location for each of the cultivar maturity groups. This allows to
examine how spatially consistent each maturity group performs. During
the major growing season, the highest long-term average yield was
achieved at 0%, 97.9%, and 2.1% of locations by the early-, mid-, and
late-maturing cultivar, respectively (SI-Tab. 2). At locations where the

id-maturing cultivar performed best, the realised long-term average
yield gain was 658 kg/ha and 260 kg/ha per year over the early- and
late-maturing cultivar, respectively (SI-Tab. 3). At the few locations
where the late-maturing cultivar performed best, the long-term average

2 To calculate changes in production potentials at scale, we considered the
average yield across all considered nitrogen application rates and planting
densities.

3 For reference, maps of the administrative divisions and agro-ecological
ones of Ghana are provided in SI-Fig. 19 & 20.
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Fig. 2. Yield performance of early-, mid-, and late-maturing maize cultivars during the major and minor growing seasons in Ghana.
ote: Maize yield during 1986–2015 for the main maize cultivating locations in Ghana and across all considered treatments (nitrogen fertiliser rates; planting densities) for the major growing

season (top row) and minor growing season (bottom row). (a) & (d): Combined violinplots and boxplots of maize yield across all years, locations, and treatments. (b) & (e): Annual maize
ield averaged across treatments and locations. The shaded area indicates +/− 1 standard deviation around the average. (c) & (f): Cumulative distribution functions of maize yield for all
ears, locations, and treatments.
yield gain over the mid-maturing cultivar was only 56 kg/ha per year.
Thereby, no high spatial variability in the yield differences between
cultivars was found across the main maize production locations in
Ghana (Fig. 3(b) & (c)). The yield advantage of the mid-maturing
cultivar occurred largely in a uniform manner across space. Only a few
ocations constituted spatial hotspots where early- or late-maturing cul-
ivars consistently either led to particularly low or slightly higher yields
han the mid-maturing cultivar (Fig. 4). The northern Ashanti, northern
olta, and southern Upper West regions as well as the Afram Plains were
patially consistent clusters where the early-maturing cultivar led to
articularly strong reductions in the long-term average yield compared
o the mid-maturing cultivar (Fig. 4(a)). Across the entire Northern

region, the early-maturing cultivar also provided lower yields than the
mid-maturing cultivar, but the yield differences were consistently much
smaller than in other locations. For the late-maturing cultivar, we iden-
tified spatial clusters of particularly strong yield reductions compared
to the mid-maturing cultivar across all coastal production locations in
5

the Western, Central, and Greater Accra regions (Fig. 4(b)). Instead, a
small spatial cluster was detected in the north-western Volta region
where the late-maturing cultivar consistently provided a marginally
higher yield than the mid-maturing cultivar.

During the minor growing season instead, we found strong differ-
ences among maize growing locations in the long-term average yield
of different cultivars. During the minor season, the highest long-term
average yield was achieved at 59.0%, 41.0%, and 0.0% of locations
by the early-, mid-, and late-maturing cultivar, respectively (SI-Tab.
2). At locations where the early-maturing cultivar performed best, the
realised long-term average yield gain was 457 kg/ha and 1689 kg/ha
per year over the mid- and late-maturing cultivar, respectively (SI-Tab.
3). At locations where the mid-maturing cultivar performed best, the
realised long-term average yield gain was 254 kg/ha and 878 kg/ha per
year over the early- and late-maturing cultivar, respectively. In strong
contrast to the results for the major growing season, a high spatial

variability in the yield differences between cultivars was found across
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Fig. 3. Long-term average yield performance of early-, mid-, and late-maturing maize cultivars during the major and minor growing seasons.
ote: Maize yield performance averaged across treatments (nitrogen fertiliser rates; planting densities) and thirty years of cultivation (1986–2015). (a) & (d): Maize yield of the mid-maturing

cultivar. (b) & (e): Maize yield gain of the early-maturing cultivar over the mid-maturing cultivar. (c) & (f): Maize yield gain of the late-maturing cultivar over the mid-maturing cultivar .
t

locations during the minor season (Fig. 3(e) & (f)). Locations with a
enerally low yield potential during the minor season constituted spa-
ial hotspots where the early-maturing cultivar strongly outperformed
lternative cultivars. These locations were the Bono, Bono East, northern
shanti, southern Volta, and Greater Accra regions, as well as the Afram

