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Modelling plant growth provides a tool for evaluating interactions between environment and management of
forage crops for pasture-based livestock systems. Consequently, biophysical and farm systems models are be-
coming important tools for studying production systems that are based on forage crops. The Agricultural Produc-
tion Systems Simulator (APSIM) is a model with the potential to compare the growth of annual forage crops and
perennial pastures. However, information is limited about how accurately the Lucerne andWeedmodules repre-
sent the growth and development of forage crops and pastures under different managements, soil types and en-
vironments in South America. This study evaluated the capacity of APSIM to simulate the growth rates and
predict the dry matter (DM) yield of Lucerne (Medicago sativa L.) and annual ryegrass (Lolium multiflorum
Lam.) in contrasting climatic regions of Argentina. In addition, at several Australian locations, DM yields of
both cropswere simulated to ensure that possible changes to themodel not interferewith the robust APSIM per-
formance that was already shown in south-eastern Australia. Initial simulations for Lucerne and ryegrass were
made with original Lucerne and Weedmodules of APSIM, respectively. Simulated DM yield was then compared
withfield data collected from the same crops grown infive locations in the Argentine Pampas and seven locations
in south-eastern Australia over 5 of years. APSIM predicted DM yield of Lucerne at each harvest with reasonable
accuracy [0.59, 0.77 and 0.77 for R2, correlation coefficient and concordance correlation coefficient (CCC), respec-
tively]. However, these statistics improvedwhen theDMyieldwas analysed by annual accumulation,with values
of 0.87, 0.93 and 0.92 for R2, correlation coefficient and CCC, respectively. APSIM, generally, over-predicted DM
yield of annual ryegrass at the first harvest. Nonetheless, when theWeedmodule wasmodified through changes
in phenology and transpiration efficiency, performance improved (values of 0.89, 0.94 and 0.93 for R2, correlation
coefficient and CCC, respectively). This study showed that annual DMyield of Lucerne can be successfullymodelled
by the APSIM Lucernemodule without any modifications, using a crop modelling approach. However, successfully
modelling of Lucerne DM yield by harvest will require further development of the model. Moreover, modification
of model parameters associated with phenology and transpiration was required to enable the Weed module of
APSIMsimulate growth and yield of annual ryegrass in a range of geographic locationswithin theArgentine Pampas.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last decade, the Argentine Pampas have experienced a pro-
cess of agricultural expansion that has recently been accompanied by a
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demand for enhancing livestock for meat and milk. A greater demand
for animal products, together with the increased pressure for land by
grain crops, has resulted in an intensification of animal production
systems in this region, including a shift towards annual forage crops
(i.e. annual ryegrass, Lolium multiflorum L.) at the expense of perennial
forages (e.g. Lucerne, Medicago sativa, also known as alfalfa).

Biophysical simulationmodels can be used as cost effective tool for the
evaluation of yield capacity of a range of forage species, across the broad
range of environments that make up the Argentine Pampas. Biophysical
models incorporate climate, soil, crop and management interactions to
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simulate plant growth and yield processes and are becoming an accepted
tool in the evaluation of pasture-based livestock production systems
(Chapman et al., 2008; Cullen et al., 2009; Rawnsley et al., 2009). The ag-
ricultural production systems simulator (APSIM) framework (Keating
et al., 2003) is a biophysical model with potential to simulate growth of
annual forage crops and perennial pastures. However, previous studies
concerning APSIM accuracy as a predictor of drymatter (DM) yield in Lu-
cerne (Robertson et al., 2002; Dolling et al., 2005; Pembleton et al., 2011)
and annual ryegrass (Deen et al., 2003; Pembleton et al., 2013) have been
largely restricted to southern and Western Australia, with the exception
of Chen et al. (2008) andMoot et al. (2015) who reported data from cen-
tral China ?thyc=5?> and New Zealand, respectively. Although some
similarities in seasonal rainfall patterns and forage cropping systems
exist between Southern Australia and the Argentine Pampas, the seasonal
temperatures and soil types are markedly different. Consequently,
differences in the models capacity to predict DM yield between these en-
vironments is expected. As the accurate simulation of plant growth relies
on an adequate description of soil hydraulic properties (Smeal et al.,
1991), the model requires a thorough evaluation by region of how
water and other environmental factors, such as solar radiation, interact
to affect plant growth and DM yield (Smeal et al., 1991), before it can be
relied on to predict growth patterns and yields of different crops.

APSIM estimates above ground growth from two calculations per
day, one limited by radiant energy and the other limited by water avail-
able for transpiration (Robertson et al., 2002). The lesser of these two
values gives the biomass production for the day. Radiation limits on
daily aboveground biomass production are related to leaf area index,
the fractions of light intercepted by the plant, radiation received and
the crop's efficiency of conversion of radiation into biomass (or radia-
tion use efficiency, RUE) (Dolling et al., 2005). Water limitations on
the daily biomass production depend on soil water supply in the root
zone and on the efficiency of conversion of water into biomass (or tran-
spiration efficiency, TE), based on a transpiration efficiency coefficient
(Kc) (Dolling et al., 2005). When the RUE and intercept of radiation
are not limiting, the crop DM yield modelled by APSIM will depend
only on soil water supply (SWS) and TE, which is the ratio of biomass
produced per unit of water transpired by a crop. Transpiration efficiency
is derived from the vapour pressure deficit, estimated from mean daily
temperatures (Tanner and Sinclair, 1983), and a Kc that is held constant
in the model. Therefore, the climate of the location where the crops are
being grown has a direct influence on TE. Variations in this parameter
were found in different seasons for maize, sorghum, potato, Lucerne
and soybean (Tanner and Sinclair, 1983). Similarly, Kemanian et al.
(2005) found TE variations in the order of 250% for barley and wheat
in North America, the UK and Australia. Variations in SWS depend on
the soil water balance between offer (rainfall), demand (evapotranspi-
ration) and initial water supply at crop sowing (Sinclair et al., 1992,
2007; Caviglia et al., 2004). Also, SWS can change depending on the
soils and crops types, as was studied by Meinke et al. (1993) for sun-
flower in five soil types and by Dardanelli et al. (2004) for several spe-
cies including cotton, maize, pearl millet, grain sorghum, soybean,
wheat and sunflower in thirteen types of soils. Therefore, an analysis
of parameters that define the prediction capacity of DM yield in
APSIM is needed in order to understand the variations that may
occur when comparing forage growth rates or yields in different
environments.

Before APSIM can be adopted as a possible predictor of forage pro-
duction of Lucerne and annual ryegrass in the Argentine Pampas, an
evaluation of its accuracy under each environment is needed. Hence,
we used experimental field data collected in several locations of
Argentina to evaluate the ability of APSIM to simulate the growth pat-
terns of Lucerne and ryegrass, and to predict DM yields in this region.
In addition, Lucerne and annual ryegrass DM yields at several
Australian locations were simulated to ensure that possible changes
into the model not ruin the well APSIM performance that was already
shown in these environments.
2. Materials and methods

2.1. Experimental locations

2.1.1. Argentine Pampas
The Argentine Pampas are situated between 28 and 40°S and 68

and 57°W (Caviglia and Andrade, 2010); they occupy a vast area of
ca. 52 million ha of land, suitable for agricultural and livestock pro-
duction (Hall et al., 1992). The Pampas have a warm temperate cli-
mate. Mean annual rainfall increases from 400 mm in the SW to
more than 1200 mm in the NE, whereas the rainfall regime shifts
from monsoonal in the NW to more evenly distributed in the SE
(Hall et al., 1992). The north and south potential evapotranspiration
values are between 850 and 750 mm yr.−1, respectively. Mean an-
nual temperature increases from around 13.5 in the south to
18.5 °C in the north of the region (Hall et al., 1992). Soils of the Ar-
gentine Pampas belong, predominantly, to the order of Mollisols,
being Argiudols and Haplustols the most representative great
groups of soils (INTA-SAGyP, 1990).

Data relating to forage crop DM yield were collected from five loca-
tions of the Argentine Pampas: Rafaela, Pergamino, General Villegas,
Trenque Lauquen and Balcarce (Fig. 1a). Experimental siteswerewithin
research stations of the National Institute of Agriculture Technology
(INTA). The location, climate and soil characteristics of each site are pro-
vided in Table 1. This information was used in the APSIM calibration.
Daily meteorological data (maximum and minimum air temperatures,
rainfall and incident radiation) for each location were sourced from
the correspondingmeteorological station of each INTA research station.
Any missing data of maximum and minimum temperatures and/or
incident radiation were sourced from an international meteorological
database (http://power.larc.nasa.gov/cgi-bin/cgiwrap/solar/agro.cgi?
email=agroclim@larc.nasa.gov).

2.1.2. South-eastern Australia
Three locations in Victoria, Terang, Flynn and Yarram and four loca-

tions in Tasmania, Elliot, Cambridge, Cranbrook and Forth were used as
experimental locations. A summary of these data from each location is
given in Table 1. Daily meteorological data (maximum and minimum
temperatures, rainfall, solar radiation) at Terang, Flynn and Yarram
were sourced from the SILO meteorological database (www.
longpaddock.qld.gov.au/silo) as patched point datasets (Jeffrey et al.,
2001). Climate data from Elliot and Forth were collected from weather
stations of the Australian Bureau of Meteorology, at the locations. Cli-
mate data for Cranbrook were generated as a patched-point dataset
(Jeffrey et al., 2001). Meteorological data at Cambridge were collected
at 10 minute intervals with a HOBO weather station and data logger
(Onset Computer Corporation, Bourne, MA, USA). In consultation with
agronomists and scientists working in each location, soil parameters
as drained upper limit (DUL) and the lower limit (LL), used to calculate
the maximum plant-available water capacity (PAWC) were chosen
from the available Tasmanian and Victorian soils in APSIM, that best
reflected the soil types at each location (Table 1). Initial soilwater values
were set, based on observations made in the field (Table 2). The
Australian soil information provided by agronomists/scientists was, ini-
tially, classified by Isbell (2002). This nomenclature was converted to
that of Soil Survey Staff (2010) of the United States Department of Agri-
culture, as noted by Morand (2013).

