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A B S T R A C T

Many crop models have been developed for potato, and a few for sweet potato, and yam. More than 30
potato models, two sweet potato models, and three yam models are described in the literature, and each
differ in model structure. Some potato models have been applied to studies of nitrogen fertilizer,
irrigation management, and climate change impact, but most of these models have never been validated
with field measurements. The nitrogen dynamics of potato models CROPSYSTVB-CSPOTATO, EXpert-N-
SPASS, and LINTUL-NPOTATO have been tested with some field data. LPOTCO and AQUACROP are two
potato models that have been tested under elevated atmospheric CO2 conditions. None of the models
have ever been tested with high temperature or heat stress data. The most tested and applied potato
models include versions of LINTUL and SUBSTOR-Potato. Two sweet potato models, MADHURAM and
SPOTCOMS, and two yam models, CROPSYSTVB-Yam and EPIC-Yam had limited field-testing under
current climate conditions; however, these sweet potato and yam models are not ready for climate
change impact assessments. To prepare potato, sweet potato, and yam models for climate change impact
assessments, they need to be (i) calibrated with modern cultivars across agro-climatic zones; (ii) tested
and improved with crop physiology and dynamic measurements of phenology, growth, partitioning, and
water and nitrogen uptake under different crop management and environments; and (iii) tested and
improved with field studies of crop responses to climate factors, including elevated CO2, water stress,
increased temperature, heat stress, and combinations of these. Such extensive model testing and
improvement with field experiments require a coordinated international effort and long-term
commitment to potato, sweet potato, and yam research.

ã 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Potato, sweet potato, and yam are among the top 10 most
consumed foods in the world (FAO, 2010). Potato (Solanum
tuberosum) is the most important non-grain crop worldwide, with
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Table 1
Potato, sweet potato and yam crop models.

Model Reference Web link

Potato
APSIM-Potato (Brown et al., 2011; Lisson

and Cotching, 2011)
http://www.mssanz.org.au/
modsim2011/B3/brown.pdf

AquaCrop (Steduto et al., 2009) http://www.fao.org/nr/water/
aquacrop.html

CROPSYST (Peralta and Stockle, 2002;
Stockle et al., 2003)

http://www.bsyse.wsu.edu/
CS_Suite/CropSyst/index.html

CROPSYSTVB-
CSPOTATO

(Alva et al., 2010)

CROPWATN (Karvonen and Kleemola,
1995)

DAISY (Heidmann et al., 2008)
DANUBIA (Lenz-Wiedemann et al.,

2010)
Expert-N-SPASS (Gayler et al., 2002)
INFOCROP-
POTATO

(Singh et al., 2005) http://www.iari.res.in

Ingram-model (Ingram and McCloud,
1984)

ISPOTA (Fishman et al., 1984)
Johnson-model (Johnson et al., 1986)
LINTUL-FAST (Angulo et al., 2013) http://models.pps.wur.nl/

models
LINTUL-
NPOTATO

(Van Delden et al., 2003)

LINTUL-POTATO (Kooman and Haverkort,
1995)

LPOTCO (Wolf and Van Oijen,
2003)

NPOTATO (Wolf, 2002a) http://models.pps.wur.nl/
models

POMOD (Kadaja and Tooming,
2004)

POTATO (Ng and Loomis, 1984)
POTATOS (Wolf, 2002a) http://models.pps.wur.nl/

models
Potato
Calculator

(Jamieson et al., 2006)

PotatoSoilWat (Roth et al., 1995)
REGCROP (Gobin, 2010)
ROTASK 1.0 (Jongschaap, 2006)
Sands-model (Sands et al., 1979)
Sanabria and
Lhomme-
model

(Sanabria and Lhomme,
2013)

SCRI-model (Mackerron and Waister,
1985)

SIMPOTATO (Hodges et al., 1992)
SOLANUM (Condori et al., 2010)
SPUDSIM (Fleisher et al., 2010)
SUBSTOR-
Potato

(Griffin et al., 1993) http://www.icasa.net/dssat/

SWACROP (van den Broek and Kabat,
1995)

WOFOST (Boogaard and Kroes,
1998)

http://www.wofost.wur.nl

Sweet potato
MADHURAM (Somasundaram and

Santhosh Mithra, 2008)
SPOTCOMS (Santhosh Mithra and

Somasundaram, 2008)

Yam
CROPSYSTVB-
Yam

(Marcos et al., 2011)

EPIC-Yam (Srivastava et al., 2012a)
YAMSIM (Rodriguez, 1997)
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a production of 332 million tons in 2010 (FAO, 2010). Potato
originated in the Andean mountains, and from there spread to
many regions throughout the world (CIP, 1992). A decade ago,
developed countries were the major producers and consumers of
potatoes; however, developing countries have recently surpassed
developed countries in the production and consumption of
potatoes (FAO, 2010).

Sweet potatoes (Ipomoea batatas) originated in Central and
South America, and east African varieties present characteristics
completely different to American varieties (Gichuki et al., 2003).
Developing countries, such as China and those in Sub-Saharan
Africa have increased the amount of land planted to sweet potato
and its production during the last decade. Both regions account for
approximately 87% of harvested area of sweet potato in the
developing world (Fuglie, 2007). In China, sweet potato has
declined as a food crop but increased as animal feed (Fuglie, 2007).
Sub-Saharan Africa added approximately two million hectares of
sweet potato production in the last decade (FAO, 2010).

Yams (Dioscorea sp.) are a multispecies crop, and the most
predominant species is water yam (Dioscorea alata). Yams are
distributed throughout the subtropics and tropics; however, about
93% of the world’s production is in west Africa (Asiedu and Sartie,
2010).

Roots and tubers of these crops provide a cheap source of
energy and vital nutrients to many people. Therefore, these crops
are a main resource for food security, employment, and income in
developing countries. While potato is important worldwide
(Lutaladio and Castaidi, 2009), sweet potato and yam play key
roles in securing food for many households in Africa (Fuglie,
2007; Asiedu and Sartie, 2010).

The anthropogenic emissions of greenhouse gases are
expected to increase in the future. Concentrations of CO2 are
projected to increase from 400 ppm to >700 ppm by the end of the
century. Elevated CO2 has been shown to be beneficial for C3
plants such as potato, sweet potato, and yam. Experiments with
elevated CO2 in open-top chambers (OTC) and free air carbon
dioxide enrichment (FACE) systems across Europe and United
States have shown that potato yields increase under elevated
atmospheric CO2 (Finnan et al., 2008). Other studies indicated
that increased temperature may counteract the positive effect of
elevated CO2 in potatoes (Schapendonk et al., 1995). Biswas et al.
(1996) showed that sweet potatoes under elevated CO2 in
combination with water stress did not respond to elevated CO2,
while the yield of well-watered plants increased significantly
with elevated CO2. Reports show contradicting results of the
effect of water stress on photosynthesis and yield in sweet
potatoes, mostly due to large varietal differences. van Heerden
and Laurie (2008) reported that in experiments with limited
water supply one of the sweet potato varieties showed high
drought resistance.

Crop models are a key tool to investigate the impact and
potential adaptation options in root and tuber production
(Haverkort and Top, 2011). A crop model consists of mathematical
equations that describe crop development and growth over time
as a function of environmental factors. Crop models use weather
data, soil characteristics, and crop characteristics to simulate crop
responses under management practices and various environ-
mental conditions. Crop models can be used to anticipate the
effects of climate change on root and tuber production.

This paper presents a review of simulation models developed
for potato, sweet potato and yam. General physiological differ-
ences, structural model differences and limitations, applications
in climate change and research gaps are discussed. Most of the
reviewed papers describe potato models, less sweet potato and
yam models, reflecting the available literature on models and
their applications for these crops.
History of potato models

Crop modeling started approximately 60 years ago (De Wit,
1958), and modeling of potato crops began during the 1980s (Sands
et al., 1979; Ingram and McCloud, 1984; Ng and Loomis, 1984;
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Fishman et al., 1985; Mackerron and Waister, 1985; Johnson et al.,
1986). In the 1990s, potato crop models were linked to dynamic
soil-water and soil-nitrogen simulation routines. At this time, they
started to be used for systems analysis by exploring management
options, including N fertilization, irrigation management, and the
impacts of climate variability (MacKerron, 2008). In the 2000s,
more potato models were developed and used for a range of
systems applications (Table 1).

Most potato models were derived from other generic crop or
cereal models. For example, the generic crop model LINTUL was
adapted into LINTUL-POTATO (Kooman and Haverkort, 1995).
SIRIUS (a cereal wheat model) was modified to create the Potato
Calculator model (Jamieson et al., 2006). Some potato models are
hybrids of generic or other cereal models. For example, DANUBIA is
a crop model that combines the cereal crop model CERES and the
generic crop model GECROS and was then linked with the soil-
water and nitrogen model SOIL-SNT (Lenz-Wiedemann et al.,
2010). Potato models have been improved by adding sub-routines
to enhance their performance (Haverkort and Top, 2011). For
instance, SIMPOTATO (Fig. 1A) was originally adapted from the
CERES-maize model (Hodges et al., 1992). The routine of nitrogen
uptake of SIMPOTATO was included to transform EXpert-N-SPASS
to a potato crop model considering nitrogen (Gayler et al., 2002).
Later, SIMPOTATO was combined with CROPSYST to create the
CROPSYSVB-CSPOTATO model (Alva et al., 2010). SIMPOTATO was
also combined with a two-dimensional soil model (e.g., 2DSOIL) to
create the SPUDSIM model (Fleisher et al., 2010). An improved
canopy routine from the POTATO model (Ng and Loomis, 1984) has
been implemented in the SPUDSIM model (Fleisher et al., 2010)
(Fig. 1A). Another example is LINTUL-POTATO (Fig. 1B); this model
was modified and adapted for potato cultivars in the Andes and
A

B

CERES SIMPOTATO SPU DISM

2DSOIL

CROPSYS T CROPSYST VB

Expert-N-SPASS

POTATO

Sands-mode l

SUBSTOR-Potato
GECROS

DANUBIA

SOIL-SNT

NWH EATNPOTATO

LINTUL-POTATO LINTUL -NP OTATO

POTATOS

SOLANUM

LINTUL LINTUL -FAST

Sanabria and   Lh omme-mod el

CROP WAT

Fig. 1. History of model development for (a) SIMPOTATO and (b) LINTUL models.
Potato models represented by solid-line borders and non-potato models
represented by dashed-line borders. 2DSOIL (Timlin and Pachepsky, 1997),
NWHEAT (Groot and Dewilligen, 1991), CERES (Jones and Kiniri, 1986), SOIL-SNT
(Klar et al., 2008), GECROS (Yin and van Laar, 2005), and CROPWAT (Smith, 1992).
was renamed to SOLANUM (Condori et al., 2010) (Fig. 1B). LINTUL-
POTATO was also combined with the NPOTATO model to create
LINTUL-NPOTATO (Van Delden et al., 2003).

