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Abstract

Potato SolanuntuberosumL) is one of the most important foodcropsin the world and it is
sensitive to water stressThe purpose of this study was investigate the influence afirought and
oxygenstress on potato yieklin the south of the Netherlandsind improve water management at
farm level

Yield gapanalysis waslone by usinghe integrated agro-hydrology and crop growth model SWAP
WOFOSTThe model WOFOST was calibratedhet potential production level beforeintegration
with SWAP. Théntegrated model SWARVOFOSTvas not calibrated but applied using standard
parameters, but sensitivity analysis were performed to assess uncertainty of estimatedlindted
yields.

WOFOST was well itahted with satisfactory validation resultgjith a model efficiencybetween
0.89-0.95for (4 out of 5)ieldsin terms of fresh matter tuber yielsimulation Potential freshyield of
potato cultivar Fontanavas determined athe farmwith a range of 920 t/ha, dependingon the
growing period and weathgfe.g. radiation, temperature Simulated yield gafFM)caused by water
was18.7 to 31.0 t/hain 2013 and)d.6-10.7 t/hain 2014.Yield gap caused by watar 2013 & 2014
was mainly due tavater deficiency Moreover, t was foundthat tuber yieldlargely reduced by the
insufficient water supply at the tuber initiation arfdling stages (MacKerron and Jefferies, 1986;
Haverkortet al., 1990; Lynch et al., 1995; Yuan et al., 2008ygen stress wassal found atsome
fields with the insignificantimpact on the vyield.In 2013, dought stress was found strongly
influenced by the precipitationsoil characteristicsand also groundwater levelsin the model
simulatiors. Therefore, pecise precipitation data, soil inputs data and groundwater level data are
both essential forobust model results.Furthermore, SWAPNWOFOST was served to qualitatively
plan irrigation scheduketo close water limited yield gap$he complete and accurate daeinfall,
soil, groundwaterpre requiredin order to implement the model for irrigation schedule.

However,actual tuber yield werdound even larger tharsimulatedpotential yield at some fields in
2014. This can be attributed to the yield datelectionduring the calibration.This issue can be
solved withexperiments undepotential productionconditions.As for SWARVOFOST performance,

the water limited yield simulations cannot be verified because no water limited production
experiments weredone at the farm.Yield gaps caused by drought and oxygen stress cannot be
exactly determined, as improved calibration is needed, but is clear that a large part of yieldaya

be explained by water limitation during the growing season. Further experiments are required for
SWAPWOFOST calibration.


http://en.wikipedia.org/wiki/Solanum
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1. Introduction
1.1 Problem statement

1.1.1 Growing food demand

According to the UN (2013), a world population of 9.6 billion is expected in 2050. Thus, to satisfy
increasing food demands there is a great challenge to global crop production in the coming decades.
Generally (1) expanding agricultural land area and (2) increasing the yield are the two possible
approaches to increase production (Licker et al., 2010)vever, due to the shortage of productive

land and growing demand of neagricultural land uses, expanding agricultural area will not be the
desirable option. Therefore, increasing the yield will be the key to satisfy the future requirements
(Neumann et aJ.2010) The Green Revolution that started in the middle of th& 2@ntury, has led

to a high yield increase in many countries by introducing yiglding crop varieties and artificial
fertilizers and pesticides (Hedden, 2003). However, in developedties like the Netherlands this

led to environmental pollution, like nitrate leaching and biodiversity loss. And although yields in the
Netherlands are close tthe optimal level (Van Ittersum et al., 2013), there is still a large variability
(spatial & temporal) and uncertainty among and within farms
(http://lwww.vandenborneaardappelen.com/).

1.1.2 Yield gap analysis

Yield gap analysis is applied to identify and sequenceritheence ofpossiblefactors (e.g. water,
nutrient) on yieldwhich can be thenterpretive outcomes of the observed yield and it has been used
widely in many countries (Prost and Jeuffroy, 2008). In order to have a clear overview of yield gap
analysis, several basic concepts are introduced here. Potential yield (Yp) is defihedysdd of a

crop cultivar obtained when the crop is optimally supplied with water and nutrients and is
completely protected gainst growthreducing factors.The potential yield is determined by the
weather (i.e. temperature, C@ radiation) and crop praogrties (Van Ittersumand Rabbinge, 1997).
Definition of waterlimited (Yw) and nutrientimited (Yn) yield is related to Yp, but crop growth is
limited by water and nutrient supply respectively (Van Ittersum et al., 2013). Actual yield (Ya) is not
only irfluenced by gowth-defining and growtHimiting factors but also affected by pests and
diseases ah suboptimal management (Figl). Theyield gap(YQ is defined as the difference
between benchmark yielcc¢uld be Yp, Yw or Yn) and aatyield (Ya).