2.2. Climatic and soil conditions

Data used for testing the model were from experiments conducted
under rainfed and irrigated conditions in the Argentine Pampas and
south-eastern Australia. Long-term mean maximum air temperature
ranged from13.6 to 24.6 °C and themeanminimumair temperature be-
tween 3.9 to 12.1 °C (Table 1). Themean annual rainfall varied from500
to 1200 mm for Cambridge and Elliot, respectively. Similarly, the plant
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Fig. 1.Map of (a) Argentine Pampas and (b) South-eastern Australia, with collection locations for datasets describing annual ryegrass forage and Lucerne growth.
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available water capacity between locations ranged from 113 mm in
Trenque Lauquen tomore thandouble in Rafaela (264mm). The climate
and soil information of all locations is provided in Table 1.

2.3. Forage growth

2.3.1. Argentine Pampas
Data were collected from unpublished experiments undertaken at

INTA research stations. A summary of datasets of forage crops of Lucerne
and annual ryegrass, used for the APSIM calibration, is provided in
Table 2. Forages represented in the datasets included Lucerne and annu-
al ryegrass grown during period 2010 to 2013, depending on the loca-
tion (Table 2). Annual ryegrass and Lucerne were represented for at
least two and one growing seasons, respectively. All field experiments
were conducted under rainfed conditions. The winter activity rating of
Argentine Lucerne genotypes was 6 in Balcarce and Pergamino and 8–
9 in Trenque Lauquen and Rafaela. Where biomass N concentrations
were available, the Nitrogen Nutrition Index (NNI) (Agnusdei et al.,



Table 1
Climate and soil characteristics of each location used for the calibration of the Agricultural Production Systems Simulator (APSIM).

Location Site description Rainfall
(mm)

Tmax/Tmin
(°C)

Soil type8

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Argentine Pampas1

Rafaela 31°11′S, 61°30′W
Northern Santa Fe Province

987 17.4/5.4 20.1/6.7 22.1/8.6 25.5/12.3 28.1/14.9 30.1/16.9 31.5/18.4 29.9/17.6 28.1/16.3 24.2/12.8 20.7/9.5 17.8/6.7 Typic Argiudoll

Pergamino 33°56′S 60°33′W
Northern Buenos Aires Province

1002 15.4/3.6 18.1/4.9 20.3/6.9 23.3/10.7 26.8/13.4 29.3/15.6 30.6/17.0 28.6/16.0 26.9/14.2 23.1/10.4 19.4/7.4 16.0/4.8 Typic Argiudoll

General Villegas 35°01′S 63°01′W
North-western Buenos Aires Province

814 13.9/3.9 17.4/5.8 20.5/8.0 24.2/11.3 27.9/14.2 30.5/16.7 31.8/18.1 29.9/17.1 27.5/15.7 22.6/11.6 18.1/8.2 14.9/4.9 Typic Hapludoll

Trenque Lauquen 36°04′S 62°45′W
North-eastern Buenos Aires Province

780 13.1/2.9 16.2/4.8 19.5/7.2 23.7/10.7 27.4/13.6 30.4/16.3 31.8/17.8 30.0/16.8 27.1/15.1 22.1/10.9 17.2/7.0 13.8/3.8 Entic Hapludoll

Balcarce 37°45′S 58°18′W
South-eastern Buenos Aires Province

917 12.3/4.0 14.8/4.9 17.3/5.7 21.5/8.5 25.2/11.2 28.3/13.8 28.7/16.1 27.2/15.5 24.5/14.1 20.7/10.4 16.5/7.3 13.2/5.0 Petrocalcic Paleoudoll

South Eastern Australia
Terang2 38°14′S, 142°55′E 731 12.8/5.0 13.7/5.5 15.4/6.5 17.5/7.5 19.7/8.9 22.0/10.3 24.3/11.8 24.5/12.3 22.6/11.1 19.2/9.1 15.9/7.4 13.5/5.7 Argiudoll

South-western Victoria
Flynn3 38°10′S, 146°41′E 640 13.6/4.2 14.8/4.8 17.0/6.3 19.4/7.9 21.5/9.9 23.7/11.6 25.6/13.0 25.8/13.3 23.6/11.7 20.1/9.1 16.7/6.9 14.1/5.0 Argiudoll

South-eastern Victoria
Yarram3 38°33′S, 146°40′E 724 12.8/5.6 13.8/5.9 15.7/6.9 17.9/8.2 19.8/9.9 21.8/11.4 23.7/12.8 24.0/13.3 22.0/12.0 18.8/10.1 15.7/7.9 13.3/6.3 Argiudoll

South-eastern Victoria
Elliot4 41°4′S, 145°46′E 1200 11.1/4.2 11.6/4.5 13.0/5.2 14.9/6.3 16.8/7.9 18.6/9.3 20.3/10.9 20.7/11.3 19.0/10.1 16.3/8.2 13.7/6.5 11.8/5.0 Oxisol

North-western Tasmania
Cambridge5 42°49′S, 147°30′E 500 10.5/4.3 11.9/4.3 14.1/5.0 16.4/6.5 18.7/8.2 20.7/9.7 22.4/11.1 22.0/11.2 20.0/10.1 16.7/8.3 13.4/6.7 10.8/4.9 Alfisol

South-eastern Tasmania
Forth6 41°12′S, 146°16′E 960 11.8/4.1 12.5/4.6 13.8/5.6 15.5/6.8 17.4/8.4 19.2/9.9 20.8/11.5 21.0/11.7 19.6/10.3 17.2/8.4 14.7/6.9 12.5/4.7 Oxisol

North Tasmania
Cranbrook7 42°00′S, 148°10′E 830 8.1/0.3 8.2/0.0 10.8/1.3 14.1/3.8 15.5/5.3 17.1/7.4 18.7/7.8 18.2/7.3 18.2/6.5 14.3/5.1 11.3/1.8 8.6/0.3 Oxisol

Eastern Tasmania

Rainfall, mean annual rainfall in long term; Tmax/Tmin, average maximum and minimum air temperatures in long term; PAWC, plant-available water capacity.
1 Argentine Pampas long-term calculation based on period 1983 to 2009.
2 Terang long-term calculation based on period 1950 to 2010.
3 Flynn and Yarram long-term calculation based on period 1889 to 2010.
4 Elliot long-term calculation based on period 1961 to 2007.
5 Cambridge long-term calculation based on period 1983 to 2013.
6 Forth long-term calculation based on period 1980 to 2001.
7 Cranbrook long-term calculation based on period 1989 to 1992.
8 Soil Survey Staff, 2010. United States Department of Agriculture.
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Table 2
Summary of forage Lucerne and annual ryegrass real datasets used for the calibration of the Agricultural Production Systems Simulator (APSIM).

Year Location D/I Sowing date Harvesting date Crop management Source/reference

ISW Fert N SD RD Cultivar

(%) (kg N ha−1) (plants m−2) (cm)

Lucerne
2010 Pergamino D 29-Mar 8-Oct 16-Nov 10-Dec 100 0 300 17.5 PRO INTA Luján EEA-Pergamino INTA unpub. Data
2011 Pergamino 6-Jan 1-Feb 9-Mar 25-Apr 8-Jun 14-Sep 24-Oct 17-Nov 12-Dec
2012 Pergamino 17-Jan 10-Feb 19-Mar 9-May 21-Jun 4-Oct
2010 Rafaela D 15-May 28-Sep 03-Nov 6-Dec 30 0 300 17.5 WL903 EEA-Rafaela

INTA unpub. Data2011 Rafaela 12-Jan 10-Feb 05-Mar 23-Apr 04-Jun 14-Sep 31-Oct 26-Nov 20-Dec
2012 Rafaela 30-Jan 29-Mar 15-May
2010 T Lauquen D 19-Apr 15-Nov 13-Dec 100 0 250 17.5 Super Monarca AER-T. Lauquen

INTA unpub. Data
2011 T Lauquen 12-Jan 14-Feb 16-Mar 6-May 12-Jul 14-Sep 25-Oct 23-Nov 21-Dec
2012 T Lauquen 2-Feb 26-Mar 26-Apr
2012 Balcarce D 18-Oct 92 0 300 20 WL611 J.J. Ojeda, unpub. Data
2013 Balcarce 9-Jan 7-Feb 13-Mar 17-Apr 5-May 16-Sep 28-Oct 26-Nov 27-Dec
2014 Balcarce 28-Jan 24-Feb 16-Apr
2007 Elliot D/I 17-Jan 27-Mar 30-May 06-Sep 26-Nov 100 0 200 15 WAG/WDGa Pembleton et al., 2010a
2008 Elliot 8-Jan 10-Mar 03-Jun
2006 Cambridge D 31-Oct 0 0 150 15 WAG/WDGa

2007 Cambridge 06-Feb 17-May 30-Sep 12-Dec
2008 Cambridge 21-Jan 19-Mar 24-Jun
1989 Forth I 16-Feb 03-Nov 6-Dec 50 200 15 WAG/WDGa Pembleton et al., 2010b
1990 Forth 16-Jan 26-Feb 08-May 1-Aug 31-Oct 12-Dec
1991 Forth 14-Jan 19-Feb 18-Apr 03-Jun 13-Nov 16-Dec
1992 Forth 21-Feb
1989 Cranbrook D 2-Jan 23-Oct 12-Dec 50 210 15 WAG/WDGa

1990 Cranbrook 23-Jan 13-Mar 21-Jun 14-Nov 19-Dec
1991 Cranbrook 21-Jan 12-Mar 26-Jun 10-Dec 04-Feb

Annual ryegrass
2010 Pergamino D 01-Mar 18-May 10-Jun 08-Jul 10-Aug 13-Sep 12-Oct 60 250 300 17.5 Barturbo EEA-Pergamino INTA unpub. Data
2010 Pergamino D 01-Mar 18-May 10-Jun 08-Jul 10-Aug 13-Sep 60 250 300 17.5 Barturbo
2011 Pergamino D 28-Feb 10-May 08-Jun 21-Jul 29-Aug 06-Oct 60 250 300 17.5 Caleufú PV INTA
2011 Pergamino D 28-Feb 10-May 08-Jun 29-Aug 06-Oct 60 250 300 17.5 Caleufú PV INTA
2012 Pergamino D 28-Feb 30-May 10-Jul 23-Aug 21-Sep 12-Oct 60 250 300 17.5 Caleufú PV INTA
2012 Pergamino D 28-Feb 30-May 10-Jul 23-Aug 21-Sep 60 250 300 17.5 Caleufú PV INTA
2010 G Villegas D 08-Apr 22-Jun 18-Aug 07-Oct 15 150 365 17.5 Bill max EEA-Gral. Villegas INTA unpub. Data
2010 G Villegas D 08-Apr 19-Sep 100 150 400 17.5 Bill max
2011 G Villegas D 15-Apr 02-Sep 17-Oct 25 150 448 17.5 Bill max
2011 G Villegas D 15-Apr 28-Oct 62 150 400 17.5 Bill max
2005 Terang D 7-Apr 27-Jun 12-Aug 03-Nov 0 66 300 15 Progrow Jacobs et al., 2009a
2005 Terang D 7-Apr 27-Jun 03-Nov 0 106 261 15 Progrow
2005 Terang D 7-Apr 03-Nov 0 106 286 15 Progrow
2006 Terang D 6-Apr 16-Jun 4-Aug 30-Oct 0 128 550 10 Progrow
2006 Terang D 6-Apr 4-Aug 30-Oct 0 168 550 10 Progrow
2009 Flynn D 20-May 17-Aug 10-Nov 10 11 100 15 Winter Star II Mickan and O'Brien 2010, 2011
2010 Flynn D 14-Apr 06-Jul 09-Sep 11-Oct 100 64 250 10 Winter Star II
2010 Flynn D 14-Apr 11-Oct 100 64 250 10 Winter Star II
2009 Yarram D 22-May 19-Aug 26-Oct 0 18 200 10 Winter Star II

