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Abstract
Cereal crop production in sub-Saharan Africa has not achieved the much-needed increase in yields to foster economic devel-
opment and food security. Maize yields in the region’s semi-arid agroecosystems are constrained by highly variable rainfall, 
which may be worsened by climate change. Thus, the Tanzanian government has prioritized agriculture as an adaptation 
sector in its intended nationally determined contribution, and crop management adjustments as a key investment area in its 
Agricultural Sector Development Programme. In this study, we investigated how future changes in maize yields under dif-
ferent climate scenarios can be countered by regional adjusted crop management and cultivar adaptation strategies. A crop 
model was used to simulate maize yields in the Singida region of Tanzania for the baseline period 1980–2012 and under 
three future climate projections for 2020–2060 and 2061–2099. Adaptation strategies to improve yields were full irrigation, 
deficit irrigation, mulch and nitrogen addition and another cultivar. According to our model results, increase in temperature 
is the main driver of future maize yield decline. Increased respiration and phenological development were associated with 
lower maize yields of 16% in 2020–2060 and 20% in 2061–2099 compared to the 1980–2012 baseline. Surprisingly, none of 
the management strategies significantly improved yields; however, a different maize variety that was tested as an alternative 
coping strategy performed better. This study suggests that investment in accessibility of improved varieties and investigation 
of maize traits that have the potential to perform well in a warmer future are better suited for sustaining maize production in 
the semi-arid region than adjustments in crop management.
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Introduction

Smallholder agriculture is vital for the provision of food 
and incomes for people in sub-Saharan Africa (Cooper 
et al. 2008; OECD/FAO 2016). Crop farming dominated 
by cereal production is an important component of food 
availability, which, in turn, is crucial for food security, 
poverty reduction and economic development (FAO 2006; 
Diao et al. 2010; Macauley and Ramadjita 2015). In par-
ticular in semi-arid agroecosystems, smallholder farmers 
suffer considerable production shortfalls due to unreliable 
rainfall, lack of irrigation infrastructure and low soil fertil-
ity (Cooper et al. 2008; Burney et al. 2013; Hillocks 2014).

In Tanzania, crop production accounts for 32% of the 
country’s gross domestic product (The World Bank 2018) 
and is dominated by maize (Zea Mays L.) (Thurlow and 
Wobst 2003), a staple food supplying up to 33% of peo-
ple’s daily caloric consumption (USAID 2010; Pauw and 
Thurlow 2011). Maize production in the country is nearly 
exclusively rain-fed as only 3% of the total planted area 
is irrigated (URT 2016). Thus, maize production is highly 
dependent on weather conditions, which hampers a reli-
able prediction (Gowing et al. 2003; Rowhani et al. 2011). 
Therefore, climate change has been identified as a threat to 
Tanzania’s maize production due to associated increases 
in temperature and changes in rainfall patterns (Adhikari 
et al. 2015; Rao et al. 2015). Consequently, current maize 
yields are projected to decline at local level by up to 37% 
by 2050 (Arndt et al. 2012; Msongaleli et al. 2015).

In response to projected yield declines, Tanzania lists 
adaptation strategies in the agriculture sector as a pri-
ority in its intended nationally determined contribution 
(INDC) (URT 2015). The nationally determined contri-
bution (NDC) is the outlines of the 2015 Paris Climate 
Agreement signatories for their post-2020 mitigation and 
adaptation action (UNFCCC 2019). Two of the four con-
tributions in the agricultural sector Tanzania is planning to 
implement are: (a) upscaling the level of improvement of 
agricultural land and water management and (b) increas-
ing yields through, amongst other measures, climate smart 
agriculture (CSA) (URT 2015).

These contributions are echoed in Tanzania’s Agricul-
tural Sector Development Programme that has entered into 
its second phase (ASDP II) from 2017/18 to 2027/28 (URT 
2017a). Irrigation infrastructure development and promo-
tion of conservation agriculture (CA) and CSA are listed 
as priority investment areas to support the agricultural sec-
tor to counter climate change impacts. One cornerstone 
of conservation in smallholder agriculture is covering 
soil with mulching material (Shetto and Owenya 2007), 
a measure that is also part of Tanzania’s Climate-Smart 
Agriculture Guideline (URT 2017b). However, there is a 

lack of information on how the suggested future adaptation 
options might influence maize production at regional level. 
Tanzania has various climatic regions, soils and growing 
conditions (Hecklau 1978; Chorowicz 2005; Thornton 
et al. 2010). Thus, the national adaptation guidelines must 
be tested and adapted mainly at regional level.