Plains (Fig. 4(c)). Instead, there was only one smaller spatial cluster in
he northern Volta region where the mid-maturing cultivar consistently
utperformed the early-maturing cultivar. Those locations in south-
estern Ghana (Western North, Western, Central, southern Ashanti, and

outhern Eastern regions) that are generally characterised by a high
ield potential, recorded the highest long-term average yield from the
id-maturing cultivar (Fig. 3(d)–(f)). However, the yield advantage

f the mid-maturing cultivar did not occur in a spatially consistent
manner (Fig. 4(c)). Instead, across those regions, the yield difference
etween the early- and mid-maturing cultivar was predominantly small,

without any clear continuous clusters of where a single cultivar would
outperform the other. The late-maturing cultivar consistently led to
strong yield reductions compared to the other cultivars, across all
locations in the minor season. Spatial hotspots where yield losses from
6

growing the late-maturing cultivar were particularly pronounced were
he Bono, Bono East, Ahafo, and northern Ashanti regions (Fig. 4(d)).

3.3. Interactions of maturity group suitability with environmental conditions
and crop management choices

When specific genotypes (G) are cultivated in particular environ-
ments (E) using a certain system of crop management (M), the in-
teraction of these three factors (G × E × M interactions) may cause
the various cultivar maturity groups to perform differently from the
previously identified aggregate outcomes. The importance of G × E × M
interactions is widely documented across diverse maize genotypes,
environments, and production systems (Cooper et al., 2021; Teixeira
et al., 2017). Here, we investigate specifically the interaction between
maize cultivar maturity groups, water-deficit environments, and nitro-
gen fertiliser management strategies.

During the major growing season, we did not find strong G × E × M
interactions at the aggregate level. For low nitrogen and water stress
conditions in the major growing season (Fig. 5.1(e), (f), (h), (i)), we
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Fig. 4. Cluster maps and local Moran’s I maps of yield gains of the early- and late-maturing cultivars over the mid-maturing cultivar during the major and minor growing seasons.
ote: The cluster maps identify locations with statistically significant levels of spatial association between a point-location and its neighbours (pseudo-p threshold: 0.05; ‘‘ns’’: not statistically

ignificant). In addition, the cluster maps classify the type of positive (‘‘HH’’: high-high, ‘‘LL’’: low-low) or negative (‘‘LH’’: low-high, ‘‘HL’’, high-low) spatial association. Maps of Local
oran’s I indicate the estimated strength of spatial association between a point-location and its neighbours.
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confirm the previously identified consistent yield ranking of the culti-
var maturity groups (mid > late > early), whereby the mid-maturing
cultivar was still found to have provided moderate and large yield
benefits over the late- and early-maturing cultivar, respectively. With
minor deviations, the same result was found for conditions of nitrogen
stress (Fig. 5.1(a), (b), (c)). Instead, when considering conditions that
xperienced water-stress while receiving nitrogen fertiliser (Fig. 5.1(d),
g)), the early-maturing cultivar provided a lower likelihood of both
ow-yield and high-yield outcomes than the late-maturing cultivar, thus
educing both downside and upside production risks. When analysing
he average yield of specific years, the presence of either nitrogen-
r water-stress caused a strong increase in yield variability of all
ultivars (Fig. 5.2(a), (b), (c), (d), (g)), with the early-maturing cultivar
requently observing large yield shocks.

During the minor growing season, we found strong G × E × M
interactions at the aggregate level. Under conditions of water stress
while receiving nitrogen fertiliser, the early-maturing cultivar con-
sistently provided the highest yield by a large margin (Fig. 6.1(d),
g)). Instead, under conditions of sufficient water supply and low
itrogen fertilisation, the mid-maturing cultivar consistently provided
he highest yield (Fig. 6.1(b), (c), (f)). Under all other conditions, the
7

early-maturing cultivar provided a lower likelihood of both low-yield
nd high-yield outcomes than the mid-maturing cultivar, effectively
educing production risks.

