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Abstract

Although rainfed cropping in semi-arid areas is risky due to frequent droughts and dry spells,
planting early with the first rains is often expected to result in yield benefits. We hypothesised
that planting early leads to yield benefits if the planting coincides with a mineral N flush at the
start of the season but leads to crop failure if there is a false start to the cropping season. The
effects of different management options, including tillage (ploughing and ripping), mulch (two
levels 0 and 2 t ha™') and fertility amendments (five treatments: 0; 20 and 40 kg N ha''; 5t
manure and 5 t manure + 20 kg N ha!) on grain yields were simulated using the calibrated and
tested APSIM model over a 30-year period (1984 —2015). Yields were simulated and compared
across seven planting date scenarios (1 November, 15 November, 30 November, 15 December,
31 December, 15 January and planting when cumulative rainfall of 20 mm was received in
three consecutive days). The best yielding scenario (planting on 15-Nov) had an average yield
of 755 kg ha! whereas very late planting (15 January) gave the worst yield of 550 kg ha™!
averaged over 30 seasons. Early planting (1-Nov to 15-Nov) resulted in exceeding the food
self-sufficiency threshold of 720 kg ha™ in 50 — 90 % of the cases, as well as a low probability
of crop failure, ranging from 0 to 40 %. Grain yield penalties due to a false start followed the
trend: ripper + mulch > plough + mulch > ripper (no mulch) averaging 256, 190 and 182 kg
ha! respectively across all the fertility treatments. The model simulated the occurrence of the
mineral N flush with the first rains in 15 — 27 of 30 seasons, depending on the mulch and
fertility amendment. Its coincidence with planting resulted in average yield benefits of 712,
452, 382 and 210 kg ha! for the following respective planting dates: 1Nov, 15Nov, 30 Nov,
variable date when >20 mm rainfall received. The study provided insights to inform strategic,
tactical, and operational farm management in a risky environment. Strategic application of
different agronomic management practices such as early planting in combination with reduced

tillage, mulch and N containing fertility amendments is critical to reduce risk of crop failure in
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the smallholder cropping systems of semi-arid areas of southern Africa and achieve the best

yields possible.

Key words: False season start; Household maize grain requirement; N mineralisation; N stress;

Planting date strategy; Semi-arid
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3.1. Introduction

Smallholder farmers in sub-Saharan Africa (SSA) face many production constraints that are
exacerbated by climate variability and change. Droughts and dry spells are frequently
experienced in semi-arid Zimbabwe during the growing season, making rain-fed cropping risky
(Baudron et al., 2012b; Rurinda et al., 2013b). The climate in Zimbabwe is controlled by global
atmospheric circulation patterns, chief amongst them the movement of the inter-tropical
convergence zone (ITCZ) in the north and the tropical temperate troughs (TTTs) further south
which determine the annual seasonality of precipitation across tropical Africa (Tadross et al.,
2007; Mavhura et al., 2015). Mid-season dry spells of 10-20 days commonly occur around late
December/early January following the movements of these systems (Tadross et al., 2007) and
are disastrous for crop production if the air systems migrate too far such that the dry spells
become extremely long. The inter-seasonal rainfall variability in semi-arid Zimbabwe is
characterised by early rains in some seasons whilst the rain may arrive late in others
(Mupangwa et al., 2011a). Also, at the end of the growing season rains may stop early, which
happens regularly in semi-arid parts of Zimbabwe (Mupangwa et al., 2011a). This rainfall
variability makes the selection of crop types and varieties, and the planning of planting dates

critical for successful cropping in rain-fed systems.

The impact of planting date on crop production has been evaluated in Zimbabwe with a focus
on escaping dry spells that typically occur in January (Spear, 1968). It has been recommended
that farmers plant with the first effective rains to minimise reduction in maize grain yield of up
to 32% associated with delayed planting attributed to the shorter day-lengths as the season
progresses (Shumba et al., 1992). However, in a crop modelling study in semi-arid Zimbabwe,
Rurinda et al. (2015) found that planting in current and future climates (up to 2099) can be

delayed to some extent without any yield penalties. Nevertheless, in the current farming
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systems, the shortage of animal traction for land preparation often leads to delays in planting
time, resulting in serious yield penalties if the short window of the first rains when the soil is

wet enough to be tilled is missed.

