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Comparison of two potato simulation models
under climate change. I. Model calibration
and sensitivity analyses
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ABSTRACT: To analyse the effects of climate change on potato growth and production, both a sim-
ple growth model, POTATOS, and a comprehensive model, NPOTATO, were applied. Both models
were calibrated and tested against results from experiments and variety trials in The Netherlands.
The sensitivity of model results to different values of weather variables was determined. The com-
parison of the results from both models indicated the sort of conditions in which model results dif-
fered and may become less reliable. The average tuber yield level and the inter-annual yield varia-
tion in potato experiments were predicted well by NPOTATO, whereas POTATOS sometimes
calculated yields that were too high. The fit between yields observed in variety trials on clay soils and
simulated yields from both models was quite good over the last 4 yr of the period 1974-1988. How-
ever, in almost all earlier years a considerably lower yield occurred in the trials than was calculated.
This yield difference might be caused by factors that were not described by the models (e.g. a change
in management). Irrigated tuber yield from both models considerably increased with increases in
both solar radiation and atmospheric CO,, and it had its optimum at the present temperatures in
Wageningen, The Netherlands. Water-limited yield from both models had a slightly lower tempera-
ture optimum, considerably increased with increasing precipitation, atmospheric CO, and vapour
pressure and decreased with increasing wind speed. The main differences between NPOTATO and
POTATOS results were the higher evapo-transpiration and, hence, the stronger yield reduction by
water limitation from NPOTATO, and with irrigation, the lower yields for present conditions and the
weaker and stronger yield increases with increasing radiation and atmospheric CO,, respectively,
from NPOTATO compared with those from POTATOS.
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1. INTRODUCTION

Since agricultural production is greatly affected by
climate, any changes in climate which may result from
increasing concentrations of greenhouse gases in the
atmosphere (Mearns 2000) could have dramatic conse-
quences for agricultural yield potential. In this study
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the effects of climate change on the yield potential of
potato have been analysed.

The relationship between climate, crop growth and
yield is complicated, since a large number of climate,
soil, management and crop characteristics are in-
volved. In addition, crop growth mainly appears to
respond to changing conditions in a non-linear way
(Nonhebel 1994). For example, crop yields may de-
crease with an increase in temperature variability (i.e.
temperatures more often outside of the optimum range
for crop growth) or rainfall variability (i.e. longer dry
spells), as shown by Semenov & Porter (1995) and
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Semenov et al. (1996). As a consequence, the effects of
climate change on crop yield cannot be described in
terms of simple and average relationships between the
two. In the last 2 decades methods have been devel-
oped for calculating yield levels of crops under well-
specified conditions. These methods are based on the
application of crop growth simulation models, combin-
ing knowledge about crop characteristics and their
interactions with the environment.

In this way, the effects of climate change in the USA
on the yields of a large number of main crops, such as
wheat, maize, soya bean and alfalfa, and the efficacy of
management responses to climate change have been
examined (Wilks 1988, Adams et al. 1990, Cooter 1990,
Curry et al. 1990, 1995, Easterling et al. 1992a,b, Sin-
clair & Rawlins 1993). For potato production in the
USA, only Rosenzweig et al. (1996) investigated the
impacts of climate change. Although effects of climate
change on the yields of a number of crops, such as
wheat (Wolf 1993, Nonhebel 1996, Semenov et al.
1996), maize (Wolf & Van Diepen 1994, 1995) and
grapevines (Bindi et al. 1996, Bindi & Fibbi 2000), have
been analysed for Europe, impacts on potato produc-
tion have been studied only for Scotland (Peiris et al.
1996) and for England and Wales (Davies et al. 1997).

Potato is the only important tuber crop in the EU.
Almost 2 % of the arable land area in the EU is used for
potato production. This potato area is almost 4 % of the
land area used for all cereal crops in the EU but the
tuber production (in fresh weight) is as large as 20 % of
the total grain production of cereal crops in the EU
(FAO [Food and Agriculture Organization of the United
Nations] statistical data bases'). Within a recent EU-
project (CLIVARA), the effects of climate change and
climatic variability on the growth and yield of 4 crop
species (e.g. potato) in Europe were analysed (Downing
et al. 2000). The climate change impacts on potato were
studied at the site and regional scales (i.e. the present
study and Wolf 2000a,b), the national scale (Great
Britain: Butterfield et al. 2000; Finland: Carter et al.
2000; Hungary: Harnos et al. 2000; Denmark: Olesen et
al. 2000) and the European scale (Harrison et al. 2000).