Yield can be increasebdy closing the yield gap (Van Ittersum et al., 2013)thim Netherlands,
potential yields are still linearlincreasing due to genetic improvement of crops (Rijk et al., 2013).
Yield gapvary widely across the globe (Neumann et 2010), but also among and within farms, as
mentioned above. In the Netherlands, the average yield gap is less than 20% (Van lttersum et al.,
2013), but for individual farms and fieldayge gaps occumMoreover, most yield gap analysis focus
on the gldal and regional level. To better understand the impacts of farm characteristics, crop
management and soil conditions, it is portant to study variationsbetween and within farms.
However, yield gap analysis based on fields experiments are time consamingxpensiveSeveral
processed based crop modgeintegrating system approaek and multiple disciplingshave been
developedin the lastdecades which can assist yield gap analfBistia et al., 2008; Boote et al.,
1996) In this study, the mmdel SWARNOFOSWas usedDetailed information of the model SWAP
WOFOST witle described irthe methods section.
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Fig. 1 Different production levels as determined by different factors respectively (Van Ittersum et al.,
2013)

1.1.3 Yield gap angsis on a precision agriculture farm

Precision agriculture is a production system that promotes variable management practices within a
field, according to site conditions. The system is based on the global positioning system (GPS),
geographic informatiorsystems (GIS), yield monitoring devices, soil, plant and pest sensors, remote
sensing and other technologies (Seelan et al., 2003). Van den Bardappeleris a Dutch potato

farm located at the border othe Netherlands and Belgiunin 2007, Van den Borne started to
integrate precision agriculture into their business. By taking site specific conditions into account, the
application efficiency of fertilizer, pesticide, water and fossil fuel can be achieved optimally and at
the right time fttp:/precisielandbouw.eu/pplnl/Home.htnjl To improvethe precision agriculture

Van den BorneAardappelenda G F NISR | y2iKSNJ LINPINIY OFffSR adal |
TTW (agricultural consulbay company) and WUR (Wageningen Universitg Research Centre)

The project Making Sense contributes to the development of a precision management decision
module for soil fertility and fertilizatiorof arable crops on the basis ebil and crop sensor t&

climate data,a soil anda crop model http://www.vandenborneaardappelen.com/.htrnl Within the

farm Van den Born@ardappeleryield gagvary. In order to make better use of the data colledtie

the farm and improve farm management, a yield gap analysis is expectednorease efficiency of
inputsfor the fields within thigarm.

1.1.4 Droughtstress

Water is important for plant growth. It is the fundamentableculefor plant physiologal activities.
Moreover potato has high water content whiclaccounts for approximately 85% tie composition

in living plant tissuesl % of thewater is needed for metabolic processes and 99% for transpiration
Water stress carause severe physiological impacts, for instance on photosynthesis, transpiration
and cell development (Van Loon, 1981).

The potato crop is sensitive to water deficiency. Water stress could lead to reducing leaf area and/or
reducing photosynthesis efficiepa@t all stages of potato growth. Water shortage in the tufiéing
period causes most significant yield loss compared to drought during other stages (Vari289)n
Previous studies showed that drought during different potato growth periods resuthorter


http://precisielandbouw.eu/pplnl/Home.html
http://www.vandenborneaardappelen.com/.html

growing (34 weeks) and dormancy @ weeks) period (Karafylldis et al., 1996) and decreases

tuber yield, the number of tubers per plant, tuber size and quality (MacKerron and Jefferies, 1986
Ojalaet al., 1990; Yuan et al., 2003). Compared to barley and sugar beet, potato has a shallow and
relatively weak root system, whids one of thefactors causinghe sensitivity of potato to water
stress (Van Loqri98]).

Simulations performed in Flevolarestimated water-limited yields to be 23% lower than potential
yields Reidsma et al. 20)5Water limitation is however larger asandy soils like occurring in the
south of Brabant Rovisional analysis of Van den BorAardappelendata suggest a large inEnce

on vyield differences between fields. Watlimited yields can be estimated based on the actual
evapotranspiration compared to potential evapotranspiration. In the ggrdrological model SWAP
0{2Af 21 GSNI ! (Y2 aLIKSidNBmployéd: oy caloukate watkr® flolv NGR ahe
unsaturatedsaturated zone. SWAP sodwg A O K egqiR&rRally for specified boundary conditions

with an implicit, backward, limited different scheme (upper boundary condition consists of daily
precipitaion, irrigation aml potential evapotranspiration) and the bottom boundary is controlled by
pressurehead, flux or the relation between flux amgressurehead. The water balance can be
calculated by considering two boundary conditions: the top and bottom boundaries. TheaRenm
Monteith eqcan be used to estimate evapotranspiration of uniform surfaces (wet and dry vegetation,
bare soil). Potential transpiration, @nd potential evaporation Jare calculated from leaf area index
(LAI) and soil cover fraction (SC). Actual transpiration depends on the moisture and salinity situations
in the root zone, weighted by the root densiiyd crop characteristicsActual evaporation depends

on the capacit of the soil to transport water to the soil surface. Surface runoff will be calculated
when the ponding reservoir exceeds a critical value. Field drainage can be simulated using the
Hooghoudt and Ernstgs in homogenous and heterogeneousl goofiles (Ires et al., 2001Yan Dam

et al., 2008).