4. Discussion

4.1. Big-picture results of maturity group suitability in Ghana

Across the main maize-producing locations in Ghana, mid-maturing
cultivars provide by far the highest yield during the major growing
season and a similar level of downside risk as other maturity groups.

he yield reductions from growing early-maturing cultivars during the
ajor growing season are substantial. In the minor growing season,

arly- and mid-maturing cultivars provide the highest maize yield and
arly-maturing cultivars provide the lowest downside risk. Cultivating
ate-maturing cultivars in the minor growing season causes drastic yield
eductions and frequent crop failure. These findings differ partially
rom Adu et al. (2014), who recommended late-maturing varieties for

the Transition and Forest agro-ecological zones and early-maturing
varieties for the Sudan Savannah. Their recommendations were based
on promoting early-maturing cultivars in low-rainfall environments and
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Fig. 5. Maize yield by water-balance conditions and nitrogen fertiliser intensities for various cultivar maturity groups during the major growing season.
Note: Nitrogen fertiliser application intensities: no (0 𝑁 kg/ha), medium (45 𝑁 kg/ha), high (90 𝑁 kg/ha). Water-balance ratio (WBR) categories: low (WBR < 1), medium (1 < WBR <
1.5), high (WBR > 1.5). Percentage of observations (obs.) within each category indicated on top of subplots. Shaded area in Fig. 5.2 indicates +/− 1 standard deviation around the average.

Fig. 6. Maize yield by water-balance conditions and nitrogen fertiliser intensities for various cultivar maturity groups during the minor growing season.
Note: Nitrogen fertiliser application intensities: no (0 𝑁 kg/ha), medium (45 𝑁 kg/ha), high (90 𝑁 kg/ha). Water-balance ratio (WBR) categories: low (WBR < 1), medium (1 < WBR <
1.5), high (WBR > 1.5). Percentage of observations (obs.) within each category indicated on top of subplots. Shaded area in Fig. 6.2 indicates +/− 1 standard deviation around the average.

8
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late-maturing varieties in high-rainfall areas, while not being based on
mpirical data of maize yields for different cultivars.

4.2. Benefits of sub-national maturity group recommendations

At various locations, higher maize yields can be achieved, when di-
verting from the above identified general suitability pattern. However,
the achievable yield gains from further optimising cultivar maturity
group selection are usually small. This finding supports that, at an
ggregate level in Ghana, it is adequate to promote the adoption of
id-maturing cultivars in the major season and early-maturing cul-

ivars in the minor season – when no further site- and farm-specific
haracteristics are known. At a more granular level, some clear spatial
lusters of cultivar maturity group suitability and unsuitability have
een identified. Spatial clusters of cultivar suitability are stronger in
he minor growing season than in the major growing season. In the
inor season, all maize production locations with generally lower yield
otential, situated across the agro-ecologies of the Coastal Savannah
nd the Transition Zone, were found to strongly benefit from the
doption of early-maturing cultivars, while experiencing strong yield
eductions from late-maturing cultivars. Instead, the higher yield poten-
ial locations in the northern Volta and southern Oti regions were found
o constitute a spatial cluster where mid-maturing cultivars perform

best during the minor season. During the major growing season, the
mid-maturing cultivar consistently provided the highest yield across
ll locations, without any diverting spatial clusters. Across the eastern
ransition Zone, we identified a spatial cluster where early-maturing
ultivars led to particularly strong yield reductions during the major
rowing season. These sub-national maturity group recommendations
erived from gridded crop modelling are a novel contribution to the
iterature and importantly complement other forms of site-specific
ultivar evaluations such as on-farm trials and farmers’ participatory
ssessments (Worku et al., 2020).