One effective tool for analysing future growing condi-
tions and potential adaptation measures are crop simulation 
models (CSMs) coupled with climate projections. CSMs 
are used to estimate agricultural production as a function 
of weather parameters, soil conditions and crop manage-
ment (Murthy 2004). Considering the anticipated decline in 
cereal production in Tanzania due to climate change, crop 
models can be used to study the sensitivity of agricultural 
systems to changes in climate conditions. They can also be 
used to study effects on future production and benefits of 
adaptation/management measures (Thorburn et al. 2015) by 
linking them to climate projections (Fischer et al. 2005). 
For example, a commonly used CSM for maize is the Crop-
Environment-Resource-Synthesis (CERES) maize module 
(Jones et al. 1986), which is part of the well-established 
Decision Support System for Agrotechnology Transfer 
(DSSAT) (Jones et al. 2003).

On the other hand, as atmospheric concentrations of 
carbon dioxide are set to drive future climatic conditions, 
climate projections consider scenarios of varying emission 
levels on general circulation models (GCMs) (Pachauri and 
Meyer 2014). Scenarios indicating different emission lev-
els are called representative concentration pathways (RCPs) 
(Moss et al. 2010). All GCMs project a warmer climate 
for the East African region in the twenty-first century, but 
rainfall projections are highly uncertain. Most models pro-
ject that changes in rainfall amounts will not surpass those 
from the past century, whereas others indicate increases 
and decreases in mean annual rainfall (Hulme et al. 2001; 
Washington and Pearce 2012; Niang et al. 2014).

A climate change adaptation policy is needed for Tanzania 
where rain-fed maize production is widely practised. But there is 
limited information in relevant regions to guide decision-making 
before the allocation of scarce financial resources for adaptation, 
with consequences on food security. The Singida region in Tan-
zania is a suitable test case as maize production occurs on more 
than 33% of the total cultivated area (URT 2012), and maize is 
a priority crop for investments under the ASDP II (URT 2017a).

In this study, we are interested in understanding future 
changes in maize yields using the DSSAT CERES model under 
current and future climate scenarios (i.e., output from five GCMs 
under three RCPs) and for alternative crop management meas-
ures and cultivar adaptation options in Singida. We aim to give 
insights about potential physiological and phenological mecha-
nisms by evaluating several plant stress parameters including 
water and nitrogen. Specifically, our objectives are to (a) identify 
patterns and trends of mean temperature and precipitation in 
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climate projections for 2020–2060 and 2061–2099, and compare 
them with the maize growing season of the 1980–2012 baseline 
period; (b) use a calibrated and validated crop model to project 
maize yields under future climate conditions for Singida; (c) 
use crop model output data to make conclusion about potential 
yield-reducing mechanisms; (d) investigate the effect of manage-
ment and cultivar adaptation on future maize yields; and (e) give 
recommendations on potential adaptation strategies.

Methodology

Study area

The study area is situated in the north of Singida region in 
Tanzania within latitude 3° 5′ to 5° 5′ South and longitude 

33° 9′ to 35° 3′ East and encompasses the five districts of 
Mkalama, Iramba, Singida Rural, Singida Urban and Ikungi 
(Fig. 1). The region occupies the northern part of the Central 
Plateau, which lies between the two branches of the East 
African rift system and has an elevation of 1200–1500 m 
above sea level (Chorowicz 2005; URT 2017d).

Climatically, Singida lies in the semi-arid Central Tan-
zania (Hecklau 1978; Lema and Majule 2009) with annual 
rainfall ranging 500–800 mm in a unimodal rainy season 
from October to May, which is interrupted by a dry sea-
son from June to September (Basalirwa et al. 1999; URT 
2017d). Mean monthly temperatures and rainfall in the 
study area during the growing seasons of 1980–2012 (base-
line) are shown in Fig. 2. Mean cumulative rain is 693 mm 
and mean average temperature is 23 °C.