D/I, dryland (D) or irrigated (I); ISW, Initial soil water previous sowing as percent of total plant-available water capacity; Fert N, fertilizer nitrogen applied; SD, Sowing density; RD, Row distance; T. Lauquen, Trenque Lauquen; G Villegas, General
Villegas.

a The average of DM yield was used for winter active genotypes (WAG) and winter dormant genotypes (WDG).
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2010; Errecart et al., 2014), based on the critical N concentration of ref-
erence (Justes et al., 1994)was calculated in order to evaluate the forage
N nutrition.

2.3.2. South-eastern Australia
Both Lucerne and annual ryegrass were represented for at least two

growing seasons. Data relating to forage crop DM yield of annual rye-
grass were collated from the dairy regions of Gippsland (Flynn and
Yarram) and Western Victoria (Terang) (Fig. 1b) in two consecutive
years (Table 2). Data of Lucerne DM yield were collated from four loca-
tions of Tasmania, Elliot, Cambridge, Cranbrook and Forth. The forage
growth period for each location is described in Table 2. At Cambridge
and Elliot, cultivars were DuPuits (winter activity rating of 3), Grass-
lands Kaituna (winter activity rating of 4.5), SARDI 7 (winter activity
rating of 7) and SARDI 10 (winter activity rating of 10). The number of
cultivars evaluated at Cranbrook and Forth was higher (39 and 36 culti-
vars respectively). This pool of genotypeswas classified into two groups
according to their degree of winter dormancy (Table 2). Australian data
are composed of a pool of previously published experiments, plus pub-
lished and unpublished field data of forage growth on commercial
farms.

Before data analysis, it was confirmed from consultations with
agronomists and scientists who collected the data that forage growth
wasnot restricted by factors that APSIM, generally, is not capable of sim-
ulating (e.g. soil fertility limitations other than nitrogen, pest and dis-
ease incidence, water logging). All the field experiments were
conducted in rainfed conditions, except in Elliot and Forth, where field
experiments were also conducted with irrigation. A summary of the
data included in the study is provided in Table 2.

2.4. APSIM model parameterization

All simulationswere undertaken using APSIM (version 7.5) (Keating
et al., 2003). The model configuration consisted of modules for Lucerne
growth (APSIM Lucerne), annual ryegrass growth (APSIMWeed), soil N
and C (APSIM SoilN), crops residue dynamics (APSIM Surface Organic
Matter) and soil water (APSIM SoilWat). Therefore, the initial soil data
(C and N) used in all locations was the same. The soil parameters
Table 3
Manager script of the simulation to sowing, harvesting and control dormancy in Lucerne.

Sow on a fixed date script

if (today = date(‘[date]’) then
[crop] sow plants = [density], sowing_depth = [depth], cultivar = [cultivar], row_spacin
endif

Harvest script1

if (today = date(‘[harvest_date_1]’) then
Lucerne harvest plants = 250(/m2), height = 30 (mm), remove = 1
‘[surfaceommodule]’ tillage type = burn, f_incorp = 1 tillage_depth = 0
endif

Control dormancy script

Elliot2 Trenque Lauquen
Photoperiod Tmean3 Photoperiod
(range Julian
days)

(range hours) (°C) (range Julian
days)

(range hours)

N60 and b200 14.0 to 10.6
(10.3)4

b=15 N60 and b200 13.8 to 11.0
(10.7)5b=5

b=5
N200 or b60 10.6 to 14.0

(16.3)5
N5 N200 or b60 11.0 to 13.8

(15.6)6N10
N15

1 Corresponding to only one harvest date at Trenque Lauquen. This script should be repeate
2 Scripts are written for Pembleton et al., 2011 with basis on a pool of winter active genotyp
3 Tmean = (minimum daily air temperature + maximum daily air temperature)/2.
4 Minimum daylight hours in the considered period.
5 Maximum daylight hours in the considered period.
were gathered from the Soil Institute of INTA and also INTA scientists
for Argentine locations (Supplementary Table 1). At Australia the soil
parameters were chosen from the available soils in APSIM that best
reflected the soil types at each location. The soil water parameterization
in both regions is presented (Supplementary Table 1).

Model output from each simulationwas DM yield by individual har-
vests (kg DMha−1). In all simulations the harvesting rulewere set to re-
move the biomass at height of 30 mm (harvest script, Tables 3 and 4).

2.4.1. Lucerne
Dry matter yield of Lucerne was simulated with the APSIM Lucerne

module (Robertson et al., 2002). For calibration, the framework for the
winter dormancy rule, described in Pembleton et al. (2011), was used.
The genotypes of winter activity, rating from 3 to 5.5 and 6 to 10,
were considered winter-dormant genotypes and winter-active geno-
types, respectively. The temperature thresholds for entry and exit
from dormancy were modified for Rafaela and Trenque Lauquen
(Table 3). The new thresholds were defined with basis on the potential
growth rate simulated for a long-term of 30 years (Fig. 2). Daily poten-
tial growth rate was calculated based on the thermal time calculation
(Base temperature 2 °C) provided by the model in an XML format file.
According to this analysis the mean simulated growth rate varies by lo-
cation. This differential response in simulated Lucerne potential growth
rate supports the change in temperature thresholds within winter dor-
mancy rules. For all the simulations the photoperiod threshold written
by Pembleton et al. (2011) were maintained (Table 3). For the calibra-
tion, all dataset was grouped into two parts, winter-dormant and
winter-active genotypes. In the model cv. Grasslands Kaituna was se-
lected to represent a winter-dormant genotype, and the cv. Sceptre
was selected to represent a winter-active genotype.

Initial simulations indicated that the inclusion of a water table con-
tribution to PAWC in theRafaela locationwas required. This information
was, subsequently, obtained from INTARafaela Research Station and the
water table contribution was indirectly estimated for each interval be-
tween cuttings, considering values of Lucerne water use efficiency
(Dardanelli and Collino, 2002) and the water use from the upper layers
(whichwas supplied by rainfall).When thewater tablewas present, the
amount of forage water use resulted from the sum of water supplied by
g = [row_spacing], crop_class = [class]

Rafaela Crop_class Crop
responseTmean3 Photoperiod Tmean3

(°C) (range Julian
days)

(range hours) (°C)

b=23 N60 and b200 13.6 to 11.3 (11)4 b=23 regrowth delay
b=10 b=14 delayed reduce
b=8 b=11 reduced dormancy
N7 N200 or b60 11.3 to 13.6

(15.1)5
N12 dormant reduce

N15 N17 reduced delay
N23 N23 delayed spring

d depending on number of harvesting dates.
es (winter activity rating of 7 to 10).



Table 4
Manager script at the initialization, start of day and end of each day of the simulation to sowing, fertilization and harvesting in annual ryegrass.

Sow on a fixed date script Fertilize on fixed date script Harvest script1 End crop script

Initialization
summing = 0

Start of day
if (today = date(‘[date]’) then
[crop] sow plants = [density], sowing_depth =
[depth], cultivar = [cultivar], row_spacing =
[row_spacing], crop_class = [class]
endif

if (today = date(‘[fert_date]’) then
N_topsoil = NO3(1) + NH4(1) + NO3(2) + NH4(2)
if (N_topsoil b [fert_criteria]) then[fertmodule]
apply amount = [fert_amount] (kg/ha),
depth = 50 (mm), type = [fert_type] ()
endif
endif

if (today = date(‘[harvest_date_1]’) then
weed1 harvest plants = 200 (/m2),
height = 30 (mm), remove = 1
‘[surfaceommodule]’ tillage type = burn,
f_incorp = 1 tillage_depth = 0
endif

End of day
if (today = date(‘[date]’)
then
[crop] end_crop
endif

1 Corresponding to only one harvest date at Pergamino. This script should be repeated depending on the number of harvesting dates.
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the rainfall, and the capillary contribution from the water table
(Dardanelli and Collino, 2002).

Management operations (cultivation, sowing, N fertilizer manage-
ment, irrigation, harvesting) in the simulationsmimicked those applied
in the field. A complete description of sowing, harvesting and control
dormancy scripts used in Lucerne simulations can see in Table 3.

2.4.2. Annual ryegrass
A sensitivity analysis enables the user to determine responses of key

model outputs (e.g., harvestable biomass) to variations in selected pa-
rameters. Such an approach enables model users to investigate the rel-
ative importance of each parameter to biomass production in different
production contexts. Hence, sensitivity analysis of module parameters
was performed. For these simulations, phenology coefficients were de-
creased by 50% and increased by 100 and 200% from the baseline pa-
rameters to evaluate the possible impact of these changes on biomass
production (Fig. 3a). In addition, the biomass change ratio in Pergamino
was evaluated when Kc was decreased by 50% and increased by 50 and
100% from the baseline parameter (Fig. 3c). At the same time the tran-
spiration model output (ep) for different Kc values (Fig. 4a1 and a2)
and the extractable soil water (esw, Fig. 4b1 and b2) was evaluated
for two sites giving a total of 73 simulations.
Fig. 2. Potential Lucerne growth rate predicted by APSIM Lucernemodule (left y-axis) and
mean air temperatures (right y-axis) between the Julian day 60 and 200 at Rafaela ( ),
Trenque Lauquen ( ) and Elliot ( ). Broken lines indicate the minimum thresholds
of dormancy temperatures by location: 5 °C, 8 °C and 11 °C for Elliot, Trenque Lauquen
and Rafaela, respectively. Solid lines indicate the linear regression for the potential
growth rate predicted by location. The potential growth rate simulated and mean air
temperatures shown were calculated with basis on a long-term period of 30 years.
To assess potential errors in soil datasets, a sensitivity analysis was
undertaken for water extraction coefficient (KL) and root exploration
factor (XF), pH, initial soil water, initial soil N, initial soil organic carbon
and sowing depth in Pergamino (Fig. 3b) and maximum PAWC
(Fig. 3d). In this analysis, simulations were undertaken using actual
data of four different soils. The soil parameters air dry, LL, DUL and sat-
urated volumetricwaterwere increased and decreased by 20%, and thus
PAWC of the soils were increased and decreased by 20% giving a total of
91 simulations. The parameters to which DM yield was most sensitive
were identified by the use of comparative graphs (Fig. 3).