1.1.5 Oxygen stress

Oxygen is essential for plant performance especially in the root zone. In the condition of low oxygen,
the plant hormone ethylene could be generated. Additionallylow oxygen concentration will
impede the transportation of water and nutrients to the upper parts of the plant due to the reducing
root pressure. Furthermore, adventitious roots and aerenchyma could occur from hypmeatra
energy is required during the formatiaf aerenchyma oadventitious rootsjess energ contributes

to the yield. Furthehypoxia in roots can result in closing of stomata, withered leaves, and reducing
photosynthesis (Holtman et al., 2014). At the field scale, water logging and flooding disturb plant
root functions frequently. Several studies have reported damage caused by low oxygen stress. Else et
al (1995) reported a decrease pbtential leaf water persistedor 8 hoursin tomato plantsat a
flooding event Ashraf and Mehmood (1990) investigated fddrassca species with waterlogging
tolerance. They reported a noticeable reduction in chlorophyll content for all four species (up to
64.49% difference compared to the control).
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2. Research Aim &uestions

2.1 Research Aim

The main purpose dhis study is to investigate the potato yield géyp to Ywhat a farm level. The
model SWARVOFOST will be used to explain how and to what extent water and oxygen stress
contributes to the yield gap in different fields. Meanwhile, this study serves astehbow well the
SWAPWOFOST model performs in explaining the influence of hydrological conditions on yields at
farm level. Moreover, the outcome of the research should be applicable for instructions how to
improve field water management.

2.2 Research Qustions
The following questions will bexplored in this study:

I. What is the potential yield @hain potato cultivain the southof the Netherlands?
Il. Can the influence afroughtand oxygen stress be simulated adequately with SWWABFOST?
Ill. Whatis the influence oflroughtand oxygen stress in different potato fields within one farm?

IV. How can SWAROFOST be used for precision agriculture regarding watgragement to
reduce yield gaps?

11
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3 Materials and Methods

3.1Case Studwnd data

3.1.1Van den Borne Aardappelen

The pecision arabledrm Van den Born@ardappeleris located inthe south of the Netherlands. It
covered139 (455.6 hectarespnd 143(511.82 hectarespotato fieldsin the years 2013 and 2014
respectively(Fig. 3. Averagefresh tuberyields of 60 t/ha and 67t/ha were achievedin year 2013
and 2014 respectivelyThe fields of thefarm are distributed in both Dutch and Belgiaterritory,
within an area of 800 kfrapproximately.

(D)

®

Veldhoven

8-
g

Fig. 2 Overviewof the potato fields(blue dots)of farm Van den Borndardappelerin 2014

3.1.2 Climate

Climate data in this studwre takenfrom the Royal Dutch Meteorologicahdtitute KNMI and
agricultural consultant firm Dacom. KNMI is the national institute for weather, climate and
seismology of the Netherlandsw{vw.knmi.nl). KNMI has different meteorological statien
distributed in NetherlandsAs Eindhoven station habke shortest distance to farm van den Borne
Aardappelen this station was selectedor the main meteorological inputs(Fig.3) Additionally,
Dacom measured the rainfall séveraldifferent fields during the main growing seasom the year
2013 and 2014 Appendix ), but it is incomplete and insufficient for thenodel simulation
requiremens. In order to achieve mosprecise and representative simulatisrand also lecause of
the gatially variability of rainfall, when possibleprecipitation data from Eindhoven wereeplaced
with the available data from Dacom for the specific field simulation

13
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Fig. 3.Records ofrainfall, mean monthly max& min. temperature in year 2013 & 201(&tation:
Eindhoven)

In terms of weather datahe crop model that wasised, WOFOSTrequiressolarradiation (kJ-ri-d?),
minimum and maximunair temperature(°C),precipitation(mm-d"), actual vapor pressure (kPa) and
wind speedm-s') data for the simulation. The CAB@mat of weather file was employed in the
simulation and the name of CABO file was defined as <location name><station numberd.<las
numbers of the year>. Atlata from Eindhoven station coulok imported into the model directly
exceptfor actual vapor pressure which cannot be measured directly. Actual vapor pressure was
derived from saturation vapor pressure at maximum and mininadaity temperature Eql).

Eql
1 R XY
QY R @:
@ p RPR—— o
, QY QY
Q
C
. YO
Q Q—
pTT

Wheree®(T)is saturation vapour pressure at the air temperature T [kFag air temperature [°Cles
is mean saturation vapour pressure [KP&His the relative humiditye, is actual vapor pressure
[kPaR(Ventura et al., 1999

WOFOSt€limate data weraused for potential yéld calibration and validatian

Similarly for the daily weather recordghe hydrological modeSWAP requires solar radiation, air
temperature (min and max), air humidity, wind speguecipitation andevapotranspiréion data.
When running SWAP, different weather filesre used for different fields within one region to allow
the differencesn precipitation(Appendix).

14



3.1.3 Soilinformation

Generally the soil texture in this study area can be categorized as sandy. But due to the daege
and scatteredocation offields d the farm, soil propertiesliffer per field(Fig. 4. AppendixI{) shows
the full size of the soil map of Netherlands with legend.