Fig. 1  Location of study area

Fig. 2  Mean monthly tempera-
tures and rainfall in the study 
area during the 1980–2012 
growing season with 95% con-
fidence intervals (data source: 
WFDEI (Weedon et al. 2014))
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Most of the annual cropland is concentrated in the 
northern part of the Central Plateau; thus, we focus our 
study on the five northern districts (Fig. 1). This informa-
tion on the region’s potential cropland area was derived 
from a 30-m resolution land cover map (RCMRD 2015).

The soil in the study area is dominated by Cambisols 
and Vertisols (Dijkshoorn and van Engelen 2003). Cam-
bisols of the (sub-)tropics are suitable for agricultural use 
due to high mineral content and good nutrient storage 
capacity (URT 2006; Zech et al. 2014), but Vertisols are 
limited by a narrow soil moisture range (Zech et al. 2014; 
FAO 2015).

Crop model

Climate and soil data

Climate data for the crop simulation at daily resolution 
were obtained from the WFDEI dataset for the baseline 
period (Weedon et al. 2014), while future climate data was 
based on projections. For the baseline 1980–2012, average 
monthly minimum and maximum temperatures and rainfall 
and mean cumulative rainfall were calculated.

Daily future climate data at a spatial resolution of 
0.5° × 0.5° (~ 50 km) derived from the Intersectoral Impact 
Model Intercomparison Projects (ISI-MIP), a bias cor-
rected database (Hempel et al. 2013; Warszwaski et al. 
2014), were obtained for three RCP scenarios (i.e., RCP 
2.6 as low, RCP 4.5 as medium and RCP 8.5 as high emis-
sion scenario). The RCPs define temporal targets of radia-
tive forcing (i.e., the change in the balance between incom-
ing and outgoing radiation to the atmosphere caused by 
changes in greenhouse gas concentrations) up to the year 
2100 (Moss et al. 2010). Daily RCP data contained eleven 
parameters for the time span of 1950 to 2099 that were 
derived from five GCMs: GFDL-ESM2M (Dunne et al. 
2013), HadGEM2-ES (Jones et al. 2011), IPSL-CM5A-LR 
(Hourdin et al. 2013), MIROC-ESM-CHEM (Watanabe 
et al. 2011) and NorESM1-M (Iversen et al. 2013).

For the future scenarios, ensembles were created by 
averaging minimum and maximum temperatures  (Tmin 
and  Tmax) and precipitation data of all GCMs for each of 
the three RCPs to account for the range uncertainties of 
individual models (Randall et al. 2007; Luhunga 2017). 
The data were split into two time periods: 2020–2060 and 
2061–2099.

Soil data for the crop simulation model were taken from 
the global high-resolution soil profile database for crop mod-
elling applications at 0.1° × 0.1° (~ 10 km) resolution (Han 
et al. 2015). Each grid profile contains information on twelve 
soil parameters per soil layer, e.g. organic carbon, cation 
exchange capacity and wilting point. Grids were combined 

to generate polygons with unique combinations of soil and 
weather.

Yield data and adaptation options

Maize yields for past and future climate as well as effects 
of different adaptation options were simulated in DSSAT 
version 4.7 (Hoogenboom et al. 2017). The crop simulation 
model used for estimating yields was CERES maize (Jones 
et al. 1986).