4.3. Benefits of management-specific maturity group recommendations

Knowledge about the average suitability of cultivar maturity groups
is important to guide national agricultural policy and programme de-
velopment. For regional and local stakeholders, such as the district
offices of the Ministry of Food and Agriculture, it is instead feasible and
necessary to further refine such generic maize maturity group recom-
mendations based on locally prevailing crop management systems. This
analysis has shown that the performance of cultivar maturity groups
depends on their interaction with environmental and management
conditions. Specifically, we identified strong prevailing G × E × M
interactions during the minor growing season. For fertilised maize crops
that developed a higher amount of biomass during vegetative growth,
exposure to water stress caused the early-maturing cultivar to strongly
outperform all other maturity groups. Under this combination of E × M
conditions, the early-maturing cultivar transfers limited resources from
the vegetative to the reproductive crop growth stages, which effec-
tively limits the negative impact of water stress. This finding aligns
with Badu-Apraku et al. (2013, p. 1307), who observed higher maize
yields under drought stress in West Africa for varieties with shorter
maturity requirements to reach anthesis. In addition, Rezende et al.
(2020), p. 116) suggest that under drought stress the yield advantage of
early-maturing varieties over other maturity groups may partially stem
from differences in secondary traits, such as a shorter anthesis-silking
interval. Instead, when no fertiliser was applied and crops accordingly
developed a smaller amount of biomass during the vegetative growth
stages, exposure to sufficient water supply caused the mid-maturing
cultivar to strongly outperform all other maturity groups. Under this
combination of E × M conditions, the mid-maturing cultivar increased
he time-period during which the maize crop could uptake and benefit

from sufficient water supply. Across several agro-ecological zones in
Ghana, the findings by Owusu et al. (2018) have found a similarly large
9

importance of G × E × M interactions. For regional and local providers
f agricultural extension, it is thus essential to move beyond generic

recommendations about the suitability of cultivar maturity groups and
account for the locally prevailing crop management practices.

4.4. Suitability of the available cultivar palette and implications for breeding
argets

The number and diversity of maize cultivars released and regis-
ered in Ghana have steadily increased over recent decades (CORAF

and CSIR-CRI, 2019; Ragasa et al., 2013). When following the va-
riety suitability zones identified by CORAF and CSIR-CRI (2019), a
range of mid- and early-maturing cultivars is available for all five
agro-ecological zones, with no significant gaps (Fig. 7). However, the
nderlying qualitative classification of maize cultivar suitability across

agro-ecological zones should only be given an indicative interpretation,
while a systematic evaluation of all major maize cultivars across the
Target Population of Environments in Ghana via experimental trials and
crop-physiological modelling remains a research gap.

4.5. Optimality of prevailing cultivar adoption patterns

Data on maize cultivar adoption across large spatial and temporal
cales in Ghana is scarce, as the major national household panel survey
oes not track crop cultivar use (Ghana Statistical Service, 2018).
xisting data is either outdated (Abate et al., 2017; Ragasa et al.,

2013) or considers only few locations (Adu et al., 2021; Asante et al.,
2024; Danso-Abbeam et al., 2017; Quarshie et al., 2021). The available
estimates suggest that with 13% (in 2015; AGRA and USAID, 2016) or
15% (in 2012; Ragasa et al., 2013) only a small share of the national
maize area is cultivated with certified seed that has not been replanted
more than twice. Among the certified maize seeds grown, the two
argest surveys indicated that Obatanpa, the cultivar analysed in our
tudy, remained by far the most widely used (Abate et al., 2017; Ragasa
t al., 2013), while more recent smaller surveys found Obatanpa to

be cultivated at a roughly similar proportion as several other culti-
vars (Aburohema, Aburotia, Ekomasa, Suntem; Quarshie et al., 2021).
pecifically, this includes the wider diffusion of some early-maturing

cultivars, such as Aburohema and Abontem. The data scarcity on maize
cultivar use and performance across Ghana prevents breeding and
extension programmes from functioning optimally. Collecting data on
cultivar use for major crops in future rounds of the nationally represen-
tative Ghana Living Standard Survey is a clear recommendation of this
nalysis.

The predominance of recycling seeds locally over prolonged peri-
ods implies that farmers are currently locked into growing a single
cultivar across all seasons and management systems. Thereby, local
eed recycling often involves mixing seeds from various sources (Audet-

Bélanger et al., 2016), resulting in the cultivation of a heterogeneous
ix of cultivars with non-uniform phenological traits. While this prac-

ice provides a certain level of risk diversification, it prevents farmers
rom selecting those maize cultivars that are most suitable for specific

seasonal, location, and management characteristics. Releasing farmers
from the lock-in of cultivating an ambiguous, heterogeneous cultivar
mix and adopting targeted cultivar maturity groups would provide
substantial increases in maize yield across smallholder agriculture.
Farmer Based Organisations (FBOs), a widely institutionalised form
of farmer organisation and collective action in Ghana, could play an
important role in implementing such changes to seed provisioning
patterns (Grewer, 2013).