Farmers use a range of planting dates and plant at almost any opportunity because of the rainfall
pattern, input access, and the availability of draught power and labour (Milgroom and Giller,
2013; Rurinda et al., 2013b; Nyagumbo et al., 2017). Conservation agriculture (CA) can
provide a major benefit by reducing the tillage requirement, thus allowing farmers to plant on
time at the start of the season. Nyagumbo (2008) indicated that in Zimbabwean cropping
systems, the major benefit of CA for crop yields comes from timely planting and not from the
specific tillage employed. The onset of the first rains stimulates soil microbial activity resulting
in a peak of soil N mineralisation (Birch, 1960). The mineral N flush (Birch effect) is usually
of short duration due to losses through leaching, denitrification, volatilisation and plant uptake
(Chikowo et al., 2003; Bognonkpe and Becker, 2009). The magnitude of the mineral N flush
is dependent on a number of factors which include the quantity and quality of organic matter
(Franzluebbers et al., 1995), the duration of the dry spell at the onset of the rainy season and
rainfall variables such as the intensity and quantity of rainfall (Bognonkpe and Becker, 2009).
Planting early with the first rains may be beneficial to crops if the planting coincides with this
mineral N flush or risky if these first rains appear to be a false start to the cropping season.
Such false starts are not uncommon in semi-arid areas, as early-season rains are commonly

followed by a dry spell, which is detrimental to crop establishment (Chikowo, 2011).

Several approaches from simple functional approaches to predict net N mineralisation
(Stanford and Smith, 1972; Cabrera, 1993) to mechanistic approaches for simulating
mineralisation-immobilisation turnover in soils have been used to model and thus describe N

mineralisation kinetics in soils (Benbi and Richter, 2002; Mohanty et al., 2011). The
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Agricultural Production Simulator Model (APSIM) is a crop growth simulation model that can
be used to predict N dynamics in soils. APSIM has been calibrated and validated for
Zimbabwean conditions and crop cultivars. The model has been used previously to simulate
maize response to N application (Shamudzarira and Robertson, 2002) and manure inputs in
humid and dry regions (Chivenge et al., 2007), N and water stress dynamics in cereal-legume
rotations (Ncube et al., 2009a), the effects of mulch on crop yields and soil water dynamics
under different tillage systems (Mupangwa et al., 2011b) and as a climate risk assessment tool
(Chikowo, 2011; Rurinda et al., 2015). Experimental data on the effects of tillage systems on
mineralisation and crop yields in the variable climates of SSA are not readily available thus
calibrated and tested models such as APSIM can potentially be used as tools for strategic,

tactical and operational decision support in crop management on-farm (Matthews et al., 2002).

It is important to know which management options in terms of planting dates, tillage and
fertility amendments offer the greatest pay offs in terms of crop yields in different types of
seasons, and in terms of reducing the risk of crop failure. Such information can enable farmers
to plan on how to optimise resources available to improve crop production by being able to
synchronise nutrient supply with crop demands. We hypothesised that under the current climate
of semi-arid southern Africa, planting early is risky, as it: (1) leads to yield benefits to crops if
the planting coincides with a mineral N flush at the start of the season, but (2) leads to crop
failure if there is a false start to the cropping season. The specific objectives of this study were
to (a) calibrate and test the APSIM model for maize production and N mineralisation in semi-
arid Zimbabwe (b) to simulate the effects of tillage system and fertilisation on seasonal N
mineralisation and crop yields and (c) apply the model to determine the effect of different
planting date, tillage and soil fertility management strategies on the probabilities of
experiencing complete crop failure and achieving maize grain yields that ensure household

food self-sufficiency under the current climate.

42



3.2. Materials and methods

3.2.1. Study site
The site chosen for this study was Nqindi ward, Matobo district, Matabeleland South,
Zimbabwe (20 39.58'S, 28 15.58" E; 900 masl). The district lies in Agroecological Zone IV,
characterised by semi-arid climate. Rainfall is unimodal with a distinct wet (November —
March) and dry (April - October) season. The long-term average rainfall in the district is 580
mm. Droughts are frequent as are severe dry spells during the wet season (Vincent et al., 1960).

The dominant soils are Eutric Arenosols derived from granite (WRB, 2006).

3.2.2. Field experiment set up for model calibration and testing
Maize growth and development data for the model calibration and testing were collected from
an on-farm field trial carried out in Nqindi ward for three seasons 2012/13-2014/15. The field
trial was set up as a split-split plot with plots arranged in a randomised complete block design
with three replicates. The tillage system was the main plot treatment with two levels (ox-drawn
ploughing and animal drawn ripping, both to a plough depth of 0.15 m) and the mulch
management was the sub plot treatment with two levels (100% residue removed, and 100%
residues retained after harvest). The mulch sub-treatment was not applied in the 2012/13 season
as this was the first season. In subsequent seasons, the mulch retained averaged 2 t ha™!. With
tillage, a fraction of the retained residues was incorporated, approximating 20 and 80 % under
the ripper and plough tillage respectively. Five fertility amendments (mineral fertiliser at 0, 20
and 40 kg N ha!, 5 t ha”! manure only and 5 t ha”! manure + 20 kg N ha!) were randomised as
the sub-sub plot treatment. The mineral fertiliser was applied at planting at a rate of 14 kg N
ha’!, the difference in N for the 20 and 40 kg N ha™' treatment was applied six weeks after
planting as top dressing. With the manure treatments, the manure was applied at planting, in

the manure + 20 kg N ha! treatment, the mineral fertiliser was applied at six weeks after
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planting as top dressing. A short duration hybrid maize variety SC403 was planted in the trial
(Masvaya et al., 2017b). Plant (at harvesting) and manure samples were analysed for total C
and N content (Bremner and Mulvaney, 1982; Anderson and Ingram, 1993) to determine the

