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ARTICLE INFO ABSTRACT

Handling Editor - B.E. Clothier The AquaCrop simulation model, originally designed for annual crops, is expanded here to simulate alfalfa, a

perennial forage crop. A new routine was added to the model to mimic the assimilate partitioning between above

Keywords: and below-ground plant parts to account for the utilization of reserves in Spring and for their storage in the Fall.

Aq“ac_mp ) The simulation of the transfer of assimilates requires only three extra crop parameters which makes the model

iﬁ)lifsmulatlon models also easy to calibrate. To evaluate the model, yield data collected in Louvain-La-Neuve (Belgium), Isparta
alfa

(Turkey), and Ottawa (Canada) for different alfalfa cultivars, various years and field and irrigation management
strategies were used. To assess the accuracy and robustness of the simple assimilate remobilization process,
simulations were run for the three different environments with a common set of crop parameters which were
parameterized. The dispersion between the observed and simulated cumulative dry above-ground biomass
during the growing cycle was small (r* = 0.97; nRMSE = 11%; Nash-Sutcliffe model EF = 0.97), and a systematic
over- or underestimation by the model was not observed (Willmott’s index of agreement, d = 0.99). When
evaluating the goodness of fit of the 81 individual harvest events, the results were still very satisfactory although
the nRMSE doubled. The simulations indicated that the AquaCrop model adapted to perennial crops and with a
novel storage-remobilization routine, could predict well alfalfa yields in various climates and environments, with
and without water and fertility stress, and for three different alfalfa cultivars.

Perennial forage crops
Transfer of assimilates
Length of growing cycle
Natural self-thinning

traded as a commodity (FAOSTAT, 2022). It can be produced under
rainfed or irrigated conditions and is harvested or cut several times a

1. Introduction

Alfalfa (Medicago sativa L.) is the world’s leading forage crop, a
perennial legume that has high nutritional value and a deep root system
capable of extracting water and nutrients from the subsoil. Alfalfa is an
ancient crop which originated in South-Central Asia and has spread
rapidly to the Mediterranean Basin, and eventually to South and North
America. Yuegao and Cash (2009) state that production takes place in a
global area of about 30 million ha since the 1990 s: off which 41% in
North America (mainly US and Canada), 25% in Europe, 23% in South
America (mainly Argentina), 8% in Asia (mainly Russia and China), 2%
in Africa and 1% in Oceania. Alfalfa is essential in the animal husbandry
food chain being used as hay, silage, or pellets; and is as such worldwide
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year depending on climatic conditions and management. Harvest man-
agement has proven to significantly impact yields (Moot et al., 2003;
Orloff and Putnam, 2007; Teixeira et al., 2008). Asseng and Hsiao
(2000) have demonstrated that alfalfa water productivity is very high
once the costs of symbiotic N fixation, higher protein content and
different partitioning to below ground organs are accounted for.

Given the ever-higher pressure on agricultural land-use, changing
diets characterised by a higher meat consumption and climate change
induced uncertainties, crop growth models can be a straightforward and
cost-effective tool to assess crop performance (Di Paola et al., 2015),
yield gaps (Guilpart et al., 2017), and to assist in decision making at the
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operational, tactical and strategic levels (van Keulen and Asseng, 2019;
Loomis and Connor, 2012). Models have also been used to improve
current and future agricultural itineraries, and hence provide support for
agricultural programmes or policies.

The initial crop simulation models focused on annual crops while
modelling of crops such as perennial forage crops have lagged behind.
Nevertheless, there have been attempts at either developing specific
alfalfa models or adapting existing crop models to alfalfa. A review of
existing alfalfa models has been presented by Malik et al. (2018). The
DSSAT model (Hoogenboom et al., 2019) has adapted its integrated
CSM-CROPGRO-PFM (Perennial Forage Model) to simulate alfalfa
biomass production in Northeast Spain (Malik et al., 2018) and eastern
Canada (Jing et al., 2020). The APSIM model (Keating et al., 2003) has
been extensively tested for alfalfa in Australia and evaluated in the
Argentine Pampas and south-eastern Australia (Ojeda et al., 2016) and
China (Peng et al., 2022). In France, another major alfalfa producer,
Strullu et al. (2020) obtained biomass regrowth estimates using the
STICS model (Brisson et al., 1998). In Northern Italy, Confalonieri and
Bechini (2004) calibrated CropSyst for 2 alfalfa meadows. Other widely
used simulation models such as AquaCrop are not capable to simulate
alfalfa at present (Raes et al., 2009).