U. Grewer, P. de Voil, D.S. MacCarthy et al. Resources, Environment and Sustainability 20 (2025) 100204

s

f
o
d
y
s
p

s

o
e

n
s

Fig. 7. Maturity duration of maize cultivars released and registered in Ghana by most suitable agro-ecological zone.
Note: Observations (obs.) indicate the number of maize cultivars declared as suitable for each agro-ecological zone as reported in CORAF and CSIR-CRI (2019). For details on maize cultivars,
ee SI-Tab. 4. For delineation of agro-ecological zones, see SI-Fig. 20.
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4.6. Scalability, limitations and implications for future research

The here provided research framework allows identifying clear
season-, location-, and management-specific cultivar maturity group
recommendations at a high spatial resolution. The framework can be
readily scaled to other countries and target crops.

To complement this simulation-based study, it would be valuable for
uture research to analyse the empirical evidence on the performance
f different maize maturity groups based on farmer-reported survey
ata. For example, in an econometric analysis of farmer-reported maize
ield in Malawi, Grewer et al. (2024) found that the timing of water-
tress was another central factor in determining which maturity group
erformed best.

Implementing the here proposed research framework requires the
availability of sufficient agronomic trial data as well as crop modelling
expertise. While the availability of agricultural trial data has increased
across low-income countries in recent decades (Kyveryga, 2019), it
till remains a major bottleneck. Particularly, comparable agronomic

trial data for all major agro-ecological environments across a country
is often not available. This also constitutes a main limitation of the
current study that exclusively relied on agronomic field trial data
from sites in southern Ghana. We recommend that future gridded
crop modelling applications prioritise the use of data from multiple
environments and investigate the sensitivity of study results to using
calibration datasets from contrasting environments. Another valuable
focus of future studies would be to extend the current research to focus
n further outcome indicators beyond crop yield, such as resource use
fficiency, soil quality, and greenhouse gas emission intensity (Grewer

et al., 2018).

4.7. Implications for productivity and rural poverty

This analysis found that the maturity groups prioritised in the
ational breeding programme in Ghana are well aligned with the most
uitable maturity groups identified by this study. However, agricul-

tural extension campaigns lack communication about the significant
10
differences in the suitability of cultivar maturity groups. Further, the
market failure of the seed commercialisation and distribution system
leads to very low rates of maize seed replenishment from certified
sources. Addressing these two major bottlenecks of the Ghanaian maize
seed sector has the potential to substantially increase maize yields
and total production. Across rural, agricultural-based livelihoods, this
would provide direct benefits to increase agricultural incomes and
reduce rural poverty.

5. Conclusion

The choice of cultivar maturity groups plays a central role in
determining the crop yields smallholder farmers can achieve and the
ield variability they face. While many practice changes and techno-

logical innovations remain out of reach for smallholder farmers due
o substantial investment requirements and other adoption barriers,

changing cultivars is feasible, accessible, and practical when rural seed
commercialisation channels function efficiently. An alternative cultivar
can be tested on a small portion of the farm, and its impact is directly
observable by farmers as part of standard production procedures, which
facilitates a faster pace of adoption and diffusion (Rogers, 2003).

However, the large number of available maize varieties and the lack
of clear agricultural extension advice on their suitability represent a
major gap in agricultural innovation systems. Advice on the suitability
f cultivar maturity groups should be specific to (i) the growing season,
ii) the agro-ecological zone, and (iii) key crop management practices,
uch as the intensity of nitrogen fertiliser application.

In the specific context of maize in Ghana, we found that selecting
he most appropriate cultivar maturity group for the respective growing
eason had substantial yield impacts. Instead, the yield benefits from
patially fine-tuning which maturity group to grow, were less sizeable.

The research framework provided by this study allows for quanti-
fying the suitability of cultivar groups across the multiple identified
dimensions. It can readily be scaled to other crops and countries and
can be complemented with supplementary research using agricultural
field trials and household survey data analysis.
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