Field Crops Research 110 (2009) 173-184

Contents lists available at ScienceDirect

Field Crops Research

journal homepage: www.elsevier.com/locate/fcr

Productivity and residual benefits of grain legumes to sorghum under
semi-arid conditions in south-western Zimbabwe: Unravelling the
effects of water and nitrogen using a simulation model

Bongani Ncube *”*, John P. DimesP?, Mark T. van WijkP, Steve J. Twomlow ®, Ken E. Giller®

2 International Crops Research Institute for the Semi-arid Tropics (ICRISAT), PO Box 776, Bulawayo, Zimbabwe
Y Plant Productions Systems, Department of Plant Sciences, Wageningen University, 6700 AK, Box 430, Wageningen, The Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 21 December 2007
Received in revised form 31 July 2008
Accepted 5 August 2008

The APSIM model was used to assess the impact of legumes on sorghum grown in rotation in a nutrient-
limited system under dry conditions in south-western Zimbabwe. An experiment was conducted at
Lucydale, Matopos Research Station, between 2002 and 2005. The model was used to simulate soil and
plant responses in the experiment. Sequences of cowpea (Vigna unguiculata), pigeonpea (Cajanus cajan),
groundnut (Arachis hypogaea) and sorghum (Sorghum bicolor) were used in the rotations. Legumes

i;;g\l/v]\?[rds: accumulated up to 130 kg of N ha~' which was potentially available for uptake by sorghum in the
Nitrogen uptake following season. The APSIM model predicted total biomass, grain and N yields of the legume phase
Nz-ﬁfationp within the experimental error and performed well in predicting sorghum yield and N supplied in the

rotation after cowpea and groundnut. The model generally under-predicted sorghum total biomass and
grain yield after pigeonpea. Observed patterns of crop water use, evaporative losses during the dry season
and re-charge of soil profile at the start of the rainy season were generally well predicted by the model. An
assessment of output on sorghum N and water stresses in the rotation indicated that the legume-cereal
rotation is more driven by soil nitrogen availability than water availability even under semi-arid
conditions. Further legume-cereal rotation analysis using the model will assist in the understanding of
other processes in the rotations in dry environments.

Stress factors

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The potential contribution of grain legumes to the crop
production systems of smallholder subsistence farmers in semi-
arid regions of Southern Africa is largely unknown. Grain legumes
are currently grown over small areas and contribute only to
subsistence needs in the smallholder farming systems of
Zimbabwe (Mapfumo and Giller, 2001; Rowe and Giller, 2003;
Twomlow, 2004). This is also generally true for other countries
in southern Africa, such as Botswana, Malawi and Zambia. The
scarcity of legumes in semi-arid regions is worsened by the
preferential production of cereal staples such as maize and
sorghum and uncertain low rainfall. Other reasons for the low
production of legumes in Zimbabwe include lack of quality seed,
labour and disease constraints, and lack of output markets, so
households produce primarily for home consumption (Hilder-
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brand, 1996). There is a critical need to find ways to establish and
increase the area of legumes in the cereal-based cropping systems
(Mapfumo and Giller, 2001; Twomlow, 2004).

N,-fixing legumes can have a positive impact on soil fertility by
enhancing nitrogen availability and therefore benefiting a cereal
crop grown in the subsequent season (Armstrong et al., 1999;
Sanginga, 2003). There is need to study such crop sequences under
semi-arid conditions in order to get a clear understanding of the
rotations and the extent of residual benefits that legumes can
provide to subsequent cereals. Such knowledge will show whether
research should focus on increasing nitrogen availability or on
other aspects such as water management in the dry environments.
It is difficult to clearly unravel such information using field
experimentation over 2 or 3 years only (Ncube et al., 2007). The use
of relevant crop-soil models can assist in providing answers to
these questions.

Many crop-soil models have been used under different
conditions to create a better understanding of plant-soil interac-
tions. Models such as the Decision Support System for Agrotech-
nology Transfer (DSSAT) and the Erosion Productivity Impact
Calculator (EPIC) are examples of models that have been used to


mailto:bncube@waternetonline.org
mailto:bongisto@yahoo.com
http://www.sciencedirect.com/science/journal/03784290
http://dx.doi.org/10.1016/j.fcr.2008.08.001

174 B. Ncube et al./Field Crops Research 110 (2009) 173-184

simulate growth and development of crops (Tsuji et al., 1994;
Williams et al., 1990). The Agricultural Production Systems
Simulator (APSIM) model is a well-tested model that provides
reasonably accurate predictions of crop production in relation to
climate, genotype, soil and management factors, while addressing
long-term resource management issues in farming systems
(McCown et al., 1996). APSIM is considered to be one of the most
appropriate models for use in tropical soil and crop management
(Delve and Probert, 2004). The model is useful in capturing the
interactions between climatic conditions, soil types and nutrient
dynamics in cereal-based farming systems in Africa and Australia
(Whitbread et al., 2004). The APSIM framework is well documen-
ted and described, and has been tested with observed data under a
wide range of conditions (Keating et al., 2003). Performance in
Africa has also been reported: simulating N dynamics of manure
inputs (Delve and Probert, 2004), maize response to N (Shamud-
zarira and Robertson, 2002), legumes in Malawi (Robertson et al.,
2005), weed competition (Keating et al., 1999; Dimes et al., 2002)
and water use efficiency (Dimes and Malherbe, 2006) in small-
holder farming systems.