C:N ratios which were 80 and 20 respectively.

Initial soil samples were collected from each block at incremental depths of 0.10 m up to 1 m,
the soil depth. The samples for each depth were bulked, mixed and analysed separately. Soils
were air dried, passed through a 2 mm sieve and analysed for pH, texture, total and mineral N,
Olsen P and organic C (Anderson and Ingram, 1993). Bulk density measurements were also

derived from field measurements.

Nitrogen mineralisation in the field trial was estimated by an in sifu incubation technique.
Detailed field measurements of inorganic N dynamics were made using in situ incubation of
undisturbed soil cores throughout the 2013/14 growing season (Masvaya et al., 2017b). Mineral
N (NH4" and NO3") was determined from the soil samples from the cores removed and replaced
at four-week intervals from planting until harvesting (days 28, 56, 84 and 112 after planting).
N was extracted from the soil samples by shaking the field fresh sample in 0.5 M K2SO4 and
the NH4*-N and NO3™-N content was determined using methods described in Anderson and
Ingram (1993). The net amount of mineralised N was calculated as the difference in mineral N

between two points in time (timei+1 — time;).

3.2.3. Climate data
Long term daily maximum and minimum temperature, radiation and rainfall data (1984-2015)
was obtained from the national weather station at Matopos Research Institute. The average
seasonal rainfall for the 30-year period was 567 mm; the average maximum and minimum
temperatures were 26.2 °C and 11.6 °C respectively whilst the solar radiation averaged 21.7

MJm™. Daily rainfall measurements were also collected from the farms hosting the trial
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between October 2012 and December 2014. The long-term rainfall data was used to determine

seasons with a false start.

For semi-arid Zimbabwe, the start of the season has been defined as the first day after 1 October
when the rainfall accumulated over 1 or 2 days is at least 20 mm and not followed by a period
of more than 10 consecutive dry days in the following 30 days (Stern et al., 2006; Mupangwa
etal., 2011a). A false start to the season would therefore occur when 20 mm of rainfall or more

is received in 1 to 2 days then followed by a dry spell of more than 10 consecutive dry days.

3.2.4. Model description
In this study, APSIM version 7.8 (available at www.apsim.info) was used to simulate the crop
system. The system was represented by four modules which require several parameters: the
soil water (SOILWAT?2), soil N and fertiliser module (SOILN2), surface organic matter for
crop residue dynamics (surfaceOM) and the maize module. The APSIM crop module contains
a short duration hybrid maize variety SC401 which was used to represent the SC403 used in

the field trials.

Description of N mineralisation in the APSIM SoilN2 module

In APSIM, the SoiIN2 module simulates the transformations of C and N in the soil which
include fresh organic matter decomposition, N mineralisation and immobilisation, urea
hydrolysis, ammonification, nitrification and denitrification (Gaydon et al., 2012). It operates
on a daily time step, and decomposition of the fresh organic matter pool (FOM) occurs
simultaneously in the two soil organic matter pools (BIOM and HUM) (Mohanty et al., 2011).
The flows between the different pools are calculated in terms of carbon, with the corresponding
nitrogen flows depending on the C:N ratio of the receiving pool (www.apsim.info). A constant
C:N is assumed for BIOM; C:N for HUM is derived from the C:N ratio of the soil which is an

input. Mineralisation in APSIM is also driven by soil moisture and temperature. Decomposition
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of BIOM and HUM pools are calculated as first-order processes (Probert et al., 1998), as
proposed in empirical models (Stanford and Smith, 1972; Cabrera and Kissel, 1988). APSIM
also assumes that part of the HUM pool is stable and the decomposition rate of the HUM pool
is calculated with the equation of Bartholomew and Kirkham (1960) which follows the two-

pool exponential mineralisation model (Probert et al., 1998; Probert et al., 2005).

