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Abstract

A potato crop multimodel assessment was conducted to quantify variation among models and evaluate responses to

climate change. Nine modeling groups simulated agronomic and climatic responses at low-input (Chinoli, Bolivia

and Gisozi, Burundi)- and high-input (Jyndevad, Denmark and Washington, United States) management sites. Two

calibration stages were explored, partial (P1), where experimental dry matter data were not provided, and full (P2).

The median model ensemble response outperformed any single model in terms of replicating observed yield across

all locations. Uncertainty in simulated yield decreased from 38% to 20% between P1 and P2. Model uncertainty

increased with interannual variability, and predictions for all agronomic variables were significantly different from

one model to another (P < 0.001). Uncertainty averaged 15% higher for low- vs. high-input sites, with larger differ-

ences observed for evapotranspiration (ET), nitrogen uptake, and water use efficiency as compared to dry matter. A

minimum of five partial, or three full, calibrated models was required for an ensemble approach to keep variability

below that of common field variation. Model variation was not influenced by change in carbon dioxide (C), but

increased as much as 41% and 23% for yield and ET, respectively, as temperature (T) or rainfall (W) moved away

from historical levels. Increases in T accounted for the highest amount of uncertainty, suggesting that methods and

parameters for T sensitivity represent a considerable unknown among models. Using median model ensemble values,

yield increased on average 6% per 100-ppm C, declined 4.6% per °C, and declined 2% for every 10% decrease in rain-

fall (for nonirrigated sites). Differences in predictions due to model representation of light utilization were significant

(P < 0.01). These are the first reported results quantifying uncertainty for tuber/root crops and suggest modeling

assessments of climate change impact on potato may be improved using an ensemble approach.
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Introduction

Climate change, including rises in atmospheric carbon

dioxide (CO2) concentration (C), shifts in air tempera-

ture (T), and changes in duration, intensity, and
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seasonality of rainfall (W), has geospatial and temporal

dependencies likely to negatively impact many agricul-

turally productive regions (Rosenzweig & Parry, 1994;

Easterling et al., 2000; Hijmans, 2003; Wolfe et al., 2007;

IPCC, 2014). Global food systems will be increasingly

challenged to sustainably address food security needs,

given rising populations and competing demands for

arable land, water, and other natural resources (God-

fray et al., 2010; Foley et al., 2011; Garnett et al., 2013).

Crop models have been used to study climate change

effects in order to assess risk and impact, evaluate

adaptation strategies, and/or test management options

for various agricultural commodities (e.g., Rosenzweig

& Parry, 1994; Matsuoka et al., 2001; Hansen, 2005;

Haverkort & Verhagen, 2008; Challinor et al., 2009;

White et al., 2011; Haverkort et al., 2013). A majority of

simulations and conclusions were drawn on the basis

of a single model. However, multiple models exist for

most of the globally important crops. These models

were generally developed independently of one

another and thus differ with respect to the type and

manner in which soil–plant–atmospheric science is

encapsulated and parameterized in the source code

(Tubiello & Ewert, 2002). This variation among model

structure leads to additional questions regarding the

efficacy of using simulation results from a single model

as a basis for evaluating agricultural responses (Wolf,

2002; Rosenzweig et al., 2013), and recent literature sug-

gests that a collection, or ensemble, of such models may

provide a more nuanced and accurate reflection of real-

ity than any individual one (Martre et al., 2015). This

study focuses on quantifying the variation, or uncer-

tainty, among potato crop models, including an assess-

ment of predicted climate change responses at multiple

production locations.

Potato (Solanum tuberosum L.) ranks as the third

food crop worldwide, behind rice and wheat, with

respect to quantity of production and consumption

(Haverkort & Struik, 2015). Despite this agronomic

importance, White et al. (2011) found that only seven

of 231 original research articles simulating effects of

climate change on crops included potato. Production

is dispersed broadly around the world and encom-

passes highly contrasting locations with respect to

soils, climate, and management. This wide adaptation

range coincides with large variation in the plant’s

cultivated ploidy, particularly as compared with

other crops (Watanabe, 2015). Potato is also distinct

from other commodities due to a highly indetermi-

nate growth habit and lack of distinct developmental

stages (Ewing & Struik, 1992), traits, which challenge

crop modelers to establish biologically meaningful

relationships between climate, growth, biomass parti-

tioning, and phenology (Ewing & Sandlan, 1995; Vos,

1995). These challenges lead to large variations across

potato models with respect to structures and

approaches used to simulate growth and develop-

ment (Table 1). The crop is frequently categorized as

drought and T sensitive, with yield declines occur-

ring at moderate levels of soil moisture depletion

(Borah & Milthorpe, 1962; Van Dam et al., 1996) and

with cooler optimal T for yield and rate processes as

compared with other economically important com-

modities (Van Loon, 1981; Stalham & Allen, 2004;

Timlin et al., 2006). Similar to other plants with a C3

biochemical photosynthetic pathway, potato exhibits

positive responses to increasing C when other cul-

tural factors are nonlimiting (e.g., Baker & Allen,

1994; Finnan et al., 2005; Kaminski et al., 2014). Thus,

potato crop models intended to evaluate impacts of

climate change from a global perspective must be

capable of simulating growth and development sensi-

tivities, including associated temperature and

drought stresses, to varying C, T, and W levels

across a broad range of genetic and management fac-

tors. Accurate representation of these climate factors

may present an additional challenge as many crop

models were not originally developed to respond to

C (White et al., 2011).

Systematic protocols for crop model intercomparison

studies were recently proposed by the Agricultural

Model Intercomparison and Improvement Project

(AgMIP) (Rosenzweig et al., 2013), including compar-

ison of simulation results against common datasets

using partially and fully calibrated crop models. Com-

mon themes were reported among these studies. In a

comparison of 27 models participating in the AgMIP

Wheat Pilot, Asseng et al. (2013) observed major differ-

ences due to crop model structure and parameter val-

ues when comparing simulated vs. experimental yields

and assessing sensitivity to climate change across mul-

tiple production sites. Both partially and fully cali-

brated models were able to reproduce observed

experimental data, but uncertainty was reduced after

full calibration. The median and mean from an ensem-

ble approach of these models were consistently more

accurate at replicating observed yields across all evalu-

ated sites than any single model (Martre et al., 2015).

Both error and variation decreased with increasing

number of models in an ensemble, although no further

declines were observed after at least ten models were

randomly included. Uncertainty among models with

respect to climate change factors varied according to

site and crop management and increased with higher T.

Strikingly similar results were observed with other cer-

eal crops by the AgMIP Maize Pilot (Bassu et al., 2014)

and the AgMIP Rice Pilot (Li et al., 2013) except that

both pilots measured increased variability among
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models with increasing C as well as T. Marin et al.

(2015) made similar recommendations with respect to

sugarcane and climate change; however, only two mod-

els were compared. In non-AgMIP studies, Kabat et al.

(1995) presented results from seven potato models cali-

brated against a common dataset and Wolf (2002)

assessed differences between two potato models with

respect to climate change sensitivity in Europe. In both

studies, however, models were calibrated for a single

production region, uncertainty was not quantified and,

in the former case, did not include climate sensitivity.

More rigorous multimodel intercomparisons have not

been conducted for potato or other root crops.

Studies of crop model intercomparisons intended to

elucidate commonalities in response to climate change

can be summarized in terms of four types of analyses.

Namely, those that (i) focus on in-depth exploration of

simulated data, (ii) explore differences among models

related to their structure and parameterization, (iii)

quantify differences in uncertainty arising from climate

predictions that serve as input data vs. that resulting

from the models themselves, and (iv) evaluate vulnera-

bility, adaptation, and resilience (White et al., 2011;

Rosenzweig et al., 2013). The primary intent of this

study was to address these first two components.