A detailed potato model, NPOTATO, developed
within the CLIVARA project, was applied within this
climate change impact study under European condi-
tions. This model was first calibrated and tested against
results from potato trials. Subsequently, the sensitivity
of tuber production of potato to separately changed
weather variables was determined. These analyses
were also done with a more simplified model,
POTATOS. Both models were also applied to analyse
the possible effects of climate change, change in cli-

'FAOSTAT database collections on food balances, land use
and irrigated areas (http://apps.fao.org)

matic variability and change in crop management in re-
sponse to climate change on tuber production of potato
at a number of sites in Europe (Wolf 2002 this issue).

2. METHODOLOGY

NPOTATO contains more elaborate descriptions of
crop growth, assimilate allocation, leaf area expansion,
phenology, senescence of crop organs, water balance,
sink limitation, stress effects on assimilate production
and allocation and on senescence than POTATOS. A
schematic of both models and their main differences is
shown in Fig. 1. The main characteristics of both mod-
els and their input data requirements are described in
the following.

2.1. POTATOS

The growth simulations with POTATOS are conducted
from crop emergence to maturity and are carried out in
time steps of 1 d. POTATOS can simulate both potato
growth under optimal nutrient and water supply (i.e.
with irrigation), taking into account the climatic condi-
tions, and growth without irrigation, also considering the
amount of available soil water. More information on the
basic concepts of POTATOS and a number of applica-
tions of this model are given by Spitters (1990), Kooman
(1995) and Kooman & Spitters (1995).

2.1.1. Crop growth

Daily growth is computed as radiation interception
multiplied by a specified radiation use efficiency
(RUE). The radiation interception is calculated from
incoming radiation and the fractional radiation inter-
ception (FINT). FINT is determined by leaf area
expansion after crop emergence and senescence of
leaves near maturity. RUE is corrected for sub-optimal
temperatures and soil water contents and for a change
in atmospheric CO, concentration. Optimum day tem-
peratures are between 16 and 24°C (Kooman 1995),
and outside of this range RUE is reduced linearly with
temperature. If the available soil water in the root zone
becomes limiting for crop transpiration, RUE and thus
crop growth are reduced proportionally to the reduc-
tion in transpiration.

2.1.2. Crop phenology and assimilate allocation

The initial increase in FINT, the date of tuber initia-
tion, and the decrease in FINT by canopy senescence
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Fig. 1. Schematic of the calculation of crop growth. Left: POTATOS model based on light interception, light use efficiency and
harvest index. Right: NPOTATO model based on the light profile within the canopy, photosynthesis and respiration characteris-
tics, and dry matter partitioning; LAI: leaf area index. Source: Spitters (1990)

are all determined by variety-specific temperature
sum requirements (°C d) from crop emergence (Spit-
ters 1990, Kooman & Spitters 1995), and the last two
may be determined by day length too (Kooman 1995).
A fraction of total biomass that increases with thermal
time (°C d) from tuber initiation is allocated to the
tubers. However, dry matter partitioning among plant
organs and leaf weight increase and leaf area expan-
sion are not explicitly calculated in POTATOS.

Late varieties in POTATOS differ from the early ones
by the increased temperature sum requirement to ini-
tiate tuber filling, by a reduced increase in tuber frac-
tion against thermal time, and by an increased temper-
ature sum requirement for final canopy senescence
(Spitters 1987). In this way the late varieties start tuber
filling at a later date and are able to maintain foliage
and produce biomass over a longer period. This results
in a larger final biomass but in a lower fraction of bio-
mass in the tubers.

2.1.3. Water balance

The available amount of soil water in the root zone is
calculated from the water balance, which includes pre-
cipitation, irrigation, losses by runoff, soil evaporation,
crop transpiration, and leaching from the root zone.
Potential rates of soil evaporation and crop transpira-
tion are calculated using the Penman approach (Frere

& Popov 1979). The actual transpiration rate is calcu-
lated from its potential rate by correction for the
degree of radiation interception by the crop and the
available soil water content in the root zone (Supit et
al. 1994). The actual evaporation rate is calculated
from its potential rate by correction for the degree of
radiation interception by the soil and the time since it
last rained (Ritchie 1972).