Several versions of the LINTUL potato model have been used for
climate change studies. Although LINTUL (Hijmans, 2003) does not
consider elevated CO2 effects on crop growth, LINTUL-FAST
(LINTUL 2) (Angulo et al., 2013) and LINTUL-POTATO (Kooman
and Haverkort, 1995) include these effects. The LINTUL-POTATO
model and its modified version named POTATOS consider elevated
CO2 effects based on a literature review (Wolf, 2002a; Haverkort
et al., 2013).

The WOFOST model simulates potato crop development, and it
was combined with the SIMGRO model, a model simulating the
water balance at a regional scale (van Walsum and Supit, 2012).
Another generic model parameterized for potato crops is AQUA-
CROP, and it has been linked with an economic optimization model
to analyze farm income (Garcia-Vila and Fereres, 2012).

Potato model structures

Crop models can range from simulating potential yields to
simulating yields limited by water and nitrogen (van Ittersum
et al., 2003). From the models listed in Table 1, three models can
simulate potential yield only, 13 models include a water routine,
and 14 models include water and nitrogen routines.

In general, crop model routines for potential production include
processes of thermal time accumulation, canopy development,
tuber induction, dry matter allocation and tuber growth.

Thermal time is estimated by several linear (McMaster and
Wilhelm, 1997) and non-linear methods (Sands et al., 1979; Lenz-
Wiedemann et al., 2010). The cardinal temperature varies across
models. For example, Sands et al. (1979) reported a base
temperature (Tb) of 7 �C, but this can vary between 2 �C to 2.8 �C
for tuberosum species (MacKerron, 2008). For andigenum species,
the base temperature is approximately 0 �C (Hijmans et al., 2003).
Furthermore, Streck et al. (2007) suggest that cardinal temper-
atures tend to change through crop phenology and suggest a Tb of
4 �C for tuber induction and a Tb of 7 �C for tuber bulking.

Two modeling approaches are generally used to simulate
canopy development. The simpler approach uses a “big leaf”
concept to estimate daily net productivity as the product of
potential radiation-use efficiency (RUE) and light interception. A
more complex approach estimates diurnal variations in leaf-level
photosynthesis, which is scaled to canopy level, and considers
carbon losses through respiration and senescence. Differently,
AQUACROP uses transpiration efficiency for biomass growth
(Vanuytrecht et al., 2011), and the Sands-model considers the
tuber growth development as a function of physiological time and
radiation (Sands et al., 1979).

Photoperiod and temperature play a key role in crop develop-
ment and trigger tuber induction in potato crops (Jackson, 1999).
Temperature thresholds and photoperiod sensitivity vary widely
with potato species (Kooman and Haverkort, 1995). Some of the
first crop models for potato accounted for photoperiod sensitivity
in simulating the tuber growth (Regel and Sands, 1983; Ng and
Loomis, 1984), but most models developed in the 1980s described
tuber induction and development only as a function of tempera-
ture (Ingram and McCloud, 1984; Mackerron and Waister, 1985).
This temperature function together with a function of photoperiod
sensitivity were included in models developed in the 1990s (Griffin
et al., 1993; Kooman and Haverkort, 1995). However, in APSIM-
potato, photoperiod affects only the leaf appearance (Brown et al.,
2011).

A potato yield is often calculated as the proportion of biomass
allocated to tubers (harvest index – HI), and some models consider
a partitioning process to different organs. For instance, in the
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Potato Calculator model, the biomass partitioning is determined
using simple rules. Initially, all biomass is assigned to the shoots.
From tuber initiation until maximum canopy, 75% of new biomass
is assigned to tubers and 25% to the canopy. After maximum
canopy cover, all new biomass is translocated to tubers, with an
additional remobilization of biomass from stems to tubers
(Jamieson et al., 2009).

Sands et al. (1979) proposed a model that presents the most
detailed potato phenology. This model describes planting,
emergence, tuber initiation, start of tuber growth, maximum
bulking rate, cessation of bulking, and tuber maturity or skin-
hardening. Some models simulate the emergence of potatoes
(EXpert-N-SPASS and SIMPOTATO), emergence to flowering
(EXpert-N-SPASS and DANUBIA), emergence to tuber initiation
(SUBSTOR-Potato, SIMPOTATO, LINTUL-POTATO), emergence to
canopy expansion (Mackerron and Waister, 1985) or the period of
tuber initiation to maximum canopy cover (Jamieson et al., 2009).
In the case of EXpert-N-SPASS and SUBSTOR-Potato, the calculation
of the tuberization rate begins when emergence is reached and
when photoperiod and temperature requirements are met.
Flowering often does not have an effect on tuberization (Sands
et al., 1979), and flowering could be absent in some cultivars.

The components of the soil–water balance vary across models,
as some models did not initially consider precipitation (Fishman
et al., 1985). Main components of the water balance considered
include soil–water dynamics and evapotranspiration. The water
dynamics in the soil profile are usually simulated by the tipping
bucket approach or the Richards equation (Table 2). Both methods
simulate a one-dimensional movement of water. The SPUDSIM
model is the only potato model that simulates soil–water dynamics
in two dimensions (Fleisher et al., 2010).

Soil organic matter (SOM) dynamics are often simulated using
different SOM pools and different decomposition rates, and these
can vary across models (Table 3). For example, the DAISY model has
two general pools (e.g., soil organic matter and added organic
matter). EXpert-N-SPASS has three pools (e.g., litter, manure, and
humus); LINTUL-NPOTATO also has three different pools (e.g., crop,
manure, and wastewater solids).

The number of cultivar parameters varies among crop models,
and not all published models provide this information. Some
parameters are estimated from other crops, while some param-
eters are calculated from experiments or adopted from other
models (Roth et al., 1995; Peralta and Stockle, 2002; Lenz-
Wiedemann et al., 2010).

Some model use weekly climate input data (Sands et al., 1979),
while most models use daily weather input data. SPUDSIM and
DANUBIA are the only models that simulate the water, carbon, and
nitrogen fluxes as well as the energy balance at hourly time steps
(Fleisher et al., 2010; Lenz-Wiedemann et al., 2010). The DAISY
potato model can simulate crop development and growth using
daily solar radiation, air temperature, and precipitation, and can
use hourly inputs for vapor pressure and wind speed. The POTATO
model uses a sine function to calculate hourly temperature based
on daily average and amplitude temperature (Ng and Loomis,
1984).

Models differ in the description of crop development, including
the way they consider abiotic factors. Several models consider
abiotic factors, including nitrogen, water, frost, heat, and drought
(Jefferies, 1993; Gayler et al., 2002; Hijmans et al., 2003; Heidmann
et al., 2008; Fleisher et al., 2010). However, biotic factors such as
weed, pest, or diseases are often not considered.

A crop model combined with pest and disease models could
allow to study integrated pest and disease management and
estimate yield losses due to these factors (Haith et al., 1987; Rouse,
1988). For example, the Johnson-model was developed (Johnson
et al., 1986) to link three pest and disease sub-models (potato
leafhopper, early blight, and Verticillium wilt) (Johnson, 1992). The
model PotatoSoilWat based on the Johnson-model was combined
with a virus epidemic model (Nemecek et al., 1995). A single-plant
potato model based on the structure of SUCROS was linked to a
subroutine of Verticillium dahliae (Termorshuizen and Rouse,
1993). Another potato model, INFOCROP-POTATO, applied a
constant yield loss due to pest and diseases of 10–12% annually
(Singh et al., 2005).

Potato model testing with experimental data

A crop model can become a good representation of reality if it
reproduces observed data with acceptable accuracy. A range of
statistical indicators has been used to quantify model accuracy
(Gayler et al., 2002; Condori et al., 2010; Fleisher et al., 2010; Gobin,
2010). The root mean square error (RMSE) (Wallach and Goffinet,
1987) is used (sometimes calculated from other indicators if
available) to compare the accuracy in simulating field measure-
ments across models. These results are summarized in Table 3 as
relative RMSE (RRMSE). Note that Table 3 provides the perfor-
mance of models for specific cultivars or specific geographical
regions for which they were validated. However, a better way to
compare the performance of models would be a model intercom-
parison study with standardized inputs (Rosenzweig et al., 2012).
Such a study was performed in 1995 with five potato models
(Kabat et al., 1995). The models that performed best in this
comparison for a dry treatment were WOFOST, followed by
SWACROP and CROPWATN (Fig. 2).

Some of the models that do not supply a quantifiable error
estimate have nevertheless been used for specific application, and
these include CROPSYST, POMOD, NPOTATO, and APSIM- potato.
Under current climate conditions, the variation of the RRMSE
across models is less than 32%, often based on a single validation
study. However, in the case of the SUBSTOR-Potato model, the
RRMSE ranged between 14% and 51%, using information across
several studies. The DAISY model was tested at six sites across
Europe, and the RRMSEs ranged from 1% to >30% (Heidmann et al.,
2008).

Only LPOTCO and AQUACROP models were tested for compo-
nents of future climate change, including the effect of elevated CO2

on yield. For the LPOTCO model (Fig. 3), the coefficient of
determination was provided (R2 = 0.65) (Wolf and Van Oijen,
2003). The AQUACROP model showed a RRMSE of 11–30%.

Crop nitrogen uptake was validated for the CROPSYSTVB-
CSPOTATO model (15%), the EXpert-N- SPASS model (9.6%), and the
LINTUL-NPOTATO model (22–29%) (Gayler et al., 2002; Van Delden
et al., 2003; Alva et al., 2010).

Most potato models have been tested in specific locations with
some exceptions. Angulo et al. (2013) used the LINTUL FAST model
and addressed uncertainties of the simulations using various
calibration methods; they also suggested an improvement with
multi-location experimental datasets to enhance the performance
of the model at regional levels. The DAISY potato model was
calibrated across contrasting experiments in Europe and suggested
key crop parameters to be changed at a regional level (Heidmann
et al., 2008).

Potato model applications

Table 4 considers four applications of potato crop models,
including crop productivity, nitrogen management, irrigation
management, and the impacts of climate change on productivity.
Potato model applications for crop productivity included yield
estimates (Travasso et al., 1996; St’astna et al., 2010), yield-gap
analysis (Caldiz and Struik, 1999), modeling tuber size (Nemecek
et al., 1996), studying the impact of a frost-tolerant cultivar



Table 2
Modeling approaches for potato, sweet potato and yam.

