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Introduction

In the Agricultural Model Intercomparison and Improvement Project (AgMIP)
(Rosenzweig et al., 2013, 2017), we have explored and learned the value of using
multiple crop models to project the effects of climate change on crop production, in
order to provide model users with more confidence in the ensemble predictions of
multiple models, as opposed to trusting the predictions of any single model. Simply
stated, crop models have been developed by different modeling teams and are dif-
ferent in structure and parameterization. This causes the models to have somewhat
different growth, development, and yield responses to given weather, management,
and soil conditions.

In the AgMIP Regional Integrated Assessment (RIA) project, resources have
limited us to using only two crop model systems: the Agricultural Production Sys-
tems Simulator (APSIM) and the Decision Support System for Agrotechnology
Transfer (DSSAT). Our goal in this chapter is to identify and understand the dif-
ferences between the APSIM and DSSAT models for maize, wheat, rice, sorghum,
millet, and peanut for their responses to CO,, temperature, water, and N fertilization
(CTWN). Comparison of crop system responses to these fundamental factors has
proven productive for applications across a number of scales and AgMIP activities
(Ruane et al., 2017).

Our approach will be to discuss model sensitivity to N fertilization, CO, response,
and rainfall separately and, in that order, considered over all the crops because the
issues for response to N fertilizer and rainfall occur and repeat across the crop types,
and are often similar for both the APSIM and DSSAT models. The CO, response
is unique as the contrast is mostly C-3 versus C-4 type crops, but the crops/models
are similar within C-3 or C-4 crop types. For temperature responses, we follow
one crop at a time, discussing model differences in simulated responses at different
sites, including a discussion of parameterization that creates model differences for
APSIM versus DSSAT. Based on the CTWN exercises, we illustrate how simulated
responses to CO, and rainfall are influenced by, and have interaction effects depen-
dent on, N fertilization and the N-supplying capacity of the soil. The responses
to temperature and rainfall are dependent on the ambient conditions of sites for
temperature and rainfall.
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Materials and Methods

Introduction to APSIM crop models

APSIM Version 7.7 (www.apsim.info) and its evolution as a farming systems
research model for application in high- and low-production cropping systems around
the world are described by McCown et al. (1996), Keating et al. (2003), and
Holzworth et al. (2014). The APSIM software platform links modules of different
crops (selected on a plug-in/plug-out basis, including crop mixtures) with com-
mon modules of soil water balance, surface organic matter, soil N and C balances
(P optional), crop and soil management, and weather input and output/reporting.
APSIM includes crop modules for many crops, including maize, sorghum, millet,
wheat, peanut, and rice as simulated in this project. The crop modules (both C-3
and C-4) share a common template for crop development and biomass accumula-
tion and partitioning, although APSIM-Maize (derived from CERES-Maize with
modifications for tropical conditions (Carberry et al., 1989)) and APSIM-Wheat
have yet to be standardized (but conform to the template in terms of their growth
and development processes). The rice model in APSIM directly incorporates the
ORYZA2000 model (Bouman and van Laar, 2006; Gaydon ef al., 2012) and is also
not standardized.

All APSIM crop models except APSIM-ORYZA use the radiation-use efficiency
(RUE) approach, based on the fraction of light intercepted, species-specific RUE,
and modifiers of RUE (depending on temperature, vapor pressure deficit (VPD), and
CO;, when >350ppm). Daily biomass accumulation is the minimum of potential
biomass derived for non-stressed intercepted radiation on a day and an estimate
based on available soil water for transpiration on that day. The APSIM water balance
is a tipping bucket method derived from CERES-Maize (Probert et al., 1998) and
includes a dynamic Curve Number for estimating runoff using routines from the
PERFECT model (Littleboy et al., 1999). The bare-soil curve number is adjusted
for antecedent soil moisture conditions (typically to 450-mm depth) and variations
in canopy and mulch cover effects over the course of a growing season.

Soil evaporation in APSIM uses the Priestley and Taylor (1972) approach to
estimate potential atmospheric demand, adjusted for cover conditions of canopy
and surface residues, and the Ritchie (1985) two-stage soil evaporation model to
determine actual Es.

Transpiration is based on the transpiration efficiency (TE) approach. The TE
method computes daily transpiration based on daily dry matter gain (from RUE
module) multiplied by TE. The TE is a species-dependent function of VPD and
CO, that operates on daily VPD to estimate crop water demand.

The capabilities of APSIM to simulate CO, effects on C-3 crop growth have
been tested empirically with APSIM-Wheat and applied for all C-3 crops in APSIM
as reported by Van Uytrecht and Thorburn (2017). Effects of the increasing levels
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of CO, are captured by modifiers to RUE, TE, and a reduction in N stress on
photosynthesis using look-up functions. The same modifier coefficients and CO,
effects as used for wheat are employed for all the APSIM C-3 crop modules in this
project, except for APSIM-Maize and APSIM-Sorghum, for which CO, does not
modify RUE. APSIM-ORYZA uses leaf-level photosynthesis, which is sensitive to
CO, at the leaf level (Bouman er al., 2001; Bouman and van Laar, 2006).