3.2.5. APSIM model parameterisation
The soil parameters (Table 3.1) were partly derived from the soil analysis described in section
2.2). For the SOILWAT2 module, the soil characteristics of drained upper limit (DUL),
saturation (SAT) and lower limit (LL15) (Table 3.1) were adopted from the sandy soils at
Lucydale farm, Matopos Research Station (Masikati, 2006), which are similar in terms of
parent material and texture to those at the study site in Nqindi, Matobo district. The U and
CONA were set at 8.0 mm day' and 3.5 mm day™' respectively, values suitable for tropical
conditions and a value of 0.7 was used for the SWCON, a coefficient that specifies the
proportion of the water in excess of field capacity that drains to the next layer in one day

(Chikowo, 2011; Rurinda, 2014).

The bare runoff curve number was set at 85 and 55 for the plough and ripper tillage
respectively. These curve numbers were chosen to account for the high runoff and low
infiltration associated with excessive ploughing of sandy soils (plough treatment), and for high
infiltration rates and low runoff under conservation tillage (ripper treatment) (USDA-SCS,
1986; Mupangwa, 2010). In addition to the difference in curve number, the user defined
fraction of surface residues to incorporate under the plough and ripper tillage was set at 0.8 and

0.2 respectively.

The two mulch levels of the experiment (Section 3.2.1) were mimicked in the surfaceOM

module where the initial surface residue was defined: 0 or 2 000 kg ha™' for the 0 and 100%
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mulch retained treatments respectively and applied at the start of each simulation run. The C:N
ratios of the maize residue and manure were set at the measured values of 80 and 20
respectively. The manure and fertiliser application rates as defined in the five fertility

amendment treatments in Section 2.1. were specified in the APSIM manager.

3.2.6. Model testing
The model set up as described above was used as the baseline scenario which reflects the actual
conditions at the site where the field experiments were set up. The APSIM model was used to
simulate maize grain and stover yields at harvesting and daily N mineralisation from the two
seasons in which the field experiment was run 2012/13 and 2013/14. Model outputs were
compared with observed field data from the field experiment. The statistical expressions used
to compare the observed and simulated data are root mean square error (RMSE) and the
modelling efficiency (EF). The EF (equation 2) compares the deviation of the observed and

predicted values to the variance of the observed values (Moriasi et al., 2007) :

i i
i=1

» P 0.5
Root Mean Square Error (RMSE) = {l Z(P - O.) }
(M

3(0,-0,) - (7 - 0,-)2}

i=1

Modelling Efficiency (EF) = |:

n

Z(R - Oi)2
@)

Where P; is simulated values; O; is measured values; Om i1s mean of measured values, and n is

number of the observations.

Model simulations
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Following model testing, the model was used to simulate the effects of different management
options reflecting the field trial treatments combining tillage (plough and ripper), mulch (two
levels 0% and 100%) and fertility amendments (five treatments: 0; 20 and 40 kg N ha''; 5 t
manure and 5 t manure + 20 kg N ha') on crop yields and their intermediary effects on
cumulative infiltration, runoff, water stress and N stress. Rain water infiltration and N stress
were investigated for three “typical” season types in terms of the rainfall amount relative to the
long-term average and the frequency of dry spells longer than 14 days: normal (2000/01), wet
(2005/06) and dry (2012/13). In this study, we defined a dry season by the occurrence of dry
spells longer than 14 days in addition to receiving rainfall that was more than 25% below the
average rainfall, whilst a wet season did not have long dry spells and received at least 25%
above average rainfall. A normal season also did not have the long dry spells and received
rainfall in the range 450 — 600 mm. Soil water stress was investigated throughout each season.
When the simulated water and N stress value was 1, the crop experienced no stress and when

the value was 0, the crop was under severe stress.

The calibrated and tested APSIM model was further used to explore the riskiness of maize
production. Different planting rules were compared (Table 3.2): (i) planting on a fixed date
irrespective of the rainfall received and (ii) planting using a variable rule based on the rainfall
amount received. For each of the scenarios, annual grain yields and the daily net N mineralised
over the 30-year period (1 September 1984 to 30 June 2015) were simulated. The model was
reset every 1 July to initial water, N, surface OM and phosphorus to remove the year-to-year
effects. The riskiness of the planting date strategy was evaluated with the 30-years simulated
yield data based on (i) the probability of complete crop failure and (ii) the probability of
achieving the annual maize grain requirement for an average family from a hectare. The daily
energy requirement of a male adult equivalent is 2500 kcal (FAO, 2004). If this energy

requirement is met by consuming maize, this translates to a per capita maize grain requirement
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of approximately 256 kg year! (FAO, 1995). An average family in Matobo district comprises
a male adult equivalent of approximately 5.5 on an average farm size of 1.3 ha (Musiyiwa,
2014). Therefore, the annual maize threshold yield to meet the grain requirement for an average

family is approximately 1080 kg ha™'.