Specifically, these aims were to evaluate the simulated

data and uncertainties among an ensemble of crop

models and, to a lesser extent, test for consistent differ-

ences in simulated values due to the manner in which

models represent various soil–plant–atmospheric phe-

nomena.

This study was thus conducted to quantify (i) the

variation among a suite of peer-reviewed potato crop

models with respect to simulating yield and other

growth and development responses at different pro-

duction sites, (ii) the effect of partial vs. full calibra-

tion on model uncertainty at these sites, and (iii)

agronomic responses to climate change and associ-

ated variability in those predictions when using an

ensemble model approach. We hypothesized that (i)

the median response of an ensemble of potato mod-

els can be used to accurately represent yields at mul-

tiple locations, (ii) the median response will be more

accurate than any individual model and, by exten-

sion, no individual model will consistently be better,

or worse, than other contributing models, (iii) calibra-

tion will reduce uncertainty, and (iv) uncertainty will

increase with the magnitude of shifts in C, T, and W

away from baseline values. Results provide insight

with regard to the utility of adopting an ensemble

approach for potato modeling and identify sources of

uncertainty and knowledge gaps within the models,

especially in relation to model sensitivity to climatic

factors.

Materials and methods

Crop models and datasets

Eight potato models, varying in representation of different

soil–plant–atmosphere components, utilized by nine indepen-

dent modeling groups were included in the AgMIP Potato

Pilot (Table 1). These models were selected based on the will-

ingness of the contributing group to conduct the necessary

simulations and evidence of prior peer review. The SUBSTOR

model was operated independently by two separate users in

the pilot and thus represented as two separate models for sta-

tistical purposes.

Experimental datasets were obtained from sites within four

distinct potato production regions (Table 2). These encom-

passed high-input (involving automated irrigation systems

and chemical fertilizers as in Denmark and the United States)

and low-input (rainfed production with organic amendments

as in Bolivia and Burundi) management practices, different

cultivars, and large variations in soil and climate. The com-

bined genetic, environment, and management differences rep-

resented by the four diverse sites provided an extremely

broad set of input variables for testing model variation. Each

of the four datasets comprised a single growing season within

each location at a specific field and included time-series mea-

surements of plant growth and soil conditions throughout the

growing season. Measured data included phenology dates;

dry mass for tuber, leaf/stem or haulm, and root; and soil

nitrogen and water content for some of the sites. These data-

sets were thus classified as ‘gold-rated’ sentinel sites for the

purpose of crop model intercomparison studies (Boote et al.,

2015). Measured evapotranspiration data were not available,

but nitrogen uptake was estimated from plant tissue nitrogen

concentrations for the crops in the United States and Den-

mark. Experimental data were obtained via direct communica-

tion with the experimentalists or from peer-reviewed

publications (Table 2). Daily climatic data were provided from

a combination of observed site-specific values and estimated

variables for surface wind speed, air humidity (dew point

temperature, vapor pressure deficit, and relative humidity at

the time of the day of maximum temperatures), maximum

and minimum air temperature, solar radiation, and rainfall

(Ruane et al., 2015b). Estimated data were derived from the

agricultural modeling version of the Modern Era Retrospec-

tive Analysis for Research and Applications (AgMERRA) cli-

mate forcing dataset (Rienecker et al., 2011; Ruane et al.,

2015a) to fill in gaps in the observed station records. The result

was a merged dataset covering the 1980–2009 planting years,

providing at least 30 full growing seasons of bias-corrected

estimates to obtain interannual variability estimates for each

site in addition to the single, or baseline, experimental year of

historical weather.

Simulation protocols

Simulations were conducted in two phases, partial (P1) or full

(P2) calibration. In P1, modelers were provided with the mini-

mum information required to run the models for each site.
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The dataset included daily climate data, initial soils condi-

tions, management applications (e.g., planting dates, densities,

irrigation, and/or fertilizer applications), dates of emergence

and harvest, and cultivar name, maturity class, and photope-

riod sensitivity. No information was provided regarding

experimentally observed yields or time-series data, and thus,

modelers were forced to estimate model calibration factors

based on limited knowledge. In P2, modelers were provided

with all P1 information plus experimentally obtained yields

and time-series data. Interpretation, preparation, and develop-

ment of input data for each model were conducted at the dis-

cretion of each modeling group according to agreed-upon

guidelines for the pilot. The majority of calibration approaches

were based on adjusting values for cultivar specific

parameters by minimizing least-squared differences between

observed and simulated yields. Some modeling groups

reported difficulties in matching real-world data, particularly

for soil water contents, and used additional approaches as

noted in Table 3.

Simulation runs for baseline-year and multiple years were

conducted for each phase at each sentinel site using baseline

‘historical’ weather data. In addition to the historical weather

series, during P2, the 30-year weather data were modified on a

daily basis to include variations in C, T, and/or W climatic fac-

tors to test model sensitivities to climatic factors. These consisted

of five different levels of C (360, 450, 540, 630, and 720 ppm),

five levels of T (�3, 0, +3, +6, or + 9 °C below/above baseline

24-h maximum/minimum air temperatures), and three levels of

Table 2 Field experiment locations, soil classification, crop management, and typical climate values for the four site locations used

in the pilot

Experiments Bolivia Burundi Denmark United States

Location Chinoli Gisozi Jyndevad Washington

Latitude �19.63 �3.57 54.90 46.22

Longitude �65.37 29.68 9.13 �119.32

Altitude (masl) 3450 2091 15 520

Environment Low-

yielding

rainfed

Medium-

yielding

rainfed

Medium-

yielding

irrigated

High-

yielding

irrigated

Reference None Harahagazwe

et al. (2011)

None None

Soils

Soil type (FAO) Leptosols Histosols Podzols Arenosols

Soil type (USDA) Sandy loam Loam Sand Sand

Lower limit* 0.075 0.179 0.051 0.061

Drained upper limit* 0.185 0.339 0.151 0.160

Bulk density (g cm�3)* 1.58 1.00 1.49 1.33

Rooting depth (cm) 50 100 150 120

Crop management

Variety (S.t. ssp tuberosum) Desiree Victoria

(CIP381381.20)

Kaptah Ranger

Russet

Residue type Barley None None None

Plant density per ha 47619 41667 40404 50700

Row spacing (cm) 70 80 75 86

Plant spacing (cm) 30 30 33 23

Planting date (DOY†) 301 193 107 77

Manure applied (t/ha) 5 20 0 0

Inorganic applied

fertilizer (kg N/ha)‡
80 100 180 366

Total irrigation (mm) 0 0 104 816

Phenology

Emergence (DOY) 341 224 136 111

Harvest date (DOY) 91 339 267 235

Season duration (days) 156 154 161 159

Experimental year§ 1997/1998 2007 1990 2004

Mean temperature (°C) 15.96 16.45 13.81 14.53

Cumulated precipitation (mm) 339.8 529.0 470.8 164.4

*Characteristics of uppermost soil layer.

†DOY, day of year.

‡Combined organic and inorganic.

§Obtained over the growing season from field data reported by experimentalist.
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W (�30%, 0, and +30% decreases/increases in daily precipita-

tion from baseline). These levels were chosen as per Rosenzweig

et al. (2013) to represent the range of potential 21st-century cli-

mate changes and to enable cross-crop comparisons with other

model intercomparison studies (e.g., Mcdermid et al., 2015). A

full 5 9 5 9 3 factorial combination of these modified 30-year

weather datasets was conducted at each site (i.e. 5 9 5 9

3 9 30 = 2250 simulation runs per model per site). For each

year, initial soil conditions were reset to the original levels of

water, organic matter, and nitrogen contents as per the corre-

sponding field experiment. For irrigated locations in Denmark

and the United States, modelers implemented automatic irriga-

tion so as to maintain the soil water content within the top

50 cm at 90% field capacity or higher.