Soil data othis study are takerirom Wadstenet al (2012).Vertical discretization data of soil profile
such as number of soil layers and layer depths were imported into S¥@édeover, soil hydraulic
function parametersvalues were specified in SWAP includi@RES(residual water content,
cmcm®), OSAT &urated water contentcm’/cm?®), ALFA fgpe parameter alfa of main drying
curve cm’), NPAR fmpe parameter n)KSATsaturated vertical hydraulic conductivitgm/d), LEXP
(exponent in hydrauliconductiviy function), ALFAW Ifa parameter of main wetting curve in case
of hysteresis, ci), H_ENPR f¢ry pressure headcm). See Appendix Ill for the values used in this
study. Zandgronden

301 Leemarme (podzol-jgronden

302 Leemarme (stuif-)zandgronden

303 Leemarme tot zwak lemige zandgronden met een kleidek
304 Zwak lemige (podzol-)gronden

305 Zwak lemige zandgronden met grof zand in de ondergrond

306 Zwak lemige 1 met leem in de d
307 Zwak lemige zandgronden met een kicidek
308 Zwak lemige zandgronden met een kieidek en keileem in de ondergrond
309 Zwak lemige (beckeerd-)gronden deels met grof zand in de ondergrond
310 Zwak lemige zandgronden met een matig dik cultuurdek
- 311 Zwak lemige zandgronden met een dik cultuurdek (enkeerdgronden)
- 312 Lemige (podzol-)gronden
313 Lemige (beekeerd-)gronden
- 314 Lemige zandgronden met leem in de ondergrond
- 315 Lemige zandgronden met keileem in de ondergrond
316 Lemige zandgronden met een kleidek

- 317 Lemige zandgronden met een dik cultuurdek (enkeerdgronden)

- 318 Lemige zandgronden met een dik cultuurdek den) en leem in de or
- 319 Lemige zandgronden met een cultuurdek en keileem in de ondergrond
320 Grof zandige {podzol-)gronden

321 Grof zandige gronden met een kleidek

Fig. 4.Overview otthe spatial soiprofile variabilityof the studying are§WWosten et al.2012).
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3.2 Structure of WOFOST

The nodel WOFOSWOrld FOod Sitlies)wasusedfor crop simulationin this study. Most part of

this section was fronthe WOFOST model manu8gogaarcet al., 2014) WOFOST is a carbdniven

crop growth simulation modelwith a time step of one dayWOFOSEimulates the growth of an
annual crop with a series of specific soil and weather data. The mechanism of the WOFOST
simulation is generated from main egbysiological processescluding:phenological development,

light interception, carbon dioxide assimilation, evapotranspiration, respiration, distribution of
assimilates to organs, and dry matter formatig@ig. 5. In WOFOST potential production and limited
production (nutrient & water) an be simulated Weeds and pes$ are not taken into account
(Boogaard et al., 2014).

weather l
" Intercepted -«
. light S
LA
= ) . - potential .
" potential 4 gross k
transpiration _ assimilation
rate rate
Y
available
=il water
/7 actual \ - “actual gross
_ Transpiratan assimilation
. rate . raie —I
", maintenance
" respirafion
net assimilation )
rate b, growth
- / respiration
" development

.4} partitioning

stage

ronts reproductive -
organs stems leaves

leaf area
index

Fig. 5Simplified structure of WOFO@oogaarcet al., 2014).

16



3.2.1Phenological development

In WOFOSTphenologicaldevelopment isdescribal by the order and the rate of vegetative and
reproductive organs appearangeThe order is independeraf crop characteristis and the rate
depends on crop characteristics in addition téemperature and photoperiod In WOFOST
development stage (DVS) is ttescriptive variable for phenologpVs is fixed at for emergence,l
at anthesis and 2 at maturity/OFOST uses temperature sum to illustrate the effect of temperature
on development rate. Several thermal time conceptpplied here includedT, (daily dfective
temperature after emergence)T, (daily average temperature);,.te (base temperature)Besides, d
remains constantwhen the temperature is above a certain maximum effective valu@maxe),
Between Taxeand Tase the daily thermal timencrea® is calculatedby linear interpolation (Fig.)6
The development rate (DVR) is obtainday the formula ="¥"Ym, Where Tgq is the thermal time
required toenter the next development staga he DVR of potato is alinfluenced by photoperiod
(P)ascalculated bythe eq 2:

"Qi=0b0g/(0eb0® T QK
0WY="Q ("Y' " Ya) Eq2

Where F, is the photoperiodreduction factor for the development rate until flowering j$optimum
photoperiod and s critical photoperio@Boogaarcet al., 2014)

30

25

20 -+

15 -

max,e

10

daily increase in thermal time (*d)

O T T T T T T
0 5 10 15 20 25 30 35 40
daily average temperatures (*d)

Fig. 6 Relation between daily average temperature (°C) and daily increatfee thermal time [°Cd],
for the calculation of the development stage opatato crop (Tase= 2 °C, daxe = 28°C)(modified
from Boogaarcet al., 2014).