For annual ryegrass simulations, the cultivars used in the field were
not available in themodel, hence, the cultivar that best reflected thema-
turity/development type of the cultivars from those available in APSIM
(Pembleton et al., 2013) was used (late flowering). Management oper-
ations (cultivars, sowing, N fertilizer management, irrigation, harvest-
ing) in the simulations mimicked those applied in the field. Sowing
rules, plant density, row spacing, cultivar, fertilizer and harvesting
rules were the primary agronomic factors manipulated. A complete de-
scription of sowing, fertilization and harvesting scripts used in ryegrass
simulations can be seen in Table 4.

Based on previous sensitivity analysis and an exhaustive review of
the literature, the following modifications were done to the model pa-
rameters in order to improve simulation accuracy. First, the thermal
time between sowing and emergence was determined by parameters;
shoot_lag (15 °Cd) and shoot_rate (2 °Cd mm−1), in an XML format
file. The module changes the growth parameters according to the crop
growth habit selected: winter grass, winter dicotyledonous, summer
grass and perennial grass. Interestingly, shoot_lag and shoot_rate did
not differ according to this classification. As noted by Monks et al.
(2009), shoot_lag values in barley grass and perennial ryegrass were of
77 and 66 °Cd, respectively. Much lower values in the same experiment,
of the order from 29 to 39 °Cd, were found for annual weed grasses.
Other studies published by Moot et al. (2000) found that thermal
times to 75% germination and to 50% of final emergence for Italian rye-
grass were 90 and 145 °Cd, respectively. Similarly, Mohammed et al.
(2013) found accumulated thermal time to 75% emergence of Lolium
multiflorum in the order to 137 to 218 °Cd for different sowing dates
in New Zealand. To address this, both parameters were measured in
an Argentine cultivar of annual ryegrass for 75% germination and to
75% of final emergence (J.J. Ojeda, unpub. Data, Table 5). Based upon
the previous analysis and on the basis that these parameters are genet-
ically determined (Moot et al., 2000), the standard parameters of
shoot_lag and shoot_rate were modified from 15 to 75 °Cd and from 2
to 4.6 °Cd mm−1, respectively. Second, the standard parameters that
define the node appearance rate (y_node_app_rate) and the value of
leaf number per plant after harvest (leaf_no_at_emerg) were modified.



Fig. 3. Sensitivity analysis of APSIM Weedmodel parameters: Biomass change ratio v. (a) change ratio of phenological parameters for shoot growth starts ( ), shoot elongation rate
( ), node appearance rate ( ), leaf number at emergence ( ) (b) soil parameter change ratio in Pergamino for sowing depth ( ), water extraction coefficient, KL
( ), root exploration factor, XF ( ), initial soil organic carbon ( ), initial soil N ( ), initial soil water ( ) and pH ( ) (c) transpiration efficiency coefficient (Kc)
change ratio for Pergamino ( ), General Villegas ( ), Flynn ( ), and Terang ( ) (d) maximum plant-available water capacity (PAWC) change ratio for Pergamino
( ), General Villegas ( ), Flynn ( ), and Terang ( ). Broken line in x and y-axis indicates the baseline parameter and no changes in biomass production, respectively.
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The fundamental basis of the y_node_app_rate modification were the
experiments reported by Agnusdei (1999) for Lolium multiflorum in
Argentine Humid Pampas and Lattanzi et al. (1997) for Italian ryegrass
in Balcarce where shown values of this parameter were 140 and
138 °Cd, respectively. In addition, the sensitivity analysis of
y_node_app_rate suggested that significantly influenced the predicted
harvestable biomass (Fig. 3a). The leaf_no_at_emerg was modified,
so that harvests coincidedwith the occurrence of 3 fully emerged leaves
on plants (Fulkerson and Donaghy, 2001). Similarly to shoot_lag and
shoot_rate, these parameters did not differ according to the crop
growth habit selected. Third, a new use water efficiency parameter
was required for the annual ryegrass growth with respect to the
period from sowing to first harvest. Kc (Pa)was reduced for the juvenile
and flower initiation stages from the standard value of 5 to 2.5 Pa,
Fig. 4. Comparison between (a) transpiration model output (ep) for transpiration efficiency coe
(esw) during the establishment period of annual ryegrass in General Villegas 2010 and Flynn 20
(PAWC) of each location.
(Table 5). These changes were justified based on the sensitivity
analysis (Fig. 3c) and studies of winter crops which have identified
that the Kc can vary greatly within the same species (Kemanian et al.,
2005).

2.5. Evaluation of model performance

Initially, model performance was visually assessed by comparing
scatter plots of observed values against the y-axis vs. modelled values
against the x-axis (Piñeiro et al., 2008). When multiple data points for
the one observation were available, the range was included as error
bars. The evaluation of model performance described in Tedeschi
(2006) was used as the basis to statistically evaluate model perfor-
mance. The parameters used were: Pearson's correlation coefficient
fficient (Kc) baseline (—) and Kc baseline ×0.5 (——) and (b) actual extractable soil water
09. Dashed line in graph (b1) and (b2) represent the 50% of plant-availablewater capacity



Table 5
Parameter settings in the simulations for the whole growth period (phenology) and for
the implantation period (efficiency).

Parameter Original weed
module

Modified weed
module

Phenology Shoot growth starts1 15 756

Shoot elongation rate2 2 4.66

Node appearance rate3 95 140
Leaf number at emergence4 2 1.5

Efficiency Transpiration efficiency coefficient5 0.005 0.0025

1 shoot _lag, denotes time lag before linear coleoptile growth starts (°Cd).
2 shoot_rate, denotes shoot elongation rate from germination to emergence

(°Cd·mm−1).
3 y_node_app_rate, denotes node appearance rate per plant (°Cd).
4 leaf_no_at_emerg, denotes expanded leaf number at emergence.
5 transp_eff_c.
6 Argentine cultivar Don Gianni. Los Prados.

Fig. 5. Modelled biomass accumulated (kg ha−1) by APSIM Lucerne module in autumn-
winter period using the winter dormancy rules written by Pembleton et al. (2011) at
Elliot ( ), Trenque Lauquen ( ) and Rafaela ( ). Broken lines indicate modelled
biomass accumulated (kg ha−1) for Trenque Lauquen ( ) and Rafaela ( ) with
temperature thresholds modified within winter dormancy rules.
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and coefficient of determination (r andR2, respectively,which represent
the proportion of the total variance in the observed data that can be ex-
plainedby themodel);meanbias (the difference between observed and
predicted mean, ideally 0); mean prediction error (MPE, a measure of
general model efficiency expressed as % of mean, whereby, the lower
the value, the better); model efficiency, (MEF, the proportion of varia-
tion explained by the modelled value with a value of 1 indicating a per-
fect fit); variance ratio (v, ratio of the variance in observed data to the
variance in the modelled data, ideally 1); bias correction factor (Cb, an
indication of how much a fitted linear regression between observed
and modelled values deviates from a line described by Y = X, ideally
1); and the concordance correlation coefficient (CCC,which is a simulta-
neousmeasure of accuracy and precision,with an ideal fit indicated by a
value of 1). Accuracy was measured by the Cb proposed by Lawrence
and Lin (1989), which indicates how far the regression line deviates
from the concordance (Y = X) line. The CCC integrates both, precision
(r) and accuracy (Cb) (Lawrence and Lin, 1989. The analysis for DM
yield of both forageswas calculated by individual harvest, biomass accu-
mulated per year and data for each of the locations, separately, in order
to test the accuracy of the simulations in different environments and
over different time periods.

Deviations between observed and simulated values were calculated
from the geometric means. Deviations were defined as differences be-
tween simulated and measured values, divided by measured values
and expressed as percentage (Mitchell and Sheehy, 1997).

3. Results

3.1. Lucerne

Our long-term analysis of potential growth rates of Lucerne showed
low accuracy of the APSIM Lucerne module for predicting the DM yield
during the period of autumn–winter in Rafaela and Trenque Lauquen
using the winter dormancy rules generated by Pembleton et al. (2011)
(Fig. 5). The mean growth rate simulated varied by location, being the
growth rates simulated in Rafaela higher than Trenque Lauquen and
higher here than in Elliot (Fig. 2).

Lucerne DM yield of individual harvests were simulated adequately,
as evidenced by the values of 0.59, 0.77 and 0.77 obtained for the R2,
correlation coefficient and CCC, respectively (Table 6). A visual evalua-
tion of model performance is given in Fig. 6a. Very good model predic-
tion was found for accumulated yield (Fig. 6b). This was confirmed by
the statistics parameters of 0.87, 0.93 and 0.92 for the R2, correlation co-
efficient and CCC, respectively (Table 6). The observed LucerneDMyield
ranged from 763 kg DM ha−1 in Cambridge to 3838 kg DM ha−1 in
Forth. However, the range of DM yield simulated was at 30% less than
observed, ranging between 1238 kg DM ha−1 in Trenque Lauquen to
3393 kg DM ha−1 in Forth. The Argentine locations with better DM
yield predictions were Rafaela, Balcarce and Trenque Lauquen. In
contrast, in Pergamino the Lucerne DM yield was poorly simulated by
themodel (Table 6), due to overprediction in all of the years. Regarding
this prediction and given that biomass N concentration data for this lo-
cation were available (Table 7), the NNI was calculated for 16 consecu-
tive harvests for the periods 2010 and 2012. The average NNI was 0.76,
at 24% below the NNI optimum. This analysis demonstrated a nitrogen
deficient condition for Lucerne in Pergamino for all growth periods.
The comparison between Rafaela location, with and without water
table contribution, identified that the incorporation of this water source
improved model performance in predicting Lucerne DM yield, as
highlighted by the improvements in the R2 value, r, mean bias, MPE,
MEF, and CCC (Fig. 7, Table 6).