Table 3.2: Summary of the seven scenarios examined in the simulation experiment

Scenario Planting rule Name Details
Very early e Tillage on 1 November every
1 Fixed date planting year
e Sow on | November every year
Early planting e Tillage on 15 November every
2 Fixed date year
e Sow on 15 November every
year
Normal e Tillage on 30 November every
3 Fixed date year
e Sow on 30 November every
year
Normal e Tillage on 15 December every
4 Fixed date year
e Sow on 15 December every
year
Late planting e Tillage on 31 December every
5 Fixed date year
e Sow on 31 December every
year
Very late planting e Tillage on 15 January every
6 Fixed date year
e Sow on 15 January every year
First effective o Amount of rainfall: 20mm
7 Variable date  rains e Number of days of rainfall: 3
e Minimum allowable soil water:

12 mm

From the daily N mineralisation output, the number of seasons in which the mineral N flush
coincided with planting for each planting scenario. The yield gain was calculated as the

difference between the mean yield when the mineral N flush coincided with planting and the
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mean yield when the planting missed the mineral N flush. Based on Chikowo et al. (2003), this

“coincidence” is achieved when the N flush occurs within seven days before or after planting.

The variable planting date rule was used in the determination of false season starts following
the definition in section 2.3. The yield penalty when planting coincided with a false season start
was calculated as the difference in mean yields from seasons that experienced a false start and

seasons without a false start.

3.2.7. Data analyses
Both single factor (planting date scenario, mulch, tillage, fertility treatments) and the
interaction effects on simulated maize yields and net N mineralisation were estimated using

ANOVA procedure (Tukey’s test at P < 0.05) using Genstat 18th edition (VSN International

Ltd., http://www.vsni.co.uk/). Correlation and linear regression analyses was performed to test
the strength of the relationship between net N mineralised in-season and maize grain yield over
the 30-year period. The significance of the model was tested with the F value and variables

were included in the final model only if they were significant at P < 0.05.

3.3. Results

3.3.1. Model performance
The APSIM model performed well in terms of capturing the observed grain and stover yield
response to tillage, mulch and fertility amendment application (Figure 3.1). The EF values were
generally high (>50%) with good predictions for grain yields for the wet season 2013/14 and
the dry seasons 2012/13 and 2014/15 which received below average rainfall (272 and 432 mm
respectively). The predictions for the stover yields were satisfactory although the model tended

to overestimate stover production.
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Figure 3.1: On-farm trials observed versus APSIM predicted maize grain and stover yields for

the seasons

2012/13 —2014/15

The model under-estimated both soil N mineralisation (EF = 0.58) and N uptake (EF = 0.40)

(Figure 3.2) but the general pattern of the cumulative N mineralised agreed well with the

measured data across the treatments (EF ranged between 0.91 and 0.96) (Figure 3.3). The

model predicted a net immobilisation for all tillage, mulch and fertiliser treatments in the on-

farm trial in the first 10 — 15 days after planting.
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3.3.2. Tillage, mulch and soil fertility amendment effects on infiltration, runoff and N
stress

The model predicted that most of the seasonal rainfall, 60-98 %, infiltrated for the 30-year
simulation period. The proportion of rain that infiltrated was higher in the dry years, 90-98%,
where rainfall was <450 mm compared with 60-88 % in the wetter years. Tillage and mulch
application influenced runoff and infiltration. Cumulative infiltration (Figure 3.4) was highest
under the ripper + mulch (93-97 %) and least with the plough - no mulch (60—67 %) regardless
of the season. Infiltration was only marginally higher under the manure treatments than under

the fertiliser only treatments (ON, 20N and 40N).

N stress was generally least severe in the first 30 days after planting across the three season
types: normal, wet and dry (Figure 3.5). Under the ON fertility treatment maize experienced
the most severe stress from approximately 30 days after planting regardless of season type,
tillage type and mulch application. For the other fertility treatments, differences in N stress
depended on the season type. Firstly, in a normal season, the least N stress was experienced
with the manure + 20N, although moderate N stress was experienced under this treatment at
the end of the season under both tillage treatments with or without mulch. Secondly, in the wet
season, there was generally severe N stress regardless of tillage and mulch. N stress transitioned
from moderate < 30 days after planting to severe > 30 days after planting regardless of tillage
or mulch from day 30 after planting to the end of the season. Finally, in the dry season, N stress
was moderate from day 10 to day 50 after planting generally across all fertility treatments,
thereafter N stress increased under the ripper tillage and under plough + mulch. The manure +
20N treatment also resulted in severe N stress from 60 days after planting until crop maturity

under the ripper tillage.
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Figure 3.4: Simulated effect of tillage, mulch and fertility amendment on the cumulative
infiltration on a sandy soil in semi-arid Zimbabwe for selected soil fertility management
practices and in selected seasons representing normal (a and d), wet (b and e) and dry (c and f)
years with respect to rainfall amount. The solid and dotted arrows indicate the date of planting