Model Leaf area/
light
interceptiona

Light
utilizationb

Yield
formationc

Tuberizationd Root
distribution
over depthe

Environmental
constraints
involvedf

Type of
water
stressg

Water dynamicsh

Evapotranspirationi Soil
CN-
modelj

Process
modified by
elevated CO2

k

No. cultivar
parameters

Climate
input
variablesl

Model
relativem

Model
typen

Potato
APSIM-Potato S RUE Prt T EXP W/N S C/R PT/PM CN/P

(2)/B
RUE 7 R/Tx/Tn/

Rd
C/S P

AquaCrop S TE HI/B T EXP W E/S C PM n.a. TE 2 R/Tx/ETo P
CropSyst S RUE HI/B T EXP W/N E R PT/PM N/P

(3)/B
RUE/TE 20 R/tx/tn/

Rd/e
E P

CropSystVB-
CSPotato

S RUE HI/B T/DL EXP W/N E R PT/PM - n.a. n.a. R/tx/tn/
Rd/e

E/C P

CROPWATN S P-R B/Prt T - W/N - R PM N/P(1) n.a. 10 Rd/Tavg/Cl P
DAISY D P-R B/Prt T/DL - W/N E R PT CN/P

(2)/B
F - R/Ta/Rd/e S R

DANUBIA D P-R B/Prt T/DL CA W/N E/S R PM N/P
(2)/B

F 18 RH/Ta/Rd/
e/W/atC02

C/G P

Expert-N-
SPASS

D P-R B/Prt T/DL EXP W/N E/S R PM CN/P
(3)/B

n.a. 15 R/Tx/Tn/
Rd/RH/W

C/S P

INFOCROP-
POTATO

S RUE HI/B T/DL EXP W/N/H E C PM/PT CN/P
(2)/B

RUE/TE 22 R|/Tx/Tn/
Rd/W/e

S P

Ingram-
model

S P-R B/Prt T n.a. n.a. n.a. n.a. n.a. n.a. n.a. - Rd/Tx/Tn P

ISPOTA D P-R B/Prt T - W - - - n.a. n.a. 20 Rd/Tx/Tn/
R/Rdu/Pe

P

Johnson-
model

S RUE B/Prt T n.a. W** n.a. n.a. n.a. n.a. n.a. 16 Rd/Tx/Tn P

LINTUL-FAST - RUE Prt T EXP W E C PM CN/P
(3)

RUE 4 R/Tx/Tn/
Rd/RH

L R

LINTUL-
NPOTATO

S RUE HI/B T/DL EXP W/N S C P CN/P
(2)

RUE/TE - R/Tx/Tn/
Rd/e/W

L P

LINTUL-
POTATO

S RUE HI/B T/DL - W - C PM n.a. RUE/WUE - R/Tx/Tn/
Rd/e/W

L P/R

LPOTCO S RUE HI/B n.a. n.a. W n.a. n.a. PM n.a. RUE - R/Tx/Tn/
Rd/e/W

L P/R

NPOTATO D P-R B/Prt T n.a. W/N - C PM N/P(2) F 5 R/Tx/Tn/
Td/Rd/W

S P/R

POMOD S P-R B/Prt - - W E C G n.a. n.a. - R/Ta/Rd
POTATO S P-R B/Prt T/DL - W - PM n.a. n.a. - Rd/Ta/dTa/

Td/W/RH
P

POTATOS S RUE B/Prt T/DL n.a. W - C PM n.a RUE/TE - R/Tx/Tn/
Td/Rd/W

L P/R

Potato
Calculator

S RUE B/Prt T EXP W/N E C P/PT N/P(1) n.a. - R/Tx/Tn/
Rd/e/W

I P

PotatoSoilWat S RUE B/Prt T - W - - PM - - 31 R/Tn/Tx//
Rd/W/RH

P

REGCROP S RUE HI/B T - W - - PM n.a. n.a. 20 R/Tn/Tx/
Td/Rd/W/
RH

R

ROTASK 1.0 S RUE - - - - - C - N/P(2) - 9 R/Tn/Tx/
Rd/W/RH/
nR

G

Sanabria and
Lhomme-
model

S RUE HI T n.a. W n.a. C PM n.a RUE 21 R/Tn/Tx/
Rd/W/RH

L P
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Table2 (Continued)

Model Leaf area/
light
interceptiona

Light
utilizationb

Yield
formationc

Tuberizationd Root
distribution
over depthe

Environmental
constraints
involvedf

Type of
water
stressg

Water dynamicsh

Evapotranspirationi Soil
CN-
modelj

Process
modified by
elevated CO2

k

No. cultivar
parameters

Climate
input
variablesl

Model
relativem

Model
typen

Sands-model S n.a. HI/B T/DL n.a. n.a. n.a. n.a. n.a. n.a. n.a. 10 Rd/Tx/Tn P
SCRI-model S RUE HI/B T n.a. W*** n.a n.a. n.a. n.a. n.a. n.a. Rd/Tx/Tn P
SIMPOTATO S RUE HI/B T/DL EXP W/N E/S C P/PT CN/P

(2)
- - R/Ta/Rd C P

SOLANUM S RUE HI/B T n.a. n.a. n.a. n.a. n.a. n.a. n.a. 10 Rd/Tx/Tn L P
SPUDSIM D P-R B/Prt T CA W E/S R PM n.a. F 13 R/Tx/Tn/

Rd/e
C P

SUBSTOR-
Potato

S RUE HI/B T/DL EXP W/N E/S C/R PT CN/P
(3)/B

RUE/TE 7 R/Tx/Tn/
Rd/RH/W

C P

SWACROP S P-R B/Prt T - W R PM/PT/MAK n.a. n.a. - Rr/Ta/
sRH/W/C/
CR

P

WOFOST D P-R B/prt T/DL LIN W/N* E/S C P P(1) F 3 R/Tx/Tn/
Rd/e/W

S G

Sweet potato
MADHURAM D P-R B/prt T/DL n.a. W/N/K E/S - PT n.a. n.a. - R/Tx/Tn/

H/RHn/
RHx/S

P

SPOTCOMS D P-R B/prt T/DL n.a. W/N/K E/S - PT n.a. n.a. - R/Tx/Tn/
H/RHn/
RHx/S

P

Yam
CROPSYSTVB-
YAM

S RUE HI/B T/DL LIN W/N - C/R PT/PM - n.a. - R/Tx/Tn/
Rd/e

E P

EPIC-yam S RUE HI/B T/DL EXP W/N E C PT/PM N/P
(5)/B

RUE/TE 31 R/Tx/Tn/
Rd/e

E R

YAMSIM D P-R - - - - - - - - - - S P

*Nitrogen-limited yields can be calculated for given soil nitrogen supply and N fertilizer applied, but model has no N simulation routines.
*The model uses soil water potential as input data and does not have water balance model.
***The model uses soil water deficit and does not have a water balance model.
- not available, n.a not applicable

a S, simple approach (e.g., LAI); D, detailed approach (e.g., canopy layers).
b RUE, radiation use efficiency approach; P-R, gross photosynthesis–respiration; TE, transpiration efficiency biomass growth.
c HI, fixed harvest index; B, total (aboveground) biomass; Prt partitioning during reproductive stages; HI_mw, harvest index modified by water stress.
d T, temperature; DL, photoperiod (day length); O, other water/nutrient stress effects considered.
e LIN, linear, EXP, exponential, SIG, sigmoidal, CA, carbon allocation.
f W, water limitation; N, nitrogen limitation; K, potassium limitation.
g E, actual to potential evapotranspiration ratio; S, soil available water in root zone.
h C, capacity approach; R, Richards approach.
i P, Penman; PM, Penman-Monteith; PT, Priestley-Taylor; TW, Turc-Wendling; MAK, Makkink; HAR, Hargreaves; SW, Shuttleworth and Wallace (resistive model), Gojsa and Bibic.
j CN, CN model; N, N model; P(x), x number of organic matter pools; B, microbial biomass pool.
k RUE, radiation use efficiency; TE, transpiration efficiency; WUE, water use efficiency; F, Farquhar model.
l Cl, cloudiness; R, rainfall; nR, nitrogen concentration in precipitation; Tx, maximum daily temperature; Tn, minimum daily temperature; Ta, average daily temperature; Td, dew point temperature; dTa, daily temperature

amplitude Rd, radiation; H, sunshine hours; e, vapor pressure; RH, relative humidity; RHn, minimum relative humidity; RHx, maximum relative humidity; W, wind speed; CR, canopy resistance; Rdu rainfall duration; Pe, pan
evaporation; S, soil moisture content; at CO2, atmospheric CO2.

m C, CERES; L, LINTUL; E, EPIC; G, GECROS; S, SUCROS; I, SIRIUS.
n P, point model; G, global or regional model (regarding the main purpose of model).
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Table 3
Relative RMSE (RRMSE) for potato, sweet potato and yam model–observation comparisons.

Models Yield LAI N Water References

Ambient
CO2

Elevated
CO2

N
fertilizer

soil N
mineralization

N uptake N
leaching

Drainage Water
uptake

Irrigation

Potato
APSIM-Potato
AquaCrop 2% 11–30%# (Vanuytrecht et al., 2011)
CROPSYST (Peralta and Stockle, 2002)
CROPSYSTVB-CSPOTATO 12% 15% (Alva et al., 2010)
CROPWATN
DAISY 1->30% (Heidmann et al., 2008)
DANUBIA 1.6* 0.97 (Lenz-Wiedemann et al., 2010)
Expert-N-SPASS 9.31% 9.63% (Gayler et al., 2002)
INFOCROP-POTATO 11% 19% (Singh et al., 2005)
Ingram-model 10–27% (Ingram and McCloud, 1984)
ISPOTA 8–32%** (Fishman et al., 1984)
Johnson-model
LINTULS-FAST 1.13–2.65* (Angulo et al., 2013)
LINTUL-NPOTATO 1.08–1.19* 0.567 27.6–33.5 21.6–

28.6
(van Delden et al., 2001)

LINTUL-POTATO
LPOTCO
NPOTATO (Wolf, 2002a)
POMOD (Kadaja and Tooming, 2004)
POTATO 19% (Ng and Loomis, 1984)
POTATOS
Potato Calculator 8.7* 31.22% (Jamieson et al., 2009)
PotatoSoilWat
REGCROP 6.74* (Gobin, 2010)
ROTASK 1.0
Sanabria and Lhomme-
model

Sands-model
SCRI- model
SIMPOTATO 16% 37% 111% 65% 19% (Hodges et al., 1992)
SOLANUM 0.74–1.48* (Condori et al., 2010)
SPUDSIM 14% (Fleisher et al., 2010)
SUBSTOR-Potato 14.7–47–

51%
(Kabat et al., 1995; Travasso et al., 1996; St’astna et al., 2010)

SWACROP 10%** (van den Broek and Kabat, 1995)
WOFOST 16%** (Boogaard and Kroes, 1998)

Sweet potato
MADHURAM 1.14–4.17* (Santhosh Mithra and Somasundaram, 2008)
SPOTCOMS 2.88–3.92* (Santhosh Mithra and Somasundaram, 2008)

Yam
CROPSYSTVB-Yam 0.5* 0.3* (Marcos et al., 2011)
EPIC-yam 8.78–25-

38%
(Srivastava and Gaiser, 2010; Srivastava et al., 2012a)

YAMSIM

# Based on FACE experimental data.
* Only absolute RMSE were available (t ha�1).
** Includes above-below biomass production (t ha�1).
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Fig. 2. Measured and simulated cumulative potato tuber dry weight predicted by
models for a 1987 dry treatment. Reproduced from Kabat et al. (1995).
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(Hijmans et al., 2003), modeling the response to drought (Jefferies,
1993), identifying the relevance of genotype by environmental
interaction for assisting breeding for drought-tolerant genotypes
(Spitters and Schapendonk, 1990; Haverkort and Kooman, 1997)
and optimizing farm income from potato cropping (Garcia-Vila and
Fereres, 2012).