In south-eastern Australia, themodel predictedDMyield adequately
in Cranbrook and Forth, but poorly predicted the DM yields at Cam-
bridge and Elliot, under both rainfed and irrigated conditions. Fig. 8
shows an appropriate similarity between observed and modelled DM
yields in selected locations during Lucerne season growth from sowing
using winter-dormant and winter-active genotypes. The performance
of themodel in predicting cropDMyield shown in Figs. 5 and 7was con-
firmed by the summary statistics (Table 6). There were no discernible
groupings, based on winter activities and crop age. Similarly, no differ-
ences were found between observed and modelled DM yield between
seasons, as was evidenced for selected locations, in Fig. 8.

3.2. Annual ryegrass

Themodel withoutmodification demonstrated a poor ability to sim-
ulate annual ryegrass DM yield with the full data set of individual har-
vests, with values of 0.46, 0.68 and 0.67 for the R2, correlation
coefficient and CCC, respectively (Table 8). From 15 DM yield observa-
tions of the first harvest (8 from the Argentine Pampas and 7 from
south-eastern Australia) 14 overestimated annual ryegrass DM yield
(Fig. 9a), using the APSIMWeedmodule without the modifications per-
formed in this paper. Our simulations estimated values of accumulated
herbage in the first harvest of the order of 6000 kg DM ha−1 in
Pergamino, 5000 kg DM ha−1 in General Villegas and 4000 kg DM ha−1

in Terang and Flynn (Fig. 9a). In year 2010 at Flynn, during the period
from sowing to first harvesting (1000 °Cd), the deviation between ob-
served and modelled values were 773%. The model, generally, both
over- and underpredicted DM yield for annual ryegrass in the period
from sowing to first harvest andwhen the cropwas already established,
respectively (Figs. 8a and 10a).

The sensitivity analysis carried out for the establishment period of
annual ryegrass showed (i) low sensitivity of the model when soil pa-
rameters were modified, the changes in biomass production being no
greater than 6% (Fig. 3b), (ii) biomass production reduction inArgentine
locations when PAWC was decreased (Fig. 3d), (iii) sensitivity of
biomass production when phenological parameters were modified.
The main change in biomass (less than 20%) occurred when



Table 6
Summary statistics indicating the performance of the Agricultural Production Systems Simulator (APSIM) in predicting the DM yield (kg ha−1) of Lucerne in the Argentine Pampas and
south-eastern Australia.

Balcarce Rafaela T.
Lauquen

Pergamino Cranbrook Forth Cambridge Elliot Total

WOWTC WWTC D I H Y

No. of observations 12 15 15 13 18 24 30 12 12 14 154 39
Mean (actual) 2557 2137 2137 1456 1292 2862 3838 763 1771 2484 2357 9456
Mean (simulated) 2391 1464 1938 1238 1903 2882 3393 1501 2210 1960 2361 9323
Std. Dev (actual) 1037 805 805 485 489 1055 1296 351 948 1048 1345 6727
Std. Dev (simulated) 1193 853 987 755 849 940 1186 1176 1254 1073 1244 6002
R2 0.68 0.49 0.66 0.62 0.26 0.68 0.69 0.68 0.01 0.44 0.59 0.87
Pearson correlation coefficient (r) 0.82 0.70 0.81 0.79 0.51 0.83 0.83 0.82 0.10 0.67 0.77 0.93
Mean bias 166 673 199 219 −612 −20 445 −738 −439 524 −3 133
Mean prediction error (MPE) 0.26 0.43 0.28 0.35 0.73 0.20 0.22 1.50 0.90 0.47 0.39 0.26
Modelling efficiency (MEF) 0.54 −0.40 0.43 −0.20 −2.90 0.68 0.56 −10.54 −2.04 −0.30 0.53 0.86
Variance ratio 0.87 0.94 0.82 0.64 0.58 1.12 1.09 0.30 0.76 0.98 1.08 1.12
Bias correction factor (Cb) 0.99 1.00 0.98 0.91 0.86 0.99 1.00 0.55 0.96 1.00 1.00 0.99
Concordance correlation coefficient (CCC) 0.82 0.70 0.80 0.71 0.44 0.82 0.83 0.45 0.09 0.67 0.77 0.92

WOWTC, without water table contribution; WWTC, with water table contribution; D, dryland; I, irrigated; H, dry matter yield by individual harvest; Y, accumulated dry matter yield per
year.
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y_node_app_ratewas increased by 200% (Fig. 3a) and (iv) the high sen-
sitivity of themodel in all locationswhen Kcwasmodified. For example,
a reduction of 50% in this parameter generated a similar reduction in
biomass production (Fig. 3c) without significant changes in ep
(Fig. 4a1 and a2). When phenology parameters (Figs. 9b and 10b) and
Kc (Fig. 9c) modifications were introduced into the Weed module
(Table 6), the prediction of DM yield of both periods (establishment
and regrowth) was improved relative to the initial situation. This was
Fig. 6. Observed v. modelled DM yield (kg ha−1) (a) for individual harvests and
(b) accumulated per year of Lucerne winter-active genotypes in Rafaela (▲), Cranbrook
(●), Forth (■), Cambridge (♦), Elliot dryland (●), Elliot irrigated (▼) and winter-
dormant genotypes in Balcarce (+), Trenque Lauquen (▽), Pergamino (x), Cranbrook
(○), Forth (□), Cambridge (△), Elliot dryland (◊) and Elliot irrigated (⎔). Diagonal lines
represent 1: 1 fit (i.e. y = x). Capped vertical bars represent the range in observed
values where such data were available.
reflected in the performance parameters of the model (Table 8). How-
ever, DM yield was well simulated, as the crops developed only for the
south-eastern Australian locations only (Fig. 10).

Prediction of DM yield for the whole growth period improved with
the modified Weed module for all locations, except for Terang
(Fig. 11). Summary statistics comparing observed and modelled accu-
mulated DM yield analysis, before and after model modifications, dem-
onstrated the improvement in the model predictions, as indicated by
the R2 (0.72 to 0.88) correlation coefficient (0.85 to 0.94) and CCC
(0.77 to 0.90) (Fig. 12).

4. Discussion

Themain objective of this studywas to evaluate the ability of APSIM
to simulate the growth and DM yields of Lucerne and annual ryegrass
(using the Weed module) in several locations of Argentina, as well as
to compare model performance when simulating those crops in
south-eastern Australia. This study was based on a detailed calibration
of the model with actual parameters recorded at field trials. However,
the model will require validation with independent data in further
studies.

Lucerne DM yield was simulated with reasonable accuracy in most
locations except Pergamino, Cambridge and Elliot. Results showed
that the Weed module of APSIM has poor accuracy for simulating
growth patterns and yields of annual ryegrass DM yield before the
Table 7
Observed data from Lucerne plant nitrogen concentration grown in Pergamino. Nc, critical
N concentration; No, observed N concentration.

Harvest date Nc No

(g N kg DM−1)

8-Oct.-10 36.8 32.3
16-Nov.-10 39.8 26.6
10-Dec.-10 41.7 30.1
6-Jan.-11 41.7 25.2
1-Feb.-11 41.2 30.5
9-Mar.-11 40.0 30.5
25-Apr.-11 41.7 32.1
8-Jun.-11 41.7 33.8
14-Sep.-11 41.7 31.0
24-Oct.-11 41.2 34.2
17-Nov.-11 41.7 32.2
12-Dec.-11 41.7 28.2
17-Jan.-12 41.7 28.8
10-Feb.-12 41.7 36.0
19-Mar.-12 40.1 32.8
9-May-12 41.1 32.3



Fig. 7. Observed v. modelled DM yield for individual harvests (kg ha−1) of Lucerne in
Rafaela without water table contribution (□) and with water table contribution
(■).Diagonal lines represent 1: 1 fit (i.e. y = x). Capped vertical bars represent the
range in observed values where such data were available.

Fig. 8. Simulated (—) and observed (●) DM yield (kg ha−1) of Lucerne in selected forage
crops grown in the Argentine Pampas and south-eastern Australia. Capped vertical bars
represent the range in observed values where such data were available.
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first harvest with the full data set. However, when phenology parame-
ters and Kc modifications were introduced into the Weed module, the
prediction of DM yield by individual harvest was improved.

4.1. Lucerne

This study has demonstrated that it is possible to simulate Lucerne
DM yield adequately using the APSIM Lucerne module. This result is
not surprising as this module has been extensively tested and evaluated
in many environments for their ability to predict total DM yield
(Robertson et al., 2002; Dolling et al., 2005; Chen et al., 2008;
Pembleton et al., 2011; Moot et al., 2015). However, there were loca-
tions, such as Pergamino, Cambridge and Elliot which were rainfed
and irrigated, where the model tended to over predict Lucerne DM
yield. This overestimation was not unexpected, as the model accounts
for neither soil fertility limitation other than N, nor any influences of
pest and disease pressure on plants. Therefore, the APSIM Lucernemod-
ule is a predictor of potential maximum yield (Pembleton et al., 2011).

In all locations, the DM yield simulated was improved in respect to
data published by Pembleton et al. (2011) for Tasmania. Although win-
ter activity rules published by Pembleton et al. (2011) improved predic-
tion of DM yield in winter, it was necessary to modify these rules for
Trenque Lauquen and Rafaela using local long-term data for tempera-
ture. Nonetheless, the creation of winter activity rules by Pembleton
et al. (2011) was based on the combination of the cultivars DuPuits
and Grasslands Kaituna data, to give a representation of a winter-
dormant genotype, and the cultivars SARDI 7 and SARDI 10 data as a
representation of a winter-active genotype. Our analysis of temperature
thresholds within winter dormancy rules determined that future
studies of modelling are needed to understand the potential growth re-
sponse of Lucerne genotypes with similar winter activity under differ-
ent environments.