and the start of flowering stage respectively
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3.3.3. Treatment effects on in-season N mineralisation
Simulated nitrogen mineralised in season was significantly different between planting date
strategies, fertility treatment, mulch application and tillage treatment and also the interactions
between these factors were significant (P <0.05) (Annex A). The earlier the planting the higher
the net N mineralised in season because of a generally longer season compared with the later
planting dates (Figure 3.6; Annex A). It followed the trend: planting after 20 mm rain > 15 Nov
>1 Nov > 30 Nov > 15 Dec > 31 Dec > 15 January for the plough (no mulch), ripper (no mulch)
and ripper + mulch regardless of fertiliser or manure input. Under the plough + mulch treatment
however, N mineralised in season followed the trend 1 Nov > 20 mm rain > 15 Nov > 30 Nov
> 15 Dec > 31 Dec > 15 Jan. The average amount of mineral N available (i.e. that available
from mineral fertiliser plus net N mineralisation), over 30 years was highly variable but largely
followed the trend: manure + 20N > manure only > 40N > 20N > ON. With respect to tillage
and mulch application, the amount of net mineral N followed the trend ripper + mulch > plough

(no mulch) > plough + mulch > ripper (no mulch).

The chance that the mineral N flush coincided with planting varied depending on the planting
strategy and was higher for the early (before 30 November and variable planting strategies,
whereas the flush was always missed when planting after 15 December. The total amount of N
released in the mineral flushes varied by season and fertility amendment and ranged from 0.3—
30 kg N ha!. With respect to fertility treatment effects, the amount released followed the trend
manure + 20N > manure only > 40N > 20N > ON over the 30-year period. The mineral N flush
with the start of the rains occurred more frequently with the manure + 20N (80—87 % of the
seasons) followed by the 40 N treatment (60—80 %). The manure only and ON treatments

experienced the mineral N flush in 40—67 % of the 30 seasons.
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3.3.4. Treatment effects on grain yield and production risks
There was a strong positive and significant relationship between net N mineralised in season
and maize grain yields (r = 0.74; P < 0.05). This corresponded with maize grain yield
differences between N application rates, which varied in the order 40N > manure + 20N >
manure only > 20N > ON averaging 1485, 1202, 1095, 1026 and 397 kg ha™! respectively
(Figure 3.6). The maize grain yields were also significantly different between the different
planting date strategies (Figure 3.6). The highest yielding scenario (planting on 15 November)
had an average yield of 755 kg ha™!, whereas very late planting (15 January) gave the lowest
yield of 550 kg ha™! over the 30-year period and across all fertility and tillage treatments. The
grain yields followed the trend: planting after 20 mm rain > 15 Nov >1 Nov > 30 Nov > 15
Dec > 31 Dec > 15 January. Average yield loss per day from planting date 15 November
through to 15 December averaged 4, 14, 23, 14 and 15 kg ha™! for the five fertility treatments
ON, 20N, 40N, manure only and manure + 20N respectively. From 15 December to 15 January,
the yield loss per day delay in planting averaged 14, 21, 26, 25 and 29 kg ha™' for the five

fertility treatments.

a. Effects of a false season start
In the 30-year period, there were seven seasons with false rainfall onsets where 20 mm was
accumulated in 1-2 days, followed by a dry spell of more than 10 consecutive days within 30
days after sowing. Only the 2002/03 season was considered a drought season of these seven
seasons. On average, the false start to the season had negative effects on grain yields depending
on the fertility treatment, tillage and mulch application. Addition of fertility amendments made
crops susceptible to yield reduction, which followed the trend manure + 20N > manure > 40N
> 20N with yield losses averaging 218, 212, 198 and 97 kg ha™! compared to the yields in

seasons without a false start. There was no yield penalty with a false start under the ON
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treatment regardless of tillage and mulch combinations although this treatment, in the event of
a false season start, was associated with failure to meet the household yield threshold of 1080
kg ha™!. With respect to tillage and mulch across the fertility treatments, the grain yield penalties
with a false start followed the trend: ripper + mulch > plough + mulch > ripper (no mulch)
averaging 256, 190 and 182 kg ha! respectively. In general, the false season starts were
associated with soil water stress during the emergence stage although this stress was low (>0.8)
and experienced for no longer than five days. This soil water stress did not exhibit any specific

trend with tillage, mulch application or soil fertility amendment.

b. Effects of early-season mineralisation
The yield benefits when planting coincided with early-season mineralisation were significant
under the following planting date scenarios: 1 Nov, 15 Nov, 30 Nov and planting after 20 mm
averaging 430, 132, 4 and 152 kg ha! respectively (Table 3.3). The yield benefits differed
significantly between tillage and mulch applications. Overall, the yield benefits were highest
with the ripper + mulch in combination with early planting and in these cases, the yields

exceeded the required household grain yield threshold of 1080 kg ha™.