Models for nitrogen management were used to assess nitrogen
uptake and nitrogen leaching and to estimate nitrogen crop
requirements. Ten of the reviewed models have been used in
simulation experiments on N management; however, only five of
these models were validated with field experimental N fertilizer
data (CROPSYSTVB-CSPOTATO, SIMPOTATO, LINTUL-NPOTATO,
SIMPOTATO, Potato Calculator, and EXpert-N-SPASS). Five potato
models have been used to assess nitrogen leaching, and only two of
them were validated with N leaching data (SIMPOTATO and Potato
Calculator). Other potato model applications included simulation
studies to optimize manure application to avoid nitrogen losses
and to estimate the rate of nitrogen mineralization (Peralta and
Stockle, 2002; Van Delden et al., 2003).

The amount of irrigation required by a potato crop is linked to
nitrogen uptake and leaching, e.g., N leaching is often related to the
amount of irrigation (Hodges, 1998; Peralta and Stockle, 2002;
Fig. 3. Measured and simulated cumulative potato tuber dry weight (cv. Bintje) for
a FACE experiments with ambient (370 mmol mol�1) and elevated atmospheric CO2

(560 mmol mol�1) at Rapolano, Italy; observed (Obs) and simulated (Simul) using
the LPOTCO model. Reproduced from Wolf and Van Oijen (2003).
Lisson and Cotching, 2011). The potential to reduce nitrogen
fertilizer and irrigation without compromising productivity has
been explored with the Potato Calculator model (Jamieson et al.,
2006).

Potato models have also been used to explore the impacts of
climate change on potato production. The SCRI-model (Mackerron
and Waister, 1985) was used to study the impact of temperature
change on potato production in Scotland over the last 60 years. This
study showed that 23–26% of yield increase was due to a
temperature increase (Gregory and Marshall, 2012). Note that
models were initially developed to simulate the growth and
development of crops in current climate conditions and were not
intended for use in studies of climate change. Nevertheless, many
potato models have included CO2 effect on crop growth (e.g.,
INFOCROP-POTATO, WOFOST, CROPSYST, SUBSTOR-Potato, LIN-
TUL-FAST, LINTUL-POTATO, LPOTCO, NPOTATO, Sanabria and
Lhomme-model), but not all of them were tested with experimen-
tal data (Table 3).

Potato models were also applied in climate change studies at
various geospatial scales, including grid points, extrapolated grid
points to various administrative units, and downscaled or
interpolated grid points (Fig. 4). In simulation experiments for
the United States (Tubiello et al., 2002) and Europe (Supit et al.,
2012; Angulo et al., 2013) grid points were extrapolated to
administrative units. Interpolated grids were used for regional
studies in Washington state, USA (Stockle et al., 2010), Western
India (Kumar et al., 2011), England (Davies et al., 1997) and were
also used at a global scale (Hijmans, 2003). Most regional and
global model applications suggest future climate change will cause
current production areas to shift toward cooler regions (Tubiello
et al., 2002; Hijmans, 2003; Supit et al., 2012).

Simulation studies on climate change impact that did not
consider the effects of elevated CO2 suggested higher yield losses
(Davies et al., 1997; Hijmans, 2003; Gobin, 2010; Stockle et al.,
2010; Saue and Kadaja, 2011; Angulo et al., 2013) compared to
simulation studies with potato models that include a CO2 effect
(Stockle et al., 2010; Angulo et al., 2013). However, when all studies
with and without considering a CO2 effect on crop growth were
compared, the lower simulated yield reductions with considering
changes in atmospheric CO2 concentrations seemed to be an
artifact of the different models, cultivars, climate change scenarios
and growing environment used in these studies (Fig. 4).

Simulation studies with models including CO2 effects suggested
a 7% yield increase by 2020 in Washington state, USA, due to an
increase in the growing period and the benefits from elevated CO2

(Stockle et al., 2010). A change in potato yields from +5 to �4% was
simulated for 2030 for Western India (Kumar et al., 2011). For
Europe and the United States, an average potato yield increase was
simulated with climate change by 2050 (Tubiello et al., 2002; Wolf,
2002b; Wolf and Van Oijen, 2003; Angulo et al., 2013). In Ireland,
future potato production would depend on the water availability in
irrigated areas by 2055 (Holden et al., 2003). For this region,
maintaining current production will require 150–300 mm of
additional irrigation (Holden and Brereton, 2006). By 2080, an
8% yield reduction has been suggested for Washington state, USA,
despite considering an extended growing period as an adaptation
strategy (Stockle et al., 2010). For 2090, simulation experiments
suggested a yield decline in southern Europe, an unchanged yield
in central Europe, and a yield increase in northern Europe (Supit
et al., 2012). In the highland tropic of Peru, Sanabria and Lhomme
(2013) reported a yield increase between 28% and 29% by 2085. In
most cases, elevated atmospheric CO2 concentrations will mitigate
negative climate change impacts by 2050, but by the end of the
century the increase in temperature will override any positive
effects of elevated CO2 on potato production. In addition, the
simulation results also depend on the adaptation strategies, the



Table 4
Applications of potato, sweet potato and yam models.

Model Productivity Nitrogen
management

Irrigation
management

Climate change References

CO2 T adaptation

Potato
APSIM-Potato x (Lisson and Cotching, 2011)
AquaCrop x x (Garcia-Vila and Fereres, 2012)
CROPSYST x x x x x (Peralta and Stockle, 2002; Stockle et al., 2010)
CROPSYSTVB-CSPOTATO x (Alva et al., 2010)
CROPWATN
DAISY x x (Jensen et al., 1994; Dolezal et al., 2007)
DANUBIA x (Lenz-Wiedemann et al., 2010)
Expert-N-SPASS x x (Gayler et al., 2002)
INFOCROP-POTATO x x x x (Singh et al., 2005; Govindakrishnan et al., 2011;

Kumar et al., 2011)
Ingram-model
ISPOTA
Johnson- model x (Johnson, 1992; Nemecek et al., 1996)
LINTUL-FAST x x (Angulo et al., 2013)
LINTUL-NPOTATO x x (Van Delden et al., 2003)
LINTUL-POTATO x x x x (Hijmans, 2003; Hijmans et al., 2003; Haverkort et al., 2013)
LPOTCO x x (Wolf and Van Oijen, 2003)
NPOTATO x x (Wolf, 2002b)
POMOD x x x (Saue and Kadaja, 2009b; Saue and Kadaja, 2009a; Saue and

Kadaja, 2011; Sepp and Saue, 2012)
POTATO
POTATOS x x (Wolf, 2002b)
Potato Calculator x x (Jamieson et al., 2009)
PotatoSoilWat x (Nemecek et al., 1996)
REGCROP x (Gobin, 2010)
ROTASK 1.0
Sanabria and Lhomme-model x x (Sanabria and Lhomme, 2013)
Sands-model
SCRI-model x x (Peiris et al., 1996; Davies et al., 1997; Gregory and

Marshall, 2012)
SIMPOTATO x x (Han et al., 1995; Hodges, 1998)
SOLANUM
SPUDSIM
SUBSTOR-Potato x x x x x x (Travasso et al., 1996; Mahdian and Gallichand, 1997; Shae

et al., 1999; Tubiello et al., 2002; Holden et al., 2003; Snapp
and Fortuna, 2003; Stoorvogel et al., 2004; Holden and
Brereton, 2006; Brassard and Singh, 2007; St’astna et al., 2010;
Daccache et al., 2011)

SWACROP x (Mahdian and Gallichand, 1996; Utset et al., 2000)
WOFOST x x (Supit et al., 2012; van Walsum and Supit, 2012)

Sweet potato
MADHURAM
SPOTCOMS

Yam
CROPSYSTVB-Yam x (Marcos et al., 2011)
EPIC-Yam x x (Srivastava et al., 2012a; Srivastava et al., 2012b)
YAMSIM
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chosen emission scenario (SRES), and the type of global circulation
model (GCM) used. For example, Tubiello et al. (2002) used two
GCMs for rainfed conditions in the United States; the Canadian
Centre Climate Model Scenario (CCGS) suggested an increase in
potato yield, and the Hadley Centre Model Scenario (HGCS)
suggested a decrease in yield. Another simulation study with a
potato model suggested a reduction of the growing season with
climate change (Holden and Brereton, 2006; Stockle et al., 2010).
Adaptation strategies include using later-maturing cultivars in the
temperate regions (Stockle et al., 2010; Saue and Kadaja, 2011),
short-maturity cultivars in the highland tropics (Sanabria and
Lhomme, 2013), shifting growing seasons (Tubiello et al., 2002;
Hijmans, 2003; Franke et al., 2013), and using drought (Sanabria
and Lhomme, 2013) or heat-tolerant cultivars (Hijmans, 2003).
Hijmans (2003) created a heat tolerant cultivar by increasing the
upper sensitivity temperature thresholds for tuber bulking in the
model by two degrees. The simulation results with this new
cultivar showed that heat-tolerant cultivars could increase potato
production by approximately 5% under future climate change
scenarios by 2020 and 2050. Under optimal irrigated conditions,
models showed that a consequence of elevated CO2 is that crops
have improved water use efficiency (Holden and Brereton, 2006;
Supit et al., 2012) and reduced nitrogen fertilizer requirements
(Holden and Brereton, 2006). In contrast, Brassard and Singh
(2007) pointed out that a larger amount of nitrogen will be
required with climate change. The positive effect of CO2 could also
be counterbalanced by the lack of available water in rainfed and
irrigated systems (Holden et al., 2003; Supit et al., 2012). Across all
available potato models, the LINTUL model, its various versions,
and the SUBSTOR-Potato model are the most widely used potato
models (Table 4 and Fig. 4).

Studies of climate change using GCM encounter challenges
related to the temporal and geospatial resolution of the input data.
Usually GCMs represent areas over 1� by 1� (�111 by 111 km at the
equator) or higher. GCMs have been downscaled to higher
resolution to improve the coarse resolution in potato modeling.



Fig. 4. Simulated climate change impacts using potato crop models and considering
an elevated CO2 effect (Tubiello et al., 2002; Holden et al., 2003; Brassard and Singh,
2007; Stockle et al., 2010; Daccache et al., 2011; Kumar et al., 2011; Supit et al., 2012;
Haverkort et al., 2013; Sanabria and Lhomme, 2013) (463 data points, y = �0.1115x +
209.1, r2 = 0.009, diamonds, dashed line), without considering an elevated CO2

effect (197 data points, y = �0.1519x + 299.28, r2 = 0.03, plus-signs, dotted line)
(Hijmans, 2003; Brassard and Singh, 2007; Saue and Kadaja, 2011) and with an
adaptation strategy (later maturing cultivars) and considering an elevated CO2

effect (Stockle et al., 2010) (12 data points, y = 0.0024x + 10.073, r2 = 0.0002, filled
circles, full line).
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A resolution of 50 km by 50 km was used for WOFOST (Supit et al.,
2012). Statistical weather generators have been used for climate
data inputs for potato modeling studies (Supit et al., 2012), and a
simple linear interpolation method was also used (Hijmans, 2003).