Within Argentine locations, APSIM poorly simulated Lucerne DM
yield at Pergamino. The overestimationwas justified through a deficient
nitrogen state of Lucerne in all growth cycles (Table 7). The cause of this
deficiency could have been the water logging because APSIM is not cur-
rently able to simulate the complex dynamics of N in alternately flooded
soil environments (Zhang et al., 2006) which decreases the capacity of
fixed atmospheric nitrogen due to anaerobic soil conditions. Further,
since maximal rates are obtained at supra-ambient oxygen partial pres-
sure (Arrese-Igor et al., 1993) it has been suggested that nitrogen fixa-
tion could be limited by oxygen availability. Thereby, possible
decreases in nitrogen fixation could have led to overpredictions of DM
yield at Pergamino. At Cambridge, the DM yield overestimation oc-
curred only in the first year of growth, contrasting with Dolling et al.
(2005) report. In the second year of Lucerne, APSIMgenerally simulated
DM yield well in this location of Australia. At Elliot, under both dry and
irrigated situations, there was DM yield overestimation in the first and
second years in a small number of harvests. The biomass yield for the
majority of harvests at Elliot was underpredicted. Similar results were
reported by Pembleton et al. (2011) for the same environmental
conditions.

4.2. Annual ryegrass

Except for the period from sowing to first harvest, APSIM was capa-
ble of predicting DM yield of annual ryegrass in the Argentine Pampas
and south-eastern Australia locations with reasonable accuracy. The ac-
curacy of the model was similar to that obtained when predicting



Table 8
Summary statistics indicating the performance of the Agricultural Production Systems Simulator (APSIM) in predicting the DMyield (kg ha−1) of annual ryegrass in the Argentine Pampas
and south-eastern Australia.

Sites Individual harvests Accumulated per
year

Pergamino Gral. Villegas Terang Flynn Yarram I M1 M2 I M2

No. of observations 29 5 10 5 2 51 51 51 15 15
Mean (actual) 1346 1512 6409 1834 – 2511 2511 2511 8536 8536
Mean (simulated) 1117 1779 5323 2612 – 2744 2406 2297 9328 7809
Std. Dev (actual) 613 1048 5733 1677 – 3271 3271 3271 5029 5029
Std. Dev (simulated) 682 1030 4523 1577 – 2826 2685 2710 3250 3800
R2 0.15 0.43 0.93 0.64 – 0.46 0.85 0.89 0.72 0.88
Pearson correlation coefficient (r) 0.38 0.66 0.96 0.80 – 0.68 0.92 0.94 0.85 0.94
Mean bias 228 −267 1086 −778 – −233 105 214 −792 727
Mean prediction error (MPE) 0.55 0.54 0.32 0.66 – 0.98 0.52 0.46 0.34 0.24
Modelling efficiency (MEF) −0.53 0.25 0.86 0.35 – 0.43 0.84 0.87 0.65 0.83
Variance ratio 0.90 1.02 1.27 1.06 – 1.16 1.22 1.21 1.55 1.32
Bias correction factor (Cb) 0.99 1.00 0.97 1.00 – 0.99 0.98 0.98 0.91 0.96
Concordance correlation coefficient (CCC) 0.38 0.66 0.94 0.80 – 0.67 0.90 0.93 0.77 0.90

I, initial weed module; M1, weed module modified by phenology; M2, weed module modified by phenology and Kc.

Fig. 9. Observed v. modelled DM yield (kg ha−1) of individual harvests for established
annual ryegrass in the implantation period (first harvest) simulated with (a) the original
weed module, (b) the modified weed module by phenology, and (c) the modified weed
module by phenology and Kc in Pergamino (▲), General Villegas (●), Terang (■), Flynn
(♦) and Yarram (x). Diagonal lines represent 1: 1 fit (i.e. y = x). Capped vertical bars
represent the range in observed values where such data were available.
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annual ryegrass growth in the southern part of New SouthWales (Deen
et al., 2003) and south-eastern Australia (Pembleton et al., 2013).

Accurate phenology simulation of annual ryegrass is important, be-
cause the biomass accumulation in APSIM is defined directly by the
RUE and TE parameters both fixed by each phenological state. In this
context, and based on our previous sensitivity analysis, the parameters
shoot_lag and shoot_rate were adjusted according to the growth habit
of Italian ryegrass (Moot et al., 2000; Mohammed et al., 2013). Two
other phenological parameters that have direct influence on DM yield
in themodel are node appearance rate (y_node_app_rate) and the num-
ber of leaves per plant after emergence and harvest (leaf_no_at_emerg).
The node appearance rate wasmodified on basis of previous local expe-
rience with Lolium multiflorum (Agnusdei, 1999) and Italian ryegrass
(Lattanzi et al., 1997) (Table 5). Similarly, the leaf_no_at_emerg param-
eter was modified so that harvests coincided with the occurrence of 3
fully emerged leaves on plants (Fulkerson and Donaghy, 2001). In
order to achieve this management, the parameter was reduced by 0.5
leaf (Table 5). There are no previous reports ofmodifications of the phe-
nology and Kc parameters of the APSIMWeedmodule. However, where
changes were made to these parameters in other APSIM modules (e.g.
Lucerne), they have improved the phenology (Moot et al., 2000) and
DM yield predictions (Dolling et al., 2005; Brown et al., 2006; Chen
et al., 2008). Kc in the APSIM Weedmodule has been specified by phe-
nology stages. This module does not explicitly deal with the seasonal
variation of parameters of water efficiency that are aforementioned.

The APSIM Weed module was limited in its ability to appropriately
simulate the growth dynamics of annual ryegrass under the agro-
ecological conditions of Pergamino and General Villegas in the Argen-
tine Pampas, when the crop was regularly harvested throughout the
growing period. The greatest deviance was observed in the first harvest
yield in the period of crop establishment (Fig. 9a). Deen et al. (2003)
also reported deviations between observed and estimated biomass
data of the weed ecotype of annual ryegrass, simulated with APSIM at
early stages of growth, thatwere frequently in excess of 100%. However,
our simulations estimated biologically atypical values of accumulated
herbage, of the order of 6000 kg DM ha−1. Conversely, accurate perfor-
mance of the APSIMWeedmodule for simulating annual ryegrass grown
for forage was reported by Pembleton et al. (2013). The origin of these
inconsistencies at first harvest might be related to the parameters
used for the calculation of biomass production. As stated previously,
theWeedmodule refers to theAPSIMmodel Plant and calculates two es-
timates of the daily biomass production each day: one limited by the
available water for transpiration (delta dry matter transpiration =
SWS ∗ TE), and the other by the radiant energy. The TE is derived from
the vapour pressure deficit (VPD) estimated frommean daily tempera-
tures (Tanner and Sinclair, 1983), and a Kc that is held constant in the



Fig. 10. Simulated (—) and observed (●) DM yield (kg ha−1) of annual ryegrass with modified weed module by phenology parameters and Kc in selected forage crops grown in the
Argentine Pampas and south-eastern Australia. Capped vertical bars represent the range in observed values where such data were available.

Fig. 11. Observed v. modelled DM yield (kg ha−1) accumulated for the whole growth
period for annual ryegrass simulated with (a) the original weed module and (b) the
modified weed module by phenology in Pergamino (▲), General Villegas (●), Terang
(■), Flynn (♦) and Yarram (x). Diagonal lines represent 1: 1 fit (i.e. y = x). Capped
vertical bars represent the range in observed values where such data were available.
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model. However, studies inwinter crops have found that theKc can vary
greatlywithin the same species. For example, Kemanian et al. (2005) re-
ported ranges from 3.2 to 7.0 and 2.8 to 6.7 Pa for a wide range of barley
Fig. 12. Observed v. modelled DM yield (kg ha−1) of individual harvests for established
annual ryegrass (harvest two onwards) simulated with (a) the original weed module
and (b) the weed module modified by phenology in Pergamino (♦), General Villegas
(●), Terang (■), Flynn (♦) and Yarram (x). Diagonal lines represent 1: 1 fit (i.e. y = x).
Capped vertical bars represent the range in observed values where such data were
available.
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and wheat cultivars, respectively. Hence, one possible reason of the
yield overestimation of annual ryegrass, particularly at first harvest ob-
served in this study, could be due to the relatively high Kc that theWeed
module uses in all the phases of the crop (5 Pa). For that reason, a recal-
culation of the default Kc provided in the module was performed as the
quotient between the TE, supplied as outfiles from the model
(transp_eff_cf), and the VPD calculated from the maximum and mini-
mum temperatures (Tanner and Sinclair, 1983). Interestingly, the
corrected Kc dropped by about 50% (2.5 Pa) and, hence, also the DM
yield estimated for thefirst harvest dropped (Fig. 3c)without significant
changes in ep (Fig. 4a1 and a2). The esw values below50%of PAWCdur-
ing the establishment period (Fig. 4b1 and b2) meant that the annual
ryegrass was not able to achieve high transpiration rates (Allen et al.,
1998). On the other hand, the effect of PAWC reduction on biomass pro-
duction was not considered because the changes in LL and DUL param-
eters modify the PAWC for the complete growth period (not only in
establishment period) and that the resultant overall change in DM
yield would be different depending on soil type (Fig. 3d).

While the overestimation of the observed data was partially
correctedwith this amendment, the deviation fitted in the range report-
ed by Deen et al. (2003) still persisted. As mentioned initially, the dis-
crepancy discussed in the previous paragraph was not evident in the
simulations reported by Pembleton et al. (2013) for Terang, Flynn and
Yarram in south-eastern Australia. However, when we analysed only
the data of the period between sowing to first harvest, we found devia-
tions between observed and estimated biomass data, for example, in
year 2010 in Flynn (Fig. 9a). Also, there was a high growth in the
same period of the order of 5000 kg DM ha−1 in year 2006 in Terang,
similar to that in the Argentine Pampas. The plant available water ca-
pacity and the initial water in Terang were 151 and 0 mm, respectively.
However, the rainfall in the same period was 225 mm. This corroborat-
ed that the high simulated growth of theWeedmodule in the implanta-
tion period depended, largely, on the initialwater. These environmental
differences suggest that the apparent accuracy of themodel reported by
Pembleton et al. (2013) could have been, to a certain extent, due to the
fact that most data used for their simulations were with suboptimal
water conditions. This latter point prevented the estimation of high bio-
mass production rates and, hence, the expression of themodel deficien-
cy at early stages of growth.

The performance of the Weed module, in predicting crop DM yield
reflects that this module has not been fully developed and extensively
tested across a range of environments (Deen et al., 2003; Pembleton
et al., 2013). TheWeedmodule was not created in order to simulate an-
nual ryegrass grown for forage rather than annual ryegrass as a weed in
cereal cropping systems. Therefore, future studies of modelling will be
needed to improve its use as forage crop.