Data analysis

Simulated responses including end-of-season tuber yield and

total biomass (kg dry mass ha�1), harvest index (HI, yield

divided by total mass minus roots), cumulative evapotranspi-

ration (ET, mm), water use efficiency (WUE, yield basis, kg

m�3), nitrogen uptake (Nup, kg N ha�1), and dates of tuber ini-

tiation (TI), 50% maximum tuber bulking (T50), and maturity

(MAT) were evaluated. Relative percent error between simu-

lated and observed values was computed across all models as

in Eqn (1), where Ri represents corresponding response (e.g.,

tuber yield, ET, and etc.), Si,m is the simulated value of

response i from model m, Oi is the observed experimental

value for response i, and n is the total number of models that

simulated a value for Ri:

Ri ¼
Pn

m¼1 jðSi;m �OiÞj=Oi

n
� 100 ð1Þ

Three methods were used to compare ensemble model per-

formance: (i) analysis of variance, (ii) box–whisker plots, and

(iii) coefficients of variation. Analysis of variance was con-

ducted separately for calibration phase, simulation run, and

response variable within each site using the GLM procedure

in SAS software (SAS for Windows 9.4, SAS Institute, Inc., Cary,

Table 3 Summary of calibration approaches used for each modeling group for full calibration phase 2

Model

General

approach Data used* Comments from group

AQUACROP Manual – Phenology

– Biomass

– Canopy coverage

• Quality/availability of data posed challenges especially for low-input sites

without knowledge of nutrient/water stress

• Adjusted WUE coefficient to obtain high yields for US site

CROPSYST Manual – Phenology

– Biomass

• Calibration approach varied with each site based on availability of

phenology, biomass, and nitrogen uptake data.

INFOCROP Manual – Phenology,

– Biomass

– LAI (for

United States)

• Calibration conducted for phenology first

LINTUL Manual – Phenology

– Biomass

– Soil water

holding

properties

• Calibration conducted in three steps:

– phenology (dates)

– adjustment of RUE parameter (biomass)

– adjustment of soil parameters that influence plant available water

MODSUBSTOR Iterative

approach

using

uncertainty

estimator

– Biomass • Low-input sites problematic as calibration generally requires nonstressed

data

MONICA Least-square

iterative

procedure

– Phenology

– Biomass

• Unable to reach high yields from the United States

SOLANUM Manual – Canopy cover

– Biomass

• Use of biomass component varied with availability of information at each

site

• Calibration for Burundi was more difficult than other locations

SPUDSIM Least-square

iterative

procedure

– Phenology

– Biomass

– Canopy cover

• Low-input sites challenging to calibrate without knowledge of nutrient/

water stresses

SUBSTOR Least-square

iterative

procedure

– Phenology

– Biomass

• None

*Biomass included total, leaf and stem, and/or yield dry and fresh mass.
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NC, USA). Main factors were site (n = 4) and model group

(n = 9) for the baseline-year runs, plus climate factors C

(n = 5), T (n = 5), and/or W (n = 3) and weather-years

(n = 30) for the multiyear runs. These factors were considered

fixed effects. Weather-years were nested within site for all

multiyear runs. Interactions among C, T, W, and site were

tested. Mean separations for significant main factors were con-

ducted using the Sidak method (Sidak (1967), a = 0.05). Effects

of model structure, grouped into three categories (RUE, TE, or

P-R) according to their representation of light utilization

(Table 1), in response of simulated tuber yield and ET to C, T,

or W within each site were also tested. As this resulted in an

unbalanced design (i.e., four RUE based models, two TE, and

three P-R), type II sums of squares were used to evaluate for

significance of the model structure term (Langsrud, 2003).

Box and whisker plots, with boxes delimiting 25 and 75th per-

centiles and whiskers extending to 10th and 90th, were used

to evaluate the distribution among model responses for each

response and site with respect to simulated mean and median.

Coefficient of variation (CV, %) was calculated across simu-

lated model responses within each site. Results were initially

averaged for each model across the 30 years for multiyear

runs. Thus, reported CVs indicate variability among the

model means and not that due to interannual responses

within a given model.

The relationship between the uncertainty of predicted tuber

yield and an ensemble, or grouping, of models (ranging from

two to nine) used to simulate the response was explored sepa-

rately P1 and P2 at each site. A random selection of 90 poten-

tial model combinations was obtained among all possible

groups of models as determined from Eqn (2), following a

similar approach used in other crop model intercomparison

pilots (Asseng et al., 2013; Bassu et al., 2014; Li et al., 2015):

Cm¼2...9 ¼ 9!

m! 9�mð Þ! ð2Þ

where m is the number of models in an ensemble and Cm is

the potential number of combinations. CV was calculated for

each group of models and used to determine the number

needed to reduce uncertainty below a minimum of 17% as

representative of observed potato yields under typical field

conditions (Vermeer, 1990).

Results

Baseline-year responses

Predicted end-of-season tuber dry yield and total dry

mass were not significantly different among models

(Table 4, baseline-year responses), but phenology,

nitrogen, and water use values varied (P < 0.05 or less).

Results were affected by site and the distribution of

simulated values within each location provided addi-

tional insight into ensemble model performance

(Fig. 1). For example, median tuber yield responses for

phase P1 were overpredicted for low-input sites of Boli-

via and Burundi and underpredicted for the high-input

sites in Denmark and USA. Only 16.7% of the model

yield predictions, when aggregated across all four sites,

fell within the 17% CV threshold of expected uncer-

tainty for experimentally determined yield values. CVs

ranged between 30% and 50% across sites for tuber dry

yield (Table 5). Median values closely approximated

observed yields after calibration (Fig. 1), and an aver-

age 80.6% of models, or seven of nine across the sites,

fell within the threshold CV. With the exception of Boli-

via, CVs for simulated values in this P2 phase were

<14% (Table 5).

Relative errors between observed and simulated val-

ues declined for the majority of simulated responses

from P1 to P2 (Fig. 2). These included nearly threefold

reductions in errors for tuber dry yield and total bio-

mass. Harvest index errors decreased to a lesser extent

Table 4 Analysis of variance summary* for partial (P1) and full (P2) calibration phases within baseline-year and multiyear runs.

Simulated responses included tuber and total dry mass, harvest index (HI), seasonal evapotranspiration (ET), nitrogen uptake

(Nup), water use efficiency (WUE), and dates of tuber initiation (TI), 50% maximum tuber bulking (T50), and tuber maturity (MAT).

Factors included differences between 4 sites (S), 9 model (M) levels except for Nup (n = 7), TI and MAT (n = 7), and T50 (n = 4), and

30 weather-years (Y) for multiple year runs at each site

Factors

P1 P2

Tuber Total HI Nup ET WUE TI T50 MAT Tuber Total HI Nup ET WUE TI T50 MAT

Baseline-year

S *** *** ns ** *** ns * *** *** *** *** * *** *** *** *** * ***
M ns ns ** * * ns ns *** *** ns ns ns * ** ** * ns **

Multiple years

S *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
M *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
Y (S)† *** *** *** *** *** *** *** *** * *** *** * *** *** *** ns *** ***
M x S *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***

*Significance: ***<0.001, **<0.01, *<0.05, and ns>0.05.
†Weather-years were nested within site.
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than yield and total dry mass. The error for maximum

canopy coverage, which served as an indirect measure

of leaf area index, slightly declined and nitrogen uptake

error was <20% following full calibration. However,

errors for TI and T50 increased after full calibration.