3.2.2Light interception and asimilation

WOFOST uses absorbed radiatidy) &nd the photosynthesidight responsecurve of individual
leaves to calculate daily C@8similation rate. Temperature and leaf age determine the response
curve. Total incoming radiation and the leaf area determine the absorbed radidti@ne are two
factorsinfluencingphotosynthesis respaeto light intensity.The first factor relates to thdifferent
levek of lightsreceived in the canopy along the vertical plame.calculate thighe canopyis divided
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into different layers At each leaf layerintercepted light$ derived fromthe radiation flux at the top
of the canopy and the transmission by overlying lay@ise other factoiis tempora) caused by the
daily cycle of sunWOFOST us¢he eq 3 to simulatethe mentioned two factors

= Gir]
‘@=CYDr 6 NEIwR Eq3

Wherely is the radiation level at the top of the canopy on a clear dajs sine of the angldetween
0KS &dzy | yshrfade k% th8 adsbtb&d@adliation by leaf layer Lis the net radiation flux
at depth L; k is the extinction coefficient; aréflection coefficient which is a function of solar
elevation, leaf angle distribution, and reflection anansmission properties of the leayés\] is the
cumulative leaf area index at depth L {[freaf) m? (ground)] (Boogaarcet al., 2014)XAfter the light
interception is settled, the instantaneous assimilation rate of a leaf lagarbe calculated by theq

4:

O5=(m B-gy0e)) Eq4

Where Ais the gross assimilation rate [kg ($@i° (leaf) §']; A is the maximum gross assimilation
NFGST ¢ A& G4KS Ay A )NESpittersiethK (198924 S STFFAOASy O w{ 3

By integrating the assimilation rates over layers and tinaélycdgross Coassimilationis obtained.n

this procedure, its assumedhat incoming radiation over the day is a sinusoidal course and a-+three
point Gaussian integration method (Goudriaan, 1pB6performed Part of the assimilateare used

for maintenance repiration, which isestimated based orthe dry weight of differentorgans and
their chemical compositionAssimilates are distributed to different organs and the assimilate
partitioning is determined by the development stage (Fig(PBnning de Vries, 1975; Penning de
Vries et al., 1989)
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Fig. 7 An example of assimilates distribution by different development std8esgaarcet al., 2014).
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3.3 Structure of SWAP

The nodel SWAP (Soil Water Atmosphere Plamas used forthe hydrological simulation in this
study.Most part of this section was fromthe SWAP manuaMan Danet al., 2008) SWAP isinagro
hydrological mode{Fig. §. SWARImulates transport of water, heat and solute in the vadose zone in
interaction with vegetation development (Van Dam et al., 2008). SWAP is designed to simulate the
transport process at field level during the growing season and it is adiomensional, vertically
directed model. SWAP can be applied to plan irrigation, including timing criteria and depth criteria.
SWAP requires inputsish as meteorologicalata, crop gowth and drainage (Van Dam et al., 2008).

Rain
Irrigation Transpiration

Transport of:
soil water
solutes | b »

soil heat Interception i

Evaporation

Runoff

Top soil

Sub soil
Groundwater level

A=

Ocal drainage fi,x

Saturated zone

Regional grondwater flux
e

Second aquifer

Fig. 8. SWAP model domain and transport process (Van Dam et al., 2008)

3.3.1 Soil water flonand bottom boundary condition
SWAP uss5 | NJBgtdyaantify vetical soil water fluxegeq 5)

n 0 Q—— Eq5

YWhere q is soil water flux density (positive upward) (& K(h) is hydraulic conductivity (ci)dh is
soil water pressure head (cm) and z is the vertical coordinate (cm), taken positively (paaibiam
et al., 2008Q

By considering soil volume as infinitely skl continuity eq for soil water § obtained(eq 6)
— — YQ YQ Y Q Eq6
YGKSNBE * Aa @2t dzy SNy, Ois time @B HH) iOspiywiatBryexiractod Mte by

plant roots (cm cm® d?), S(h) is the extraction rate by drain discharge in the saturated zoff (d
andS,(h)is the exchange rate with macro pores)@Van Danet al., 2008)

19



By combing theq(5) andeq®60 = ISYSNI f &a2AiAft 4l GSNlef@296 o1 & 3

(s}
<
w

—  ————YQ YQ Y 0 Eq7

SWAP soh@w A OK letyRaEZQENR O f f &8 A GK GKSK|YVTRY YNSWADK2 WR
applied in SWAP integrally for the unsaturatmturated zoneMore detail information can be found
in the SWAP manual.

As for bottom boundary conditiongne of the options is to prescribgroundwater levelsA field
averaged @ dzy R ¢ | (i §N3gived @sSffunction of time. SWAP linearly interpaidtetween
the dates and times at which the groundwater levels are specified.

3.3.2Rainfall interceptionand evapotranspiration
SWAP simulates intercepted precipitation by the proposed by Von Hoyningdiiine (1983) and
Braden (1985jeq 8)

0 ODO® ——— Eq8

o]

Where Pi is intercepted precipitation (cr)dLAl is leaf area indexydsis gross precipitation (cm™y
a is an empirical coefficient (cnmi‘)dand bis the soil cover fraction-YQ(Van Damet al., 2008)
According toeq 8 intercepted precipitation caasymptotically reaclo the saturation amount (2Al)
by increasing precipitation amounti principle coefficienta must be determined by experiment
and specified in the input file. For the ordinary agriculture crapss assumed as 0.025 cmi‘d
Coefficient b i®stimated byeq9:

® p Q Eq9

Where b is the soil cover fraction aig is the extinctiorcoefficient for solaradiation@®/an Damet
al., 2008)

As for evapotranspirationit refers to transpiration of plants and evaporation from the soil or
ponding on the soil surfacet is assumed that root water extraction is equal to plant transpiration,
because the water fluxes troughe canopy ardargerthan what isstored. ThePenmanMonteith eq
has become an international standard of potengahpotranspirationdueto its best peformance in

all kinds of climate conditions. Therefore, 8WARhe PenmanMonteith eq is used to calculate
evapotranspiratior(eq. 10)