Sweet potato models

Two crop simulation models have been reported for sweet
potato, MADHURAM (Somasundaram and Santhosh Mithra, 2008)
and SPOTCOMS, which is the MADHURAM model with a modified
canopy algorithm (Santhosh Mithra and Somasundaram, 2008).
The MADHURAM model simulates photosynthesis across canopy
layers to calculate direct and diffused sunlight interception. It
simulates three phenological stages, crop growth, and yield by
considering water, potassium, and nitrogen limitations. For sweet
potato, potassium is the most important macro element and
determines the number of tubers produced. Compared to
MADHURAM, SPOTCOMS is a simpler model, although the canopy
development includes branching (Santhosh Mithra and Somasun-
daram, 2008). In both MADHURAM and SPOTCOMS, the phenology
stages are determined by growing degree days (GDD), with a base
temperature of 8 �C, an optimum temperature of 25 �C, and a
maximum temperature of 38 �C. The value of the base temperature
appears low as sweet potato is cropped in subtropical and tropical
regions. Other research suggests a base temperature of 12 �C (C.
Gavilan, pers. comm., 2012).

The SPOTCOMS and MADHURAM provided absolute RMSE of
2.88–3.99 Mg DM ha�1 and 1.14–4.17 Mg DM ha�1 for a validation
with measured data.

There are no published model applications for these two sweet
potato models. However, the growing degree concept from these
sweet potato models has been used to simulate the harvest dates
for sweet potatoes in Louisiana, USA (Villordon et al., 2009).

Yam models

Three simulation models have been reported for yam (D. alata),
including YAMSIM, CROPSYSTVB-Yam and EPIC-Yam. YAMSIM is
based on the SUCROS model and estimates potential crop growth
(Rodriguez, 1997). CROPSYSTVB-Yam uses the phenology routine
from a potato model (Streck et al., 2007), but modified (Marcos
et al., 2009) and integrated for CROPSYSTVB-Yam (Marcos et al.,
2011). The EPIC-Yam model was based on cassava (Srivastava and
Gaiser, 2010). While YAMSIM applies a detailed photosynthesis
routine, CROPSYSTVB-Yam and EPIC-Yam use a RUE approach and
consider water and nitrogen limitations.

EPIC-Yam and CROPSYSTVB-Yam require daily precipitation,
maximum and minimum temperature, solar radiation, and wind
speed. For CROPSYSTVB-Yam model testing showed an absolute
RMSE of 0.6 Mg DM ha�1 for total biomass, 0.5 Mg DM ha�1 for
tubers, and 0.3 for LAI (Marcos et al., 2011). For EPIC-Yam the
RRMSE for yield was between 8.9% and 38% (Srivastava et al.,
2012a).

EPIC-Yam is part of the generic crop model EPIC. The model
accounts for nutrients (N, P, and K) and pesticide dynamics. EPIC-
Yam requires improvements in simulating phenology and model
calibration is currently restricted to a few cultivars (Srivastava and
Gaiser, 2010). Two model applications have been reported with
EPIC-Yam and included studies of the effect of fallow duration on
yam productivity and the impact of climate change. The effect of
fallow is important because many farmers prefer to plant yam as
the first crop after the fallow (Srivastava et al., 2012a). For a climate
change study, EPIC-Yam only considered the effect of temperature
and rainfall, even though EPIC-Yam accounts for a CO2 effect on
RUE and ET (Srivastava et al., 2012b). The simulation study showed
a yield reduction by 2050. The simulated yield reduction was
higher for a Ferruginous soil (sandy type, 33% yield reduction) than
for a Ferralitic soil (clay type, 18% yield reduction) (Srivastava et al.,
2012b).

Model development and data improvement

Overall, model improvements often resulted in a new model
name (Fig. 1); consequently many potato models share a similar
structure with some changes (Table 2). In the case of sweet potato,
a canopy algorithm improvement of the MADHURAM model led to
the SPOTCOMS model.

The number of publications on potato model improvements is
relatively small compared to the number of applications. Topics of
model improvements include temperature response functions and
canopy dynamics. Most models consider a linear temperature
response of potato crop development (McMaster and Wilhelm,
1997). A non-linear temperature function is included in the Sands-
model, DANUBIA and SUBSTOR-Potato (Sands et al., 1979; Griffin
et al., 1993). Both functions were compared with measured data
and suggested that the non-linear function performed better (Yuan
and Bland, 2005; Streck et al., 2007).

The model Rotask 1.0 integrates the use of remote sensing data.
In this model, the simulated LAI and canopy nitrogen were
replaced with values obtained from remote sensing. The LAI was
estimated using a vegetation index (Normal Weighted Difference
Index–NDVI and Weighted Difference Vegetation Index–WDVI),
and the canopy nitrogen was estimated from the red edge position
(indicator of chlorophyll and nutrient content) (Jongschaap, 2006).
The use of the remote sensing data improved the accuracy of
simulated results (Jongschaap, 2006).

Limitation of models for climate impact studies

Crop modeling depends on physiological experimentation
under non-stress and stress conditions, for a range of growing
conditions. However, most potato, sweet potato and yam models
lack any detailed model testing under stress conditions (i.e., high
temperature, heat and drought) and elevated atmospheric CO2
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concentrations. Model applications also highlighted the impor-
tance of modern cultivars adapted to agro-climatic zones, and
therefore, models need to be calibrated with modern cultivars for
climate change impact studies. Simulation studies that suggest
new crop traits for climate change adaptation [e.g., earliness for
heat tolerance (Levy et al., 1991)] need to be tested with such
cultivars in field experiments. The SCRI-model was used to study
drought effects on crop growth. Drought is a major abiotic stress in
many potato cropping systems, and this model evaluated possible
adaptation strategies, although it had never been tested with
experimental drought stress data (Jefferies, 1993).

The models AQUACROP and LPOTCO use elevated atmospheric
CO2 data for model testing from OTCs and FACE experiments
carried out under non-stress conditions (De Temmerman et al.,
2002; Magliulo et al., 2003). There are only few data sets available
for potato crops and elevated CO2 and some of them are limited to
closed chambers (Fleisher et al., 2008; Fleisher et al., 2013). There
are no such experiments for sweet potato and yam.

In general, potato models have been tested in higher latitudes
with some improved cultivars of tuberosum sub species adapted
to long-day conditions. The INFOCROP-POTATO, SOLANUM, and
Sanabria and Lhomme-model were developed for subtropical
and tropical conditions, respectively. Only SOLANUM was
calibrated for other potato species commonly planted in tropical
regions (Condori et al., 2010). Using a model developed in the
temperate region (e.g., SUBSTOR-Potato) for the tropics assumes
no variation of the growing period; however, cultivars of
temperate regions tend to have a shorter growing period when
introduced to the tropics (Kooman et al., 1996; Condori et al.,
2010). Conversely, a model developed in the tropics (SOLANUM)
assumes no photoperiod sensitivity when used in temperate
regions; however, most cultivars of the tropics do not form
tubers under long-day conditions. Hence, potato models tend to
be geographic and cultivar specific (Griffin et al., 1993), which
limits their use across latitudes (MacKerron, 2004). Despite this
limitation, a version of the LINTUL model has been used to
explore the effects of climate change on global potato produc-
tion (Hijmans, 2003).

Linking crop modeling with pest modeling has received little
attention so far. Modeling biotic factors, such as spatial and
temporal dissemination, dispersion, infection, or infestation, is
complex. Thus, some of the available pest or disease models only
describe a limited part of a potato system. For example, EPIVIT is a
virus epidemic model that predicts the percentage of infected
tubers (Bertschinger et al., 1995); LATEBLIGHT is a fungal disease
model that predicts the percentage of foliar damage (Andrade-
Piedra et al., 2005); and ILCYM is a tuber moth pest model that
describes the number of generations of potato tuber moth
(Sporleder et al., 2004). The effects of climate change on disease
risk or the dynamic of the population of insects have also been
explored (Sparks et al., 2010; Kocmankova et al., 2011; Jonsson
et al., 2013; Kroschel et al., 2013), but not yet linked with dynamic
potato crop models. Linking biotic stress models with crop models
could improve the yield estimates in climate change impact
assessments.

Potato, sweet potato and yam model shortcomings and future
directions

Crop models for potato, sweet potato and yam have not received
the same attention in model testing and improvement as models
for grain crops (White et al., 2011). Crop physiological knowledge,
detailed field experimental data and agronomic research are rare
for these crops, especially for sweet potato and yam. As a
consequence, major field experimentations for modeling improve-
ments are needed for potato, sweet potato and yam.
There is an urgent need to develop a substantial research
program to prepare for the challenges of climate change on
potato, sweet potato and yam. Such a research program requires
an international research consortium of several institutes and
universities with a long-term commitment. Such a program
should combine physiological studies on high temperature, heat
stress, CO2 and water stress responses for all three crops. This
research program should also include physiological analysis that
quantifies differences of conventional and modern stress tolerant
(water and heat stress tolerant) cultivars and seek to better
understand and improve physiological-sound aboveground and
below-ground biomass relationships. Such a program would also
entail studies on local agronomic adaptation, including phenol-
ogy, crop growth dynamics, water and N uptake, crop N
dynamics, and partitioning. Collecting and making available
detailed dynamic data on crop development and growth under a
range of field conditions, management strategies and different
environments can help to serve as the basis for agronomic
decision-making and as a foundation for model testing, model
improvement, and model application at local, regional and global
scales.

Crop models can be robust means to assess the impacts of
climate change and potential adaptations if the models are well
tested and proven to reproduce field-based experiments, including
variations in climate change factors. Many potato crop models have
not or received limited testing with experiments, and there are
only few sweet potato and yam models with restricted field
evaluation and none of them were tested under climate change
conditions.

References

Alva, A.K., Marcos, J., Stocle, C., Reddy, V.R., Timlim, D., 2010. A crop simulation
model for predicting yield and fate of nitrogen in irrigated potato rotation
cropping system. J. Crop Improv. 24, 142–152.

Andrade-Piedra, J.L., Hijmans, R.J., Forbes, G.A., Fry, W.E., Nelson, R.J., 2005.
Simulation of potato late blight in the Andes. I: modification and parameteri-
zation of the LATEBLIGHT model. Phytopathology 95, 1191–1199.

Angulo, C., Rotter, R., Lock, R., Enders, A., Fronzek, S., Ewert, F., 2013. Implication of
crop model calibration strategies for assessing regional impacts of climate
change in Europe. Agric. Forest Meteorol. 170, 32–46.

Asiedu, R., Sartie, A., 2010. Crops that feed the World 1. Yams: Yams for income and
food security. Food Security 2, 305–315.