Introduction to DSSAT crop models

The DSSAT software Version 4.5.1.023 (Hoogenboom ef al., 2015; www.dssat.net)
includes more than 40 crop models which share the same soil water bal-
ance, same soil N balance, and same soil C balance modules (in that
respect, the module approach is very similar to APSIM). The CERES-Maize,
CERES-Sorghum, CERES-Millet, CERES-Wheat, CERES-Rice, and CROPGRO-
Peanut models were used in this project. The DSSAT models are described
by Jones et al. (2003) and related papers. The CERES-style models use
the RUE approach, based on the fraction of light intercepted, RUE, and
modifiers of RUE (depending on temperature and CO,; see Boote er al.
(2010) for a description of the CO, modifier on RUE for CERES-style
C-3 and C4 crops in DSSAT). The CROPGRO models in DSSAT use leaf-level
photosynthesis (based on rubisco kinetics theory) scaled up to canopy assimila-
tion (Boote and Pickering, 1994; Pickering et al., 1995), along with growth and
maintenance respiration following the approach of Penning de Vries et al. (1974).

The soil water balance in DSSAT uses the tipping bucket method (Ritchie, 1998).
Thus, APSIM and DSSAT have a very similar soil water balance approach (see
Boote et al. (2009) and Ritchie (1998) for detailed descriptions of root water uptake,
soil evaporation, crop transpiration, and water stress computation). There are sev-
eral options for evapotranspiration including FAO-56 (Allen et al., 1998), but the
Priestley—Taylor approach (1972) was used because of a lack of data on humidity
and wind speed. Water stress on photosynthesis (dry matter accumulation) occurs
when root water uptake cannot meet transpiration demand.

There are two DSSAT options for soil C balance and N mineralization; Godwin—
Papran (Godwin and Singh, 1998), and DSSAT-CENTURY (Gijsman ef al., 2002),
of which the DSSAT-CENTURY option was used for all the DFID project simula-
tions because it is more appropriate for degraded soils and unfertilized conditions.
While the soil N balance and root N uptake are similar within the DSS AT models, the
CERES and CROPGRO modules have different approaches for handling N stresses
in the plant. For a more detailed description of soil-crop N balance processes, see
Godwin and Singh (1998) and Boote et al. (2008), and for information on soil C bal-
ance, see Gijsman et al. (2002), Basso et al. (2011), and Porter et al. (2010). Methods
for initializing the stable C pool (SOM3) for DSSAT-CENTURY are described by
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Basso et al. (2011) and Porter et al. (2010). A comprehensive evaluation of the
CERES-Maize, Wheat, and Rice models is available from Basso et al. (2016).

Experimental data for regions and calibration for distributions
of yields within farm surveys

The regional teams in West Africa, East Africa, South Africa, Southeast Africa,
Pakistan, and South India obtained farm survey yield data for selected crops from
households in their regions, and matched this with available farm management infor-
mation, historical weather, soil information, and local cultivars (calibrated from
experiments in their regions). Unfortunately, we were lacking knowledge of initial
conditions for all survey yield fields including initial inorganic N and soil water sta-
tus, and prior crop residue, all of which influence yield levels via N supply and water
supply, especially for low-input farming systems. Furthermore, somewhat generic
soils for the sites were used rather than actual observed soil characteristics. There-
fore, soil water-holding traits and soil organic C were not specific to the actual farms.

Despite these deficiencies of information, the teams attempted to mimic the yield
distributions present in farmer fields (50-100 farms) substantially by the setting of
the stable soil carbon pools for soils used by the two crop models as well as modifying
rooting patterns and soil water-holding traits. As pointed out by Godwin and Singh
(1998), yield of non-legumes is highly sensitive to initial conditions, particularly
initial available N; thus, the adjustments of stable soil organic matter (SOM3) and
F-inert to higher than expected values are artefacts of not having the initial conditions
and accurate soil information.

Evaluation of Model Sensitivities to CO,, Temperature,
Rainfall, and N Factors

The teams selected representative farms from the “mid-range” within the dis-
tribution of farm yields on which to evaluate DSSAT and APSIM model sim-
ulations for response to CTWN. The sensitivity ranges for CTWN were 360,
450, 540, 630, and 720 ppm for CO,; —2°C, ambient, +2°C, +4°C, 4+6°C, and
+8°C for air temperature; 25%, 50%, 75%, 100%, 125%, 150%, 175%, and
200% ambient for rainfall; and 0, 30, 60, 90, 120, 150, 180, and 210 ngha_1
of applied N, all done as single-factor responses (limits set following Ruane
et al., 2014). Model simulations were conducted for 30-year historical records
(historical weather if available or the AgMERRA climate forcing dataset; Ruane
et al., 2015). Then, the means of the 30-year results were computed and reported
in the graphs that show the responses to CTWN for APSIM and DSSAT.
For more details on protocols followed in the AgMIP-DFID modeling, see
Thorburn et al. (2015).
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Results and Discussion

Our approach will be to discuss model sensitivity to N fertilization, CO, response,
and rainfall separately and, in that order, considered over all the crops because the
issues for response to N fertilizer and rainfall occur and repeat across the crop types,
and are often similar for both the APSIM and DSSAT models. The CO, response
is unique as the contrast is mostly C-3 versus C-4 type crops, but the crops/models
are similar within C-3 or C-4 crop types. For temperature responses, we follow one
crop at a time, discussing model differences in simulated responses at different sites,
including a discussion of parameterization that creates model differences for APSIM
versus DSSAT. Sometimes regional effects will be highlighted where responses
differed by regions created by the local starting point conditions (cool versus warm
sites, good versus degraded soils, low-N versus high-N fertilization, or rainfed versus
irrigated sites).