2.1.4. Direct effects of increased atmospheric CO,

Doubling of the ambient atmospheric CO, concen-
tration results in observed biomass increases of 20 to
30% for potato (Dijkstra et al. 1995, Miglietta et al.
1998, Schapendonk et al. 2000). This CO, effect may
vary depending on the degree of sink limitation and
the resulting down-regulation of the CO, assimilation
between nil and about 40 % increase in biomass (Sage
et al. 1989, Wheeler et al. 1991, Van de Geijn & Dijk-
stra 1995). Sink limitation is strongest at high radiation
levels, a long day length, which results in retarded
tuber filling, and low soil temperatures. In POTATOS,
RUE increases by 20% with a doubling of ambient
CO,, assuming a small sink limitation, and FINT does
not change with CO, enrichment, as observed in a
large number of potato experiments under elevated
CO, within the EU-CHIP project (Wolf 2000c). The
potential transpiration is reduced by 5 % for a doubling
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of ambient CO,, representing a large decrease in
stomatal conductance, which is largely nullified by
micrometeorological feedback (Goudriaan & Unsworth
1990, Morison 1993).

2.2. NPOTATO

The simulation of potato growth and water and nitro-
gen dynamics is carried out from planting to maturity
in time steps of 1 d. NPOTATO comprises submodels
that simulate crop growth, phenological development,
nitrogen uptake by the crop, soil nitrogen dynamics
and soil moisture dynamics. The principles of the orig-
inal model for winter wheat, NWHEAT, and its appli-
cation for analysing soil nitrogen supply and nitrogen
uptake by the crop during the growth period and for
improvement of nitrogen application methods, were
discussed by Groot & De Willigen (1991) and Groot &
Spiertz (1991). A complete description of NWHEAT
was given by Groot (1987, 1993). NPOTATO differs
mainly from NWHEAT with respect to crop phenology
and dry matter allocation, based largely on the work
by Kooman (1995) and Spitters (1990).

2.2.1. Crop growth

Simulation of crop growth is done in the way de-
scribed by Spitters et al. (1989); this approach is, for
example, applied in the SUCROS model (Van Laar et
al. 1997). Gross assimilation of the canopy is calculated
as a function of the leaf area index, the radiation distri-
bution in the canopy and the photosynthesis-light
response curve of individual leaves. The maximum of
this response curve increases with increasing nitrogen
content in the leaves (Van Keulen & Seligman 1987)
and with increasing atmospheric CO,, and it is reduced
for sub-optimal temperatures. Maintenance require-
ments, calculated as a function of crop weight and
chemical composition (Penning de Vries 1975), are
subtracted from daily gross assimilation. The remain-
ing assimilates are allocated to the different crop
organs. If the available soil water in the rooted soil lay-
ers becomes limiting for crop transpiration, the assimi-
late production is reduced proportionally to the reduc-
tion in transpiration.

2.2.2. Crop phenology and assimilate allocation

The rate of phenological development is mainly
determined by the ambient temperatures, and this
relationship is cultivar-specific. Between emergence
and tuber initiation the effect of day length is also

important (Kooman 1995), and NPOTATO accounts for
this effect, resulting in an advanced tuber initiation
under short days. The allocation of available assimi-
lates to the different crop organs changes over time
and depends on the phenological development of the
crop.

After tuber initiation, the fraction of assimilates allo-
cated to the tubers increases with the rate of potential
tuber growth and with increasing water stress or nitro-
gen shortage (Kabat et al. 1995), resulting in a larger
final harvest index. Hence, the reduction of tuber
yields by these stresses is smaller than the correspond-
ing decrease in biomass production. Temperatures that
are low or high compared to the small optimal range
(16 to 22°C) for tuber growth (Kooman 1995) have an
opposite effect, resulting in a smaller harvest index. At
the end of the crop growth period, vegetative plant
organs die rapidly and a considerable part of their car-
bon and nitrogen is translocated to the tubers. Late
potato varieties differ from the early ones by both the
increased temperature sum requirement to initiate
tuber filling and the increased life span of the leaves
(Spitters 1987).