Maize yield simulations were run for years 1980–2012 
to obtain the baseline and for the period of 2020–2099 
under future RCP scenarios. The model was run for each 
combination of GCM and RCP; yield and other data were 
aggregated afterwards. The beginning of maize simulations 
was set for 3 months before the planting date to obtain a 
more realistic measure of the soil water balance at sowing 
(Lana et al. 2017). All planting dates were set for the 15th 
of December. Seeds were sown in rows at 75-cm spacing, 
5 cm of depth, yielding a density of three plants per  m2. We 
use in the model the H612 cultivar, a single-cross hybrid 
first released in Kenya and a popular maize variety in Tan-
zania (Johnson et al. 1980; Mfwango et al. 2018), already 
validated in DSSAT (Gude 2016; Mfwango et al. 2018). 
The model was calibrated by comparing the model output 
for the 1980–2012 yield baseline with available observed 
maize yields in the research area (URT 2004, 2005, 2010, 
2017c). Five kilogramme of nitrogen per hectare was set 
to be broadcasted and incorporated at 10-cm depth as the 
common management practice by smallholder farmers 
includes minimum use of fertilizer and no irrigation (URT 
2012; Mourice et al. 2014; Msongaleli et al. 2015). Thus, the 
model did not include irrigation. Finally, the harvest dates 
were set 2 weeks after physiological maturity of maize as 
calculated by the model. The yield output of each polygon 
for the future periods under the five GCMs was averaged 
for each RCP and divided into the two time periods of 
2020–2060 and 2061–2099.

To test four adaptation options for maize under future 
climate as projected by the GCMs, the management input 
was modified to simulate deficit irrigation (DI), full irriga-
tion (FI), mulching (MU) and increased nitrogen fertiliza-
tion (15 N). First, for deficit irrigation, the total irrigation 
amount was set at 20% of average rainfall during the maize 
growing period of the 1980–2012 baseline, resulting in a 
total supplementary irrigation amount of 93 mm. Deficit or 
supplementary irrigation scheduling is often done according 
to threshold values such as percentage of soil water con-
tent or crop evapotranspiration (Ezekiel and Igbadun 2018; 
Sharda et al. 2019); however, a growth stage-based schedul-
ing was chosen as this approach can be easily applied on-
farm in Tanzania (Eyshi Rezaei and Gaiser 2017). Because 
it is widely known that water stress during the reproductive 
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growth stages of maize, especially the flowering stage from 
tassling to silking, has a negative effect on yield (Igbadun 
et al. 2008; Comas et al. 2019), it is common for supple-
mentary or deficit irrigation to allocate more of the avail-
able irrigation water to the reproductive stage, and to do so 
in shorter intervals (Moradi et al. 2013; Eyshi Rezaei and 
Gaiser 2017; Greaves and Wang 2017). Thus, a 20:80 split 
of irrigation water between the vegetative and reproductive 
stages was chosen (Saseendran et al. 2008). The irrigation 
interval was set at 10 days in the vegetative growth stages 
and 5 days in the reproductive growth stages, resulting in 
9.3 mm applied at ten irrigation events. Nevertheless, no 
irrigation was applied during the first 24 days after sowing 
(DAS) as suggested by Greaves and Wang (2017), as sowing 
is done in accordance with the beginning of the rainy season.

Second, full irrigation with automatic irrigation sched-
uling based on soil water depletion was applied to simu-
late a scenario without water stress. Automatic irrigation 
was adopted starting when 50% of the crop available water 
in the upper 0.3 m of the soil profile was depleted. This 
resulted in an average of a single irrigation event (minimum 
0, maximum 17 events) of 23.5 mm across time periods and 
RCPs. Furrow irrigation was chosen for both deficit and full 
irrigation as a low-cost technique (Sepaskhah and Afshar-
Chamanabad 2002) with the application efficiency set at 
60% (Brouwer et al. 1989).

Third, mulching with crop residues to improve yields was 
tested. Nevertheless, this is not widely practised in Tanzania 
because crop residue is often left for livestock herds to graze or 
removed from the field by burning (Shetto and Owenya 2007). 
However, studies show that this measure has a high potential 
for climate change adaptation in reducing soil evaporation and 
temperature and releasing nutrients through decomposition (Qin 
et al. 2015; Liu et al. 2017). For the future simulations, 3000 kg 
per hectare of dry matter maize residue (Shemdoe et al. 2009) 
was set to be applied at planting, as suggested by Corbeels et al. 
(2016). The residue nutrient concentration levels of 0.66% nitro-
gen, 0.07% phosphate and 0.30% potassium were adopted from 
Bidogeza et al. (2012). 