Nitrogen Response Depends on SOM Pools and SOM Mineralization

While the two model systems differed somewhat in responses to CO,, temperature,
and rainfall for the different crop types, the most important lesson learned was the
need to set soil carbon pools (stable carbon pool, SOM3, for DSSAT-CENTURY,
and the inert carbon pool, Finert, for APSIM) in order to mimic reasonable response
of non-legumes to N fertilization for degraded soil conditions. The response to N
fertilization from 0 to 210 kgNha~! in steps of 30 kgNha~! showed that SOM3
and Finert had to be set correctly to mimic the yields obtained for zero N fertil-
izer, while the yield levels at the high-N fertilization represent the genetic potential
of the cultivar selected, which is another important but challenging feature to set
correctly for the crop models. Note that most farmers in Africa apply little to no
N fertilizer. Setting soil organic C pools was a problem for all non-legume crops
(maize, sorghum, millet, wheat, and rice) because knowledge of initial available
inorganic N and prior crop residue was not available; in addition, the soil organic C
used for the fields was obtained from somewhat generic soils, so even that did not
correspond exactly to the real farmer’s field.

Getting the N response correctly, especially the yield at zero N fertilization, is
much more important than the climate response or CO; response in many cases. The
need for correct N response is important because the teams typically used N fertiliza-
tion as one of their first-choice intervention options for improving production. The
fraction of stable C (SOM3-CENTURY) was often surprisingly high (up t0 0.97), and
Finert for APSIM also had to be higher than expected (APSIM modelers suggested a
cap of 0.70 for topsoil layers which was bumped up in some cases) when low yields
were found to be associated with soils of high soil organic carbon contents.
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Fig. 1. Simulated maize yield response to N fertilization for the APSIM- and DSSAT-Maize models
under supplemental irrigation in South India (a) and under rainfed conditions in the Republic of South
Africa (b), calibrated for high genetic potential yield. The conditions in the Republic of South Africa
site are strongly rainfall limited.

Maize grain yield responses to N fertilization are shown for an irrigated crop
in South India (Fig. 1(a)), rainfed crop in the Republic of South Africa (Fig. 1(b)),
and for three rainfed sites in Kenya (Fig. 2) where yield potential varies because
of elevation—temperature-rainfall, along with native soil fertility variation. The
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DSSAT models at high (a), medium (b), and low (c) potential zones varying in elevation in Kenya.
The site in the low-potential zone in Kenya is strongly rainfall limited, especially evident for DSSAT.
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simulated grain yield at zero N fertilization ranges from 500 to 2000 kgha~!, being
aslow as 500 kgha~! at the low-fertility sites such as Kenya (Fig. 2) and West Africa
(datanot shown). However, this is achieved only after setting a high fraction for stable
soil C. The initial response to N fertilization is linear from 0 to 60 kg N kgha~' at
all sites, including India (Fig. 1), Kenya (Fig. 2), and East, West, and Southeast
Africa. In general, the response to N fertilization is less at rainfall-limited sites
(Figs. 1(b) and 2(c)) but greater for irrigated sites (Fig. 1(a), South India) and
higher-rainfall sites (Figs. 2(a) and 2(b)). Under water limitation, both the APSIM
and DSSAT models show higher year-to-year variability in yield especially at higher
N fertilization levels (Figs. 1(b) and 2(c)). All CTWN simulations were done over
30 years, which is illustrated by the length of the box-and-whisker bars in the figures.
The year-to-year variability is smaller for the irrigated crop in South India, although
the somewhat higher seasonal variability at high-N fertilization for the South Indian
site could be attributed to the use of supplemental irrigation rather than full irrigation.

The APSIM and DSSAT models responded quite similarly to N for both wheat
and rice in the Indo-Gangetic-Basin (IGB) region of India where both crops are
irrigated. The yield was 2000 kgha~"! or less for the unfertilized case, with yield
increasing asymptotically up to about 150 kg Nha~! for wheat (Fig. 3(a)) and up to
more than 180 kg N ha~! for rice (Fig. 3(b)). The earlier yield plateau and the greater
yield variability at high N for wheat may reflect minor water deficit, as irrigation
during the winter dry season may be less than sufficient.

CO; Response Differs by Crop Type, but Is Also Affected
by N Fertilization

There are two well-documented crop photosynthesis types, C-3 (wheat, rice, and
peanut) versus C-4 (maize, sorghum, and millet), and these two types differ in
response to CO,. This pattern is reflected in the CO; responses of the crop models
used in this chapter, with the simulated C-3 crops showing a much higher response
than the simulated C-4 crops.

The APSIM and DSSAT models for maize showed small responses to CO, as
expected (Figs. 4 and 5), although APSIM was surprisingly somewhat more respon-
sive than expected as APSIM-Maize has no direct CO, effect on RUE. However,
APSIM-Maize does include enhanced transpiration-use efficiency and N-use effi-
ciency responses with increasing CO,. The TE eftfect likely applies for the South
Indian site (Fig. 4) where the use of supplemental irrigation allowed some water
deficit to occur. In addition, the reduction in N stress with increased CO; is possible
because APSIM-Maize yield response to N (Fig. 1) increased above 180 kgha™' up
to 210 kgha~'. For the site in the Republic of South Africa (Fig. 5), this comparison
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Fig. 3. Simulated yield response to N fertilization of APSIM and DSSAT models for irrigated wheat
(a) and irrigated rice (b) in the IGB region of India.

repeats, with APSIM-Maize showing more CO, response than DSSAT, especially
at the high 180 kgha~'. The South African site is very limited for rainfall; thus, the
TE modifier effect clearly must be functioning strongly at high-N fertilization. The
severe water limitation for the South African site shows up in the large box-and-
whisker bars of the interannual yield variation for both models.
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Fig.4. Simulated maize yield response to CO7 (360-720 ppm) for APSIM- and DSSAT-Maize models
at (a) 30 or (b) 180 ngha_1 in South India, showing lower CO> response under low-nitrogen
fertilization.