2.2.3. Water balance

The soil is treated as a multi-layered system. For
each layer, changes in soil water content are the result
of infiltration, soil evaporation, crop transpiration, and
downward movement to the lower layer. If precipita-
tion occurs, the first layer is filled to field capacity.
Excess water drains to the next layer, which is also
filled to maximum field capacity. This procedure is
repeated for the deeper layers as long as there is
excess water. Upward movement of water, for exam-
ple, by capillary rise from ground water, is not calcu-
lated by the model.

Potential soil evaporation is calculated using the
Penman approach (Frere & Popov 1979) and potential
crop transpiration by the Penman or Penman-Monteith
approach (Smith 1992). The actual transpiration rate is
calculated from its potential rate by correction for the
degree of radiation interception by the canopy and the
available soil water content in the rooted soil layers
(Supit et al. 1994). The actual evaporation is calculated
from its potential rate by correction for the degree of
radiation interception by the soil and the soil moisture
content in the top layer (Van Keulen 1975).

2.2.4. Nitrogen uptake

Crop nitrogen demand is based on the concept of
nitrogen deficiency (i.e. the degree that actual nitro-
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gen concentrations in crop organs are below their
maximum possible values). The actual nitrogen uptake
proceeds according to crop demand as long as the
amount of mineral nitrogen in the soil is not limiting.
This amount of mineral nitrogen depends on fertilizer
nitrogen application, nitrogen in rainfall, decomposi-
tion of old (humus) and fresh organic matter (crop
residues), crop nitrogen uptake and downward move-
ment of nitrogen by leaching. After the start of tuber
filling, crop nitrogen is translocated from the canopy
to the tubers. Limiting nitrogen supply results in
lower leaf nitrogen concentration and photosynthetic
capacity.

2.2.5. Direct effects of increased atmospheric CO,

Effects of CO, enrichment were incorporated in the
model by increasing the maximum value and the initial
angle of the photosynthesis-light response curve of
single leaves, by increasing the thickness of leaves,
and by decreasing the stomatal conductance. These
changes in model parameters were based on experi-
mental results for potato under CO, enrichment by
Sage et al. (1989), Dijkstra et al. (1995) and Schapen-
donk et al. (2000) and on more general studies on
the responses of photosynthesis and transpiration to
CO, enrichment by Goudriaan (1990), Goudriaan &
Unsworth (1990) and Morison (1993).

2.3. Data requirements for both models

For application of both models, data that specify crop
growth, phenological development and assimilate
allocation are required. For POTATOS, these data
were mainly based on work by Spitters (1990). For
NPOTATO, data that determine phenological develop-
ment, assimilation and respiration processes, dry mat-
ter allocation to and death rate of plant organs, and the
temperature sensitivity of various growth processes
were mainly based on studies by Spitters (1990),
Kooman (1995) and Boons-Prins et al. (1993).

Daily minimum and maximum air temperatures,
atmospheric CO, concentration and solar radiation are
required for both models to calculate CO, assimilation
rates and crop growth (Goudriaan & Van Laar 1978).
To calculate the components of the water balance,
daily precipitation, wind speed and vapour pressure
are also required. Historical or generated sets of daily
weather data over a period of about 30 yr were used.

To calculate the soil water balance, the soil physical
characteristics must be known. For POTATOS, these
are maximum rooted soil depth, soil moisture charac-
teristics such as soil porosity and volumetric moisture

contents at field capacity and wilting point for the
rooted soil, and the fraction of precipitation lost by sur-
face runoff. For NPOTATO, the required characteris-
tics are the texture class for each soil layer, maximum
rooted soil depth and soil moisture characteristics for
each texture class. To calculate organic matter decom-
position and nitrogen mineralisation with NPOTATO,
initial amounts of old and fresh organic matter, their
relative decomposition rates and carbon and nitrogen
contents must be known. To calculate the amount of
soil mineral nitrogen, the initial amount of mineral
nitrogen in each layer and the inputs of nitrogen in
precipitation and fertilizer applications are also re-
quired. The limited soil information for POTATOS can
be derived from the European soil map (King et al.
1995), but the detailed information for NPOTATO
requires field trials with elaborate soil sampling and
analyses.