<

oY Eq10

Where ETis the potential transpiration rate of the canopy (mm'd = np@ A& GKS &t 2LJS
pressure curve (kPa™ € %, is the latent heat of vaporization (JRgRn is the net radiation flux at the

canopy surface (J'd?), G is the soil heat flux (J*m™), p1 accounts for unit conversion (=86400 s d

10 % is'the air density (kg 1), Gi; is the heat capacityfanoist air (J kg °C"), e is the saturation

vapour pressure (kPa),d a G KS | Oldzr £ QI ,Li teNpsychixdhatrc dcadnBanto { t | 0 ]
(kPa °C), lerop IS the crop resistance (snand ; is the aerodynamic resistance (S)@Van Danet

al., 2008)
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The estimation of potential and actual evapotranspiration is possible thélPenmanMonteith eq,

but this approach requires canopy and air resistance which is not available for many crops. Therefore,
SWAP uses two steps to calculate attagapotranspiration. The first step is the calculation of
potential evapotranspiration with the minimum value of canopy resistance and the actual air
resistanceDetailed information orhis step can be found ithe SWAP manual. The second step is to
calallate actual evapotranspiration by taking into account of root water uptake due to water and/or
salinity stressThe potential root water uptakes calculated in SWAP as follsw

Y % Eqll

Where Sp(z) is the potential root water extraction rate at a certain defth(z) is Dy is the root
layer thicknessTis potentialevapotranspiratio@/an Danet al., 2008)

S(z) can be reduced by stress of dry or wet conditions, which is explained in the next section.

3.3.3 Water stress and oxygen stress

In SWAPwater stress is described by the function proposed by Fedxeal. (1978),which is
interpreted in Fig9. In the range of kkh<h, water uptake is optimaBelow h water uptakelinearly
decreasesdue to drought stress until point ;H{wilting point). Above h water uptake linearly
decreaseslue to insufficient aeration until O at;hThe critical pressure head h3 increaser higher
potential transpiration TgFig. 9.

1.0

oW

g Thigh

0.0
hs hy hap h, h, 0D

Soil water pressure head

Figod wSRdzOlGAz2zy 02STTA OASaf functb d3oiNBaripressureinSadh aiatdJi | 1 S :
potential transpiration rate Tp (Feddes et al., 1978).

In this study, salinity is not taken into accopsbthe actual root water flux Sa(z) ¥yis calculatedas:
Ya | Y Eql2
Where a, is dimensionlessvater stress coefficief(Van Danet al., 2008)

Besides, if 2 ! t G§KS YIFEAYdzy SgI LR2NF A2y NIXGS G(Kisd GKS
law:

0 o —) Eql3
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Where K, is the average hydraulic conductivity (ci) detween the soil surface and the first node,
h.m is the soil water pressure head (cm) in equilibrium with the air relative humidity the soil
water pressure head (cm) of the first node, ant zhe soil depth (cm) at the first nd@¢an Damet
al., 2008)

The function of Feddes et al. (1978) is also generally usedxijgrenstressassessment But the
Feddesfunction does not combinglant physiological and soil physical processes to predict the
reduction of root water uptake at insufficient soil aeration (Bartholomeus et al., 2008). Thus,
Bartholomeus et al. (2008) proposed a plant physiological and soil physical pbasess modeto
determine the minimum gas filled porosity of the sdig@s_min) when oxygen stress occurs. In this
model, they calculated the minimum oxygen concentration in the soil to just sustain roots respiration
(micro-scale) and calculateflgas_mindiffusionfrom the atmosphere through the soil (macscale)
which relates to the minimum oxygeconcentration (Fig. J0Also, in the model they included soil
type, temperature, organic matter content, soil depth and plant characteristics. They compared the
result with the Feddedunction and drew a conclusion that this model based method is better
because the Fedddsinction might lead to large errors in the prediction of transpiration reduction
and growth reduction through oxygen stress. Furthermore, they implastethe model into SWAP

to improve the simulation root water uptake and root growth.
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Fig 10.Scheme for the calculation of critical values for oxygen stress, based on both physiological
and physical processes (Bartholomeus et al., 2008).
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3.4WOFOST Caliation for Potential Yield

Before usingSWAPWOFOST to investigate the impact of water and oxygen limitation on potato
yields, thecrop growth model WOFOSTheeds to be calibratedThis is becauseefault model
parameters are based on experiments from mdhlan 20 years agdBoonsPrins et al. 1993
Boogard et al. 2014), and currently observed yields are higher than the simulated potential.