Last, to simulate increased nitrogen fertilization, the amount 
was tripled to 15 kg nitrogen per hectare at unchanged applica-
tion method. Furthermore, we tested whether a different cultivar 
would better perform under future climate. Therefore, the Situka 
cultivar was chosen, an open-pollinated maize variety with early 
maturity, tolerance to low nitrogen levels and a yield potential 
of 4–6 tons per hectare (Mourice et al. 2014; Msongaleli et al. 
2015). Situka has been calibrated and validated for Tanzanian 
field conditions (Mourice et al. 2014; Lana et al. 2017).

Stress parameters and days to harvest

To explore the physiological and phenological processes 
potentially triggered by climate change, daily data on water 

stress, excess water stress and nitrogen stress were extracted 
from the DSSAT output and evaluated for the two future 
periods under baseline management settings. The same was 
done for the number of days to harvest, where the future 
periods and the baseline were compared.

Statistical analysis

Climate and yield data were analysed in ‘R’ (R Core Team 
2017). In preparation for trend analysis, rainfall and  Tmin/Tmax 
data were tested for normality in frequency distribution with the 
Shapiro–Wilk test (Shapiro and Wilk 1965) at a significance 
threshold of 5% (Bahrenberg and Giese 1975). For the baseline 
period, regression and correlation analyses were used to test 
for trends in rainfall sums,  Tmin and  Tmax means and standard 
deviations of the parameters as a measure of dispersion (Bah-
renberg and Giese 1975). The direction and strength of the trend 
was determined with the Pearson-product-moment correlation 
(Zimmermann-Janschitz 2014).

Monthly deviations of projected climate parameter data 
from the baseline were calculated using the differences 
between monthly means of future time periods and baseline 
values. These differences were tested for statistical signifi-
cance using the Welch two-sample t test (Welch 1938) or the 
non-parametric Mann–Whitney U test (Rasch et al. 2010) 
depending on the outcome of the Shapiro–Wilk test. The 
null hypothesis, assuming no differences between baseline 
and projection climate means, was rejected at 5% probability 
of error (Bahrenberg and Giese 1975; Rasch et al. 2010).

To determine whether maize yields projected for the future 
time periods are significantly different from baseline yields, and 
whether yields projected for the four adaptation treatments differ 
significantly from those under baseline management, an analysis 
of variance (ANOVA) was computed, followed by Tukey’s HSD 
as post-hoc test. The null hypothesis of no significant difference 
was rejected at alpha 5%.

Results

Patterns and trends in climate projections

Across RCPs, mean cumulative rainfall during the grow-
ing period in 2020–2060 did not deviate significantly from 
cumulative rainfall during the baseline period. During the 
growing season of 2061–2099, cumulative precipitation 
increased by 108 mm and 144 mm for RCP4.5 and RCP8.5, 
respectively, though only the increase under RCP8.5 was 
significant.

The monthly precipitation deviations are more heteroge-
nous (Fig. 3). While none of the changes to the baseline period 
are statistically significant, noticeable remains the negative 
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nature of monthly deviations for the beginning and end of the 
growing season, with an increase in the middle.

Temperatures in the projections showed a positive devia-
tion from the baseline throughout the growing season. Gener-
ally, temperature increased from RCP 2.6 to RCP 4.5 to RCP 
8.5 and between the first and second future simulation period 
(Table 1). Null hypotheses for the u test and t test were rejected 
for both  Tmin and  Tmax (p-value < 0.05), indicating significant 
differences of temperature between the baseline and future 
periods and scenarios.

Daily maximum temperatures for much of the simulation 
period are higher for the future projections compared to the 
baseline (Fig. 4). Nevertheless, even for the RCP 8.5 scenario 
and the 2061–2099 period, mean  Tmax did not cross the 35 °C.

Maize yield simulation

Baseline and future yields in Singida region

On the basis of the baseline and future climate data, we mod-
elled the maize yields for the Singida region. The modelled 

yields for the baseline period of 1980–2012 ranged from a 
minimum of 0.6 t  ha−1 to maximum 1.9 t  ha−1. The mean 
for the study area is 1.7 t  ha−1 (Fig. 5, Supplementary mate-
rial Fig. A), well representing available average measured 
yield of 1.6 t  ha−1 reported in Singida between 2003 and 
2010 (URT 2017c). However, the baseline yields are slightly 
higher than those outlined in the agricultural basic data 
where the average for the region lies at 1.1 t  ha−1 between 
1996 and 2009 (URT 2004, 2005, 2010).