For the sorghum models at the rainfed South African site, APSIM and DSSAT
showed a very similar response to CO, as the maize models (Fig. 6). APSIM-
Sorghum had a somewhat higher response to CO,, which is attributed to the TE
effect operating in APSIM under these water-limited conditions.

By contrast, for the C-3 crops, the models as expected gave a much higher
response to CO, for wheat and rice than for C-4 maize and sorghum. For these
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Fig. 5. Simulated yield response to CO> (360-720 ppm) for APSIM- and DSSAT-Maize models at
(a) 30 or (b) 180 ngha_l for the rainfed site in the Republic of South Africa.

C-3 crops (wheat and rice), the two models, APSIM and DSSAT, were similar in
their CO; responses. The typical response was a 30% increase in yield with a CO,
increase from 360 to 720 ppm, as illustrated for wheat in Fig. 7, which has also been
reported in other AgMIP model evaluations. For both C-3 and C-4 crops, DSSAT
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Fig. 6. Simulated yield response to CO; (360-720 ppm) for APSIM- and DSSAT-Sorghum models
at 180 ngha_1 for the rainfed site in the Republic of South Africa.

applies a multiplier on RUE, which then feeds through the system to biomass and
yield. DSSAT has a very small effect of elevated CO, to reduce “hypothetical”
stomatal conductance and therefore reduces transpiration (see Boote et al., 2010 for
description of the CO, modifier of transpiration in DSSAT). For C-4 crops, APSIM
applies CO, effect on transpiration water-use efficiency and N-use efficiency, while
for C-3 crops, APSIM applies CO, effects on both RUE and TE.

Animportant finding is that the simulated response to CO, shows interaction with
N fertilization, being less under low-N than under high-N fertilization (30 versus
180 kgNha~!), observed for maize, wheat, and rice simulations (rice results not
shown) with both DSSAT and APSIM. Examples of this simulated lower response
to CO, at low N are shown for maize (Figs. 4 and 5) and wheat (Fig. 7), and one
can note the contrast between the panels (a) at 30 kgNha~' and the panels (b) at
180 kgNha~!. The lower response to CO, at low-N versus high-N fertilization
has been documented in real experiments on rice (Nakagawa et al., 1994; Ziska
et al., 1996), so we have confidence in these simulations. The causal factor in the
model simulations is that growth and photosynthetic response to CO, are limited in
N-deficient crops because the N needed for new tissue growth is not available.

Response to Rainfall Depends on Soil Type, Crop Type, and N Fertility

Response to rainfall will not be discussed for wheat or rice (sites in Pakistan and
India), because those two crops are grown with irrigation in those regions. We
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Fig. 7. Simulated wheat yield response to CO, (360-720 ppm) for APSIM and DSSAT models at
(a) 30 or (b) 180 ngha_1 under irrigation in Northern India, showing lower CO; response under
low-nitrogen fertilization.

will limit our discussion to crops at African sites, which varied considerably in
rainfall. Rainfall varies in West Africa going from west to east (being lower in
Senegal and higher in Ghana), and rainfall in Kenya varies considerably on a regional
basis with elevation. For rainfed sites with low-N fertilization and degraded soils,
the yield response to rainfall was relatively small and was less than expected for
maize (Fig. 8(a)), millet (Fig. 9(b)), and sorghum (not shown). For these sites,
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Fig. 8. Maize yield response to rainfall variation (25-200% of ambient) in medium-yield poten-
tial zone in Kenya with poorly fertilized, degraded soils (a), and South Africa with well-fertilized
conditions on good soils (b).

N was so limiting that the leaf area index was low, which created low transpiration
demand for water.

We believe that the models are right in this respect from a theory stand-
point, although serious field research investigation is needed to confirm this.
Field experiments on maize and cowpea in Limpopo Province (data of J. Dimes,
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Fig. 9. Simulated yield response to rainfall variation for (a) the APSIM- and DSSAT-Millet models at
the Nioro site in Senegal with no fertilizer on a degraded soil and (b) the APSIM- and DSSAT-Sorghum
models at the Heilbron site in the Republic of South Africa with high-N fertilization on a fertile
soil.
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Proceedings of Challenge Program for Water and Food, Addis Ababa) showed
that the APSIM model got the above-ground yield correct with good agreement
with soil water profiles across the crop cycle. Field experiments on groundnut
in northern Ghana also confirmed DSSAT simulations of soil water profiles
versus observed soil profiles with correct above-ground biomass simulations
(Naab et al., 2004).

For the infertile sites in West Africa, East Africa, and Southeast Africa, simu-
lated maizef yield was often somewhat reduced when rainfall was increased above
ambient (100% case), which in the models is attributed to the leaching of mineral-
ized N from the soil and loss of N for the maize crop uptake (see Fig. 8(a), example
for medium-potential zone in Kenya). This N-leaching effect, e.g., a reduced yield
at higher rainfall under no N fertilization, was repeated for millet in West Africa as
well (Fig. 9(a)).

In the Republic of South Africa, where rainfall is lower but soils more fertile
(and with higher N fertilization), the maize yield increases strongly with increased
rainfall (see Fig. 8(b)). We had expected to see differences between APSIM and
DSSAT because of the differences in transpiration methodology (APSIM using
the TE method, and DSSAT using the Priestley—Taylor method). Nevertheless, the
differences between the models for maize yield response to rainfall were small
(Fig. 8(b)).