The design of the AquaCrop model pursued an optimum balance
between simplicity, accuracy, and robustness (Steduto et al., 2009; Raes
et al., 2009; Steduto et al., 2012; Vanuytrecht et al., 2014). With a
relatively small number of crop parameters, AquaCrop is capable of
simulating the attainable yield of the major annual herbaceous crops
(and a few less common) (Farahani et al., 2009; Garcia-Vila et al., 2009;
Garcia-Vila et al., 2019; Geerts et al., 2009; Heng et al., 2009; Hsiao
et al., 2009; Todorovic et al., 2009; Wellens et al., 2013; Kumar et al.,
2014; Tsegay et al., 2015; Araya et al., 2016; Razzaghi et al., 2017;
Garcia-Vila et al., 2019; Salman et al., 2021).

Here we report the work aimed at simulating the productivity of
alfalfa with AquaCrop by adapting Version 7 of the model to simulate
perennial herbaceous forage crops (Raes et al., 2022). A simple routine
describes the transfer of assimilates between the above ground biomass
and the below-ground storage organs. In the paper it was assessed if
AquaCrop could be adapted to simulate perennial herbaceous forage
crops, and that the transfer of assimilates between the above ground
biomass and the below-ground storage organs could be simulated with a
novel subroutine. To test this hypothesis, the model was first parame-
terized and subsequently, all simulations were run with a common set of
crop parameters for different years, alfalfa cultivars, climates, field and
irrigation management strategies.

2. Material and methods
2.1. Field experimental data

Yield (biomass) data of all individual harvest events of different al-
falfa growing seasons were collected in Louvain-La-Neuve (Belgium)
and Isparta (Turkey). Yield data for Ottawa (Canada), which also con-
tained several biomass sampling dates between harvests, was extracted
from Jing et al. (2020). Tables 1 to 4 present the coordinates, climate,
soil type, irrigation and soil fertility management, cultivars, and the
observed yields (dry matter) for the three locations. In Chapters 1-3 of

Table 1
Coordinates of the three study sites.
Location Country  Latitude Longitude Altitude
Louvain-La-Neuve Belgium  50° 40’ 5.84" 4° 36 51.95"E 131 m.a.s.
(LLN) N L
Isparta Turkey 37° 46’ 4.81"” 30° 33’ 42.86" 1049 m.a.
N E s.l.
Ottawa Canada 45° 25 75° 41’ 42.00” 70 m.a.s.l.
29.00” N w
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Table 2
Climate classification and average annual rainfall (Rain) and reference evapo-
transpiration (ETo) for the years of cultivation in the 3 study sites.

Site Képpen climate Description Rain  ETo
classification mm mm
LLN Cfb: Marine West Coast Cool and humid 666 692
Climate summer, and
relative mild and rainy
winter
Isparta Csa: Hot-summer Hot and dry summer, 497 1034

Mediterranean and
chilly, rainy and often
snowy winter

Ottawa  Dfb: Warm Summer Warm, humid summer, 900 621
Continental Climate and
a very cold winter
Table 3

Soil type, Total Available soil Water (TAW), and irrigation and soil fertility
management in the three study sites.

Location  Soil type TAW Irrigation strategy Soil fertility
LLN Loamy 80 mm/ Rainfed well
sand m fertilized
Isparta Sandy clay 140 mm/ 0, 25, 50, 75, 100% ET well
m irrigated fertilized
Ottawa Sandy 160 mm/ Rainfed limited
loam m

the supplementary material, more detailed information is provided
regarding the climatic data, physical soil properties for these three sites
and the irrigation schedule.

2.2. AquaCrop simulation processes

2.2.1. AquaCrop general calculation scheme

The calculation approach of AquaCrop consists of the successive
simulation of (i) the green canopy cover, (ii) crop transpiration, (iii)
biomass production and (iv) crop yield, all for each day of the growing
cycle, as previously described by Steduto et al. (2009) and Raes et al.
(2009).

The green canopy cover (CC) is the fraction of the soil surface
covered by the canopy. For non-limiting conditions, the increase of CC is
described by a Canopy Growth Coefficient (CGC). Driven by tempera-
ture, CC increases from the canopy cover at germination (CCo) to a
maximum value (CCx) which can reach 1 if full canopy cover is reached.
Both CCo and CCx are influenced by plant density.