CVs for resource responses (i.e., Nup, ET, and WUE)

were generally larger than the dry matter values, par-

ticularly after full calibration (Table 5). These mea-

sures of uncertainty decreased for Nup for Denmark

and the United States, but slightly increased for Bur-

undi, and the uncertainty for ET predictions increased

across all four sites (Table 5). Phenology responses

were not substantially influenced by calibration,

although variation was apparent among models after

calibration for estimates of the T50 value for Bolivia, a

result attributed to one outlying model (not shown).

There were still significant differences among model

simulations with respect to maturity date following

full calibration (Table 4). On the whole, calibration

appeared to increase, or not affect, the variance

among models for resource use responses while

decreasing that for dry matter and phenology, and

this result was emphasized for low-input managed

sites of Bolivia and Burundi.

Fig. 1 Variation in simulated end of season tuber yield dry mass among nine potato crop models at four sites corresponding to year of

experiment. P1 and P2 calibration phases were shown along with observed (Obs) tuber yield values and standard deviations. Observed

(open circles) and simulated (filled circles) means and median values (solid line) as indicated.

Table 5 Coefficients of variation (%) for averaged model responses per site for calibration phases P1 and P2 and baseline-year vs.

multiple year model runs. Abbreviations were defined in Table 4

Simulated response Bolivia Burundi Denmark

United

States Bolivia Burundi Denmark

United

States

P1 baseline-year P2 baseline-year

Tuber 50.0 30.3 36.3 35.2 46.2 13.0 7.5 12.4

Total 50.7 27.5 24.0 33.9 40.9 8.8 9.7 17.4

HI 12.7 14.6 15.9 13.6 16.3 10.4 8.5 6.6

Nup 59.5 22.0 40.4 66.8 56.6 29.5 27.9 39.4

ET 25.7 25.3 24.1 19.7 52.3 30.9 38.1 20.9

WUE 49.7 29.5 38.7 32.3 48.8 63.1 33.6 21.2

TI 64.2 7.8 18.1 20.0 2.8 8.4 1.6 11.7

T50 66.9 6.4 7.7 7.8 122.2 6.3 1.7 5.9

MAT 7.3 2.9 2.6 2.9 23.7 4.7 8.5 7.5

P1 multiple years P2 multiple years

Tuber 58.3 37.7 31.7 31.8 53.6 29.1 18.8 13.3

Total 54.7 38.3 21.2 32.6 39.6 26.3 16.7 18.5

HI 20.0 9.1 13.7 12.4 25.1 13.2 9.6 8.2

Nup 64.5 47.2 33.4 58.7 49.1 45.8 35.0 42.5

ET 29.0 28.1 26.0 33.5 43.3 38.5 44.3 23.4

WUE 45.2 35.4 31.7 33.0 51.6 77.4 40.0 21.1

TI 59.9 7.1 13.5 13.9 19.9 6.0 4.9 10.3

T50 64.8 8.6 9.0 8.7 70.0 10.1 1.3 11.2

MAT 21.2 22.5 4.0 5.4 26.0 5.0 7.2 9.6
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Multiyear responses with baseline weather and sensitivity
to climatic factors

Main factors and interactions between model and site

under baseline multiyear runs were significant

(P < 0.05 or less) for all responses, including dry tuber

yield and total biomass, at both calibration phases

(Table 4). Significance of the model and site interaction

indicated that the manner in which model simulations

varied with each other depended on geographic loca-

tion. The distributions of model predictions, as

reflected by CV (Table 5), were broader than baseline-

year results but exhibited similar trends. CVs were

generally lower and declined after calibration, for dry

matter vs. resource responses, with phenology unaf-

fected except for the Bolivian site. Variation among

model predictions remained higher for low- vs. high-

input sites.

Multiyear runs conducted for P2 also included facto-

rial combinations of climatic factors C, T, and W.

Interactions between model and each of these factors

were significant (P < 0.01) for all responses and sites,

indicating the difference between model simulations

varied according to the levels of C, T, and/or W (ANOVA

results not shown). Phenology, including tuber initia-

tion and maturity dates, was influenced by W and T,

but not C. Responses to C generally had lower CVs as

compared with T or W (Table 6) and this measure of

uncertainty was consistent throughout all C levels at

each site location (i.e., CV did not substantially increase

with increasing C level). Variation among model simu-

lations was again higher for resource use vs. dry matter

responses, particularly for low-input (Bolivia and Bur-

undi) vs. high-input (Denmark and United States) sites

(Table 6). Nearly, all models simulated an increase in

tuber dry yield in response to rising C (Fig. 3), the

exception being one model showing a lack of response

for Bolivia and Burundi. Thus, median response to

increasing C levels at each site was positive for simu-

lated dry yield, with increases between baseline

(360 ppm) and maximum (720 ppm) C levels of 12–
41% (Fig. 3, Table 7). The highest relative yield

increases were observed at the lower-input sites of Boli-

via and Burundi. Median responses for total dry mass

followed similar trends, the result being little change in

harvest index among the models (Table 7). Nitrogen

uptake increased in proportion to dry matter with a

range of 0.3–21%, ET declined slightly between 1% and

6%, and thus, WUE also increased between 11% and

37%.

Variation among models to changing T was typically

higher than C or W for all simulated responses

(Table 6). Unlike C responses, CVs increased within a

given site as T increased or decreased at the �3 °C
level, from the baseline value. Dates of tuber initiation

and tuber maturity exhibited strong sensitivity to T and

large variation among models (Fig. 4). Tuber initiation

occurred between 12 and 18 days earlier for United

States and Denmark as T increased from baseline, but

was delayed for all sites at the �3 °C level. CVs were

generally greater at the coldest and warmest levels of T

(Fig. 4). Tuber maturity exhibited similar patterns, with

warmer temperatures resulting in substantially earlier

maturity dates for all four sites. Most models indicated

declining tuber dry yields with warming T, but three of

nine models showed an opposite trend for Bolivia (not

shown). Median dry matter responses from all nine

models indicated warming temperatures were detri-

mental to potato tuber dry yields, with losses ranging

from 29% to 45% with respect to baseline air tempera-

tures (Fig. 5). Similar trends were observed for total

mass (Table 7), but harvest index declined from 5% to

9% depending on site. ET responses were more variable

and increased for some sites with warming T (Table 7).

Fig. 2 Relative percent error between the simulated response

(averaged across potato crop models) vs. the observed value

aggregated across all four experimental sites. Grey and black

bars were reported for partial P1 and full P2 calibration phases,

respectively. Nine models were included in all responses except

for maximum canopy coverage (n = 5), nitrogen uptake (n = 7),

and tuber initiation and tuber bulking dates (n = 7). Nitrogen

uptake was only reported experimentally for Denmark and Uni-

ted States.
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Table 6 Coefficients of variation (%) for single climate factor changes (atmospheric carbon dioxide (C), temperature (T), or rainfall

(W)) for multiyear averaged model response across each site (Bo – Bolivia; Bu – Burundi; De – Denmark; US – United States) at full

(P2) calibration. Simulated responses included tuber and total dry mass, harvest index (HI), nitrogen uptake (Nup), seasonal evapo-

transpiration (ET), and water use efficiency (WUE)