3.4.1Fields and Data

For WOFOST calibratidhe cultivar Fontane was selected because it was widely plantétkigears

2013 and 2014dandyields werehigher compared to other cultivar§he dita ofthe year 2014 were
usedfor calbration while data from the year 201®&asused for validationNine fields were selected
with a yield range of 8105 t/ha. Because oflata noise, mmong these 9 fields, 3 fields were selected:
G3SdzRSya oAYyRY2fSyaés agl dzi SNabelydl&\WaS Maéasuigvet ¢ | Yy R
times during the growing seasdfrig. 1). The sowing date and date dfarvestthe nine different
fieldsvaried with a range of 22 and 29 days respectively. The measurement datessin@lar (one

to three days difference) for the same measurement in different fields. However, the records of the
second and third measurement dates were incomplete. It \wasumed that the missing date is
around the date of nearby fields based on other records at the farm level. Moreover, the fourth
measurement dateliffered up to30 days (Fig. 32
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Fig. 11.0Observed WSO (dry matter weight of storage os)aof different fields by different
measuranenttimes (some measurement dayareunavailable) for calibratian
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Fig. 12 Different planting and yield measurement degyf the nine fields (some measurement day
areunavailable)
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No experiment was done for poté&al productioncircumstancessoit was assumed that highest
yields were close to the potentidin order to make a represgative and reliablemodel calibration
several fields were selectedhecriterion of fields selection for pential yieldcalibrationwasbased
on the achieved highest yields for the data for calibrationydsh tuber yield was measured five
times for all the fields during the wholrowingperiod in year 2014Alsounder water tuber weight
(UWW) of most fields wereavailablewhich canbe used for dry matter content calculatiomn this
study dry matter contehof tuber was calculated as UW¥8 (De Wildeet al., 200§. Data oftuber
yield was the key input for calibration. Additionally, phenology such as emergedamanurity were
observed for somdields which can be used for phelogical calibrationPictures were made during
the growing season in several fields, which allowed to determine emergence and flowing. However,
these fields were not the same as the 9d®ebkelected.

3.4.2 Potential yield without calibration

As a starting point, g@tential yield was simulated in WOFO&trol center(version 2.1.2) with the
crop filedPotato 70E. The simulation periods correspond to the fielsislected for calibrationAfter
simulating the potential yield with default model parameters in 2014, model performance was
evaluated by model efficiency.

3.4.3Model Parameters

Parameters wereselected according tthe WOFOST calibration manudV@lf, 2003 as follows:
TSUMEM @mperatue sum from sowing to emergengel SUML1 (the temperature sum from
emergence to anthesis), TSUM2 (the temperature sum from anthesis to matultAXTB
(maximum leaf CO2 assimilation rate as a function of development stage of the crop), SPgddr{life
of leaves) SLATBspecific leaf areadnd assimilates partitioning factarESTHfraction stems), FOTB
(fraction organs) and FLTB (fraction leaves) (leaf area indexjvasnot selected due to théimited
data availability.

Wolf (2003) gave the@rocedure forWOFOST calibration. The model calibration should be done in
orders due to the variation of the model variables. Ideally, the model calibrationsteele done

first for a potential production situation and second for the water limited prctthn. However, in

this study specifically water limited production experiments had not been designed and performed
thereforethe calibration was done only for potential yield production.

3.4.4Parameter sensitivity

Before the calibrationa sensitivityanalysis wagerformed to rank the parameters iorder of
importance for TWSO dtal dry weight of storage organs). In this sensitivity analysis only one
parameter was changedach timewith 5%(Increase & decreasey the initial value witha total 9
reruns.

3.4.5Calibration procedure
The calibration is in the faling order:

I. Length of growingeriod and phenology. In this procedure, the sowing date or crop emergence is
essentialphenologyinput for WOFOST. In this study, TSUMEM was calibfatstdBased on the
farm records, the sowing and emergendates of several fieldgthe link to the sourcedata were
deleted by farmer so the maber of the fields is unknownyere available for TSUMEM calibration
Emergence was observed at day 126 & 133 for isgwday 99 and 14for sowing dayl18. The
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sowing dates 99 and 118, wetesed as input in WOFOS3Jther parameterdhat were calibrated in

this procedure wereTSUM1 SPAN and SUM2 Fields for TSUM1 calibratiomere the sameas for

the TSUMEM calibratiaorHowever, there wereno records of anthesis for these fields. Indirectdy
picture of anthesigaround day 171) was found for the fields wilantingday of 118In WOFOST, in
order to ignore the influence frorplantingto emergencea fixed emergence dagf 141 (observed
emergence dayjvas usedln order to keep coherence, thBPAN valugvas calibrated considering
the results of previous steps (TSUMEM=220TSUM1= 420 ), andwith a fixedplantingday of 118.

As for TSUMz2alibration, the default valueTSUM215503 was tested firstwith the LJ- NI Y S i SN a

results of previous steps. In order to matkee TSUM2 calibration representative and preciak the
fields in the farm available with observed maturity were chaseaveragedand classified into 7
groups.Each group represents the same sowing.dye difference of sowing dates between the
consecutivegroups wasabout 510 days.The number of the fields in each grouppends on the
data and was not exactly theame.In the fam, crop stages were recorded aslues betweer0-10,

in this study, crop stage Jifidicates cropmaturity.

Il. Light interception and potential biomass production. In this procedure, LAl (leaf area shdek)

be calibrated to reproduce the observed value and the related parameter is SLATB (specific leaf area)
which converts leaf mass in leaf area using the rerun facility in WOFOST. After that the total crop
biomass will be calibrated (TAQRBing parameteAMAXTBmaximum leaf CO2 assimilation rate as

a function of development stage of the crop).