3. RESULTS

Both models were calibrated and tested against
results from a number of potato experiments and vari-
ety trials in The Netherlands. For analysis of the possi-
ble effects of climate change, the sensitivity of mod-
elled tuber production of potato to separately changed
values of weather variables was determined.

3.1. Model calibration and validation

Results from potato experiments at Varsseveld, The
Netherlands, and from variety trials on both clay and
sandy soils were compared with simulated results from
both models.

3.1.1. Experiments at Varsseveld

Field experiments with a number of potato varieties
were carried out on sandy soils with a high organic
matter content at Varsseveld. Data on biomass produc-
tion, assimilate distribution between crop organs, leaf
area, and crop husbandry and dates of planting, emer-
gence and harvest were available, but no soil physical
and weather data. Hence, maximum available soil
water was estimated based on qualitative soil informa-
tion and historical weather data from Wageningen
(560 km west of Varsseveld) were used. No irrigation
was applied and nutrient supply was presumed to be
sufficient to prevent nutrient limitation of crop growth.
The trials were carried out in the years 1968, 1969,
1971, 1972 and 1973. Further information about these
trials can be found in Caesar et al. (1981) and Gmelig
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Fig. 2. Tuber yields of potato calculated (Calc.) with NPOTATO (NPOT) and POTATOS (POTS) (both with RUE = 3.0) for mid and
late varieties at Varsseveld (A) with and (B) without irrigation and actual tuber yields for different varieties

Meyling & Bodlaender (1981). A large part of the data-
set is given by Boons-Prins et al. (1993).

Observed tuber yields for different varieties during
the 5 years were compared with yields calculated with
both models for both mid and late varieties and with
and without irrigation (Fig. 2). The difference between
the simulated and observed yields was considerable
for irrigated production, in particular for POTATOS.
This indicated that tuber yields were limited by water
supply. The difference between simulated tuber pro-
duction without irrigation and observed yield data was
small, particularly for NPOTATO. The average tuber
yield and the inter-annual variation in tuber yield were
predicted well by NPOTATO, but the water-limited
yields from POTATOS were sometimes too high.

3.1.2. Variety trials

Trials with a large number of potato varieties have
been conducted over many years in different parts of
The Netherlands. Information on measured tuber yield,
potato variety, location and soil type are available from
these trials. The cultivated varieties has changed over
time, and hence, only the average of the yields of all va-
rieties cultivated at a given location could be compared
with the simulated yields. The only exception was the
Bintje variety, which was grown on different soils and
locations over a period of more than 20 yr.

Observed tuber yields on clay soils at Dronten in the
central polders of The Netherlands were compared

with simulated yields from both models for the same
location (Fig. 3). This showed that average yield and
inter-annual yield variation of the average of all vari-
eties were almost identical to average yield and yield
variation of the Bintje variety. It also showed that water
supply was not limiting production in the trials, as can
be seen in the results for the relatively dry years 1975,
1976, 1983 and 1986 (Fig. 3B: in these years simulated
yields without irrigation were lower than the yields
under irrigated conditions, whereas such a yield re-
duction did not occur in the trial). Hence, simulations
with irrigation were used for comparison with the trial
results. The fit between observed and simulated yields
with irrigation from both models was good over the last
4 yr. However, in almost all years before 1985 a consid-
erably lower yield occurred in the trials than was cal-
culated with both models for an irrigated crop. The
inter-annual yield variation simulated with NPOTATO
for both irrigated and water-limited production was
essentially similar to that simulated with POTATOS.
Note that POTATOS used a lower value for RUE than
NPOTATO. This was due to the simple calculation
method for radiation interception in POTATOS, which
sometimes resulted in overestimated interception
values.

Observed tuber yields on sandy soils at Wageningen
were compared with simulated yields from the 2 mod-
els for the same location (Fig. 4). These results also
showed that average yield and inter-annual yield vari-
ation of the average of all varieties were almost identi-
cal to average yield and yield variation of the Bintje
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Fig. 3. Tuber yields of potato calculated (Calc.) with NPOTATO (NPOT.) and POTATOS (POTA.) for mid variety at Dronten
(A) with and (B) without irrigation, for different values of the radiation use efficiency (RUE) and available soil water (soil w.), and
actual tuber yields of the Bintje variety and average yields of all potato varieties in field trials on clay soil