C

C

Tuber Total HI Nup ET WUE

Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US

360 54 27 22 13 40 25 18 18 25 13 10 8 49 46 35 42 38 34 34 23 56 60 29 23

450 53 29 21 15 40 25 16 19 25 14 10 8 51 43 32 40 38 34 34 22 52 58 26 23

540 54 30 23 17 43 25 17 20 25 15 10 7 53 40 31 39 38 35 35 22 51 56 24 24

630 56 30 22 18 45 25 16 21 24 15 10 7 56 38 30 40 39 35 36 22 52 56 23 24

720 57 31 25 18 48 25 18 21 24 16 10 7 58 36 30 38 39 35 37 22 52 55 23 25

T

T

Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US

�3 57 28 26 26 41 23 19 24 36 18 12 13 56 28 25 39 34 30 28 22 58 68 35 34

0 54 27 22 13 40 25 18 18 25 13 10 8 49 46 35 42 38 34 34 23 56 60 29 23

+3 53 37 30 16 40 37 26 22 20 13 9 7 49 67 51 50 43 41 43 28 57 51 29 23

+6 63 47 35 17 52 48 35 26 19 15 8 9 61 87 66 58 50 48 51 32 64 46 31 27

+9 80 68 41 25 66 68 46 31 22 21 12 17 68 109 82 68 57 54 57 36 80 63 41 41

W

W

Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US Bo Bu De US

�30 47 45 32 23 33 45 29 19 25 16 11 17 50 66 42 40 49 39 36 23 62 71 35 31

0 54 27 22 13 40 25 18 18 25 13 10 8 49 46 35 42 38 34 34 23 56 60 29 23

+30 65 16 18 13 52 13 13 18 25 12 9 8 59 40 33 41 32 31 33 22 55 50 27 23

Fig. 3 Atmospheric CO2 concentration (ppm) effect on tuber dry yield (kg ha�1) simulated by nine models across 30 years at Bolivia,

Burundi, Denmark and United States. Model structure mean was represented by open diamond for P-R approach, open square for

RUE, and open triangle for the models with TE approach (details in Table 1). Values in parentheses indicate % median change from

baseline value of 360 ppm. Additional symbols as described in Fig. 1.
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As a result of dry matter and ET patterns, WUE

declined with an across site range between 30% and

56%. Nup declines were similar to dry mass.

There was little influence of rainfall on simulated dry

matter production for Denmark and the United States,

as both implemented automatic irrigation as part of the

management practice (Table 7), but low-input sites

showed tuber yield increases as large as 26% in

response to increasing rainfall (Fig. 6). As with dry

matter responses, water use was only slightly impacted

for high-input sites, but increased for low-input sites.

Nup also averaged a 46% increase for both low-input

sites (Table 7). With the exception of Bolivia, CVs

decreased as rainfall increased, indicating there was

less variation among models under less stressed pro-

duction conditions (Table 6).

Multiyear tuber dry yield and ET responses to climate
change factor interactions

Interactive effects between model and combinations of

either C 9 T, C 9 W, or T 9 W were significant

(P < 0.01 or less) at each site (not shown). Contour plots

for relative changes from baseline values for tuber dry

yield and ET simulated at historical C, T, and W levels

were aggregated according to low-input (Burundi and

Bolivia) and high-input (Denmark and USA) managed

sites. These show a relative dry tuber yield increase at

Fig. 4 Temperature effect on tuber initiation and tuber maturity at Bolivia, Burundi, Denmark and United States based on 30-year sim-

ulations with seven models. Values below box-whisker plots are CV (%) across the models within each temperature combination. Mean

baseline temperatures (where T = 0) during the growing cycle were 15.96, 16.45, 13.81 and 14.53 °C in Bolivia, Burundi, Denmark and

United States, respectively. Additional symbols as in Fig. 1.
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higher C and lower T and a decrease with warmer T at

all C levels for all sites (Fig. 7). The largest proportional

increase in yields occurred at the baseline T and higher

C levels for high-input sites, but at a broader T range

for the lower-input sites. Rainfall had little influence on

the relationships between C and T, but yields increased

for low-input sites with higher amounts (Fig. 7). The

changes in tuber dry yield in response to warming T

(Mg °C�1) were also compiled within selected C x W

combinations at each site (Table 8). In contrast to the

contour plots, these values were based on changes in

response from 0 to 9 °C increases within a given C level

(i.e., not referenced to historical baseline values at

360 ppm). Rates were always negative and were at the

largest absolute values at the highest C levels, ranging

from �0.14, �0.44, �0.51, and �1.04 Mg tuber dry yield

°C�1 for Bolivia, Burundi, Denmark, and the United

States, respectively, at a C level of 720 and baseline W.

This indicated greater sensitivity to warming T at each

site as C increased. As expected, Denmark and United

Fig. 5 Temperature effect on tuber dry yield (kg ha�1) based on 30-year simulations with nine models at Bolivia, Burundi, Denmark

and United States. Model structure mean was represented by open diamond for P-R approach, open square for RUE, and open triangle

for the models with TE approach (details on Table 1). Values in parentheses indicate % median change from baseline value of +0 °C.

Additional symbols as in Fig. 1.

Fig. 6 Precipitation effect on tuber dry yield (kg ha�1) based on 30-year simulations with nine models at Bolivia, Burundi. Model struc-

ture mean was represented by open diamond for P-R approach, open square for RUE, and open triangle for the models with TE

approach (details on Table 1). Values in parentheses indicate % median change from baseline value of 0%. Additional symbols as in

Fig. 1.
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States showed little sensitivity to rainfall as these sites

were irrigated. However, yields were more sensitive to

increasing T within each C level when more water was

available for the low-input sites.

CVs among models for absolute tuber dry yield

(trends for relative yield were nearly identical) showed

distinct patterns of uncertainty between the low-input

tropical sites and high-input temperate ones (Fig. 8).

Variation for low-input sites was roughly twice that of

high-input ones at all three levels of W. High-input

sites exhibited larger CVs in response to lowest and

highest levels of T, but these variations were <6%. In

contrast, CVs increased a minimum of 20% at all three

W levels for low-input sites as T increased. Most varia-

tion among models was observed at the �30% rainfall

amount, but little interaction with W and T or C was

apparent. Uncertainty in response to C level appeared

to predominantly interact with low T in high produc-

tion sites (i.e., uncertainty increased at �3 °C with

higher C level). The largest CVs generally coincided

with the largest predicted decrease in yields (at +6 or

+9 °C) (Figs 7 and 8).

ET responses exhibited somewhat different patterns

than for dry tuber yield and varied between sites

(Fig. 9). Relative ET showed the strongest response to

T, declining as T increased for low-input sites. Elevated

C levels had a larger influence on ET at cooler tempera-

tures, and increasing rainfall resulted in higher ET at

lower T and C. As expected, ET at high input, irrigated

sites showed little influence due to increasing W; how-

ever, warming T, in contrast to low-input sites, slightly

increased water use although the effect was moderated

at higher C levels. At the tropical low-input sites, sensi-

tivity of ET to increasing T within C levels was negative

with larger declines observed at the lower C levels

(Table 8). This sensitivity was positive, however, for

Denmark and the United States, with values as high as

4.5 mm ET °C�1 for Denmark at 360 C level. CVs

among averaged model ET predictions were similar to

those for yield, except there was little response to C

Fig. 7 Relative changes (%) in tuber dry yield from baseline C, T, and W values based on 30-year simulations averaged over nine

potato crop models with respect to varying C and T factors. Graphs (a), (b), and (c) represent values averaged across low (Bolivia-Bur-

undi, BoBu) sites and (d), (e), (f) across high (Denmark-United States, DeUS) sites. Graphs (a), (d) indicate �30%, (b), (e) 0%, and (c), (f)

+30% decreases/increases in daily rainfall amounts from baseline values.
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(Fig. 10). CVs increased with lower rainfall amounts

only for low-input sites.

Model structure relationship with variability and
ensemble model predictions

Models were grouped into three categories (RUE, TE,

or P-R) according to their representation of light utiliza-

tion (Table 1) in order to assess the influence of model

structure on simulated dry tuber yield and ET. Model

structure and interactions with all climatic factors were

significant for all sites (P < 0.001). The ranking of tuber

yield or ET means based on order of magnitude was

consistent across C, T, or W levels within the same site.