In the step of AMAXTB calibration, the calibrated parameters values of previous steps were imported
(phenology parameters). However, tipdanting ending(haulm killingland tuber yield mesurement

dates were different for the Fields. In order to simplify the AMAB calibration procedure, 3
6a3SdzRSya ¢AYyRY2ftSyaés agl dzi S NEmorgQGie OfeiNg warg | £ ¢
selected based on the criteria of a laretuber yield growth trend and similar growing perjod
because it is assumed that accumulative potential yield is linear increased with time .cAlssehe

data of the three fields were averaged including sowing, ending and measurement dates and the
measured WSO (dry weight of storage organs) values. AMAXTB dalibwats first done for the 3
fields, and then evaluated for ale 9 fields until model performancgaswell enough for most of

the fields.

lll. Assimilate distribution between crop organs.this part,the Harvest Index (HI) needs to be
calibrated. The model parameters related to the partitioning are the FSTB (fraction stems), FOTB
(fraction organs) and FLTB (fraction legyasichare a function of the development stage (DVS).

3.5 Potential yield validation

To validate the calibratigndata of the same cultivar Fontanieom 2013 wereused. Similar to the
calibration, 5 fields with highest yields werehosen for validation.In 2013, fresh tuber yielénd
under water tuber weightwere measured 4times duringthe growing seasgnthese valueswere
transformed to dry matter yieldvith the same functiopwhich is the onlyndicatorfor validation.

The fesh tuber yield ranged from 80.35 to 95.21 t/ha (Fid.3). Planthg dates, ending dates and
WSO measurements dates wergmilarfor these fields, but some datetata were unavailableWwSO
wasmeasured for four times (Fig. L4
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Fig.14. Observed WSO (DWha) of the five fields with highest yield in 2013

3.6 Additional statistic methods
Evaluation of modeperformancewas first done by visual assessme8atistic methods werealso

used to evaluatgparameter value and model efficiencyhrough calibration includingSSEsum of
squared errorseq 14) and ERmodel efficiencyeq 15). Model performance is considered excellent if
EF is higér than 0.9, acceptable if 0.8<EF<0.9, poor if EF<0.8

"Y'YOB ®dh & O8 o Eql4

00 2 - 5 Eql5

where obs is observatioh Ai©the mean bobs pred is predictiorfReidsmaet al., 2012.
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3.7 Drought& oxygenstress simulation
After WOFOST calibration and validatidmught& oxygen stress simulatiomere performed.

As for water stress fields selection, unfortunately, no droughoxygen stress trials were designed
and performedn the farm. It wasunclear which fields were certainlynderwater stressThereforea

series of approaches were applied to select the fields which were possibly under water Bireéds.

were selectedusingthe following criteria I: Actual yields and avage yield were compared first;
fields withyield under average were desirable choices. Il: Secotiaftyjnitial drought sensitivity
assessment was taken into accoutiields graded as dry and wet weideal choices. Ill: Nutrient
condition wa another factor cosidered;initial field nutrients were assessed in tifarm as poor,
average and richfields marked as average and rich were better options. VI: In order to make the
fields morerepresentative ad diverse, the location and the soil types of fields were also considered.
Fields with different locations and different vertical soil profiles were madesirableoptions. V:
Constrained by théata availability, fields closéo a metrological station@acom) and ground water

level monitoring station were chosen. Moreovethe ¥ N¥ SNR& 2LIAYA2Y 41l &
consideration. However, as the ground water level data and soil data were unavailable for Belgium,
fields in Belgium were not taken into accduBimulations were performed both for the year 2013 &
2014. As a result, 10 fields were selected in 2013 and 17 fields in 2014.

Datausedfor the simulatiors were as follows:|: Initial drought sesitivity of different fields were
assessedby the farmer as average, drought, and wetVeather data wereaccessed from
meteorological station Eirftbven.Parts of the precipitation datbfom Dacomwere supplementary
input for different fields.Most of the fields were withina distance of 10 km frona Dacomstation
(AppendixIV). Precipitation data recorded at field8lokseschuur tegen bosind "Cor weg eersel"
were used for simulations in 2018s for 2014, precipitation datmeasuredfrom Eindhoven anat

T A SYo®stehaidé >ohan kuipers voorhués y IRJaréluiksgestel achter bbs ¢ S NFDetailgd S R @
information of the actualrainfall data used can be founid Appendixl. Soil property datawere
explained in section 3.3.In total, 15 different sol profiles were used in the simulatiddetaikd soil
data can be foundn AppendixlV & V Ground water level data werebtainedfrom the Dino Loket
website fttps://www.dinoloket.nl/) and they wereused to define the bottom boundary condition
and the initial water content indirectlgs a function in \WAPR

The models WOFOST and SWAP were integrated into SVOR®OST for the simulatisnFarm
management was also specified for each field including sowing date, ending date and irrigation
information (date & amount).

For the drought stress, simulations wefest done without irrigation. Then in another round,
simulations were done with irrigation. A comparison was done between the two types of simslation
to find out the yield gap closure by irrigation. As for oxygen stress simulations, the procedure was
similar as the drought stress simulatgmondrainage simulations were done first and followed with
simulations with drainage, depending on the simwatresults. Comparisons were also done for the
different simulation scenarios.
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