A Tuber production, variety trials on sandy soils B Tuber production, variety trials on sandy soil
Calculated with NPOTATO and POTATOS (irrigated) versus Calculated with NPOTATO and POTATOS (water-limited) versus
measured in Wageningen measured in Wageningen
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Fig. 4. Tuber yields of potato calculated (Calc.) with NPOTATO (NPOT.) and POTATOS (POTA.) for mid variety at Wageningen
(A) with and (B) without irrigation, and for different values of RUE and available soil water (soil w.), and actual tuber yields of the
Bintje variety and average yields of all potato varieties in field trials on sandy soil

variety. Water supply probably did not limit yield on
the sandy soil (see Fig. 4B, year 1986), and hence, sim-
ulations with irrigation were used for comparison with
the trial results. Even with an RUE of 2.5 (g dry matter
MJ~! PAR [photosynthetically active radiation]), simu-
lated yields from both models corresponded with

observed yields in only a few years (Fig. 4A). This indi-
cated that the simulated yield level can be attained on
sandy soils. However, unknown factors resulted in a
lower observed mean yield level and a larger yield
variability on sandy soils than on clay soils (Fig. 3) and
in a larger difference between simulated and mea-
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sured yields. The inter-annual yield variation simu-
lated with NPOTATO for irrigated and water-limited
production at Wageningen (Fig. 4) was similar to that
simulated with POTATOS. As both models used an
identical value for RUE, the average yield level was
higher for POTATOS due to overestimated radiation
interception than for NPOTATO.

3.2. Sensitivity analyses

For both irrigated and water-limited potato produc-
tion in Wageningen the sensitivity of model results to
systematic changes in climate were analysed. The
main characteristics of the climate in Wageningen dur-
ing the growth period of potato (from end of May to
half September) are the following: mean minimum and
maximum temperatures of respectively about 10 and
20°C; daily mean irradiation of 12 to 18 MJ m™2 (de-
creasing from June to September); and a monthly
mean rainfall of about 75 mm. Growth simulations
were conducted with both NPOTATO and POTATOS
over a time period of 20 yr (1970-1989) for a historical
climate dataset from Wageningen. Weather variables
in this dataset were adjusted independently, in a step-
wise manner, in order to gauge the sensitivity of model
results to changing values of each variable. Sensitivity
to changes in the following variables were analysed:
temperature, atmospheric CO, concentration, rainfall,
solar radiation, vapour pressure and wind speed. Val-
ues for each output variable are the mean result of
20 yr of growth simulations.

The optimum temperature for irrigated total biomass
and tuber production was encompassed by present
conditions in Wageningen for both models, and it was
slightly lower than present temperatures for water-
limited production (Fig. 5A,B). Temperature rise
caused an accelerated death of leaves and, thus,
advanced the end of growth. In addition, more days
with a reduced assimilation rate and tuber growth rate
occurred at high temperatures. This resulted in a lower
biomass and tuber production. A decrease in tempera-
ture also caused lower yields, partly because there
were more days with a reduced assimilation and
growth rate at low temperatures and partly because of
the reduced length of the growing season. The sensi-
tivity of total biomass and tuber yields to temperature
change from both models was almost identical. The
main differences were the higher irrigated yields at
optimum temperature (because of overestimated radi-
ation interception), the stronger increase in yield to its
optimum due to temperature change, and the weaker
yield reduction for water-limited production (due to
lower evapo-transpiration; Fig. 5D) from POTATOS, in
comparison to NPOTATO.

The coefficient of variation (CV) of the tuber yields,
which indicates the degree of inter-annual yield varia-
tion, was lowest when the crop was irrigated and
increased with both increases and decreases in tem-
perature (Fig. 5C). This indicated that yield variability
increased if temperatures were too low and limited the
length of the growing season and if temperatures were
too high and caused advanced leaf death and were
sub-optimal for assimilation and tuber growth. For
water-limited production CV values were higher (i.e.
indication of yield sensitivity to water shortage), partic-
ularly for NPOTATO due to the higher evapo-transpi-
ration (Fig. 5D), but the CV was practically not sensi-
tive to temperature. Cumulative evapo-transpiration
had a maximum close to that for the present tempera-
ture regime, which was due mainly to the length of the
effective growth period. In NPOTATO evapo-transpi-
ration was calculated with the Penman-Monteith
method (Smith 1992), which gave higher evapo-tran-
spiration values than the Penman approach (Frere &
Popov 1979) in POTATOS. In the subsequent applica-
tions of POTATOS (Wolf 2002) a factor has been incor-
porated to correct for the lower Penman estimate.