Most published work done in Africa has looked at single crop
sequences. Another gap in previous APSIM applications in Africa
has been the limited application of the legume modules in dry
areas, and seldom, if ever, assessment of model performance for
simultaneous above- and below-ground dynamics, in this case soil
water, N uptake and N,-fixation, biomass production and
partitioning to grain. We used APSIM to assist in explaining our
experimental results on the residual effects of grain legumes on
growth and yield of sorghum under semi-arid conditions in
Zimbabwe. Our objectives were first, to analyse if the APSIM model
was capable of modelling the growth and yield of grain legumes
and the residual effects of the grain legumes on sorghum yield; and
second, to use the model to analyse the nitrogen and water stress
dynamics in the legume-cereal rotation and to quantify when each
of the two factors was limiting in grain production, and hence
unravel their effects.

2. Materials and methods
2.1. Summary of the field experiment

Experiments were carried out at the Matopos Research Station
(28°30'E, 20°23'S) Zimbabwe, at the Lucydale experiment site. The
experiments were carried out over three cropping seasons 2002/
2003 (314 mm rainfall), 2003/2004 (650 mm rainfall) and 2004/
2005 (301 mm rainfall). Details of the experimental design and
management are given in Ncube et al. (2007). Legume phase
experiments (Experiment 1, Experiment 2 and Experiment 3) were
established in each season at different sites in two adjoining fields.
The legume phase is the first phase of the rotation experiment and
it included a sorghum plot as a control treatment for the purposes
of determining N-fixation by the difference method and for
assessing the enhanced nitrogen supply following the legume
crops. Two varieties of groundnut (Arachis hypogaea L.), Nyanda
and Natal Common, two of cowpea (Vigna unguiculata (L.) Walp),
CBC1 and 86D 719, two of pigeonpea (Cajanus cajan (L.) Millsp.),
ICPL 87091 and ICEAP 00535 and medium duration sorghum
(Sorghum bicolor (L.) Moench), SV4, were planted following
recommended plant spacing in 20 m x 10 m plots. All plots in
legume and sorghum phases received a basal application of P
fertiliser (20 kg P ha™'). At harvest, grain and stover samples were
collected and dried in the oven at 70°C to determine yield
components. Further, the samples were ground and analysed for
%N and '°N using a 20-20 stable isotope mass spectrophotometer.
N,-fixation was determined using the >N natural abundance

method (Boddey et al., 2000) and the N Difference Method (Giller,
2001). At the end of each legume phase the plots were split into
two 10 m x 10 m sub-plots. In one sub-plot the above-ground
harvested residues were removed, while in the other sub-plot the
residues were incorporated. In the following season(s) a sorghum
crop was planted in all plots. At harvest of the sorghum phase all
crop residues were removed. At the end of experimentation there
were three legume phases, two legume-sorghum phases and one
legume-sorghum-sorghum phase.

Soil water was measured using a Wallingford neutron probe
(Bell, 1987), and the gravimetric method during both the legume
and the sorghum phases. Soil water was measured in Experiment 1
and 2 on a weekly basis during the crop period and less often
during the dry season. There was a measurement gap in the 2003/
2004 cropping season due to probe malfunction. Soil depth across
experimental areas was highly variable (35-90 cm, average of 68
and 70 cm for Experiment 1 and 2, respectively). While there were
sufficient measurements to estimate soil water parameters for
model input to 70 cm, total soil water in the 0-35 cm zone was
used to evaluate predictions of soil water dynamics since this zone
was better represented across treatments and time.

2.2. Set-up of the model

2.2.1. Soil water and soil characteristics

Two soil water descriptions were used to simulate the water
balance for the three experimental sites (Fig. 1). The plant available
water capacity (PAWC) for Experiment 1 soil was 59 mm (0-
65 cm); and Experiment 2 soil was 53 mm (0-70 cm). The values
for Experiment 2 were used in Experiment 3 since the fields were

Fig. 1. Soil water parameters for the two soils at Lucydale. LL stands for lower limit,
DUL for the drained upper limit or field capacity, SAT stands for the saturated profile
and SW_7jan03 and SW_25n0v03 stand for the measured soil water profile on the
7th of January and the 25th November 2003, respectively.
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Table 1
Soil organic carbon used to initialise the three Lucydale soils in APSIM and nitrate-N
values used to update the model on measured dates® (see text)