C. Risk of crop failure and not attaining maize self-sufficiency
The simulation results suggested that there was a higher risk of complete crop failure when no
fertiliser was applied (ON) regardless of planting date scenario, tillage and mulch application
relative to the other fertility amendments (Figure 3.7). The risk of crop failure under ON further
increased with later planting dates, whereas early planting and planting with the first effective
rains could limit the probability of crop failure to 40 %. The risk of crop failure was lowest
under ripper + mulch ranging from across the different planting date scenarios and between
fertility treatments with the risk of complete crop failure in the range 0 to 30 % depending on

planting date and fertility treatment.
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The risk of not meeting the household maize grain yield threshold of 1080 kg ha™! increased
with later planting dates (Figure 3.8). Planting with the first effective rains had the highest
probability of meeting and exceeding the threshold yield although this probability was highly
variable (23-83 % where fertility amendments were incorporated and 0—40 % under the ON
fertility treatment). In comparison the latest planting date, 15 Jan, had a probability to meet the
same yield of 0-30 %. The ON treatment had 0—7 % chance of meeting the household maize
grain requirement under the plough (no mulch) and ripper (no mulch) tillage whilst under the
plough + mulch and ripper + mulch the probability was in the range 10—43 %. Under the plough
(no mulch), plough + mulch and ripper (no mulch), the 40N treatment gave the highest
probabilities of exceeding 1080 kg ha! with probabilities in the range 23—77 %. Under ripper
+ mulch, the manure + 20N gave the highest probabilities of having yields >1080 kg ha™! in the
range 27-83 %. Overall, the combination of early planting, ripper + mulch and N fertility
amendment led to good yields and a low risk of complete crop failure and not meeting self-

sufficiency.

3.4. Discussion

3.4.1. Performance of the model
The APSIM model reasonably predicted grain and stover yields, N mineralised and N uptake.
The simulated stover and grain yield performance (RMSE/average yield) was in the range of
25-35 % which is in the same magnitude reported elsewhere for semi-arid SSA (Akponikpé et
al., 2010). However, the model seemed to overestimate maize grain and stover yields under the
plough + mulch treatment (Figure 3.1c and f) in the dry season of 2014/15. Similarly,
Mupangwa et al. (2011b) observed an over prediction of grain and stover yields especially at

low mulch levels < 2 t ha! in drought seasons, which they attributed to the model
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underpredicting immobilisation of the applied N at the low mulch rates. In the model,
mineralisation/immobilisation of N is determined as the balance between the release of N
during decomposition and N immobilisation during microbial synthesis and humification
(Probert et al., 1998). In our case, no immobilisation was observed from the simulated daily N
dynamics for the 2014/15 season (results not shown). The model indicated that there was an
adequate supply of mineral N to satisfy the microbial demand therefore favouring net

mineralisation leading to simulated yields that were larger than the observed.

The model predicted in-season net N mineralisation reasonably well (Figure 3.3). In the
simulation experiment in our study, the model predicted N mineralisation with the first rains,
which we equated to the “Birch effect”. At present however, there is no mechanism in APSIM
by which the user can specify this “Birch effect”. This would need further investigations
involving field measurements of N dynamics at the start of the rainy season. Better
understanding of the process would enable farmers to optimise available N resources to
improve N use efficiency as mineralisation of the soil organic matter releases a significant

amount of N even in unamended soils (Snapp et al., 1998).

3.4.2. Tillage and mulch application options effects on maize yields
The ripper tillage in conjunction with mulch application yielded significantly more compared
with plough tillage over the 30-year simulation period and across all planting date scenarios
and fertility treatments. We attributed the higher maize yields to differences in availability of
soil moisture due to higher infiltration as observed in this (Figure 3.4) and other studies
(Thierfelder and Wall, 2009; Nyamadzawo et al., 2012). The model settings mimic reality
where furrows created by ripping were reported to create more surface depressions compared
with ploughing resulting in superior rainwater capture and therefore better infiltration

(Mupangwa et al., 2016b). The model was also set to incorporate only 20% of the surface
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residues under the ripper tillage, meaning the positive effect with mulch application may not
be due to incorporated organic matter but a result of the increased infiltration and reduced
runoff we observed with the simulation study. Conservation tillage methods such as ripping
have been reported to result in high pore volumes consequently increasing the infiltration
capacity of a soil (Nyamangara et al., 2014a) thus reduced water stress. Mulch application has
also been reported to reduce runoff and therefore lead to increased infiltration (Nyamadzawo
et al., 2012). This may also explain why there was least risk of crop failure (0-30%) under
ripper + mulch across the different planting date scenarios and across fertility treatments. The
use of animal drawn tillage implements such as the ripper tine also reduces the labour and
draught power requirement at land preparation compared with ploughing therefore offer a
better chance of timely planting. Both the increase in infiltration and the early planting made
possible thanks to the reduced labour requirements for the ripper tillage have been shown in

our simulation study to lead to increased maize yields.