For example, tuber yields from models based on RUE

were consistently higher than P-R or TE models for

Bolivia, P-R and TE models were generally higher than

RUE for Burundi, and TE was larger than P-R, which in

turn was higher than RUE for the United States for C

(Fig. 3), T (Fig. 5), or W (Fig. 6) comparisons. Simulated

responses for Denmark were closer to the median for

all model structures except at higher C and lower T

levels. In Burundi, the relationships were also affected

by C level (Fig. 3). ET responses were consistently lar-

ger for RUE models, followed by TE and then P-R

across all sites (Fig. 11).

The relationship between the number of potato crop

models in a modeling ensemble and associated reduc-

tion in uncertainty was computed. Distinct differences

were observed between P1 and P2 phases and low- and

high-input sites (Fig. 12). Among possible model com-

binations, a minimum of two models was sufficient to

achieve uncertainty below the 17% cutoff at either cali-

bration phase for the high-input sites. For lower-input

sites, five of the P1 models were recommended or three

P2 models to get below this uncertainty threshold.

Using nine fully calibrated models from P2 reduced

tuber yield uncertainty to <10% in both low- and high-

input sites.

Discussion

Uncertainty and model calibration

The median dry tuber yield from the ensemble of

potato models was consistently closer to observed val-

ues than any individual model at either calibration

phase. The ensemble of models also accurately repli-

cated most observed production responses; however,

only the fully calibrated models matched experimental

tuber yields across all four locations (Figs 1 and 2).

Responses from partially calibrated models (P1) were

within two standard deviations of observed values for

two of the four sites (Fig. 1). The two outlying locations

comprised the lowest (Bolivia) and highest (United

States) measured yields, but also had relatively less

experimental error. Observed productivity for the Uni-

ted States exceeded typical regional irrigated yields

(USDA-NASS, 2015) by roughly 40%, the outcome

being that all partially calibrated models underesti-

mated the yields. Observed yields for Bolivia were con-

sistent with FAO statistics (FAO, 2015), yet only a

single model fell within experimental standard devia-

tions. Because cultivars differed among sites, insuffi-

cient data were available to ascertain what specific

limitations in the modeling approaches could be attrib-

uted to the differences between partial and full calibra-

tions. However, a majority of cultivated potato varieties

vary with respect to degree of determinacy. Vegetative

growth in an indeterminate variety can occur after the

formation of yield or storage bearing organs (Manrique

et al., 1990). From a modeling perspective, indetermi-

nacy influences carbon allocation between above- and

belowground organs and, via persistence of leaf area,

may lead to shorter or longer growth durations

depending on crop or soil water and nutrient status,

temperature, photoperiod, physiological age of seed,

and other conditions. Lack of fully characterized agro-

nomic data for the more extreme sites coupled with this

phenotypic trait, therefore, may be partly responsible

Table 8 Median simulated tuber dry yield and evapotranspi-

ration (ET) changes in response to increasing T* from nine

models averaged over 30 years per site for selected C x W

combinations

C W Bolivia Burundi Denmark

United

States

Change in Tuber dry yield (Mg °C�1)

360 �30 �0.07 �0.29 �0.43 �0.82

0 �0.10 �0.36 �0.47 �0.92

+30 �0.12 �0.39 �0.47 �0.91

540 �30 �0.09 �0.35 �0.48 �0.88

0 �0.13 �0.42 �0.51 �0.99

+30 �0.14 �0.45 �0.49 �0.97

720 �30 �0.11 �0.37 �0.49 �0.90

0 �0.14 �0.44 �0.51 �1.03

+30 �0.14 �0.48 �0.48 �1.02

Change in ET (mm °C�1)

360 �30 �3.28 �2.24 4.24 2.17

0 �3.85 �2.07 4.45 2.31

+30 �3.80 �1.67 4.39 2.44

540 �30 �3.17 �1.97 4.16 2.47

0 �3.59 �1.76 4.20 2.61

+30 �3.62 �1.29 4.30 2.74

720 �30 �3.09 �1.71 4.02 2.75

0 �3.41 �1.39 4.04 2.86

+30 �3.44 �0.96 4.17 2.98

*Changes based on changes in response variable from 0 to

9 °C within each C 9 W level.
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for the current results. Once provided with full access

to all experimental data, nearly all models accurately

replicated the dry tuber yields at both sites (eight of

nine models for Bolivia and seven of nine for the Uni-

ted States). Such results suggest that a minimum cali-

bration dataset for potato should include dry matter

data in addition to phenological observations for the

more extreme production conditions, in contrast with

other modeling pilots. This is an important finding to

keep in mind when interpreting results from projected

climate change impacts on potato production as com-

plete sets of site calibration data are typically not avail-

able (Palosuo et al., 2011). Either way, CVs among

model yield predictions declined substantially going

from partially to fully calibrated models (Table 5), and

the majority of locations were associated with CV val-

ues below the field variation threshold of 17%. Thus, in

contrast with other model intercomparison studies

(Challinor et al., 2009; Palosuo et al., 2011; R€otter et al.,

2012; Asseng et al., 2013; Bassu et al., 2014; Li et al.,

2015), full model calibration not only reduced variation

among the ensemble of contributing models, but also

improved the median accuracy. Note that full calibra-

tion appeared to increase the uncertainty among mod-

els with respect to phenology data (Table 4), but this

was largely attributed to challenges modeling groups

had in replicating yield data for the Bolivian site

(Table 3). As such, this result was reflective of the dif-

ferences among potato models with respect to simulat-

ing developmental progress (Table 1) as well as

difficulties in simulating low-yielding locations. In the

latter case, calibration strategy may have focused more

on matching simulated results to observed dry matter

production as opposed to phenological events, creating

the increase in variability for some developmental

responses.

Variability among partially and fully calibrated mod-

els was higher for multiyear runs (Table 5) to the extent

that models were significantly different for all reported

responses (Table 4). Thus, models responded differ-

ently with respect to interannual weather variability

even when calibrated using the same set of

Fig. 8 CVs (%) of tuber dry yield based on 30-year simulations averaged over nine potato crop models with respect to varying C and T

factors. Graphs (a), (b), and (c) represent values averaged across low (Bolivia-Burundi, BoBu) sites and (d), (e), (f) across high (Den-

mark-United States, DeUS) sites. Graphs (a), (d) indicate �30%, (b), (e) 0%, and (c), (f) +30% decreases/increases in daily rainfall

amounts from baseline values.
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experimental data. Model uncertainty was consistently

higher for resource use responses as compared with

dry matter values (Table 5), and CVs actually increased

for ET and WUE following full calibration. This was

perhaps not surprising, considering that models were

calibrated to dry matter data, but not to ET, WUE, or

Nup data. For example, calibration strategies used by

the majority of models primarily focused on using phe-

nology data first and then adjustment of varietal coeffi-

cients to minimize differences between observed and

simulated dry matter (Table 2). Time-series data for

plant tissue nitrogen content was provided for United

States and Denmark locations, but additional informa-

tion regarding soil water and nitrogen contents were

only available for the United States. Only one of the

nine modeling groups utilized the nitrogen data, and a

different group mentioned use of soil water informa-

tion as part of their calibration process (Table 3). There-

fore, it was unclear whether modelers would have

explicitly included errors between simulated and

observed water and/or nitrogen use as an additional

part of their calibration strategies if such data were

available. In this case, reasons for differences in model

variation between resource and dry matter responses

were confounded between calibration/dataset limita-

tions and the range of approaches used by the models

with respect to water and nutrient uptake and utiliza-

tion. Variations of the Penman–Monteith approach for

ET and carbon–nitrogen ratios for nitrogen balance

were used by most models (Table 1), but implementa-

tion of these approaches differed. Differences in simula-

tion methods for soil nitrogen dynamics, nitrogen and

water movement, and uptake were likely also responsi-

ble for a substantial portion of this variation, and the

various methods used to describe root distribution

would seem to reflect this point. In-depth characteriza-

tion involving calibration with and without detailed

resource data would provide more certainty to this

question, but datasets containing the necessary detail

were unavailable.