Depth  BD NO5-N (ppm) 0OC (%)
(cm) (gem?)
Expt. 1 Expt. 2 Expt. 3  Expt. 1 Expt. 2  Expt. 3

0-15 1.66 6.10 3.51 1.41 0.79 0.42 0.42
15-25 1.63 5.41 3.51 1.41 0.75 0.42 0.42
25-35  1.60 3.26 1.93° 0.77° 0.67 0.37° 0.37°
35-45 155 1.12 0.78° 0.31° 0.58 0.32° 0.32°
45-55 150 1.12 0.78° 0.31° 0.58 0.32° 0.32°
55-70 145 0.96 0.60° 0.24° 0.44 0.24° 0.24°

2 NO3-N sampling dates—Experiment 1: 16 December 2002, Experiments 2 and
3: 25 November 2003, 2004.

® Not measured, values derived from measured surface layer values and
normalised distribution of Experiment 1 data.

adjoining with very similar characteristics. Evaporation and runoff
coefficients were selected to reflect a tropical environment and the
crusting characteristics of the Lucydale soils. For each soil, the first
and second stage evaporation coefficients were set at 1 mm and
6 mm day '/ (Ritchie, 1972) and the runoff curve number for bare
soil (Williams and LaSeur, 1976) was set at 90.

Three separate soil descriptions were used with APSIM
to simulate the nitrogen balance of each experiment. Table 1
shows the nitrate-N, organic carbon and bulk density used in
modelling the three experiments. The soil C:N ratio for all soils
was set at 15.

2.2.2. Management and climate

The model was set-up to run with daily climate inputs from
the 1st of November 2002 to the 30th of June 2005. Actual
rainfall data measured at Lucydale was used. Temperature and
radiation data were obtained from the Meteorological Office
climate records at Matopos Research Station (approximately
5 km apart). Simulation of the legume phase experiments was
initialised on the 1st of November each year, with soil water in
each layer set to the crop lower limit and available mineral N
(NO3 + NH,4-N) set to a small amount (12 kg N ha™!, 0-70 cm),
and surface organic matter set to zero. Soil nitrate-N and soil
water in each layer was subsequently updated on the date of
the first observed values in each legume phase experiment
(Fig. 1 and Table 1). Simulation of the legume-sorghum rotation
was continuous from the November 1 starting date for each
experiment.

Crop management was specified in a manner consistent with
the experimental procedures. Sowing dates for the legume and
sorghum crops in Experiment 1 were 19 December in 2002, 3
December in 2003 and 14 December in 2004. For Experiment 2 the
sowing dates were 4 December in 2003 and 13 December in 2004,
while the Experiment 3 sowing date was 12 December 2004. Dates
of legume residue incorporation were: 23rd October 2003 in
Experiment 1, and 27 July 2004 in Experiment 2. The amount of
residues, the N content and the C:N ratio of incorporated material
have been specified in Table 5 of Ncube et al., 2007. Plant
populations were measured in 2002/2003 season only and these
were used as inputs to the model to simulate the Experiment 1
legume phase crops. The observed plant population for each
variety was: CBC1=11.3 plantsm~2, 86D 719 =12 plants m 2
(high cowpea populations because no thinning operation),
ICEAP  00535=8plantsm—2, [ICPL 87091=6.3 plants m~2,
Natal Common = 8.3 plants m~2, Nyanda =5.7 plantsm~2 and
SV4 =6.3 plants m2. The measured pigeonpea and groundnut
populations were substantially below the target populations for
these two crops (10 and 11 plants m~2). Accordingly, the
pigeonpea (ICEAP 00535 and ICPL 87091) and groundnut (Natal

Common and Nyanda) cultivars for Experiments 2 and 3 were
simulated using the average of the population observed for the
first season (pigeonpea = 7 plants m~2, groundnut = 7 plants m2),
while the cowpea cultivars were simulated using the target
population (6.6 plants m~2). In 2003/2004, rotation sorghum crops
in Experiment 1 were simulated using a population of 2 plants m—2
to reflect the observed poor establishment of sorghum in that
season. Sorghum was simulated using a population of 4 plants m—2
in the Experiment 3 legume phase and in all rotation crops in 2004/
2005.

2.2.3. Crop parameters

Simulation of observed phenology and grain partitioning of the
experimental cultivars for cowpea (CBC1 and 86D 719), pigeonpea
(ICEAP 00535 and ICPL 87091) and sorghum (SV4), was found to be
adequate by selecting from existing cultivar descriptions in APSIM.
Hence, APSIM crop parameters for ‘Banjo’ and ‘Red-Caloona’
cowpea, ‘short-duration’ pigeonpea and ‘early’ sorghum were
selected to describe CBC1 and 86D 719 cowpeas, both ICEAP 00535
and ICPL 87091 pigeonpea and SV4 sorghum, respectively. In the
case of groundnut, new cultivar parameters were constructed for
Natal Common and Nyanda from existing APSIM cultivars
(‘McCubbin’ and ‘Chico’) based on approaches set out by van
Keulen and Seligman (1987). The thermal time from initiation to
flowering and the harvest index (HI) increase parameter for each
cultivar was calibrated to approximately simulate the respective
average observed flowering date and harvest index, across the
three seasons.