Tuber production considerably increased with the
amount of precipitation when no irrigation was applied
(Fig. 6). The amount of soil water available to a potato
crop is rather limited, owing to its relatively shallow root-
ing depth (i.e. 50 cm). This explains the strong sensitiv-
ity of potato production to precipitation. Note that in the
variety trials at Wageningen, water supply did not limit
the potato yields (see above). This was probably due to
high groundwater levels and the resulting capillary rise,
which were not taken into account in these sensitivity
analyses. Irrigated tuber production considerably in-
creased with the amount of radiation and atmospheric
CO, concentration as long as atmospheric CO, was less
than twice the ambient CO, concentration. For water-
limited production the yield sensitivity to radiation was
smaller than that for irrigated production (i.e. moderate
yield increase from POTATOS and no yield change from
NPOTATO) as a result of increasing water limitation
with increasing radiation. The vapour pressure deficit
and, thus, evapo-transpiration were reduced with
increasing vapour pressure. This resulted in fewer
growth days with water stress and, thus, in a higher
tuber yield, but only if no irrigation water was applied.
The opposite occurred with increasing wind speed, i.e.
evapotranspiration increased, which reduced tuber
yields. The sensitivity of tuber production to these
weather variables and atmospheric CO, concentration
was almost the same for NPOTATO and POTATOS. The
main differences between NPOTATO and POTATOS re-
sults were the higher irrigated yields and the smaller
yield reduction for water-limited production from
POTATOS. Other differences were the smaller yield
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Fig. 5. Sensitivity to change in temperature of (A) total biomass (without roots) production, (B) tuber production, (C) coefficient of

variation (CV) of tuber yield, and (D) cumulative evapo-transpiration from planting for irrigated (+I) and water-limited (-I) potato

(mid variety) in Wageningen, as simulated with NPOTATO and POTATOS (both with RUE = 3.0). Results were established for
20 yr (1970-1989) of historical weather data of which temperature values were changed as indicated

increase with increasing solar radiation for NPOTATO
(due to the curvi-linear photosynthesis-light response
relationship) and the larger curvi-linear yield increase
with increasing CO, concentration for NPOTATO com-
pared with the linear increase for POTATOS.

4. DISCUSSION AND CONCLUSIONS

To analyse the effects of climate change on potato
growth and production, 2 different potato models were

used. The POTATOS model had a limited degree of
detail in the description of growth processes. Hence,
the number of model relations that needed to be
tested, the number of parameters that needed calibra-
tion to site-specific conditions, and the required data
base of inputs were more limited than in the
NPOTATO model. In addition, the results from such a
simple model are often more stable than those from a
more comprehensive model. These model characteris-
tics are an advantage in regional-scale studies (Boote
et al. 1996). Hence, POTATOS has been applied in
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Fig. 6. Sensitivity to changes in (A) precipitation, (B) solar radiation, (C) atmospheric CO, concentration, and (D) vapour pressure

of irrigated (+I) and water-limited (-I) tuber production of potato (mid variety) in Wageningen, as simulated with NPOTATO and

POTATOS (both with RUE = 3.0). Results were established for 20 yr (1970-1989) of historical weather data for which values for
1 weather variable were changed as indicated

national- and European-scale studies on climate Results from both POTATOS and NPOTATO were

change impacts on potato (Carter et al. 2000, Harrison
et al. 2000, Olesen et al. 2000). On the other hand in a
more detailed model, such as NPOTATO, the growth
processes, the responses of these processes to changes
in environmental conditions, and the interactions be-
tween these responses are described in a more mecha-
nistic and more realistic way. The comparison of the
results from the 2 models indicated the differences in
their model approaches and the sort of environmental
conditions in which the model results differed and may
become less reliable.

compared with results from potato experiments at
Varsseveld. The average tuber yield level and the
inter-annual variation in tuber yield were predicted
well by NPOTATO. Tuber yields from POTATOS were
sometimes too high, caused by overestimation of the
radiation interception (intercepted radiation fraction
calculated as a function of thermal time) and perhaps
also by a lack of sink limitation. The inter-annual vari-
ation in observed tuber yields was different between
crop varieties. This indicated that this inter-annual
yield variation was not only caused by weather effects
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on crop growth, but also by other factors (e.g. pests,
diseases, premature leaf death, and losses due to poor
harvesting conditions) that were not incorporated in
the models.