5. Conclusions and future development requirements

This study reports on the ability of APSIM to model growth rate and
DM yield of Lucerne grown in four distinct environments of the Argen-
tine Pampas and four cool temperate environments of Tasmania and
Victoria, Australia. Our study has shown that DM yield of Lucerne can
be modelled by the APSIM Lucerne module with reasonable accuracy
without any modifications. Although good results were obtained
when the winter activity rules were incorporated under these environ-
ments, it was necessary to create new temperature thresholds within
winter activities rules, for each location.

This study also showed that the original version of APSIM Weed
module cannot be used to accurately simulate the growth and yield of
rainfed annual ryegrass in a large range of geographic locations within
Argentina and Australia for different years, soil characteristics and
type of management. The greatest limitation was the overestimation
of DM yield during the establishment period in both countries. This
study has indicated that the model had greater accuracy in simulating
annual ryegrass DM yield in south-eastern Australia than in Argentina.
However, the model estimations were not accurate during the early
stages in any of the two geographic locations analysed. The predictions
of DM yield of annual ryegrass improved substantially when several key
parameters (shoot _lag, shoot_rate, leaf_no_at_emerg and transp_eff_c) of
theWeedmodule were modified. Our study contributes to the develop-
ment of a module that has had fewer calibrations/validations and test-
ing compared to the cereal crop modules in APSIM. However, future
work on the APSIM Weed module is required in order to improve the
DM yield prediction in annual ryegrass forage in early growth stages.

This study has shown that the APSIM model is a suitable candidate
for the extension of forage crop research across multiple locations,
years andmanagement rules and could be a useful toolwhen investigat-
ing the interaction between different forage crops. However, as our
study was based on data to both calibrate and evaluate the ability of
APSIM to predict DM yields of Lucerne and ryegrass, further validations
of the model with independent data are required.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.agsy.2015.12.005.
Acknowledgments

The authors thank O.D. Bertín, J.A. Castaño, M. Maekawa, M.C.
Sardiña, L.A. Romero, J. Villar, Frank Mickan and Greg O'Brien for very
kindly providing the data on crop growth and advice. The Argentine ex-
periments were funded by INTA (Project AEFP-262921 and PNPA-
11260714). The present work is part of the thesis submitted by J.J.
Ojeda to the Postgraduate program of Unidad Integrada Balcarce
(UNMdP-INTA) in partial fulfilment of the requirement of the Doctor's
degree. J.J. Ojeda held a scholarship of CONICET.
References

Agnusdei, M.G., 1999. Analyse de la dynamique de la morphogenèse foliaire et de la défo-
liation de plusieurs espèces de graminées soumises à un pâturage continu dans une
communauté de La Pampa Humide (Argentine) Thése de l'Institut Polytechnique
de Lorraine, France (108 pp.).

Agnusdei, M.G., Assuero, S.G., Lattanzi, F.A., Marino, M.A., 2010. Critical N concentration
can vary with growth conditions in forage grasses: implications for plant N status as-
sessment and N deficiency diagnosis. Nutr. Cycl. Agroecosyst. 88, 215–230. http://dx.
doi.org/10.1007/s10705-010-9348-6.

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration-guidelines for
computing crop water requirements-FAO irrigation and drainage paper 56. 300.
FAO, Rome, p. D05109.

Arrese-Igor, C., Royuela, M., Lorenzo, C., Felipe, M.R., Aparicio-Tejo, P.M., 1993. Effect of
low rhizosphere oxygen on growth, nitrogen fixation and nodule morphology in Lu-
cerne. Physiol. Plant. 89, 55–63. http://dx.doi.org/10.1111/j.1399-3054.1993.
tb01786.x.

Brown, H.E., Moot, D.J., Teixeira, E.I., 2006. Radiation use efficiency and biomass
partitioning of Lucerne (Medicago sativa) in a temperate climate. Eur. J. Agron. 25,
319–327. http://dx.doi.org/10.1016/j.eja.2006.06.008.

Caviglia, O.P., Andrade, F.H., 2010. Sustainable intensification of agriculture in the Argen-
tinean Pampas: capture and use efficiency of environmental resources. Am. J. Plant
Sci. Biotechnol. 3, 1–8.

Caviglia, O.P., Sadras, V.O., Andrade, F.H., 2004. Intensification of agriculture in the south-
eastern Pampas: I. Capture and efficiency in the use of water and radiation in double-
cropped wheat-soybean. Field Crop Res. 87, 117–129. http://dx.doi.org/10.1016/j.fcr.
2003.10.002.

Chapman, D.F., Kenny, S.N., Beca, D., Johnson, I.R., 2008. Pasture and forage crop systems
for non-irrigated dairy farms in southern Australia 2. Inter-annual variation in forage
supply, and business risk. Agric. Syst. 3, 126–138. http://dx.doi.org/10.1016/j.agsy.
2008.02.002.

Chen, W., Shen, Y.Y., Robertson, M.J., Probert, M.E., Bellotti, W.D., 2008. Simulation analy-
sis of Lucerne–wheat crop rotation on the Loess Plateau of Northern China. Field Crop
Res. 108, 179–187. http://dx.doi.org/10.1016/j.fcr.2008.04.010.

Cullen, B.R., Johnson, I.R., Eckard, R.J., Lodge, G.M., Walker, R.G., Rawnsley, R.P., McCaskill,
M.R., 2009. Climate change effects on pasture systems in south-eastern Australia.
Crop Pasture Sci. 60, 933–942. http://dx.doi.org/10.1071/CP09019.

Dardanelli, J.L., Collino, D.J., 2002.Water table contribution to alfalfa water use in different
environments of the Argentine Pampas. Agriscientia 19, 11–18.

Dardanelli, J.L., Ritchie, J.T., Calmon, M., Andriani, J.M., Collino, D.J., 2004. An empirical
model for root water uptake. Field Crop Res. 87, 59–71. http://dx.doi.org/10.1016/j.
fcr.2003.09.008.

Deen, W., Cousens, R., Warringa, J., Bastiaans, L., Carberry, P., Rebel, K., Riha, S., Murphy, C.,
Benjamin, L.R., Cloughley, C., Cussans, J., Forcella, F., Hunt, T., Jamieson, P., Lindquist, J.,
Wang, E., 2003. An evaluation of four crop: weed competition models using a

http://dx.doi.org/10.1016/j.agsy.2015.12.005
http://dx.doi.org/10.1016/j.agsy.2015.12.005
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0005
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0005
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0005
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0005
http://dx.doi.org/10.1007/s10705-010-9348-6
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0015
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0015
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0015
http://dx.doi.org/10.1111/j.1399-3054.1993.tb01786.x
http://dx.doi.org/10.1111/j.1399-3054.1993.tb01786.x
http://dx.doi.org/10.1016/j.eja.2006.06.008
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0030
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0030
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0030
http://dx.doi.org/10.1016/j.fcr.2003.10.002
http://dx.doi.org/10.1016/j.fcr.2003.10.002
http://dx.doi.org/10.1016/j.agsy.2008.02.002
http://dx.doi.org/10.1016/j.agsy.2008.02.002
http://dx.doi.org/10.1016/j.fcr.2008.04.010
http://dx.doi.org/10.1071/CP09019
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0055
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0055
http://dx.doi.org/10.1016/j.fcr.2003.09.008
http://dx.doi.org/10.1016/j.fcr.2003.09.008


75J.J. Ojeda et al. / Agricultural Systems 143 (2016) 61–75
common data set. Weed Res. 43, 116–129. http://dx.doi.org/10.1046/j.1365-3180.
2003.00323.x.

Dolling, P.J., Robertson, M.J., Asseng, S., Ward, P.R., Latta, R.A., 2005. Simulating Lucerne
growth and water use on diverse soil types in a Mediterranean-type environment.
Crop Pasture Sci. 56, 503–515. http://dx.doi.org/10.1071/AR04216.

Errecart, P.M., Agnusdei, M.G., Lattanzi, F.A., Marino, M.A., Berone, G.D., 2014. Critical ni-
trogen concentration declines with soil water availability in Tall Fescue. Crop Sci.
54, 318–330. http://dx.doi.org/10.2135/cropsci2013.08.0561.

Fulkerson, W.J., Donaghy, D.J., 2001. Plant-soluble carbohydrate reserves and senescence-
key criteria for developing an effective grazing management system for ryegrass-
based pastures: a review. Anim. Prod. Sci. 41, 261–275. http://dx.doi.org/10.1071/
EA00062.

Hall, A.J., Rebella, C.M., Ghersa, C.M., Cullot, J.P., 1992. Field-crop systems of the Pampas.
In: Pearson, C.J. (Ed.), Ecosystems of the World. Field Crops Ecosystems. Elsevier Sci-
entific, New York, pp. 413–450.

INTA-SAGyP, 1990. Atlas de Suelos de la República Argentina. Estudios para la
Implementación de la Reforma Impositiva Agropecuaria, Proyecto PNUD Argentina
85/019 —Área Edafológica, Buenos Aires, Argentina. Tomos I y II, p. 667.

Isbell, R.F., 2002. The Australian Soil Classification. Revised ed. CSIRO Publishing,
Melbourne.

Jacobs, J.L., Hill, J., Jenkin, T., 2009a. Effect of different grazing strategies on dry matter
yields and nutritive characteristics of whole crop cereals. Anim. Prod. Sci. 49,
608–618. http://dx.doi.org/10.1071/EA08245.

Jeffrey, S.J., Carter, J.O., Moodie, K.M., Beswick, A.R., 2001. Using spatial interpolation to
construct a comprehensive archive of Australian climate data. Environ. Model.
Softw. 16, 309–330. http://dx.doi.org/10.1016/S1364-8152(01)00008-1.

Justes, E., Mary, B., Meynard, J.M., Machet, J.M., Thelier-Huche, L., 1994. Determination of a
critical nitrogen dilution curve for winter wheat crops. Ann. Bot. 74, 397–407. http://
dx.doi.org/10.1006/anbo.1994.1133.

Keating, B.A., Carberry, P.S., Hammer, G.L., Probert, M.E., Robertson, M.J., Holzworth, D.,
Huth, N.I., Hargreaves, J.N.G., Meinke, H., Hochman, Z., McLean, G., Verburg, K.,
Snow, V., Dimes, J.P., Silburn, M., Wang, E., Brown, S., Bristow, K.L., Asseng, S.,
Chapman, S., McCown, R.L., Freebairn, D.M., Smith, C.J., 2003. An overview of
APSIM, a model designed for farming systems simulation. Eur. J. Agron. 18,
267–288. http://dx.doi.org/10.1016/S1161-0301(02)00108-9.