Bertschinger, L., Keller, E.R., Gessler, C., 1995. Development of EPIVIT, a simulation-
model for contact-transmitted and aphid-transmitted potato viruses. Phytopa-
thology 85, 801–814.

Biswas, P.K., Hileman, D.R., Ghosh, P.P., Bhattacharya, N.C., McCrimmon, J.N., 1996.
Growth and yield responses of field-grown sweetpotato to elevated carbon
dioxide. Crop Sci. 36, 1234–1239.

Boogaard, H., Kroes, J., 1998. Leaching of nitrogen and phosphorus from rural areas
to surface waters in the Netherlands. Nutr. Cycl. Agroecosyst. 50, 321–324.

Brassard, J.P., Singh, B., 2007. Effects of climate change and CO2 increase on potential
agricultural production in Southern Quebec, Canada. Climate Res. 34, 105–117.

Brown, H.E., Huth, N., Holzworth, D., 2011. A potato model built using the APSIM
plant. NET framework. 19th International Congress on Modelling and
Simulation, Perth, Australia.

Caldiz, D.O., Struik, P.C., 1999. Survey of potato production and possible yield
constraints in Argentina. Potato Res. 42, 51–71.

CIP, 1992. Annual Report 1992. International Potato Center, Lima-Peru.
Condori, B., Hijmans, R.J., Quiroz, R., Ledent, J.F., 2010. Quantifying the expression of

potato genetic diversity in the high Andes through growth analysis and
modeling. Field Crop. Res. 119, 135–144.

Daccache, A., Weatherhead, E., Stalham, M., Knox, J., 2011. Impacts of climate change
on irrigated potato production in a humid climate. Agric. Forest Meteorol. 151,
1641–1653.

Davies, A., Jenkins, T., Pike, A., Shao, J., Carson, I., Pollock, C., Parry, M., 1997.
Modelling the predicted geographic and economic response of UK cropping
systems to climate change scenarios: the case of potatoes. Ann. Appl. Biol. 130,
167–178.

De Temmerman, L., Wolf, J., Colls, J., Bindi, M., Fangmeier, A., Finnan, J., Ojanpera, K.,
Pleijel, H., 2002. Effect of climatic conditions on tuber yield (Solanum tuberosum
L.) in the European ‘CHIP’ experiments. Eur. J.Agron. 17, 243–255.

De Wit, C.T., 1958. Transpiration and crop yields. Versl. Landbouwk. Onderz 64 (6),
88.

Dolezal, F., Zumr, D., Vacek, J., Zavadil, J., Battilani, A., Plauborg, F.L., Hansen, S.,
Abrahamsen, P., Bizik, J., Takac, J., Mazurczyk, W., Coutinho, J., Stekauerova, V.,

http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0005
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0005
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0005
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0010
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0010
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0010
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0015
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0015
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0015
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0020
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0020
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0025
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0025
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0025
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0030
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0030
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0030
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0035
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0035
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0040
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0040
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0045
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0045
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0045
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0050
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0050
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0055
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0060
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0060
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0060
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0065
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0065
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0065
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0070
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0070
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0070
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0070
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0075
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0075
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0075
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0080
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0080
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0085
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0085


184 R. Raymundo et al. / Field Crops Research 166 (2014) 173–185
2007. Dual permeability soil water dynamics and water uptake by roots in
irrigated potato fields. Biologia 62, 552–556.

FAOSTAT.
Finnan, J.M., Donnelly, A., Jones, M.B., Burke, J.I., 2008. The effect of elevated levels of

carbon dioxide on potato crops. J.Crop Improv. 13, 91–111.
Fishman, S., Talpaz, H., Dinar, M., Levy, M., Arazi, Y., Rozman, Y., Varshavsky, S., 1984.

A phenomenological model of dry-matter partitioning among plant organs for
simulation of potato growth. Agric. Syst. 14, 159–179.

Fishman, S., Talpaz, H., Winograd, R., Dinar, M., Arazi, Y., Roseman, Y., Varshavski, S.,
1985. A model for simulation of potato growth on the plant community level.
Agric. Syst. 18.

Fleisher, D.H., Barnaby, J., Sicher, R., Resop, J.P., Timlin, D.J., Reddy, V.R., 2013. Effects
of elevated CO2 and cyclic drought on potato under varying radiation regimes.
Agric. Forest Meteorol. 171, 270–280.

Fleisher, D.H., Timlin, D.J., Reddy, V.R., 2008. Elevated carbon dioxide and water
stress effects on potato canopy gas exchange, water use, and productivity. Agric.
Forest Meteorol. 148, 1109–1122.

Fleisher, D.H., Timlin, D.J., Yang, Y., Reddy, V.R., 2010. Simulation of potato gas
exchange rates using SPUDSIM. Agric. Forest Meteorol. 150, 432–442.

Franke, A.C., Haverkort, A.J., Steyn, J.M., 2013. Climate change and potato production
in contrasting South African agro-ecosystems 2. Assessing risks and oppor-
tunities of adaptation strategies. Potato Res. 56, 51–66.

Fuglie, K.O., 2007. Priorities for sweetpotato research in developing countries:
results of a survey. Hortscience 42, 1200–1206.

Garcia-Vila, M., Fereres, E., 2012. Combining the simulation crop model AquaCrop
with an economic model for the optimization of irrigation management at farm
level. Eur. J. Agron. 36, 21–31.

Gayler, S., Wang, E., Priesack, E., Schaaf, T., Maidl, F.X., 2002. Modeling biomass
growth, N-uptake and phenological development of potato crop. Geoderma 105,
367–383.

Gichuki, S.T., Berenyi, M., Zhang, D.P., Hermann, M., Schmidt, J., Glossl, J., Burg, K.,
2003. Genetic diversity in sweetpotato [Ipomoea batatas (L.) Lam.] in
relationship to geographic sources as assessed with RAPD markers. Genet.
Resour. Crop Ev. 50, 429–437.

Gobin, A., 2010. Modelling climate impacts on crop yields in Belgium. Climate Res.
44, 55–68.

Govindakrishnan, P.M., Rawat, S., Pandey, S.K., Singh, J.P., Lal, S.S., Dua, V.K., 2011.
Computer aided advisory system for potato crop scheduling (caasps) – a
decision support tool for potato planting strategies. Int. J. Agric. Stat. Sci. 7, 571–
577.

Gregory, P., Marshall, B., 2012. Attribution of climate change: a methodology to
estimate the potential contribution to increases in potato yield in Scotland since
1960. Global Change Biol. 18, 1372–1388.

Griffin, T.S., Bradley, S.J., Ritchie, J.T., 1993. A Simulation Model for Potato Growth
and Development: SUBSTOR-Potato Version 2.0. Department of Agronomy and
Soil Science, College of Tropical Agriculture and Human Resources. University of
Hawai, Honolulu, pp. 29.

Groot, J.J.R., Dewilligen, P., 1991. Simulation of the nitrogen balance in the soil and a
winter wheat crop. Fertil. Res. 27, 261–272.

Haith, D.A., Farmer, G.S., White, G.B., 1987. Models for systems-analysis of potato
integrated pest-management. Agric. Syst. 24, 183–197.

Han, S., Evans, R.G., Hodges, T., Rawlins, S.L.,1995. Linking a geographic information-
system with a potato simulation-model for site-specific crop management. J.
Environ. Qual. 24, 772–777.

Haverkort, A., Kooman, P.,1997. The use of systems analysis and modelling of growth
and development in potato ideotyping under conditions affecting yields.
Euphytica 94, 191–200.

Haverkort, A., Top, J., 2011. The potato ontology: delimitation of the
domain, modelling concepts, and prospects of performance. Potato Res.
54, 119–136.

Haverkort, A.J., Franke, A.C., Engelbrecht, F.A., Steyn, J.M., 2013. Climate change and
potato production in contrasting South African Agro-ecosystems 1. Effects on
land and water use efficiencies. Potato Res. 56, 31–50.

Heidmann, T., Tofteng, C., Abrahamsen, P., Plauborg, F., Hansen, S., Battilani, A.,
Coutinho, J., Dolezal, F., Mazurczyk, W., Ruiz, J.D.R., Takac, J., Vacek, J., 2008.
Calibration procedure for a potato crop growth model using information from
across. Europe Ecol. Model. 211, 209–223.

Hijmans, R.J., 2003. The effect of climate change on global potato production. Am. J.
Potato Res. 80, 271–279.

Hijmans, R.J., Condori, B., Carrillo, R., Kropff, M.J., 2003. A quantitative and
constraint-specific method to assess the potential impact of new agricultural
technology: the case of frost resistant potato for the Altiplano (Peru and Bolivia).
Agric. Syst. 76, 895–911.

Hodges, T., 1998. Water and nitrogen applications for potato: commercial and
experimental rates compared to a simulation model. J. Sustain. Agric. 13, 79–90.

Hodges, T., Johnson, S.L., Johnson, B.S.,1992. A modular structure for crop simulation
models: implemented in the SIMPOTATO model. Agron. J. 84, 911–915.

Holden, N., Brereton, A., 2006. Adaptation of water and nitrogen management of
spring barley and potato as a response to possible climate change in Ireland.
Agric. Water Manage. 82, 297–317.

Holden, N.M., Brereton, A.J., Fealy, R., Sweeney, J., 2003. Possible change in Irish
climate and its impact on barley and potato yields. Agric. Forest Meteorol. 116,
181–196.

Ingram, K.T., McCloud, D.E., 1984. Simulation of potato crop growth and
development. Crop Sci. 24, 21–27.
Jackson, S.D., 1999. Multiple signaling pathways control tuber induction in potato.
Plant Physiol. 119, 1–8.

Jamieson, P.D., Zyskowski, R.F., Li, F.Y., Semenov, M.A., 2009. Water and nitrogen
uptake and responses in models of wheat, potatoes, and maize. In: Ma, L., Ahuja,
L.R., Bruulsema, T. (Eds.), Quantifying and Understanding Plant Nitrogen Uptake
for Systems Modeling, pp. 127–145.

Jamieson, P.D., Zyskowski, R.F., Sinton, S.M., Brown, H.E., Butler, R.C., 2006. The
potato calculator: a tool for scheduling nitrogen fertilizer applications. Agron.
New Zealand 36.

Jefferies, R.A., 1993. Use of a simulation-model to assess possible strategies of
drought tolerance in potato (Solanum tuberosum L). Agric. Syst. 41, 93–104.

Jensen, C., Stougaard, B., Olsen, P., 1994. Simulation of water and nitrogen dynamics
at 3 Danish locations by use of the DAISY model. Acta Agric. Scandinavica
Section B-Soil Plant Sci. 44, 75–83.

Johnson, K.B., 1992. Evaluation of a mechanistic model that describes potato crop
losses caused by multiple pests. Phytopathology 82.

Johnson, K.B., Johnson, S.B., Teng, P.S.,1986. Development of a simple potato growth-
model for use in crop-pest management. Agric. Syst. 19, 189–209.