Averaged over the study area, mean future maize yields 
for all RCPs are significantly lower than for the baseline 
(Fig. 5, Supplementary material Fig. B). Negative devia-
tions from the baseline average increase from RCP2.6 to 
RCP8.5 for both future time periods with the exception of 
RCP4.5 and RCP8.5 in the 2020–2060 period. However, 
there was no statistically significant difference within RCPs 
for the two future periods, except for RCP8.5, where maize 
yields were significantly lower for the 2061–2099 period 
(p-value < 0.05). Expressed as percentages, maize yields 
across the research area decline on average by 16% during 
2020–2060 and by 20% during 2061–2099, with a range 
of + 20 to − 27% for the first period and + 21 to − 39% for 
the second period.

Management and cultivar adaptation as strategies 
for future periods

The projected decreasing maize yields caused by climate 
change require adaptation measures to compensate this 
loss. Our results show that maize yields for both future 
periods are projected to decline from the baseline yields, 
independent from the tested adaptation measures in both 

Fig. 3  Growing season mean 
monthly rainfall deviations from 
the baseline (set to zero, solid 
line) for 2020–2060 (a) and 
2061–2099 (b) using RCPs 2.6, 
4.5 and 8.5

Table 1  Growing season mean minimum and maximum temperature 
deviations  (Tmin and  Tmax) from baseline to 2020–2060 and 2061–
2099 for RCPs 2.6, 4.5 and 8.5

2020–2060 RCP 2.6 RCP 4.5 RCP 8.5
Tmin  + 1.3  + 1.8  + 1.9
Tmax  + 1.1  + 1.5  + 1.7
2061–2099 RCP 2.6 RCP 4.5 RCP 8.5
Tmin  + 1.4  + 2.5  + 4.0
Tmax  + 1.2  + 2.0  + 3.7
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simulation periods (Fig. 6 showing 2020–2060). Within 
each RCP projection, there is no effect of either irrigation, 
mulching or additional fertilizer on the mean yield, i.e., 
all five treatments share at least one common letter for 
boxes of the same colour (Fig. 6). One exception is deficit 
irrigation under the RCP 8.5 scenario in 2020–2061 which 
slightly decreased mean yield compared to the baseline 
management setting. Only in some parts of the research 
area, maize yields are projected to increase more under 
enhanced nitrogen fertilization (15 N) and mulch appli-
cation (MU), compared to unchanged management (NT).

Compared to the H612 cultivar, Situka produces higher 
yields for all projections in 2020–2099 under baseline 
management settings (Fig. 7). While the maximum abso-
lute reduction in yield is steeper for Situka, even under the 
RCP8.5 scenario in 2061–2099, it yields more than twice 
that of H612.

Potential yield‑reducing mechanisms

Evaluation of the stress parameters showed that under 
baseline management settings, maize does not face any 
significant water stress during 2020–2099 that could affect 
either photosynthesis, expansion, partitioning or develop-
ment. On a scale from 0 (no stress) to 1 (maximum stress), 
values remained well below 0.02 for all climate change 
scenarios and the two future periods. Similar holds for 
excess water stress. While excess water stress was higher 
than water stress throughout the maize growing period, 
here too, values remained low with peaking at below 0.1 
on the same scale.

Nitrogen stress gradually increased from 90 days after 
planting and reached a maximum level of 0.2 at 100 days 
after planting. Earlier in the growing period, nitrogen stress 
remained at a fraction of the peak value.

Fig. 4  Mean daily maximum 
temperature for the 1980–2012 
baseline and for 2020–2060 (a) 
and 2061–2099 (b) under the 
RCPs 2.6, 4.5 and 8.5

Fig. 5  Mean yield (H612 culti-
var) for the 1980–2012 baseline 
and for 2020–2060 and 2061–
2099 under the RCPs 2.6, 4.5 
and 8.5; boxes represent mean 
and standard deviations, lines 
minimum and maximum values; 
stars show observed yields of 
1.6 t  ha−1 (URT 2017c) and 1.1 
t  ha−1 (URT 2004, 2005, 2010); 
different letters indicate statisti-
cally different yields (p < 0.05)
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The number of days to harvest is projected to signifi-
cantly decrease in the future time periods under all sce-
narios compared to the baseline (Fig. 8). While maize is 
harvested after an average of 76 days during 1980–2012, it 
will mature increasingly earlier during the 2020–2060 and 
the 2061–2099 period, and from RCP2.6 to RCP8.5 with the 
exception of RCP4.5 and 8.5 for 2020–2060.