The two models differ for rainfall response of millet in Senegal, indicating more
water deficit for the DSSAT-Millet model than the APSIM-Millet model (Fig. 9(a)).
The two models have different methods for water uptake as well as crop evapotran-
spiration, which could be a cause. However, both millet models show a declining
yield with higher rainfall under zero N fertilization associated with N leaching,
similar to that observed for the maize rainfall response under low-N fertilization
(Fig. 8(a)). The APSIM and DSSAT sorghum models, by contrast, did not show
a differential response to rainfall for the Republic of South Africa site which was
well fertilized on a fertile soil (Fig. 9(b)). Both models showed strong sensitivity to
rainfall for this rainfall-limited but well-fertilized site.

It appears that the interactive effect of N fertilization and rainfall response
of the millet models is similar to simulated interaction of rainfall response and
N fertilization for the maize models. This finding of the interactive effects of rain-
fall and N fertilization has important implications for climate impact assessment.
Model intercomparisons by the AgMIP low-input agriculture group (Falconnier
et al.,2019) confirm that this interaction effect of N fertilization with CO, response
and rainfall response occurs for simulations of nearly all maize models, with the
exception of a few maize models that lack daily N simulation dynamics.

For sensitivity to rainfall, the APSIM and DSSAT peanut models clearly have
different responses (Fig. 10). This is perhaps not surprising as the two models have



Handbook of Climate Change and Agroecosystems Downloaded from www.worldscientific.com
by Kenneth Boote on 07/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

32 K.J. Boote et al.

_| Rainfall Sensitivity
1500 [ APsim [] ossat
¢eee Mean APSIM Mean DSSAT

1000 —
—
§
=
=]
© 500 —
5>

0o— - L
T 1

T T L T T T L
25% 50% 75% 100% 125% 150% 175% 200%
Change in Rainfall

Fig. 10. Peanut seed yield response to rainfall simulated by the APSIM-Peanut and DSSAT-
CROPGRO-Peanut models for a rainfed site in Nioro, Senegal.

very different methods for evapotranspiration (TE method) and soil water uptake.
However, we are uncertain as to which model is right and that will await testing
against soil water extraction and dry matter growth under water-limited conditions,
where growth and soil water contents are measured.

APSIM and DSSAT Models for Same Crops May Differ in Temperature
Responses Depending on Model Parameterization

Understanding model differences in response to temperature requires that we know
the parameterization of the models for various growth processes. Crop model
parameterization is individualized for each different crop model. Therefore, we
will discuss this by individual crops. In addition, our knowledge of and experi-
ence in testing models for parameterization of the effects of supra-optimum and
elevated extreme temperatures are sparse because of limited data from experi-
ments conducted at elevated temperature conditions. It is important to appreci-
ate that temperature effects on grain yield can result from multiple sources of
temperature effects on the following processes: rate of leaf appearance, rate of
reproductive progression, leaf area expansion, assimilation (RUE modifier), grain
set, and rate of grain growth. The latter three are most likely the primary causes.
In addition, there may be effects of temperature on the rate of N mineralization
from SOM.
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Table 1. Cardinal temperature parameterization for temperature-dependent
processes for the APSIM- and DSSAT-Maize models.

Model and Process Thase Toptl Topt2 Tfail
°C
APSIM
V & R stage *(see below) 34.0 34.0 44.0
RUE 8.0 15.0 35.0 50.0
Grain # Set **(see below)
Grain GR (RGFIL) 6.0 22.0 30.0 56.0
DSSAT (all on Tmean)
V & R stage 8.0 34.0 34.0
RUE (PRFTC) 6.2 16.5 33.0 44.0
Grain # Set No sensitivity
Grain GR (RGFIL) 5.5 16.0 27.0 35.0

Note: *Leaf appearance and reproductive progression (degree day accumulation)
for APSIM-Maize follow a broken stick with a Tb of 0°C (0.0 rate), relative rate
of 0.38 at 18°C, relative rate of 0.69 at 26°C, optimum rate of 1.00 (26 GDD) at
34°C, and relative rate of 0.00 at 44°C, and then compute average rate over eight
3-hour periods based on Tmax and Tmin (do not use Tmean).

**Grain set reduced if Tmax above 38C during time from flag leaf to time of
grain-set.

Maize

While APSIM-Maize originally derived from an older version of DSSAT-CERES-
Maize (changes began nearly 30 years ago by Carberry et al. (1989)), the two
models have evolved over time to have different parameterizations for temperature
effects on the rate of life cycle progress, radiation-use efficiency, and grain-filling
rate (summarized in Table 1). The DSSAT-CERES-Maize model parameterizations
for RUE and especially for single-grain growth rate are more sensitive to elevated
temperature (see lower Topt2 for CERES-Maize), which probably accounts for the
greater sensitivity of CERES-Maize grain yield to temperature increase as seen in
Fig. 11 for the well-fertilized, irrigated site in India.