Jones, C.A., Kiniri, J.R., 1986. CERES-Maize: A simulation Model of Maize Growth and
Development. Texas A&M , College station University Press, Texas.

Jongschaap, R.E.E., 2006. Run-time calibration of simulation models by integrating
remote sensing estimates of leaf area index and canopy nitrogen. Eur. J. Agron.
24, 316–324.

Jonsson, A.M., Pulatov, B., Linderson, M.L., Hall, K., 2013. Modelling as a tool for
analysing the temperature-dependent future of the Colorado potato beetle in
Europe. Global Change Biol. 19, 1043–1055.

Kabat, P., Marshall, B., van den Broek, B.J., 1995. Comparison of simulation results
and evaluation of parameterization schemes. In: Kabat, P., Marshall, B., van den
Broek, B.J., Vos, J., van Keulen, H. (Eds.), Modelling and Parameterization of the
Soil-Plant-Atmosphere System: A Comparison of Potato Growth Models.
Wageningen press, Wageningen, The Netherlands, pp. 439–501.

Kadaja, J., Tooming, H., 2004. Potato production model based on principle of
maximum plant productivity. Agric. Forest Meteorol. 127, 17–33.

Karvonen, T., Kleemola, J., 1995. CROPWATN: Prediction of water and nitrogen
limited potato production. In: Kabat, P., Marshall, B., van den Broek, B.J., Vos, v, J.
K., H (Eds.), Modelling and Parameterization of the Soil-plant-Atmosphere
System: A Comparison of Potato Growth Models. Wageningen press,
Wageningen, The Netherlands, pp. 335–369.

Klar, C.W., Fiener, P., Neuhaus, P., Lenz-Wiedemann, V.I.S., Schneider, K., 2008.
Modelling of soil nitrogen dynamics within the decision support system
DANUBIA. Ecol. Model. 217, 181–196.

Kocmankova, E., Trnka, M., Eitzinger, J., Dubrovsky, M., Stepanek, P., Semeradova, D.,
Balek, J., Skalak, P., Farda, A., Juroch, J., Zalud, Z., 2011. Estimating the impact of
climate change on the occurrence of selected pests at a high spatial resolution: a
novel approach. J. Agric. Sci. 149, 185–195.

Kooman, P., Fahem, M., Tegera, P., Haverkort, A., 1996. Effects of climate on different
potato genotypes. 1. Radiation interception, total and tuber dry matter
production. Eur. J.Agron. 5, 193–205.

Kooman, P.L., Haverkort, A.J., 1995. Modelling development and growth of the
potato crop influenced by temperature and daylenght: LINTUL-POTATO. In:
Haverkort, A.J., MacKerron, D.K.L. (Eds.), Potato Ecology and Modelling Crops
Under Conditions Limiting Growth. Kluwer Academic Publisher, Wageningen,
The Netherlands, pp. 41–59.

Kroschel, 2013 Gonzales, J.C., Simon, R., et al., 2013. Predicting climate-change-
caused changes in global temperature on potato tuber moth Phthorimaea
operculella (Zeller) distribution and abundance using phenology modeling and
GIS mapping. Agric. Forest Meteorol. 170, 228–241.

Kumar, S.N., Aggarwal, P.K., Rani, S., Jain, S., Saxena, R., Chauhan, N., 2011. Impact of
climate change on crop productivity in Western Ghats, coastal and northeastern
regions of India. Curr. Sci. 101, 332–341.

Lenz-Wiedemann, V.I.S., Klar, C.W., Schneider, K., 2010. Development and test of a
crop growth model for application within a global change decision support
system. Ecol. Model. 221, 314–329.

Levy, D., Kastenbaum, E., Itzhak, Y.,1991. Evaluation of parents and selection for heat
tolerance in the early generations of a potato (Solanum Tuberosum l) breeding
program. Theor. Appl. Genet. 82, 130–136.

Lisson, S.N., Cotching, W.E., 2011. Modelling the fate of water and nitrogen in the
mixed vegetable farming systems of northern Tasmania, Australia. Agric. Syst.
104, 600–608.

Lutaladio, N., Castaidi, L., 2009. Potato: the hidden treasure. J. Food Comp. Anal. 22.
MacKerron, D.K.L., 2004. Necessity and sufficiency or the balance between accuracy

and practicality. In: MacKerron, D.K.L., Haverkort, A.J. (Eds.), Decision Support
Systems in Potato Production: Bringing Models to Practice. Wageningen
academic publisher, The Netherlands, pp. 213–223.

MacKerron, D.K.L., 2008. Advances in modelling the potato crop: sufficiency and
accuracy considering uses and users, data, and errors. Potato Res. 51, 411–427.

Mackerron, D.K.L., Waister, P.D., 1985. A simple-model of potato growth and yield. 1.
Model development and sensitivity analysis. Agric. Forest Meteorol. 34.

Magliulo, V., Bindi, M., Rana, G., 2003. Water use of irrigated potato (Solanum
tuberosum L.) grown under free air carbon dioxide enrichment in central Italy.
Agri. Ecosyst. Environ. 97, 65–80.

Mahdian, M.H., Gallichand, J., 1996. Modeling soil water content and pressure head
with SWACROP in potato fields. Canadian Agric. Eng. 38, 1–11.

Mahdian, M.H., Gallichand, J., 1997. Estimating potato yield with the SUBSTOR
model in Quebec. Canadian Agric. Eng. 39, 157–164.

http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0085
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0085
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0095
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0095
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0100
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0100
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0100
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0105
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0105
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0105
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0110
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0110
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0110
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0115
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0115
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0115
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0120
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0120
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0125
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0125
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0125
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0130
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0130
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0135
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0135
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0135
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0140
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0140
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0140
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0145
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0145
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0145
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0145
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0150
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0150
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0155
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0155
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0155
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0155
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0160
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0160
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0160
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0165
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0165
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0165
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0165
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0170
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0170
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0175
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0175
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0180
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0180
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0180
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0185
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0185
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0185
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0190
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0190
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0190
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0195
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0195
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0195
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0200
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0200
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0200
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0200
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0205
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0205
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0210
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0210
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0210
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0210
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0215
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0215
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0220
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0220
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0225
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0225
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0225
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0230
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0230
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0230
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0235
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0235
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0240
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0240
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0245
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0245
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0245
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0245
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0250
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0250
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0250
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0255
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0255
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0260
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0260
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0260
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0265
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0265
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0270
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0270
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0275
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0275
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0280
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0280
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0280
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0285
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0285
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0285
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0290
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0290
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0290
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0290
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0290
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0295
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0295
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0300
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0300
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0300
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0300
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0300
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0305
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0305
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0305
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0310
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0310
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0310
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0310
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0315
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0315
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0315
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0320
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0320
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0320
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0320
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0320
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0325
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0325
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0325
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0325
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0330
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0330
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0330
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0335
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0335
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0335
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0340
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0340
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0340
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0345
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0345
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0345
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0350
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0355
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0355
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0355
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0355
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0360
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0360
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0365
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0365
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0370
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0370
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0370
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0375
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0375
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0380
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0380


R. Raymundo et al. / Field Crops Research 166 (2014) 173–185 185
Marcos, J., Cornet, D., Bussiere, F., Sierra, J., 2011. Water yam (Dioscorea alata L.)
growth and yield as affected by the planting date: experiment and modelling.
Eur. J. Agron. 34, 247–256.

Marcos, J., Lacointe, A., Tournebize, R., Bonhomme, R., Sierra, J., 2009. Water yam
(Dioscorea alata L.) development as affected by photoperiod and temperature:
experiment and modeling. Field Crops Res. 111, 262–268.

McMaster, G.S., Wilhelm, W.W., 1997. Growing degree-days: one equation, two
interpretations. Agric. Forest Meteorol. 87, 291–300.

Nemecek, T., Derron, J.O., Fischlin, A., Roth, O., 1995. Use of a crop-growth model
coupled to an epidemic model to forecast yield and virus infection in seed
potatoes. Current Issues in Production Ecology. Potato ecology and modelling of
crops under conditions limiting growth 3, 281–290.

Nemecek, T., Derron, J.O., Roth, O., Fischlin, A., 1996. Adaptation of a crop-growth
model and its extension toy a tuber size function for use in a seed potato
forecasting system. Agric. Syst. 52.

Ng, E., Loomis, R.S., 1984. Simulation of Growth and Yield of the Potato Crop. Centre
for Agricultural Publishing and Documentation. Wageningen, The Netherlands.

Peiris, D., Crawford, J., Grashoff, C., Jefferies, R., Porter, J., Marshall, B., 1996. A
simulation study of crop growth and development under climate change. Agric.
Forest Meteorol. 79, 271–287.

Peralta, J.M., Stockle, C.O., 2002. Dynamics of nitrate leaching under irrigated potato
rotation in Washington State: a long-term simulation study. Agric. Ecosyst.
Environ. 88, 23–34.

Regel, P.A., Sands, P.J., 1983. A model of the development and bulking of potatoes
(Solanum tuberosum L). 4. Daylength, plant-density and cultivar effects. Field
Crop. Res. 6, 1–23.

Rodriguez, W., 1997. Crop Physiology of the Greater Yam (Dioscorea alata L.).
University of Hohenheim, Germany.

Rosenzweig, C., Jones, J.W., Hatfield, J.L., Ruane, A.C., Boote, K.J., Thorburn, P., Antle, J.
M., Nelson, G.C., Porter, C., Janssen, S., Asseng, S., Basso, B., Ewert, F., Wallach, D.,
Baigorria, G., Winter, J.M., 2012. The agricultural model intercomparison and
improvement project (AgMIP): protocols and pilot studies. Agric. Forest
Meteorol. 170, 166–182.

Roth, O., Derron, J.O., Fischlin, A., Nemecek, T., Ulrich, M., 1995. Implementation
and parameter adaptation of a potato crop model with a soil water subsystem.
In: Kabat, P., Marshall, B., van den Broek, B.J., Vos, J., van Keulen, H. (Eds.),
Modelling and Parameterization of the Soil-Plant-Atmosphere System:
A Comparison of Potato Growth Models. Wageningen press, Wageningen,
The Netherlands.

Rouse, D.I., 1988. Use of crop growth-models to predict the effects of disease. Annu.
Rev. Phytopathol. 26, 183–201.

Sanabria, J., Lhomme, J., 2013. Climate change and potato cropping in the Peruvian
Altiplano. Theor. Appl. Climatol. 112, 683–695.

Sands, P.J., Hackett, C., Nix, H.A., 1979. Model of the development and bulking of
potatoes (Solanum tuberosum L). 1. Derivation from well-managed field crops.
Field Crop. Res. 2.

Santhosh Mithra, V.S., Somasundaram, K., 2008. A model to simulate sweet potato
growth. World Appl. Sci. J. 4, 568–577.

Saue, T., Kadaja, J., 2009a. Modelling crop yield response to precipitation
redistribution on slopes. Biologia 64, 502–506.

Saue, T., Kadaja, J., 2009b. Simulated crop yield – an indicator of climate variability.
Boreal Environ. Res. 14, 132–142.