Discussion

In this study, we were interested in assessing how future 
climate change will affect maize production in the Sin-
gida region of Tanzania, and which of selected crop 

Fig. 6  Mean yield deviation 
for maize (H612 cultivar) from 
baseline yields (set to zero, 
dotted line) amongst the four 
adaptation treatments: deficit 
irrigation (DI), full irrigation 
(FI), mulch application(MU) 
and nitrogen fertilization 
(15 N), and unchanged manage-
ment (NT) for 2020–2060 under 
the RCPs 2.6, 4.5 and 8.5; boxes 
represent mean and standard 
deviation, and vertical lines the 
minimum and maximum values; 
different letters indicate statisti-
cally significant yield deviations 
(p < 0.05)

Fig. 7  Mean yields of H612 and 
Situka cultivar for 2020–2060 
and 2061–2099 under the RCPs 
2.6, 4.5 and RCP 8.5 under 
baseline management; error 
bars indicate standard errors of 
yield estimates
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management and cultivar adaptation options will be effec-
tive for minimizing yield losses caused by climate change.

Simulated maize yields for the 1980–2012 baseline period 
of averaging 1.7 t  ha−1 were comparable to measured yields 
of 1.6 t  ha−1 reported for Singida between 2003 and 2010 
(URT 2017c) while being slightly higher than the average 
of 1.1 t  ha−1 reported in the agricultural basis data between 
1996 and 2009 (URT 2004, 2005, 2010). This difference 
can be associated with the recycling of seeds, a common 
on-farm seed management practice leading to diminishing 
yield over time (Nkonya and Mwangi 2004; Japhether et al. 
2006; Westengen et al. 2014) and this study’s focus on the 
more productive northern part of the region.

The projected change in maize yields for Singida ranging 
between + 21 and − 39% across all RCPs between 2060 and 
2099 compares well with other findings. For example, Mson-
galeli et al. (2015) estimated a decline of − 3.7 to − 25.3% for 
Tanzania, and Arndt et al. (2012) a deviation of + 6 to − 37% 
for the region. On average, Singida maize yields declined by 
16% in 2020–2060 and 20% in 2061–2099 compared to the 
1980–2012 baseline.

Surprisingly, none of the tested management adaptation 
options significantly reduced maize yield losses in future 
climate scenarios (cp. Figure 6). This indicates that grow-
ing conditions for maize in the study area are changing in 
a way that cannot be buffered either by irrigation, mulch-
ing or increased fertilization. As it is typical for the region 
however, rainfall did not change significantly. For example, 
projected monthly rainfall amounts throughout the maize 
growing period from October to May do not deviate sig-
nificantly from those of the baseline, and while cumulative 
precipitation is generally increasing, the increase is only 
significant for RCP 8.5 in 2061–2099. This lack of signifi-
cance for changes in cumulative rainfall in the future periods 
is in line with other findings in the region. While rainfall 
increase is generally expected in East Africa and Tanzania 
(e.g. Shongwe et al. 2011; Anyah and Qiu 2012; Arndt et al. 
2012; Niang et al. 2014), contradictory results from single 
climate models are a prominent feature in climate projection 

studies for the region (e.g. Hulme et al. 2001; Agrawala et al. 
2003; Warszwaski et al. 2014).

On the other hand, a significant increase in minimum and 
maximum temperatures is projected from all GCMs under all 
three RCPs. The increase of minimum and maximum tem-
peratures from the baseline to the future periods with a mean 
of 1.3–4.0 °C and 1.1–3.7 °C (cp. Tab. 1) is within the range 
of other climate projection studies in Tanzania (Tumbo et al. 
2010; Msongaleli et al. 2015). The higher average deviations 
of  Tmin compared to those of  Tmax may indicate a decrease in 
diurnal temperature ranges (DTR) (Washington and Pearce 
2012), which are associated with minor positive benefits for 
maize yields though the underlying mechanisms are not well 
understood (Lobell 2007).