CERES-Maize sensitivity of RUE and RGFIL (rate of single-grain growth) to
temperature (Table 1) was re-parameterized by Boote (unpublished communication,
2011) for use with Global Futures simulations of climate impacts on maize, in part
because the prior model version created during a “modularization era” in early 2000s
had no reduction of RUE or RGFIL at elevated temperatures. The original CERES-
Maize prior to 2000 did have elevated temperature effects on RUE and RGFIL in
the source code, but during the “modularization era” the coefficients were removed
to become external “read-in” parameters, that were not correctly re-parameterized.
At that time, there were few existing studies at elevated temperature on maize for
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Fig. 11. Simulated yield response to temperature variation for the APSIM- and DSSAT-Maize models
in South India (a warm site).

parameterizing these functions. Since then, experiments at elevated temperature
have been conducted by Rattalino-Edreira et al. (2011), Lizaso et al. (2017, 2018),
and others.

In addition, the two models have different soil organic carbon modules, with
different assumptions about the pools of SOM available for N mineralization and
different temperature parameterizations of that process. The temperature parameter-
ization of soil organic C decomposition in APSIM is carried over from older versions
of CERES-Maize that used DSSAT’s Godwin—Papran function (Godwin and Singh,
1998). However, the DSSAT-CERES-Maize for all the DFID-funded simulations
used the CENTURY soil C module that has a different temperature parameteriza-
tion from APSIM and different also from the DSSAT’s Godwin—Papran function.
For additional information, see Bassu et al. (2014) for intercomparison of multiple
maize models for sensitivity response of yield to temperature, CO,, and rainfall.

In general, rising temperature (2°C, 4°C, 6°C, or 8°C above ambient in CTWN)
reduced the yield for both maize models at most sites including South India (Fig. 11),
consistent with a shorter crop life cycle, a shorter grain-filling duration, and a small
reduction in RUE. In addition, there is a reduction in grain growth rate at high
temperatures for both models, but the DSSAT-CERES-Maize model has a stronger
reduction in grain growth rate (RGFIL in Table 1), thus causing the model to be more
sensitive than APSIM-Maize to high temperature. Figure 11 illustrates this temper-
ature sensitivity for an already warm site in South India. The greater sensitivity to
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rising temperature of RUE and especially the grain-filling rate for DSSAT-CERES-
Maize (Table 1) are sufficient explanations for the stronger reduction in yield sim-
ulations with DSSAT-Maize.

The sites in Kenya were relatively cool, and are described as high-, medium-,
and low-potential zones, varying from cool to moderate to warm temperature with
elevation change, along with modest to low rainfall with the same elevation change.
APSIM and DSSAT showed different response patterns to temperature for these
three zones in Kenya (Fig. 12). We think this is conditioned by the fact that temper-
atures are cool in all three zones in Kenya, but especially the high-potential zone
is cold, where an increase in temperature improved yield of APSIM up to +4°C,
whereas DSSAT only increased yield up to the 4-2°C temperature with a consider-
able decrease at higher temperatures.

These responses are associated with different parameterizations of the two maize
models (Table 1), with major differences in the temperature parameters for rate of
grain growth. DSSAT has a reduction beginning at 27°C, with grain growth failure
at 35°C, while APSIM has a reduction beginning at 30°C and grain growth failure at
56°C. The grain growth rate of the two models is also sensitive at the low end, with
APSIM being reduced below 22°C, while DSSAT’s grain growth rate reduced below
16°C. The parameterization differences are the primary reasons for differences,
causing APSIM to be very sensitive to cool temperatures during grain filling (see
sharp drop at low temperature), but causing DSSAT to be more sensitive at high
temperatures.

In addition, there are also differences in the temperature parameterization for
RUE with DSSAT being reduced sooner at a high temperature; DSSAT’s RUE is
reduced above 33°C mean daytime temperature and failure at 44°C, while APSIM’s
RUE is reduced above 35°C and failure at 50°C. The RUE effect is minor in part
because the mean daytime temperature is rarely above 33°C, except at the high end
of the temperature sensitivity response. There is one additional causal factor, which
is that the two models have different temperature parameterizations for soil organic
C mineralization. APSIM uses its own soil organic C mineralization equations,
whereas DSSAT in these studies used the CENTURY organic C module. The two
SOC modules have different temperature functions.

Sorghum and millet

APSIM-Sorghum has been extensively tested in Northern Australia and Central
Queensland, and APSIM-Millet was developed in Rajasthan, India, and tested in
West Africa. The DSSAT-Sorghum model was reevaluated and improved for its
temperature sensitivities against real data by Singh et al. (2014). However, the
DSSAT-Millet model version used in this study had not been widely tested.
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Fig. 12. Simulated yield response to temperature variation for APSIM- and DSSAT-Maize models
at high (a), medium (b), and low (c) potential zones varying in elevation in Kenya. Sites vary in
temperature and rainfall, being cooler for the high-potential site and warmer for the low-potential site.

The N fertilization rate was 80, 40, and 20 ngha_1 for the high-, medium-, and low-potential sites,
respectively.
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For the Republic of South Africa, Heilbron site, the temperature sensitivities
of APSIM-Sorghum and DSSAT-Sorghum appear to be very similar to each other
(Fig. 13(a)). The models appear to have similar temperature sensitivities, with a
quadratic (parabolic) response showing an optimum production at +2°C. Note that
this region in the Republic of South Africa is relatively cool because of its elevation.

The two millet models differed slightly in their temperature response at the
Nioro site in Senegal, with CERES-Millet showing a gentle optimum at +2°C,
while APSIM-Millet showed almost no sensitivity to temperature, with a very slight
decline from —2°C to the highest +8°C temperature (Fig. 13(b)). Note that the
yield levels of sorghum in South Africa are much higher than the yields of millet
in Senegal. There are several reasons, such as sorghum being more productive than
millet and the South African site being well fertilized compared to no fertilization
in Senegal. In addition, the South African site is cooler than Senegal.