Saue, T., Kadaja, J., 2011. Possible effects of climate change on potato crops in Estonia.
Boreal Environ. Res. 16, 203–217.

Schapendonk, A.H.C.M., Pot, C.S., Goudriaan, J., 1995. Simulated effects of elevated
carbon dioxide concentration and temperature on the productivity of potato:
interaction with cultivar difference for earliness. In: Haverkort, A.J., MacKerron, D.
K.L. (Eds.), Potato Ecology and Modelling of Crops Under Conditions Limiting
Growth. Kluwer academic publisher, Wageningen, The Netherlands, pp. 101–113.

Sepp, M., Saue, T., 2012. Correlations between the modelled potato crop yield and
the general atmospheric circulation. Int. J. Biometeorol. 56, 591–603.

Shae, J.B., Steele, D.D., Gregor, B.L., 1999. Irrigation scheduling methods for potatoes
in the northern great plains. Trans. Asae 42, 351–360.

Singh, J.P., Govindakrishnan, P.M., Lal, S.S., Aggarwal, P.K., 2005. Increasing the
efficiency of agronomy experiments in potato using INFOCROP-POTATO model.
Potato Res. 48, 131–152.

Smith, M., 1992. CROPWAT. A computer program for irrigation planning and
management, Rome, Italy.

Snapp, S.S., Fortuna, A.M., 2003. Predicting nitrogen availability in irrigated potato
systems. Horttechnology 13, 598–604.

Somasundaram, K., Santhosh Mithra, V.S., 2008. Madhuram: a simulation model for
sweet potato growth. World Appl. Sci. J. 4, 241–254.

Sparks, A., Forbes, G., Hijmans, R., Garrett, K., 2010. Mapping the future: metamodels
for scaling potato late blight risk analysis in climate change scenarios.
Phytopathology 100, S121.

Spitters, C.J.T., Schapendonk, A.H.C.M., 1990. Evaluation of breeding strategies for
drought tolerance in potato by means of crop growth simulation. Plant Soil 123,
193–203.

Sporleder, M., Kroschel, J., Quispe, M.R.G., Lagnaoui, A., 2004. A temperature-based
simulation model for the potato tuberworm, Phthorimaea operculella Zeller
(Lepidoptera; Gelechiidae). Environ. Entomol. 33, 477–486.

Srivastava, A.K., Gaiser, T., 2010. Simulating biomass accumulation and yield of yam
(Dioscorea alata) in the upper Oueme basin (Benin Republic)- I. Compilation of
physiological parameters and calibration at the field scale. Field Crop. Res. 116,
23–29.
Srivastava, A.K., Gaiser, T., Cornet, D., Ewert, F., 2012a. Estimation of effective fallow
availability for the prediction of yam productivity at the regional scale using
model-based multiple scenario analysis. Field Crop. Res. 131, 32–39.

Srivastava, A.K., Gaiser, T., Paeth, H., Ewert, F., 2012b. The impact of climate change
on Yam (Dioscorea alata) yield in the savanna zone of West Africa. Agric.
Ecosyst. Environ. 153, 57–64.

St’astna, M., Toman, F., Dufkova, J., 2010. Usage of SUBSTOR model in potato yield
prediction. Agric. Water Manage. 97, 286–290.

Steduto, P., Hsiao, T., Raes, D., Fereres, E., 2009. AquaCrop-The FAO crop model to
simulate yield response to water: I. Concepts and underlying principles. Agron.
J. 101, 426–437.

Stockle, C.O., Donatelli, M., Nelson, R., 2003. CropSyst, a cropping systems
simulation model. Eur. J. Agronomy 18, 289–307.

Stockle, C.O., Nelson, R.L., Higgins, S., Brunner, J., Grove, G., Boydston, R., Whiting, M.,
Kruger, C., 2010. Assessment of climate change impact on Eastern Washington
agriculture. Climatic Change 102, 77–102.

Stoorvogel, J., Antle, J., Crissman, C., Bowen, W., 2004. The Tradeoff analysis model:
integrated bio-physical and economic modeling of agricultural production
systems. Agric. Syst. 80, 43–66.

Streck, N.A., de Paula, F.L.M., Bisognin, D.A., Heldwein, A.B., Dellai, J., 2007.
Simulating the development of field grown potato (Solanum tuberosum L.).
Agric. Forest Meteorol. 142, 1–11.

Supit, I., van Diepen, C., de Wit, A., Wolf, J., Kabat, P., Baruth, B., Ludwig, F., 2012.
Assessing climate change effects on European crop yields using the Crop
Growth Monitoring System and a weather generator. Agric. Forest Meteorol.
164, 96–111.

Termorshuizen, A.J., Rouse, D.I., 1993. Towards a mechanistic model for the
Verticillium-Dahliae potato system. Netherlands J. Plant Pathol. 99, 201–218.

Timlin, D.J., Pachepsky, Y.A., 1997. A modular soil and root process simulator. Ecol.
Model. 94, 67–80.

Travasso, M.I., Caldiz, D.O., Saluzzo, J.A., 1996. Yield prediction using the SUBSTOR-
potato model under Argentinian conditions. Potato Res. 39, 305–312.

Tubiello, F.N., Rosenzweig, C., Goldberg, R.A., Jagtap, S., Jones, J.W., 2002. Effects
of climate change on US crop production: simulation results using two
different GCM scenarios. Part I: Wheat, potato, maize, and citrus. Climate Res.
20, 259–270.

Utset, A., Ruiz, M.E., Garcia, J., Feddes, R.A., 2000. A SWACROP-based potato root
water-uptake function as determined under tropical conditions. Potato Res. 43,
19–29.

van Delden, A., Kropff, M.J., Haverkort, A.J., 2001. Modeling temperature- and
radiation-driven leaf area expansion in the contrasting crops potato and wheat.
Field Crop. Res. 72, 119–142.

Van Delden, A., Schroder, J.J., Kropff, M.J., Grashoff, C., Booij, R., 2003. Simulated
potato yield, and crop and soil nitrogen dynamics under different organic
nitrogen management strategies in The Netherlands. Agric. Ecosyst. Environ. 96,
77–95.

van den Broek, B.J., Kabat, P., 1995. SWACROP: dynamic simulation model of soil
water and crop yield applied to potatoes. In: Kabat, P., Marshall, B., van den
Broek, B.J., Vos, J., van Keulen, H. (Eds.), Modelling and Parameterization of the
Soil-Plant-Atmosphere System: A Comparison of Potato Growth Models.
Wageningen press, Wageningen, The Netherlands, pp. 299–333.

van Heerden, P.D.R., Laurie, R., 2008. Effects of prolonged restriction in water supply
on photosynthesis, shoot development and storage root yield in sweet potato.
Physiol Plant 134, 99–109.

van Ittersum, M., Leffelaar, P., van Keulen, H., Kropff, M., Bastiaans, L., Goudriaan, J.,
2003. On approaches and applications of the Wageningen crop models. Eur. J.
Agron. 18, 201–234.

van Walsum, P.E.V., Supit, I., 2012. Influence of ecohydrologic feedbacks from
simulated crop growth on integrated regional hydrologic simulations under
climate scenarios. Hydrol. Earth Syst. Sci. 16, 1577–1593.

Vanuytrecht, E., Raes, D., Willems, P., 2011. Considering sink strength to model crop
production under elevated atmospheric CO2. Agric. Forest Meteorol. 151, 1753–
1762.

Villordon, A., Clark, C., Ferrin, D., LaBonte, D., 2009. Using growing degree days,
agrometeorological variables, linear regression, and data mining methods to
help improve prediction of sweetpotato harvest date in Louisiana. Horttech-
nology 19, 133–144.

Wallach, D., Goffinet, B., 1987. Mean square error of prediction in models for
studying ecological and agronomics sytems. Biomestrics 43, 561–573.

White, J.W., Hoogenboom, G., Kimball, B.A., Wall, G.W., 2011. Methodologies for
simulating impacts of climate change on crop production. Field Crop. Res. 124,
357–368.

Wolf, J., 2002a. Comparison of two potato simulation models under climate change.
I. Model calibration and sensitivity analyses. Climate Res. 21, 173–186.

Wolf, J., 2002b. Comparison of two potato simulation models under climate change.
II. Application, of climate change scenarios. Climate Res. 21, 187–198.

Wolf, J., Van Oijen, M., 2003. Model simulation of effects of changes in climate and
atmospheric CO2 and O-3 on tuber yield potential of potato (cv. Bintje) in the
European Union. Agric. Ecosyst. Environ. 94, 141–157.

Yin, X.Y., van Laar, H.H., 2005. Crop systems dynamics: An ecophysiological
simulation model for genotype-by-environment interactions. Wageningen
academic Publishers, The Netherlands.

Yuan, F.M., Bland, W.L., 2005. Comparison of light- and temperature-based index
models for potato (Solanum tuberosum L.) growth and development. Am. J.
Potato Res. 82, 345–352.

http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0385
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0385
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0385
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0390
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0390
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0390
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0395
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0395
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0400
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0400
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0400
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0400
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0405
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0405
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0405
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0410
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0410
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0415
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0415
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0415
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0420
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0420
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0420
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0425
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0425
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0425
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0430
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0430
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0435
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0435
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0435
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0435
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0435
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0440
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0440
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0440
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0440
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0440
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0440
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0445
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0445
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0450
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0450
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0455
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0455
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0455
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0460
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0460
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0465
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0465
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0470
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0470
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0475
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0475
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0480
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0480
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0480
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0480
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0480
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0485
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0485
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0490
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0490
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0495
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0495
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0495
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0505
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0505
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0510
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0510
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0515
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0515
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0515
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0520
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0520
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0520
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0525
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0525
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0525
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0530
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0530
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0530
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0530
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0535
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0535
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0535
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0540
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0540
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0540
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0545
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0545
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0550
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0550
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0550
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0555
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0555
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0560
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0560
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0560
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0565
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0565
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0565
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0570
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0570
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0570
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0575
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0575
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0575
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0575
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0580
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0580
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0585
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0585
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0590
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0590
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0595
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0595
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0595
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0595
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0600
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0600
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0600
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0605
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0605
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0605
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0610
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0610
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0610
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0610
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0615
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0615
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0615
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0615
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0615
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0620
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0620
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0620
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0625
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0625
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0625
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0630
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0630
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0630
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0635
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0635
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0635
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0640
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0640
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0640
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0640
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0645
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0645
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0650
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0650
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0650
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0655
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0655
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0660
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0660
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0665
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0665
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0665
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0670
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0670
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0670
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0675
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0675
http://refhub.elsevier.com/S0378-4290(14)00162-2/sbref0675

	Potato, sweet potato, and yam models for climate change: A review
	1 Introduction
	History of potato models
	Potato model structures
	Potato model testing with experimental data
	Potato model applications
	Sweet potato models
	Yam models
	Model development and data improvement
	Limitation of models for climate impact studies
	Potato, sweet potato and yam model shortcomings and future directions

	References