Kemanian, A.R., Stöckle, C.O., Huggins, D.R., 2005. Transpiration-use efficiency of barley.
Agric. For. Meteorol. 130, 1–11. http://dx.doi.org/10.1016/j.agrformet.2005.01.003.

Lattanzi, F., Marino, M.A., Mazzanti, A., 1997. Fertilizer nitrogen and morphogenetic re-
sponses in Avena sativa and Lolium multiflorum. 18. Int. Grassland Congress., pp. 3–4.

Lawrence, I., Lin, K., 1989. A concordance correlation coefficient to evaluate reproducibil-
ity. Biometrics 255–268http://www.jstor.org/stable/2532051.

Meinke, H., Hammer, G.L., Want, P., 1993. Potential soil water extraction by sunflower on
a range of soils. Field Crop Res. 32, 59–81. http://dx.doi.org/10.1016/0378-
4290(93)90021-E.

Mickan, F.J., O'Brien, G.N., 2010. Adaptive forage planning discussion. Night 3 Field Day
notes. March 2010. Dairy Extension Centre, Ellinbank, Vic.

Mickan, F.J., O'Brien, G.N., 2011. Adaptive forage planning discussion. Day/Night 4 Field
Day notes. March 2011. Dairy Extension Centre: Ellinbank, Vic.

Mitchell, P.L., Sheehy, J.E., 1997. Comparisons of predictions and observations to assess
model performance: a method of empirical evaluation. In: Kropff, M.J., Teng, P.S.,
Aggarwal, P.K., Bouma, J., Bouman, B.A.M., Jones, J.W., Van Laar, H.H. (Eds.), Applica-
tions of Systems Approaches at the Field Level. Kluwer Academic Publishers,
London, UK, pp. 437–451 http://dx.doi.org/10.1007/978-94-017-0754-1_31.

Mohammed, Y.M., Moot, D.J., McKenzie, B.A., Hill, G.D., 2013. Quantification of vegetative
development of faba bean, oats, and Italian ryegrass. Crop Pasture Sci. 63, 1097–1105.
http://dx.doi.org/10.1071/CP12305.

Monks, D.P., SadatAsilan, K., Moot, D.J., 2009. Cardinal temperatures and thermal time re-
quirements for germination of annual and perennial temperate pasture species. Pro-
ceedings of Agronomy Society of New Zealand.
Moot, D.J., Scott, W.R., Roy, A.M., Nicholls, A.C., 2000. Base temperature and thermal time
requirements for germination and emergence of temperate pasture species. N. Z.
J. Agric. Res. 43, 15–25. http://dx.doi.org/10.1080/00288233.2000.9513404.

Moot, D.J., Hargreaves, J., Brown, H.E., Teixeira, E.I., 2015. Calibration of the APSIM-
Lucerne model for ‘Grasslands Kaituna’ Lucerne crops grown in New Zealand. N. Z.
J. Agric. Res. 58, 190–202. http://dx.doi.org/10.1080/00288233.2015.1018392.

Morand, D.T., 2013. TheWorld Reference Base for Soils (WRB) and Soil Taxonomy: an ap-
praisal of their application to the soils of the Northern Rivers of New South Wales.
Soil Res. 51, 167–181. http://dx.doi.org/10.1071/SR12144.

Pembleton, K.G., Donaghy, D.J., Volenec, J.J., Smith, R.S., Rawnsley, R.P., 2010a. Yield, yield
components and shoot morphology of four contrasting Lucerne (Medicago sativa)
cultivars grown in three cool temperate environments. Crop Pasture Sci. 61,
503–511. http://dx.doi.org/10.1071/CP09351.

Pembleton, K.G., Smith, R.S., Rawnsley, R.P., Donaghy, D.J., Humphries, A.W., 2010b. Geno-
type by environment interactions of Lucerne (Medicago sativa L.) in a cool temperate
climate. Crop Pasture Sci 61, 493–502. http://dx.doi.org/10.1071/CP09269.

Pembleton, K.G., Rawnsley, R.P., Donaghy, D.J., 2011. Yield and water-use efficiency of
contrasting Lucerne genotypes grown in a cool temperate environment. Crop Pasture
Sci. 62, 610–623. http://dx.doi.org/10.1071/CP11094.

Pembleton, K.G., Rawnsley, R.P., Jacobs, J.L., Mickan, F.J., O'Brien, G.N., Cullen, B.R., Ramilan,
T., 2013. Evaluating the accuracy of the Agricultural Production Systems Simulator
(APSIM) simulating growth, development, and herbage nutritive characteristics of
forage crops grown in the south-eastern dairy regions of Australia. Crop Pasture Sci.
64, 147–164. http://dx.doi.org/10.1071/CP12372.

Piñeiro, G., Perelman, S., Guerschman, J.P., Paruelo, J.M., 2008. How to evaluate models:
observed vs. predicted or predicted vs. observed? Ecol. Model. 216, 316–322.
http://dx.doi.org/10.1016/j.ecolmodel.2008.05.006.

Rawnsley, R.P., Cullen, B.R., Turner, L.R., Donaghy, D.J., Freeman, M., Christie, K.M., 2009.
Potential of deficit irrigation to increase marginal irrigation response of perennial
ryegrass (Lolium perenne L.) on Tasmanian dairy farms. Crop Pasture Sci. 60,
1156–1164. http://dx.doi.org/10.1071/CP08446.

Robertson, M.J., Carberry, P.S., Huth, N.I., Turpin, J.E., Probert, M.E., Poulton, P.L., Bell, M.,
Wright, G.C., Yeates, S.J., Brinsmead, R.B., 2002. Simulation of growth and develop-
ment of diverse legume species in APSIM. Aust. J. Agric. Res. 53, 429–446. http://dx.
doi.org/10.1071/AR01106.

Sinclair, T.R., Salado-Navarro, L., Morandi, E.N., Bodrero, M.L., Martignone, R.A., 1992. Soy-
bean yield in Argentina in response to weather variation among cropping seasons.
Field Crop Res. 30, 1–11. http://dx.doi.org/10.1016/0378-4290(92)90052-B.

Sinclair, T.R., Salado-Navarro, L.R., Salas, G., Purcell, L.C., 2007. Soybean yields and soil
water status in Argentina: simulation analysis. Agric. Syst. 94, 471–477. http://dx.
doi.org/10.1016/j.agsy.2006.11.016.

Smeal, D., Kallsen, C.E., Sammis, T.W., 1991. Alfalfa yield as related to transpiration,
growth stage and environment. Irrig. Sci. 12, 79–86. http://dx.doi.org/10.1007/
BF00190014.

Staff, S.S., 2010. Keys to Soil Taxonomy. Natural Resource Conservation Service, Eleventh
(Ed United States Department of Agriculture, p. 346.

Tanner, C.B., Sinclair, T.R., 1983. Efficient water use in crop production: research or re-
search. In: Taylor, H.M., et al. (Eds.), Limitations to Efficient Water Use in Crop Pro-
duction. ASA, Madison, United States, pp. 1–27.

Tedeschi, L.O., 2006. Assessment of the adequacy of mathematical models. Agric. Syst. 89,
225–247. http://dx.doi.org/10.1016/j.agsy.2005.11.004.

Zhang, X., Lee, J.-H., Abawi, Y., Kim, Y.-h., Kim, H.-D., 2006. Testing the simulation capabil-
ity of APSIM-ORYZA under different levels of nitrogen fertiliser and transplanting
time regimes in Korea. Aust. J. Exp. Agric. 47, 1446–1454. http://dx.doi.org/10.1071/
EA05363.

http://dx.doi.org/10.1046/j.1365-3180.2003.00323.x
http://dx.doi.org/10.1046/j.1365-3180.2003.00323.x
http://dx.doi.org/10.1071/AR04216
http://dx.doi.org/10.2135/cropsci2013.08.0561
http://dx.doi.org/10.1071/EA00062
http://dx.doi.org/10.1071/EA00062
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0085
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0085
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0085
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0090
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0090
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0090
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0095
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0095
http://dx.doi.org/10.1071/EA08245
http://dx.doi.org/10.1016/S1364-8152(01)00008-1
http://dx.doi.org/10.1006/anbo.1994.1133
http://dx.doi.org/10.1016/S1161-0301(02)00108-9
http://dx.doi.org/10.1016/j.agrformet.2005.01.003
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0125
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0125
http://www.jstor.org/stable/2532051
http://dx.doi.org/10.1016/0378-4290(93)90021-E
http://dx.doi.org/10.1016/0378-4290(93)90021-E
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0140
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0140
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0145
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0145
http://dx.doi.org/10.1007/978-94-017-0754-1_31
http://dx.doi.org/10.1071/CP12305
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0160
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0160
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0160
http://dx.doi.org/10.1080/00288233.2000.9513404
http://dx.doi.org/10.1080/00288233.2015.1018392
http://dx.doi.org/10.1071/SR12144
http://dx.doi.org/10.1071/CP09351
http://dx.doi.org/10.1071/CP09269
http://dx.doi.org/10.1071/CP11094
http://dx.doi.org/10.1071/CP12372
http://dx.doi.org/10.1016/j.ecolmodel.2008.05.006
http://dx.doi.org/10.1071/CP08446
http://dx.doi.org/10.1071/AR01106
http://dx.doi.org/10.1016/0378-4290(92)90052-B
http://dx.doi.org/10.1016/j.agsy.2006.11.016
http://dx.doi.org/10.1007/BF00190014
http://dx.doi.org/10.1007/BF00190014
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0230
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0230
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0235
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0235
http://refhub.elsevier.com/S0308-521X(15)30063-9/rf0235
http://dx.doi.org/10.1016/j.agsy.2005.11.004
http://dx.doi.org/10.1071/EA05363
http://dx.doi.org/10.1071/EA05363

	Evaluation of the agricultural production systems simulator simulating Lucerne and annual ryegrass dry matter yield in the ...
	1. Introduction
	2. Materials and methods
	2.1. Experimental locations
	2.1.1. Argentine Pampas
	2.1.2. South-eastern Australia

	2.2. Climatic and soil conditions
	2.3. Forage growth
	2.3.1. Argentine Pampas
	2.3.2. South-eastern Australia

	2.4. APSIM model parameterization
	2.4.1. Lucerne
	2.4.2. Annual ryegrass

	2.5. Evaluation of model performance

	3. Results
	3.1. Lucerne
	3.2. Annual ryegrass

	4. Discussion
	4.1. Lucerne
	4.2. Annual ryegrass

	5. Conclusions and future development requirements
	Acknowledgments
	References