Crop transpiration (Tr;) is proportional to the simulated CC; at day i.
By using a biomass water productivity factor (WP*), AquaCrop calcu-
lates the daily above-ground biomass (b;) from daily transpiration
normalized for climate (using the reference evapotranspiration, ETo;):

B=Y b=WP Z(ETTr(,) 8]

where B is the total above ground biomass produced during the growing
cycle, and WP* is normalized for climate and CO5 concentration.

A fraction of the simulated seasonal above ground biomass (B), the
harvest index (HI) is partitioned to the harvestable organs to give the
yield. A single value of WP* is used for the entire crop cycle for most
crops. However, in crops where the composition of the harvestable
product is rich in oil and/or protein such as sunflower, soybean and
cotton, the WP* is reduced during yield formation to account for the fact
that more photosynthates are required per unit of dry matter (Steduto
et al., 2009). A correction factor makes that the WP* for those crops is
gradually reduced during yield formation. Note that the calculations
described above are affected by the occurrence of temperature, water,
soil fertility and salinity stresses as described in detail in Steduto et al.
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Table 4
The Location, alfalfa cultivar, sowing date, number of harvests (Cuts) and dry matter yield (Y in t/ha) for the 3 study sites.
Location Cultivar Sowing 1%t year 2™ year 3" year
Cuts Y Cuts Y Cuts Y
LLN Artemis 8/5/2013 5 22.9 4 17.3 4 21.2
Isparta (100% ET irr) Bilensoy 1/5/2017 6 28.2 6 28.2a -
Isparta (75% ET irr) Bilensoy 1/5/2017 6 26.6 6 21.4a -
Isparta (50% ET irr) Bilensoy 1/5/2017 6 25.8 6 25.1a -
Isparta (25% ET irr) Bilensoy 1/5/2017 6 20.6 6 18.4a -
Isparta (rainfed) Bilensoy 1/5/2017 6 15.2 6 13.6a -
Ottawa Unknown 21/5/2014 3 10.9 3 10.3 -

# Since the 1st and 2nd years in Isparta have very similar climatic data (air temperatures, ETo and GDD), some uncertainty in the data was assessed. To align the
reported 2nd year alfalfa yield with that of the 1st year, the data from the 6 cuts and 5 treatments were uniformly reduced by 25%.

(2009) and in Raes et al. (2022).
2.2.2. Adjustments of the simulation processes for herbaceous forage crops

2.2.2.1. Transfer of assimilates between above and below-ground plant
parts. Perennial herbaceous forage crops allocate the carbon assimilated
through photosynthesis (b;) to above (leaves and stems) and below-
ground organs (crowns and roots). Since AquaCrop does not simulate
biomass partitioning among various organs, variations in partitioning
along the season was simulated by increasing or reducing WP* , as it is
done for the energy-rich yield products of some crops during yield for-
mation (Steduto et al., 2009). The above-ground biomass (Bypper) is
simulated as:

Bupr = S fibi=fi WP Z(E%) @

Where fj is a correction factor which is less than one during the period of
assimilate storage in below-ground organs, and greater than one during
the period of remobilization of assimilates in spring. The net assimilate
storage stage starts after mid-season when the crop transfers an impor-
tant fraction of b; to the below-ground organs. During the following
spring, which corresponds to the net remobilization stage, the stored
assimilates are transferred to the above-ground organs to contribute to
enhanced growth (Fig. 1). In the remobilization and storage stages, f; is
corrected for regrowth, since plants use the carbohydrate reserves for
regrowth both in the spring and after each cutting (Undersander et al.,
2011).

Crop cycle (season n)

2.2.2.2. Storage of assimilates below ground (storage stage). Since
perennial herbaceous forage crops transfer a considerable fraction of the
assimilates below ground after mid-season (Teixeira et al., 2008; Moot
et al., 2012), the daily biomass produced, b;, is reduced by a fraction
(fst0,i» Eq.3) that exponentially increases from O at the start of the net
storage stage (t = 0) to a fraction (S) of b; at the end of the season
(t=1):

5t
M] s 3)

o= o

When the crop is harvested during the storage stage, fg,,; is tempo-
rarily reduced to consider the assimilates required for the regrowth of
the crop canopy. This is simulated by multiplying fs,; by another
adjustment factor (aj, Eq.4) for regrowth (0 < a; < 1):

(CC; — CC.u)

(CCx — CCeut) “)

a; =

where CCq; is the canopy cover after harvest, and CC; the canopy cover
at day i, which increases during regrowth from CCy to the maximum
canopy cover, CCx. At every harvest date, CC; = CCcyt, 3; is zero and
storage is halted (Fig. 1). When CC; reaches CCx at the end of regrowth,
aj is 1, and storage is again at maximum rate.