Observed vyields from variety trials on clay soils in
The Netherlands were compared with simulated yields
from both models for the period 1974-1988. The fit
between observed and simulated yields with irrigation
from both models was good over the last 4 yr. However,
in almost all the earlier years a considerably lower
yield occurred in the trials than was calculated with
the 2 models. As information on these trials was lim-
ited, it was not possible to determine why the earlier
yields were relatively low. The yield difference might
be caused by factors that were not described by the
model (e.g. change in crop management and protec-
tion or in nutrient supply). These results correspond
well with the conclusions from modelling studies for
winter wheat and potatoes in Denmark (Olesen et al.
2000) and for winter wheat in the UK (Landau et al.
1998) that, first, crop growth model simulations could
explain only to a limited extent the inter-annual yield
variation from the inter-annual variation in weather
conditions and, second, for most crop species in the EU
a clear technology trend (i.e. yield increase over time
[FAO statistical data bases] due to improved crop vari-
eties and crop management) was observed.

Observed yields from variety trials on sandy soils in
The Netherlands were compared with simulated yields
from the 2 models. Simulated yields corresponded well
with observed yields in only a few years. This indicated
that the simulated yield can be attained on the sandy
soils. However, the observed mean yield level was
lower and the yield variability larger than those on a
clay soil, and the difference between simulated yields
from both models and observed yields was larger than
on a clay soil. These low yields on sandy soils com-
pared with those on clay soils could not be explained
but might result from a more problematic control of
pests and diseases and/or a less favourable soil roota-
bility and nutrient availability. In Denmark, mean crop
yields in counties with sandy soils were lower than
those in counties with loamy soils; this yield difference
could also not be explained (Olesen et al. 2000).

The inter-annual yield variations simulated with
NPOTATO for irrigated and water-limited production
in the variety trials on both clay and sandy soils were
essentially similar to those simulated with POTATOS.
If both models applied an identical value for radiation
use efficiency, the average yield from POTATOS was
higher, mainly due to overestimated radiation inter-
ception.

The sensitivity of tuber production to systematic
changes in climate was calculated with both potato
models for Wageningen. These climate effects that

were largely determined by the model approaches,
were already discussed in the sensitivity analyses (Sec-
tion 3.2). Hence, mainly the conclusions of these analy-
ses are given here. Irrigated tuber production from
both models considerably increased with increases in
both solar radiation and atmospheric CO, concentra-
tion and had its optimum at present temperatures
in Wageningen. The main differences between
NPOTATO and POTATOS results for irrigated produc-
tion were the lower yields for present conditions, the
weaker and stronger increases with increasing radia-
tion and atmospheric CO, concentration, respectively,
and the higher evapo-transpiration from NPOTATO
compared with those from POTATOS. Water-limited
production from both models had a slightly lower
temperature optimum than present temperatures, con-
siderably increased with increases in amount of pre-
cipitation, atmospheric CO, concentration, and vapour
pressure, and decreased with an increase in wind
speed. The main differences between NPOTATO and
POTATOS results for water-limited production were
the stronger yield reduction by water limitation from
NPOTATO (due to its higher evapo-transpiration),
which resulted in a higher CV of tuber yield, and the
nil yield change with increasing radiation from
NPOTATO compared with the moderate yield increase
from POTATOS.

Comparable model analyses of the sensitivity of
potato production to climate change have been per-
formed for both Scotland (Peiris et al. 1996) and differ-
ent states in the USA (Rosenzweig et al. 1996). In the
cooler climate in Scotland (than in Wageningen) tem-
perature rise gave higher tuber yields because of the
increased length of the growing season, whereas in the
warmer climates in the USA, especially in the more
southern states, temperature rise had a strongly nega-
tive effect on tuber yields. These results correspond
well with the sensitivity of tuber production to temper-
ature in NPOTATO and POTATOS, which model cal-
culated maximum tuber yields at the present tempera-
tures in The Netherlands.
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