The simulation of plant nitrogen relations in APSIM was via the
three processes that are defined within the model. Uptake can be
via mass flow where soil N is passively taken up by plants. The
second mechanism is through active (energy-spending) uptake
that plants employ to extract nitrate from the root zone. When
passive and active uptake cannot satisfy plant demand legumes
would then fix nitrogen.

Cowpea yields in 2003/2004 (Experiment 2) were severely
constrained by aphids. In this case, the simulated plant population
was manipulated to generate the observed low biomass produc-
tion. This was deemed necessary in order to more adequately test
simulation of the observed N,-fixation and residual N effects on the
subsequent sorghum yield. Similarly, the SV4 treatment in
Experiment 2 had poor crop establishment and produced no grain
in 2003/2004. It was simulated with a low plant population
(0.5 plants m~2) to simulate some biomass and N uptake in this
season and thereby, a lower residual N supply to the following
sorghum in 2004/2005.

2.3. Reporting and data analysis

The model was set to report all selected data on a daily basis.
Total biomass and grain yield were reported on a dry weight basis
(0% moisture content). Elsewhere, Genstat 8.1 was used to analyse
observed total biomass and grain yield for both legumes and
sorghum (Ncube et al.,, 2007). The root mean square deviation
(RMSD) values were calculated for the comparisons of all observed
and predicted data. The RMSD is the weighted difference between
predicted and observed. The formula for the calculation is shown
by the following equation:

IS -y

i=1

RMSD = (1)

where x is the simulated yield and y is the measured yield, and n is
the number of observations (Kobayashi and Salam, 2000).
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3. Results and discussion

In this study the model was used to predict total biomass and
grain yields of legume crops across three seasons, and to predict
grain yield of sorghum grown in rotation. We assessed the
performance of APSIM in analysing observed responses of the
legume-cereal rotations. Simulation of soil water balance under
various legumes and sorghum crops across years was also
evaluated. Finally the model was used to explore nitrogen and
water stress dynamics within the legume-cereal rotation. Else-
where, APSIM has been tested extensively in Australia to predict
yields of sorghum, forage, pasture and grain legumes (Hammer
et al.,, 2001; Robertson et al., 2002; Probert et al., 1998, 2005;
Whitbread and Clem, 2006; Hill et al., 2006). APSIM has also been
tested on pigeonpea extra-short, short and medium duration
varieties in India (Robertson et al., 2001). There are no reported
studies evaluating APSIM predictions of groundnut, pigeonpea and
cowpea or sorghum rotations in semi-arid Southern Africa. Our
discussion therefore centres on explaining the additional under-

standing that comes from using a simulation model and qualifying
APSIM’s performance in conjunction with experimental data to
study the dynamics of a complex cropping system such as legume-
cereal rotations in a highly variable rainfall environment.

3.1. Soil water

Simulation of soil water use by legumes and sorghum crops in
the 0-0.35 m soil layer was generally good for the wet and dry
cropping seasons in the two experiments (Fig. 2). As there were no
statistically significant differences between treatments in mea-
sured soil water profiles in Experiment 1, we have included the
measured soil water for the SV4 plots only, and the predicted soil
water for a subset of the simulated treatments.

For the legume phase in Experiment 1, there was very little
difference in predicted water use patterns between the legumes
and sorghum, except for the pigeonpea treatment which had the
lowest total biomass growth and therefore the least water demand
in the early stages of growth. In general, the predicted water use

Fig. 2. Observed (Obs) and predicted (Pred) soil water simulations in Experiment 1 (A) and Experiment 2 (B) at Lucydale. Experiment 1 measurements cover the period 7
January 2003 to 15 June 2004, while Experiment 2 measurements cover 25 November 2003 to 15 June 2004. Legumes of which results are shown are pigeonpea (ICEAP

00535), cowpea (CBC1) and groundnut (Natal Common).
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patterns were similar to those observed for sorghum. The reason
for lack of difference in model predictions between legumes and
the sorghum is due to the high NO5-N availability (39 kg N ha™') at
the start of this experiment, meaning that the sorghum growth was
not overly N stressed relative to the legumes and had similar
demand and uptake of available moisture in this low rainfall
season.

For the wet 2003/2004 season, soil water in Experiment 1 was
predicted well in the period preceding sorghum planting (day 275-
335). In the subsequent cropping period there was no difference in
predicted water use patterns for the sorghum crops following the
legume phase treatments, except for sorghum following sorghum
between day 425 and 455 which had less predicted water use than
sorghum following legumes. In the model, this simulated
difference in water use is a consequence of the lower N supply,
less total biomass production and therefore less water demand
compared with sorghum following the legumes.