2.2.2.3. Remobilization of assimilates from below ground (remobilization
stage). Not all assimilates can be recovered from storage (Avice et al.,
1996). In AquaCrop it is assumed that of the total assimilates stored
below ground in the previous season (Bso,n-1)), @ fraction (M) is remo-
bilized during the next season (Bmob,n, EQ. 5). The rest is assumed to be

Fig. 1. Schematic representation of the simu-
lation of the total above-ground biomass (Bypper,

above-ground
biomass:

Bypper,n = i WP* X(Tr;/ETo; ) = X(f; b;)

n) in the nth season, for alfalfa. During the
spring (net remobilization stage), the transfer to
the above-ground parts of the Mth fraction of

remobilization stage (fi>1)
< fsto,i =0
fi=1-¢ fmoh,i) <

A 4

storage stage (fi<1)
fi=(1-2a;f;)

fmoh,i =0 o e >

the assimilates stored below ground in the
previous season (Bsio,n.1)), iS simulated by
increasing the biomass at day i (b;) with a

Start of the
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3°
S
S
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%

)

fraction (¢; fmob,i). To stimulate growth, the
adjustment factor c; is 1 as long as CC increase.
When the maximum canopy cover is reached, ¢;
is zero and remobilisation is halted. From mid-
season (start of the net storage stage), a fraction
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lost by respiration and natural self-thinning, or to remain stored below
ground:

Buopn =M B.&m,(n—l) (5)

Furthermore, it is assumed that at the start of the first year after
sowing, only 20% of M is remobilized above ground, as many of the
stored assimilates in the sowing year were required in the development
and establishment of the perennial plant parts below ground (crown and
root system).

To simulate the remobilization of stored assimilates at the start of the
season, b; is increased with a fraction (fnopj, Eq. 6) which decreases
gradually as more and more assimilates are remobilized (Fig. 1):

_ [lexp™ —1)
Snovi = {m} (6)
s = Brobn = 3 buoni @

Biovn

where by, ; are the assimilates remobilized from the root system on day
i, expressed as a fraction (fynob,i) of b, and t is the relative time in the
remobilization stage which gradually decreases from 1 at the start of the
season to zero at the end of the remobilization stage.

When the canopy reaches 90% of CCx after regrowth, remobilization
is no longer considered. This is simulated by multiplying fyop,; with an
adjustment factor (c;) for regrowth (0 < ¢; < 1):

(cc, —Cc)

0.1CC, if CCi > 0.9CCx (€))

¢ =

At each harvest, ¢; is 1 and remobilization starts at its maximum rate.
It stays that way until CC has reached 90% of its maximum (CCx). When
maximum canopy cover is reached (CC = CCx), ¢; is zero and remobi-
lization is halted until the next harvest. It is considered that remobili-
zation and storage do not occur at the same time.

2.2.2.4. Length of the growing cycle. In AquaCrop, the length of the crop
growing cycle is determined by the thermal regime of the season. For
annual crops, crop maturity is reached when the sum of the daily
growing degree days (GDD) since planting, reaches a predetermined
value which is cultivar specific. As a result, the growing cycle will be
longer in cold years and shorter in warm years. For perennial crops it is
the opposite, the growing cycle will be shorter in cold years and longer
in warm years. This is simulated by determining the start (for non-
planting years) and end of the growing cycle by an air temperature
criterion which is based either on the average air temperature or the sum
of GDD over a number of days. By appraising the air temperature data,
AquaCrop determines the restart and end of alfalfa growth within a
specified time window at the beginning (onset) and end of the year. To
avoid the generation of a restart in the early stages of spring when air
temperatures might still drop sharply after an early start, AquaCrop
offers the option to select the 2nd or 3rd occurrence of the selected
criterion. Similarly, a 2nd or 3rd occurrence for the selected criterion in
the late autumn or early winter can be selected, to avoid a premature
ending of the growing period during a cold period before the final end of
the season (Raes et al., 2022).