Therefore, the lack of a positive effect of significant 
increase in rainfall (RCP8.5 2061–2099) on maize yields 
and the absence of water stress suggest that changes in tem-
perature must be the main drivers of the projected decline 
in future maize yields. Higher minimum temperatures lead 
to higher plant respiration rates during the night, which can 
negatively affect biomass accumulation and crop yields 
(Hatfield et al. 2011). High-temperature stress in maize 
occurs mostly at temperatures above 35 to 40 °C (Tiwari 
and Yadav 2019; EL Sabagh et al. 2020), values that are 
not projected to be reached in Singida region (cp. Figure 4). 
However, optimum temperatures for most of the maize 
growth and phenological stages, especially for grain filling, 
will still be exceeded (Sánchez et al. 2014). Furthermore, 
increased mean temperatures accelerate plant development, 
which was indicated by the consecutive decrease in the num-
ber of days to maturity from 76 days during the baseline 
period to 64 days in 2061–2099 for RCP8.5 (cp. Figure 8). 
The 76 days to maturity are already quite short when com-
pared to other maize cultivars used in Tanzania (Mourice 
et al. 2014). Still, maize in the future periods is projected 
to mature even faster. Faster phenological development 
potentially influences maize grain yields in two ways: first, 
less time is available for the plant to develop optimal leaf 
area, which decreases the amount of radiation that can be 

Fig. 8  Mean days to harvest 
(DTH) for the 1980–2012 
baseline and for 2020–2060 and 
2061–2099 under the RCPs 2.6, 
4.5 and 8.5; boxes represent 
mean and standard deviation, 
lines minimum and maximum 
values; different letters indicate 
statistically different days to 
harvest (p < 0.05)
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intercepted, and the time of radiation interception is reduced 
due to the overall shortening of the duration of crop growth 
(Muchow et al. 1990); second, the reduced time available 
during the grain filling phase is decreasing the grain weight 
(Daynard et al. 1971). The decline in time to harvest there-
fore suggests that future maize yield in the study area will 
be limited by warmer temperatures, independent of effects 
of water availability (Harrison et al. 2011). It is therefore the 
temperature effect on maize growth and development that 
cannot be countered by an increase in irrigation, mulching 
or nitrogen fertilization.

In contrast to the tested management adaptation options 
that did not lead to any compensation of the projected nega-
tive future development of maize yields in the region, the 
simulations using the Situka cultivar (Fig. 7) show that there 
are significant differences in how well maize varieties are 
projected to perform under the described future climate 
conditions. Without going into detail about the traits which 
allow this particular cultivar to outperform H612, our results 
confirm the important role genetic resources and seed sys-
tems play in adapting maize cultivation in Tanzania and 
other regions of sub-Saharan Africa to future climate change 
(Cairns et al. 2013; Westengen and Brysting 2014).

Conclusion

The development, implementation and adoption of suitable 
adaptation measures to address future maize yield losses 
from climate change are important for preserving economic 
development and food availability in sub-Saharan Africa. In 
this study from the semi-arid Singida region of Tanzania, 
our results indicate that adaptation measures like increased 
use of fertilizer, mulch and irrigation advocated by the Agri-
cultural Sector Development Programme will not offset 
yield reductions caused by climate change. Future climate 
stress is set to reduce days to harvest, with consequences 
on maize physiological development and yields. However, 
maize yields improved using a different cultivar suggest-
ing that this is a promising area for increasing adaptation in 
smallholder farming.

Thus, this study demonstrates that crop model simula-
tions may reveal physiological and phenological mecha-
nisms driving maize yields under different climate scenarios, 
knowledge useful for improving maize traits and assessing 
alternative adaptation measures. Amongst others, future 
research on maize adaptation in Singida might be focused 
on the traits of cultivars that have the potential to perform 
well in a warmer future, taking into account the complex 
nature of seed systems in the region, where the lines between 
formal and informal systems are blurred, and improved vari-
eties are used alongside farm saved and recycled seeds.
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