In Experiment 2, there were more obvious differences between
the observed water use patterns of the legume and sorghum
treatments, albeit with some inconsistencies. For example, the
observed soil water for this experiment in Fig. 2B shows there is
substantial drying of the profile for all treatments from day 45 to
65 when the crop is in the early growth phase following planting
on day 35. Whereas, during the relatively dry February period (day
93-120) when the crops are approaching full vegetative growth,
there is much less evidence of soil drying. Consequently there are
some large discrepancies between the observed and predicted soil
water in Experiment 2.

In the early vegetative phase, the predicted water use by
groundnut far exceeded that of sorghum, cowpea and pigeonpea
(but within the extent of the observed data). The lower predicted
water use by these three crops corresponds to their lower total
biomass production at this time. In the subsequent period (day 85-
145), the simulated water use by sorghum and cowpea is much less
than that of pigeonpea and groundnut, both of which had higher
total biomass production than the former. By day 150, the
simulated sorghum, cowpea and groundnut had reached maturity;
hence we see only pigeonpea continuing to use soil water beyond
this point. However, the simulated maturity date for the pigeonpea
(day 204) is 22 days later than when the actual field crop was
harvested, suggesting that the crop growth parameters describing
the phenology and/or the stress functions affecting phenology of
the pigeonpea cultivar need improvement.

Good prediction of soil water re-charge in the pre-sowing period
in 2003/2004 season and the dry down of the soil profile by the crop
during grain-filling and into the dry season by soil evaporation was
evident for this semi-arid environment. However, over-prediction of
observed soil water post-harvest indicated the need to consider
weed growth in simulating the water (and by implication N) balance
of sequential cropping systems. The importance of adequate
simulation of crop phenology, and thereby crop duration, in
simulating the soil water balance was also highlighted in the case
of pigeonpea.

3.2. Simulation of crop yields in the legume phase

3.2.1. Phenology, total biomass and grain

Days to 50% flowering were measured in Experiment 1 and 3.
No data were collected for sorghum in Experiment 3. In the case of
groundnut, cultivar parameters were constructed and calibrated
using the observed flowering data. Otherwise, results in Fig. 3 show
that the phenology of the pigeonpea, cowpea and sorghum
cultivars used in this experiment were adequately described by
selecting from existing cultivar parameters in APSIM, although
pigeonpea flowering was predicted to be substantially longer than

Fig. 3. Observed and predicted flowering (50%) days after sowing (das) in
Experiment 1 (2002/2003) (A) and Experiment 3 (2004/2005) (B) at Lucydale. No
data available for sorghum in (B).

observed in Experiment 3, where it was observed to be 15 days
shorter than that in Experiment 1.

As observed above (Fig. 2) simulation of the pigeonpea
vegetative stage was predicted to be longer than observed in
some instances with consequences for the simulation of the soil
water balance. Also, the groundnut cultivar growth coefficients
calibrated in this study are specific to the results and conditions of
this experiment. Studies are therefore required to determine the
growth and phenology parameters under controlled, non-stress
conditions for proper parameterisation of the African cultivars of
these legumes.

The model generally showed good prediction of total biomass
and grain yields of the legumes in all three cropping seasons
(Fig. 4), providing evidence that APSIM captured the effects of
variable water supply on crop production in very wet and very dry
seasons quite well. The equally good performance in total biomass
(RMSD = 643 kg ha™!, R? = 0.65) and grain (RMSD = 221, R?> = 0.79)
prediction is also indicative that total biomass accumulation and
partitioning to grain is generally well simulated by the legume and
sorghum crop modules under these range of conditions. The main
exception was an under-prediction in total biomass for Nyanda
groundnut, and over-prediction of its grain yield, in the 2002/2003
season.

Prediction of total biomass (TBM) and grain yield of sorghum in
both Experiments 1 and 3 was very close to the observed yields
(Fig. 4). The simulated cowpea and sorghum yields in 2003/2004
were influenced by modification of the plant population to capture
effects of aphid damage or poor plant stands on total biomass
production observed in these treatments.

3.2.2. Legume nitrogen uptake

The predictions for N uptake by legumes were generally very
good (RMSD =17 kg N ha™!) particularly in the 2003/2004 (Expt.
2)and the 2004/2005 (Expt. 3) seasons (Fig. 5). The results suggest
that the combined uptake of N via N,-fixation and soil N supply
was well simulated by the model. As no inorganic fertilisers were
applied, the good prediction of sorghum N uptake in Experiments 1
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Fig. 4. Observed and predicted total biomass and grain yield of legumes and control sorghum across three cropping seasons at Lucydale. Error bars represent standard errors of
the means of the yields of the legumes. Sorghum failed to establish in 2003/2004. RMSD values for total biomass yield were 842 kg ha~! (2002/2003), 442 kg ha~! (2003/
2004) and 545 kg ha—' (2004/2005). RMSD values for grain yield were 251 kg ha~' (2002/2003), 228 kg ha~! (2003/2004) and 168 kg ha~' (2004/2005).

and 3 (Fig. 5) is a strong indicator that the APSIM’s routines for
mineral N supply from soil organic matter (and sorghum uptake of
that N) perform well for the soil and sorghum growth conditions of
this environment.