Fig. 9 Relative change in evapotranspiration (%) based on 30-year simulations averaged over nine potato crop models with respect to

varying C and T factors. Graphs (a), (b), and (c) represent values averaged across low (Bolivia-Burundi, BoBu) sites and (d), (e), (f)

across high (Denmark-United States, DeUS) sites. Graphs (a), (d) indicate �30%, (b), (e) 0%, and (c), (f) +30% decreases/increases in

daily rainfall amounts from baseline values.
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The relationship between cross-model variation and

the number of crop models in an ensemble provides an

approximate quantification of the uncertainty associ-

ated with making future predictions (Asseng et al.,

2013). It was expected that fewer P2 models would be

needed in the ensemble to meet the common field vari-

ation threshold as these showed closer agreement with

one another for dry matter simulations. However, this

difference in projected ensemble model numbers

between P2 and P1 is likely to be minimal when fore-

casting resource responses instead of dry matter as CVs

for ET, Nup, and WUE did not improve following full

calibration (Table 5).

The number of crop models in an ensemble approach

required to meet the common dry yield field variation

threshold differed from other AgMIP model intercom-

parison pilots. A study with wheat ensembles found an

average two to three fully calibrated models would be

required under historical climatic conditions when

averaged across all sites (Asseng et al., 2013). Results

for maize included strong site dependency with a range

between three and 17 models depending on location

(Bassu et al., 2014). Li et al. (2015) reported a minimum

of eight partially calibrated, or five fully calibrated,

models were required across all sites for rice. The pre-

sent results were closer to the wheat findings, with two

or three fully calibrated models recommended for high-

or low-input sites, respectively (Fig. 12). However,

these other studies utilized a smaller threshold for the

natural uncertainty level (13.5% for wheat and maize

and 15% for rice) than the 17% used for potato. If a

lower threshold of 13.5% were desired, roughly seven

fully calibrated models would be required for Bolivia

and Burundi sites, and this level of uncertainty could

not be met for these low-input sites using partially cali-

brated models. An additional survey was conducted

over a broad range of production and cultural condi-

tions (Van Dam et al., 1996; Miglietta et al., 1998; Fang-

meier et al., 2002; Timlin et al., 2006; Condori et al.,

2010; Harahagazwe, 2016, Personal communications) to

determine whether the variation in potato tuber dry

yields from field experiments differed between

Fig. 10 CVs (%) of evapotranspiration based on 30-year simulations averaged over nine potato crop models with respect to varying C

and T factors. Graphs (a), (b), and (c) represent values averaged across low (Bolivia-Burundi, BoBu) sites and (d), (e), (f) across high

(Denmark-United States, DeUS) sites. Graphs (a), (d) indicate �30%, (b), (e) 0%, and (c), (f) +30% decreases/increases in daily rainfall

amounts from baseline values.

© 2016 John Wiley & Sons Ltd.

This article has been contributed to by the US Government employees and their work is in the public domain in the USA,

Global Change Biology, 23, 1258–1281

1276 D. H. FLEISHER et al.



so-called low- vs. high-input locations. A wide range of

variance was found across these studies, between 10%

and 28.1%, but no patterns were associated with envi-

ronment, management, or genetic aspects. It was con-

cluded that the 17% level from Vermeer (1990) was

therefore a reasonable threshold for identifying the ade-

quacy of a potato model ensemble.

Uncertainty with respect to site and climate change
factors

As observed in the AgMIP Maize and Rice Pilots (Bassu

et al., 2014; Li et al., 2015), variation among models for

all responses was consistently higher for low-input

(Burundi and Bolivia) vs. high-input (Denmark and the

United States) sites (Tables 5 and 6) to the extent that

an additional two models would be required within an

ensemble approach to meet the natural variation

threshold for dry yield (Fig. 12). The source of uncer-

tainty was related to differences in which models simu-

lated the onset and effects of W and nitrogen stress,

although differences in environment (shorter photope-

riods and warmer T) could not be completely ruled out.

Tuber yields in Bolivia and Burundi were likely limited

by W availability and nitrogen. Larger interannual

weather variability was expected for rainfed conditions

due to varying precipitation amounts and associated

water stress impacts (Table 5), although even single

baseline-year results exhibited larger uncertainty

Fig. 11 Box-and-whisker plots of simulated evapotranspiration

among 30-year averages of nine-models at each site aggregated

across C levels based on model structure (type) as in Table 1.

Fig. 12 Uncertainty represented by average coefficient of variation (CV %) from multi-model responses for simulated tuber dry yield

for each site for two calibration phases P1 or P2. Error bars show standard deviations in CV across the number of models in each

ensemble as chosen in Eqn (1). The dotted line represents the 17% variability threshold for yield as obtained from field experiments

(Vermeer, 1990).
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compared to high-input sites. This was also reflected in

all multiyear simulation runs involving changes in rain-

fall (W). Variation among models increased as W

declined from +30% to �30% of historical values

(Fig. 8). In contrast, growth reductions due to limited

water and nitrogen availability were likely minimal in

Denmark and the United States because of irrigation

and use of inorganic fertilizers (Table 2).

Model uncertainty for tuber dry yield and ET

increased as treatment factors of T or W moved away

from the baseline conditions under which models were

fully calibrated (Table 6; Figs 8 and 10). Temperature

sensitivity was also reflected in phenology responses

(Fig. 4), particularly for tuber initiation. Large varia-

tions among the models with respect to high and low T

reflect substantial differences in quantification of T

effects on development, growth, carbon allocation, and

even high temperature stress (Table 1). For example,

three of the models for Bolivia, and one for Burundi,

simulated tuber dry yield increases, and not decreases,

in response to warming T, a result that appeared to be

loosely correlated with the timing of tuber initiation for

those models. Although variation with respect to C was

higher for Bolivia and Burundi (Table 6), this level of

uncertainty remained relatively constant with each site

at varying C levels, similar to that reported for wheat

across most tested locations (Asseng et al., 2013). Only

small interactions of C with either T or W were

observed (Figs 8 and 10) with slight increases in varia-

tion at higher levels of C. This contrasted with maize

(Bassu et al., 2014) and rice (Li et al., 2015) studies,

which reported increased model uncertainty with rising

C levels at the majority of locations tested. The mini-

mum number of models required to keep uncertainty

below that associated with commonly reported varia-

tion in the field (Fig. 12) was estimated using multiyear

model runs with historical weather. As these results

showed uncertainty increasing among models under

climate change conditions involving shifts in T and W,

the minimum ensemble number would be expected to

increase as in Asseng et al. (2013).

Median responses to climate change factors

The models used in the current pilot were originally

developed, tested, and validated for climatic conditions

based on ambient (late 20th or early 21st century) C

levels (around 360 to 400 ppm). As such, mean ensem-

ble responses for changes in T and W levels, where C

was fixed at 360 ppm, were expected to be consistent

with the large amount of experimental literature.