3.4.3. Risk management by early planting
Early planting has been reported to positively influence crop yields in other studies in the region
(Nyagumbo et al., 2017). We attributed the increased maize yields associated with the early
planting date to an extended growing period and therefore high in-season rainfall and net N
mineralisation. Further yield benefits were obtained when early planting coincided with N
mineralisation with the first rains of the season. A similar observation was made in some field
experiments that quantified the amount of N released during the N flush (Salinas-Garcia et al.,
1997; Riley, 1998). In our simulation experiment, the amount of N released by the flush was
highly variable across seasons and fertility amendment. Franzluebbers et al. (1995) reported
that the amount of N released is highly dependent on the quality and quantity of organic inputs

among other factors which may explain the highly variable amount of N observed in our study.

67



Early planting can lead to increased yields but is very risky due to the high probability of the
occurrence of false starts. False season starts have been reported in several studies to be a high
risk to crop production in SSA (Raes et al., 2004; Kniveton et al., 2009; Lone and Warsi, 2009;
Mupangwa et al., 2011a). In our study the false season starts occurred, approximately, in one
out of four seasons. Other studies have reported high frequencies of false season starts in of
40-50% of seasons in semi-arid southern Africa (Benoit, 1977; Raes et al., 2004). In our study,
although the false season starts resulted in low yields, they did not always result in complete
crop failure as we hypothesised. The false season starts only led to some water stress in the
early crop stages (emergence and juvenile) and not in the most critical stage when kernel weight
and number is determined which is between two weeks before and 2-3 weeks after silking
(NeSmith and Ritchie, 1992; Singh and Singh, 1995). When longer durations of water stress
occur, they cause near total crop failure (NeSmith and Ritchie, 1992), but in our simulation

such long periods of water stress were not linked to the false season starts.

Smallholder farmers use staggered opportunistic plantings to spread the risk associated with
false season starts and dry spells in semi-arid southern Africa (Milgroom and Giller, 2013;
Moyo et al., 2012). With this strategy, however, farmers tend not to invest in improved seed
and manure/fertiliser application (Vanlauwe et al., 2014b; Njoroge et al., 2017), thus limiting
the opportunity to maximize yields when planting coincides with the optimum planting
window. Seasonal, weekly or fortnightly weather forecasts are therefore important in aiding
farmers to make tactical within-season decisions on when to plant, weed and apply fertiliser

(Moyo et al., 2012).

Our study only considered a few of the possible management options that could lead to
attainment of household maize self-sufficiency in semi-arid southern Africa. Other studies have

identified drivers of the whole aspect of food availability in the region that also include
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household incomes, labour availability, livestock production, market access and land
availability (e.g. Homann-Kee Tui et al. (2015); Komarek et al. (2015); Frelat et al. (2016)).
However, crop production remains the major source of energy containing foods and contributes
up to 60% of food availability (Frelat et al., 2016) and therefore it remains important to
improve management options that potentially increase yields and therefore food self-
sufficiency. Our study showed that the strategic application of different agronomic
management practices such as early planting in combination with reduced tillage, mulch and
N containing fertility amendments is critical to reduce risk of crop failure and improve crop

yields in the smallholder cropping systems of semi-arid areas of southern Africa.

3.5. Conclusions

We conclude that early planting in combination with reduced tillage, mulch application and N
fertiliser application allows an ‘average’ farm household to at least meet their household grain
requirement from a hectare of land as well as reduce the risk of complete crop failure. The yield
benefits from planting early resulted from capturing the N released from the “Birch effect”,
total in-season mineral N and rainfall. However, when there is a false start to the season,
farmers risk attaining low maize yields and not achieving food self-sufficiency. It is important
that smallholder farmers be equipped and guided by reliable seasonal weather forecasts to
enable them to plan their land preparation and planting operations to ensure they reap the
benefits of timely planting. Practices such as reduced tillage that ease the labour and draught
power burdens at the start of the season can be employed to allow farmers to plant early. This,
in combination with other agronomic practices such as the application of fertility amendments
and mulch may increase crop water use efficiency. As such, smallholder farmers can manage
and mitigate risk and achieve maize self-sufficiency in the event of dry spells and low rainfall

associated with rainfed cropping in semi-arid areas.
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