However, in Experiment 1, observed N uptake by legumes in
excess of 100 kg N ha—! was substantially under-predicted by the

Fig. 5. Plot of observed against predicted legume and sorghum nitrogen uptake
across three seasons at Lucydale. Experiment represents the seasons as Experiment
1(2002/03), Experiment 2 (2003/04) and Experiment 3 (2004/05). The cowpea data
is excluded in Experiment 2 due to aphid damage.

model. Given the large amount of soil mineral N at the start of this
experiment (39 kg N ha™!); itis possible that the plant N coefficients
that allow for luxury consumption of N may need to be adjusted
higher. On the other hand, the very high N concentrations measured
inlegumes in this season (2.7-3.5%) were similar to that found in the
other two seasons (2.5% Experiment 2 and 2.0% in Experiment 3),
suggesting that this result may also be an experimental artefact.
Nevertheless, good prediction of N uptake for the cowpea cultivar
(97 kg N ha™1) is largely due to over-prediction of its TBM (Fig. 4),
which serves to highlight the value of measuring several plant
growth parameters to more rigorously test the accuracy of model
predictions.

3.2.3. Nitrogen fixation

Ncube et al. (2007) assessed N,-fixation of the legumes in this
study using the >N natural abundance method and N difference
methods.

In this study, predicted estimates for N,-fixation in above-
ground plant materials showed greater disparity with the °N
natural abundance estimates (RMSD =22 kg N ha~!) than those
derived by the difference method (RMSD 16 kg N ha~!, Fig. 6b).
However, in relation to the observed total N uptake (Fig. 5) the
lower natural abundance method estimates in this case imply
inconceivably high N supply from soils of quite low soil organic
matter content.

In contrast, the difference method explicitly takes the N supply
capacity of the soil into account by using the reference plant (in
this case, sorghum) as the bioassay of its supply. In turn, the model
simulates the supply of mineral N to the legume taking into
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Fig. 6. Predicted and measured nitrogen fixation using the 15-N natural abundance and the difference methods over three seasons at Lucydale. Expt. represents the seasons as
Experiment 1 (2002/2003), Experiment 2 (2003/2004) and Experiment 3 (2004/2005). The cowpea data is excluded in Experiment 2 due to aphid damage.

account the organic N status of soil layers, its mineralisation of N in
relation to changing water conditions (along with other factors),
the presence of roots in a layer and demand of the legume crop for
uptake. Hence the model approach is much more aligned to the
difference method. The closer agreement with the difference
method’s N,-fixation estimate is therefore understandable, espe-
cially in this case where the model predicted well the N uptake of
the reference sorghum plant (Fig. 5).

However, it is also apparent that more evaluation of the legume
modules is warranted. In 2002/2003 season the natural abundance
and difference methods were not well correlated as already reported
in Ncube et al., 2007. The model gave very good predictions of Np-
fixation in the wetter 2003/2004 season, but consistently over-
predicted N,-fixation in the drier 2004/2005 season, and that this
was accompanied by a general over-prediction of the legume total
biomass in this experiment (Fig. 4). The implications are that
simulated N,-fixation was not restrained sufficiently in the dry
conditions, allowing the excess growth to take place. Hence it is
possible that the water-stress relationship for simulating N,-
fixation may need further evaluation and development.

3.3. Simulation of sorghum yields in rotations

3.3.1. Sorghum total biomass and grain yield

Fig. 7 shows the observed and predicted TBM and grain yield for
the first sorghum crop following the legumes phase in Experiment
1 (2003/04) and Experiment 2 (2004/05), with removal and
incorporation of the crop residues. For the observed grain yield
data, variety treatment means were statistically different only in
the 2003/2004 season (P < 0.05), and there was no significant
differences in grain yield between plots with removal and with
incorporation of residues in either season (Ncube et al., 2007).

3.3.2. Legume-sorghum yields

In 2003/2004, the model simulated no difference in total
biomass or grain yield of sorghum in response to removal and
incorporation of the different legume residues (Fig. 7a and c). This
is consistent with the statistical analysis of the observed yields
(Ncube et al., 2007). For the legume-sorghum rotations, the model
generally under-predicted TBM yield of sorghum and consistently
over-predicted grain yield (Fig. 7a and c). Hence the model
simulated a much higher harvest index (0.49) for sorghum than
was observed (0.30) in this wet season, and the simulated TBM,

grain yield or HI was not responsive to additional inputs of N (as
residues) in the legume-sorghum rotation.