Wheat

The DSSAT-CERES-Wheat model has temperature parameterizations on devel-
opment, assimilation, and grain growth rate typical of C-3 cool season cereals. It
appears that the APSIM-Wheat is parameterized very similarly to DSSAT Wheat,
because the sensitivity to temperature is quite similar for the two models (Fig. 14),
showing reduction in grain yield with any temperature rise above ambient in Pakistan
and Northern India (both sites are already quite warm). The optimum temperature
for RUE in the two models is 10-25°C, with reductions below 10°C, and reductions
above 25°C, towards zero RUE at 35°C mean temperature. The temperature param-
eterization of the two wheat models for reproductive progression and rate of grain
filling is also important for yield response.

Rice

The two rice models are quite different in their heritage, with CERES-Rice some-
what patterned after the style of the CERES models, while the APSIM-ORYZA
model is the ORYZA-2000 model brought into the APSIM system, complete with
temperature parameterization developed by the ORYZA modelers at IRRI (Bouman
etal.,2001). ORYZA was derived from the Dutch SUCROS model, and is based on
leaf photosynthesis (Bouman and van Laar, 2006), whereas CERES-Rice is based
on RUE. Figure 15 illustrates that yield of the two models is strongly affected by
rising temperature above ambient in Northern India (an already warm region), but
the response shapes are different, in part because the APSIM-ORYZA model actu-
ally slows its life cycle as temperature gets very hot (which causes the unusual
plateau between +6 and 4-8°C). Unpublished evaluation of these models (Boote,
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Fig. 13. Simulated yield response to temperature for (a) APSIM- and DSSAT-Sorghum models at
the Heilbron site in the Republic of South Africa and (b) APSIM- and DSSAT-Millet models at the
Nioro site in Senegal.

unpublished communication, 2019) against observed data on rice yield response
to elevated temperature indicates that the reduction in observed yield with rising
temperature (Baker et al., 1992a, 1992b) is as strong as predicted by these models.
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Fig. 14. Wheat yield response to temperature change, simulated by APSIM and DSSAT models,
showing reduction in grain yield with temperature rise above ambient in Pakistan (a) and Northern

India (b).

Peanut

The CROPGRO-Peanut model is different from the other DSSAT models described
so far, and it is also different from the APSIM-Peanut model. The CROPGRO-
Peanut model in DSSAT is based on leaf-to-canopy assimilation approach using
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Fig. 15. Riceyield simulated by APSIM-ORYZA and DSSAT-CERES-Rice models, showing reduc-
tion in yield with temperature rise above ambient in Northern India.

hourly temperature for photosynthesis and has temperature effects on setting of
seed cohorts and single-seed growth. The APSIM-Peanut model is RUE based and
predicts seed mass growth up to final yield based on rate of change of seed harvest
index (which is sensitive to water, N, and temperature stresses).

Temperature parameterization of the two models is certainly quite different.
APSIM peanut has optimum RUE between 21°C and 30°C mean daily temperature,
with reduction to zero from 21 to 10°C, and reduction to zero going from 30°C to
40°C. CROPGRO Peanut has a base temperature for leaf photosynthesis of 8°C,
but its optimum is 40°C. DSSAT-CROPGRO-Peanut has temperature functions
that affect pod addition (optimum between 23.5°C and 26°C, with parabolic reduc-
tion from 26.5°C to 40°C) and seed growth rate (optimum at 23.5°C, parabolic
reduction from 23.5°C to 41°C). We have good confidence in the CROPGRO-
Peanut functions, as the model was shown to perform well against the elevated
temperature data of Prasad et al. (2003) as reported by Boote et al. (2010, 2018).
APSIM-Peanut has unknown sensitivity of temperature effects on partitioning to
pod, so yield decline may be an outcome of temperature effect on life cycle
and RUE.

The two models differ in their sensitivity to temperature at the Nioro site, Senegal.
The DSSAT-CROPGRO-Peanut model is more sensitive to elevated temperature
than APSIM (Fig. 16). Considering the past experience with testing the DSSAT-
CROPGRO-Peanut response to temperature, we trust its temperature response more



Handbook of Climate Change and Agroecosystems Downloaded from www.worldscientific.com
by Kenneth Boote on 07/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Understanding and Assessing Differences in Climate Sensitivity Simulations 41

1600 —| Tmax Tmin Sensitivity
[ APsIM [] pssat
¢ s s Mean APSIM mmmm= Mean DSSAT

1400 —

1200 —

o
o
s
o
|

Yield (kg/ha)
7

1 1
-2 0 +2 +4 +6 +8
Tmax Tmin Change (°C)

Fig. 16. Peanut seed yield simulated by APSIM-Peanut and DSSAT-CROPGRO-Peanut models,
showing response to temperature at the Nioro site in Senegal.

than that of APSIM. In addition, since peanut is an N-fixing legume, N limitation
is not a constraint and is not reported here.

Summary and Conclusions

The CTWN exercise has helped us to appreciate and understand differences
among APSIM and DSSAT crop models for their response to climatic and N
fertilization factors. Similar analyses could also be performed to better under-
stand differences between simulated cropping systems in the AgMIP Coordi-
nated Climate-Crop Modeling Project (C3MP; McDermid et al., 2015) and the
AgMIP Global Gridded Crop Model Intercomparison (GGCMI; Franke et al.,
2020). The CTWN sensitivity analyses with the different models at different sites
have been highly valuable for understanding the differential sensitivity of the
APSIM and DSSAT models to climate change factors. It has provided several key
insights.