Increasing T from 0 to +9 °C levels above the historical

baseline resulted in large relative yield declines ranging

from 29% to 45% across sites (Table 7) and an absolute

decrease in yield of 0.11, 0.37, 0.40, and 1.07 Mg ha�1

°C�1, or 4.0, 6.1, 3.3, and 5.0% °C�1, for Bolivia, Bur-

undi, Denmark, and United States, respectively. Warm-

ing temperatures also resulted in earlier phenology

dates and shortened growing season. Such patterns

were reflected in the literature (e.g., Borah & Milthorpe,

1962; Marinus & Bodlaender, 1975; Wolf et al., 1990;

Timlin et al., 2006). For example, Harahagazwe et al.

(2012) found an average decrease of 0.44 Mg ha�1 °C�1

in Burundi when the same variety used in this study

was grown in an area 8 °C warmer than Gisozi. Simi-

larly, many cultivated varieties of potato are known to

be drought sensitive resulting in yield declines as a

result of loss of canopy development (Wolfe et al., 1983;

e.g., Costa et al., 1997; Deblonde & Ledent, 2001; Tour-

neux et al., 2003), and such trends were replicated by

median responses for the rainfed locations (Table 7;

Figs 4 and 6). Relative increases in simulated tuber dry

yield ranged from 12% to 37% across sites when C was

doubled from 360 ppm (Table 7). An increase of 0.3,

0.5, 0.4, and 1.5 Mg ha�1 100 ppm�1, or 11.4, 8.3, 3.2,

and 6.8% 100 ppm�1, was approximated for Bolivia,

Burundi, Denmark, and United States, respectively.

These yield responses to C compared favorably with

experimental data obtained for potato over a broad

range of C levels (e.g., Schapendonk et al., 2000; Don-

nelly et al., 2001; Vandermeiren et al., 2002; Finnan

et al., 2005; Conn & Cochran, 2006; H€ogy & Fangmeier,

2009; Kimball, 2011; Fleisher et al., 2013b; Kaminski

et al., 2014). Median relative ET declined between 0.3%

and 6% across sites representing a decrease of �0.4,

�4.8, �6.6, and �4.6 mm 100 ppm�1 with respect to

Bolivia, Burundi, Denmark, and United States. These

small declines were generally below experimentally

reported values which ranged between �3% and �12%

for well-managed potato under high C conditions

(Magliulo et al., 2003; Fleisher et al., 2008a, 2013a),

although some controlled environment experiments

indicated a slight increase in water use (Wheeler et al.,

1999). Harvest index and carbon allocation were

reported to shift preferentially to tubers under higher C

(Donnelly et al., 2001; Lawson et al., 2001; Fleisher et al.,

2008b, 2013b; H€ogy & Fangmeier, 2009; Kaminski et al.,

2014), but such trends were not reproduced in the med-

ian model responses at any C level (Table 7).

There is little published data regarding potato

responses to C, W, and/or T interactive effects. Simu-

lated C x W interactions on tuber dry yield (Fig. 7) and

ET (Fig. 9) were primarily a result of differences

between W1 (�30%) vs. W2 and W3 (0 and +30%)

levels. Results were intuitive, with tuber dry yields

increasing with C and W as noted experimentally (Fle-

isher et al., 2008a,b, 2013a). C x T ensemble predictions

showed a positive C response on yields (Fig. 7) and a
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negative one on ET (Fig. 9), but this response was gen-

erally unable to compensate for more negative impacts

of rising T on production. Modeling literature generally

shows an increase in ET with rising T (e.g., Goyal,

2004). In the present case, the ensemble response from

the models indicated decreased seasonal ET due to a

combination of shortened growth duration and

decreased leaf area production (data not shown). The

extent of yield and ET response to warming T also var-

ied with C level and, in the case of ET, with location

(Table 8). As noted in Asseng et al. (2013), T affects vir-

tually all processes in the crop, including growth,

development, and resource use, while increases in C

are primarily associated with increased carbon gain (for

C3 crops) and reduced ET in crop models. The present

ensemble results confirm this larger influence T will

have on simulated yield and water use responses under

a warming climate. A representative worst-case climate

change scenario illustrates ensemble predictions for C

9 T 9 W interactions. In this case, assuming a C of

720 ppm along with +9 °C increase for T and �30%

decline in W, percent changes in yield with respect to

baseline conditions ranged between �21% and �61%

and ET between �3% and �35% across the four sites.

As noted from the preceding single-factor discussion,

the largest proportion of these relative changes was

due to the influence of the highest T level similar to

other model intercomparison studies (Makowski et al.,

2015), and uncertainty was typically at its highest at the

warmest T and highest C levels (Fig. 8). Given the vari-

ability among models and differences attributed to geo-

graphic location, genotype, and crop management

approaches, such ensemble results are perhaps more

valuable for assessing relative impacts of climate

change factors instead of providing absolute values.

Note that these simulations also represent a worst-case

scenario as no adaptations were assumed in any cli-

mate change scenario.

Consistent differences in model structure (i.e., RUE,

P-R, or TE approaches), assessed on light utilization

basis (Table 1), for simulated tuber dry yield and ET

responses against changes in C, T, or W (Figs 3, 5, 6

and 11) were observed. Model means parsed according

to structure held the same high-to-low ranking for

either response for C, T, or W changes, but this ranking

was location specific. Thus, definitive conclusions

regarding the suitability, or accuracy, of a given model

approach with respect to a particular geographic region

or management style could not be reached. In contrast,

Li et al. (2015) found RUE-type models gave small

changes in rice yields in response to increasing C at one

location, but simulated larger responses at others.

Across all sites, TE approaches were less variable for

both yield and ET, RUE methods exhibited most the

uncertainty with respect to yield, and PR the most with

respect to ET (data not shown), although this assess-

ment reflects some limitations as only two models used

the TE approach. A random process may be the best

method for selecting potato models for use in an

ensemble approach if studies were to be focused on

multiple site locations.

The science of testing and improving crop models for

climate change studies is partly constrained by the

availability of experimental data, including assessment

of potato production in response to climatic factors and

other extreme growth conditions. Nonetheless, the pre-

sent results indicate important findings can be obtained

from comparison of simulated data from models

trained against common datasets. Likely targets for

model improvement were identified. For example, rou-

tines for simulating water and nitrogen uptake, utiliza-

tion, and associated plant stress represent the

components contributing to the largest variation.

Changes in T resulted in the largest source of uncer-

tainty out of the three climatic factors investigated,

indicating the methods in which models implement

temperature effects on developmental rates and growth

processes represents one of the most important and

variable aspects of the models. Simulated harvest index

was scarcely influenced by rising C levels in contrast to

aforementioned experimental results. This suggests car-

bon allocation, represents an additional modeling area

that can be addressed to improve future forecasts.

Model calibration also plays a significant role. Differ-

ences between P1 and P2 indicated that (i) some

observed dry matter is likely needed in addition to site

characterization data for accurate representation of the

highest and lowest yielding sites, (ii) variation among

models decreases following calibration but not neces-

sarily for all responses, and (iii) the type, utilization,

and quality of available data may influence calibration

and subsequent modeling results (e.g., modelers could

not incorporate nitrogen or water uptake data in their

calibration methods for most sites due to lack of avail-

ability). In this case, calibration influenced uncertainty

for dry matter responses positively and resource values

negatively, but whether this was due to knowledge rep-

resented in the model source code or the calibration

methodology remains uncertain. This issue also per-

tains to the estimated number of P1 or P2 models

required to meet variation thresholds. If agreement

among simulations for yield and other aspects of potato

production are highly dependent on calibration, then it

can be argued that further exploration of calibration

methodology and relationship to climate sensitivity

should be explored in more rigorous fashion to under-

stand the distinction between partially and fully cali-

brated results. This would ultimately provide a higher
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confidence in simulated effects of climate impacts on

potato production where experimental data under nat-

ural production conditions are unavailable. These areas

of investigation identified here form a basis for ongoing

efforts to improve potato models.
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