In 2004/2005, both observed and predicted TBM and grain yield
of sorghum following legumes had smaller yields compared to
2003/2004 (Fig. 7b and d). This reflected the much lower rainfall in
2004/2005, but also the smaller N inputs (for example, 55-
97 kg N ha~! was returned in the incorporated residues in 2003/
2004, compared with 10-47 kg N ha_lin 2004/2005). For this
season, the predicted TBM of sorghum following cowpea and
groundnut was in close agreement with the observed yields, while
the predicted grain yields were generally close to, but below the
observed grain yields. In contrast, predicted TBM and grain yield of
sorghum following pigeonpea were substantially less than the
observed yields.

One explanation for this is that the model did not simulate any
leaf fall for pigeonpea because the detachment parameter is turned
off in the released version of APSIM Version 5.1. We tested turning
this parameter on such that 50% of senesced leaf material was
detached from the standing plant (and added to surface OM). This
improved simulation of the yields in the following sorghum crop,
but at the expense of under-predicting the observed total biomass
of pigeonpea at the end of the legume phase.

3.3.3. Sorghum-sorghum yields

The model simulated a large reduction in both TBM and grain
yield with incorporation of sorghum residues compared to its
removal for the sorghum-sorghum rotation (Fig. 7). In doing so, the
model substantially over-predicted the observed TBM and grain
yield of the no residues treatment, while predicting observed
yields of the incorporation treatment closely. The simulated HI
decreased from 0.5 with removal of residues to 0.4 with
incorporation, suggesting that N stress was simulated where the
high C:N ratio sorghum residues (68:1) were incorporated. In
contrast, the observed HI's suggested the reverse, 0.31 with
removal and 0.36 with incorporation of sorghum residues, but this
difference was not statistically significant.

3.3.4. Sorghum N uptake

The observed and simulated N uptake in the first phase
sorghum crops in the 2003/2004 and 2004/2005 seasons, for
incorporated and removed residue treatments is shown in Fig. 8.
There is much more scatter in the sorghum uptake predictions
compared to that simulated for the legume phase crops (Fig. 5).
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Fig. 7. Predicted and observed total biomass (a and b) and grain yield (¢ and d) for
sorghum crops grown in rotation following pigeonpea (ICPL 87091 and ICEAP
00535), cowpea (CBC1 and 86D 719), groundnut (Natal Common and Nyanda) and
sorghum over two seasons at Lucydale. RMSD values for total biomass yield
were 1084 kgha! (no residues), 808 kgha™! (+residues) in 2003/2004, and
817 kg ha~!(no residues), 537 kg ha~! (+residues) in 2004/2005. RMSD values for
grain yield were 566 kg ha~! (no residues), 464 kg ha~! (+residues) in 2003/2004,
and 336 kg ha~'(no residues), 303 kg ha—" (+residues) in 2004/2005.

Measured N uptake by sorghum showed little difference
between plots with and without residues, whereas the model
simulated much higher N uptake where legume residues were
incorporated. Also, prediction of N uptake by sorghum after
sorghum was more variable compared to the close predictions
achieved for sorghum crops in the legume phase (see Fig. 5).
Simulated N uptake suggests that the N in the legume residues
was readily available, but that the additional N supply had no effect
on simulated TBM or grain yield responses in the two seasons

Fig. 8. Plot of predicted against observed sorghum nitrogen uptake at Lucydale over
two cropping seasons (2003/2004 and 2004/2005). R*: no residues =0.15, R?:
+residues = 0.63.

(Fig. 7). One explanation for the lack of response to legume residue
incorporation in 2003/2004 is that the below-ground changes in
soil organic N supply brought about by the legume crops was
sufficient to meet the needs of sorghum growth, and that these
soil changes were adequately captured in the model through
additions of legume root material and spared N effects. At the
same time, however, the over-prediction of N uptake by the model
may be the result of under-predicting NOs leaching in the high
rainfall season.

Fig. 9. Predicted and observed second rotation sorghum total biomass and grain
yields following pigeonpea (ICPL 87091 and ICEAP 00535), cowpea (CBC1 and 86D
719), groundnut (Natal Common and Nyanda) and sorghum over two seasons at
Lucydale. The error bars represent standard errors of difference between means of
the previous legume variety and residues. RMSD values for total biomass yield were
848 kg ha~! (no residues) and 943 kg ha~! (+residues). RMSD values for grain yield
were 283 kg ha~! (no residues) and 287 kg ha~! (+residues).
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Fig. 10. Nitrogen and water stress predictions in the legume sorghum rotation with residues removed, over three cropping seasons at Lucydale. The open symbols represent
plots planted with legumes in 2002/2003, while the black symbols represent plots planted with sorghum in 2002/2003. A value of 1 indicates no stress and 0 indicates severe

stress.

3.3.5. Simulation of the second sorghum rotation

The model predicted the total biomass and grain yield of the
second sorghum after legumes close to the observed yields in plots
that had been planted with cowpeas and groundnuts in the 2002/
2003 season (Fig. 9). However, the model generally under-
predicted grain and total biomass of sorghum in the plots
previously planted with pigeonpea or which had sorghum residues
incorporated.