The first insight is that the APSIM and DSSAT models mostly agree on their CO,
responsiveness for the different crops, both for C-4 and C-3 type crops. However,
more importantly, responses to CO, show interactions with N fertilization, being
considerably muted in highly N-deficient systems; thus, we are not seeing the benefit
of rising CO, that exists in well-fertilized fields (both models predict this). This
means that climate change modeling for underdeveloped regions will benefit less
from elevated CO, than expected and that models (e.g., several global models) that
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do not account for degraded soils and low-N fertilization will give incorrect (too
optimistic) responses to CO,.

The second insight is that the simulated sensitivity to rainfall is less than expected
(for both models) because the simulated LAI for N-deficient crops is so low that
transpiration demand and soil water depletion is small (except in the case of well-
fertilized fields in the Republic of South Africa). In addition, simulations of rainfall
response under low-N fertilization indicate that higher rainfall actually reduces yield
because the small amount of available mineralized N is leached before the crop can
capture it (both the APSIM and DSSAT models simulate this effect). Therefore,
these two observations confirm strong interactions between rainfall variation and N
fertilization.

This gives a second caution against climate change use of models (e.g., several
global models) that cannot account for degraded soils and low-N fertilization because
they will likely give incorrect (too much) response to rainfall variation. The highly
N-deficient systems may also affect the simulated response to N fertilization, where
there may be positive effects of temperature where they are not expected, e.g., the
soil N mineralization responds to rising temperature to provide more available N,
thus altering the temperature optimum for production (Kenya example). The APSIM
and DSSAT models vary in this respect (soil N mineralization).

It is also of interest that the APSIM and DSSAT models frequently have similar
responses to rainfall variation, despite different approaches for transpiration and soil
water uptake. Where there are differences, DSSAT tends to predict stronger water
limitations than APSIM.

The third insight or finding is that the APSIM and DSSAT models often differ in
their temperature responses for different crops, which is not surprising considering
they were separately developed and thus may have different temperature parameteri-
zations for life cycle phenology, leaf area expansion, RUE/photosynthesis, grain set,
and rate of grain filling. The DSSAT-CERES-Maize model is more sensitive than
APSIM-Maize to elevated temperature, an outcome associated primarily with dif-
ferent parameterizations of rate of single-grain growth. There are also minor contri-
butions caused by maize model differences in temperature parameterization of RUE
and soil C mineralization. For three Kenyan sites differing in temperature (from
elevation), the two models give different temperature response shapes with APSIM
showing optimum yield at +2°C, 44°C, and +6°C depending on low-elevation to
high-elevation sites.

The sorghum models in APSIM and DSSAT appear to have only minor dif-
ferences in temperature response, with reasonable temperature response curves
with optimum yield at 4+2°C. The millet models have minor differences in tem-
perature response, and the APSIM-Millet showed almost no response (42 to
+8°C) which is not logical and needs further investigation. The CERES-Millet
in DSSAT has moderate temperature sensitivity with an optimum response at
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+2°C. Both APSIM-wheat and DSSAT-CERES-Wheat show similar temperature
responses, with declining yield with rising temperature for both Pakistan and north-
ern India. The APSIM and DSSAT rice models similarly show reduced yield
with rising temperature in Pakistan and northern India. For both wheat and rice
crops and both models at these already warm sites, yield is improved with —2°C
simulations.

While there are variations among the APSIM and DSSAT crop models on their
temperature responses, we cannot give definitive statements as to which models
are right because the necessary data on growth and yield at elevated tempera-
tures for testing the models are often lacking. Even where such data are becom-
ing available, the models have not been tested or modified from those data. The
AgMIP-Wheat modelers have evaluated their models against the hot serial cereal
experiment (Asseng et al., 2015) followed by improvements (Wang et al., 2017);
however, the APSIM and CERES wheat models used in this study were versions
fixed prior to any modifications based on those tests. Likewise, ongoing AgMIP-
Rice modelers are evaluating rice models against elevated temperature experi-
ments, but the present rice models have not benefitted from (or been modified by)
those tests.

A fourth insight is that these exercises for low-input production on degraded
soils have helped us to understand and guide model calibration for response to
N fertilization relative to degraded soil conditions. The stable SOC fraction (DSSAT-
CENTURY) or the fraction inert SOC (APSIM) must be adjusted to mimic the low
yields obtained under zero N fertilization (depending on region because the present
sites used only small amounts of N fertilizer). Knowledge of initial conditions of
inorganic N in soil and prior crop residue is also important for predicting yield
response to N fertilizer. Furthermore, the full response to N fertilization must be
simulated (0-210 kgNha~!) in order to mimic the genetic potential of the cultivar.
It is too easy (commonly done and too often), but absolutely incorrect, to modify
genetic parameters of a cultivar to mimic the low yields under low-input production.
Of course, the added problem is how to learn the genetic potential of the cultivar in
question.

An additional caution for climate impact in low-input agriculture regions must
be given relative to the effect of elevated temperature under climate change on SOC
and N response when simulated with reinitiation of the models every year (as done in
these exercises) as contrasted to continuous sequence/rotation stimulations. Basso
et al. (2018) reported that +3°C warming (climate change) will cause loss of SOC
when simulated with carry-over sequence over the long term and the loss in SOC
and N will cause an additional reduction in yields when compared to reinitiating
the models every year. This means that global change models failing to account for
soil C carry-over, soil degradation, and N mineralization over decades will be too
optimistic for future climate change scenarios.
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