The under-prediction of sorghum yields after pigeonpea can be
explained by the failure to account for leaf fall in the model. The
under-prediction of sorghum yield after sorghum residue incor-
poration reflects continuing effects of simulated N immobilisation,

whereas observed yields suggest a higher availability of N in the
soil.

3.4. Simulation of nitrogen and water stress in the rotation

Analysis of the simulated stress factors on crop growth showed
interesting results: the nitrogen and water stress predictions in
Experiment 1 across the three cropping seasons are shown under
situations with both residue removal (Fig. 10) and residue
incorporation (Fig. 11). The APSIM model describes plant stress
on a 0-1 scale; at values of 1 there is no stress on crop growth or
development, and at O these processes are halted completely.
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Fig. 11. Nitrogen and water stress predictions in the legume sorghum rotation with residues incorporated over three cropping seasons at Lucydale. The open symbols
represent plots planted with legumes in 2002/2003, while the black symbols represent plots planted with sorghum in 2002/2003. A value of 1 indicates no stress and 0

indicates severe stress.

In the first season of planting (legume phase) only the sorghum
crop showed slight (0.6) N stress towards the end of the season
(Figs. 10a and 11a (legume 2002/2003)), whereas both legume and
sorghum crops experienced episodes of water stress from 30 days
after sowing until the end of the season (Figs. 10b and 11b). In the
wet 2003/2004 season, no moisture stress was simulated for the
legume-sorghum or the sorghum-sorghum treatments except
briefly in the dry February/March period where legume residues
had been incorporated and the higher N supply presumably
resulted in higher crop growth and water demand (Fig. 11b, 2003/
2004). Accordingly, the model simulated no N stress during crop
growth in the legume-sorghum treatment where residues had

been incorporated (Fig. 11a, 2003/2004). Where legume residues
had been removed, N stress was simulated late in the sorghum
crop and rapidly approached the N stress levels simulated for
sorghum-sorghum treatment, which had experienced N stress
much earlier in the season and approached 0.4 at crop harvest
(Fig. 10a,2003/2004). Where sorghum residues were incorporated,
the simulated N stress was much more severe, approaching 0.5 at
about flowering and 0.2 at harvest (Fig. 11a, 2003/2004).

In the dry 2004/2005 season, severe N stress was simulated for
the continuous sorghum plots, with the degree of stress continuing
to be more extreme where sorghum residues had been incorpo-
rated in the 2002/2003 season (Fig. 11a, 2004/2005). Significantly,
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no moisture stress was simulated in the continuous sorghum plots
in this dry season, except for a brief period in the no residue plots
(Fig. 10b, 2004/2005). In contrast, very strong moisture stress
was simulated in the legume-sorghum plots, with or without
incorporated legume residues. The simulated N stress in the
legume-sorghum plots in 2004/05 was delayed appreciably
compared with the sorghum-sorghum treatment, but was more
severe where legume residues had been removed (0.3) compared
with incorporated (0.7).

The model output of N and water stress factors on plant growth
is instructive in better understanding the water, N and plant
growth interactions within a cropping season, as well as the
residual benefits of legumes interacting with variable seasonal
conditions. The model results suggest that the productivity of a
legume phase in this environment can overcome the N supply
deficits of the low carbon soils for sorghum production in south-
western Zimbabwe for up to two seasons of sorghum production.
Importantly, it (and the experimental results) shows that this can
be largely achieved even if the legume stover is removed and used
for other purposes such as animal feed. However, the trade-off in
this low rainfall environment is that by removing the N constraint,
the sorghum crops are much more likely to experience increased
water stress. Alternatively, if the N constraint is not removed, than
the N stress will greatly limit the use of available moisture, even in
a very dry season such as 2004/2005.

4. Conclusions

The main objectives of modelling the Lucydale results were to
assess how the APSIM model could assist in explaining the
mechanism of the residual benefits of legumes to sorghum under
semi-arid conditions. Many crop-soil models have been developed
but most of them look at single crops and they lack the capacity to
deal with crop sequences. This paper is an example of work that
tries to demonstrate the capacity of APSIM to analyse the impacts
of legumes on the following cereal under semi-arid conditions. The
results of the study showed that APSIM is capable of predicting
legume and sorghum yields under semi-arid conditions in south-
ern Africa. The model gave satisfactory predictions of legume
yields across the three cropping seasons, and also gave reasonable
predictions of the yields of sorghum grown in the rotation. There is
need to further calibrate the model crop parameters for legumes
such as pigeonpea and groundnut. The APSIM model also gave
insight into the dynamics of nitrogen and water in the rotations by
showing that the residual benefits of legumes to subsequent
sorghum were mainly due to nitrogen, rather than water under
these semi-arid conditions. Further testing of the model will assist
in understanding the role of processes such as N mineralisation of
crop residues in the legume-cereal rotations.
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