2.2.2.5. Natural self-thinning. The initial plant population of perennials
progressively self-thins over the years. This is induced by climatic fac-
tors such as killing frosts, and by field management. The natural self-
thinning results in a gradual decrease of CCx. Since initially the self-
thinning is compensated by an increase in the number of shoots per
plant to occupy the vacant space, the process does not decrease CCx in
the first year but becomes only visible in later years when the plant
population becomes smaller. The process of self-thinning can be cali-
brated in AquaCrop by considering the environment (climate) and field
management (Raes et al., 2022). In a self-thinned plant population,
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weed infestation might become important. A calculation process in
AquaCrop allows the simulation of canopy development and crop pro-
duction in weed-infested fields (Van Gaelen et al., 2016).

It would be desirable to test the effects of different self-thinning
levels on the simulated yields. The limited number of successive years
of the data used here for calibration does not allow to validate the
simulation of natural self-thinning on yields.

2.3. Parametrization and Calibration

2.3.1. Crop parameters

To evaluate the accuracy and robustness of the simulation process of
the transfer of assimilates, a common set of crop parameters was used
(Table 5) to simulate production of different alfalfa cultivars in three

Table 5
Common set of AquaCrop crop parameters for alfalfa in the three study sites.
Crop parameter Value Source
A. Conservative and/or crop specific parameters
= Air temperature stress
Thase: Base temperature (°C) 5 Lit
Tupper: Upper temperature (°C) 30 Est
Minimum growing degrees required for full crop 8 Est
transpiration (GDD.day 1)
= Soil water stress
Soil water depletion for canopy expansion - Upper threshold ~ 0.15 Est
(fraction of TAW)
Soil water depletion for canopy expansion - Lower threshold  0.55 Est
(fraction of TAW)
Shape factor for water stress coefficient for canopy 3.0 Default
expansion
Soil water depletion for stomatal control - Upper threshold 0.60 Est
(fraction of TAW)
Shape factor for water stress coefficient for stomatal control 3.0 Default
Soil water depletion for canopy senescence - Upper threshold ~ 0.70 Est
(fraction of TAW)
Shape factor for water stress coefficient for canopy 3.0 Default
senescence
Soil water stress at which deficient aeration occurs (vol% 5 Default
below saturation)
= Soil salinity stress
Electrical Conductivity of soil saturation extract at which 2 FAO29
crop starts to be affected by soil salinity (dS/m)
Electrical Conductivity of soil saturation extract at which 16 FAO29
crop can no longer grow (dS/m)
= Development of Crop Canopy Cover
Canopy growth coefficient (CGC) (increase of the fraction 0.012 Est
soil cover per growing degree)
Canopy decline coefficient (CDC) (decrease of the fraction 0.006 Est
soil cover per growing degree)
Soil surface covered by an individual seedling at 90% 2.0 Est
emergence (cm?)
= Crop transpiration and biomass production
Kerx: Crop coefficient when canopy is complete but prior to 1.15 Est
senescence
fage: Decline of crop coefficient as a result of ageing, nitrogen ~ 0.050 Est
deficiency, etc. (%/day)
Water Productivity normalized for ETo and CO, (gram/m?) 15.0 Cal
B. Non-conservatives and/or cultivar specific parameters
Minimum effective rooting depth (m) 0.30 Default
Maximum effective rooting depth (m) 3.00 Lit
Shape factor describing root zone expansion 15 Default
Maximum root water extraction in top quarter of root zone 0.020 Default
(m® water/m® soil.day)
Maximum root water extraction in bottom quarter of root 0.010 Default
zone (m® water/m? soil.day)
Effect of canopy cover in reducing soil evaporation in late 60 Default
season stage
Number of plants per hectare 2500,000
Maximum canopy cover (CCx) in fraction soil cover 0.95 Est

Lit: literature; Est: estimation based on authors’ experience with AquaCrop; FAO56:
FAO Irrigation and Drainage paper N° 56 (Allen et al., 1998); FAO29: FAO Irri-
gation and Drainage Paper N° 29 (Ayers and Westcot, 1985); Default: AquaCrop
default values.
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different environments and years. Given the limited amount of observed
data, indicative values for crop parameters were obtained from litera-
ture. In the absence of published data, values were estimated or default
settings in AquaCrop were used. Parameter values in Table 5 need to be
further tested in other environment and management conditions. Only
the WP* was calibrated using a limited set of the observed yield data.

2.3.1.1. Air temperature stress. There is consensus that the Ty for al-
falfa is 5 °C (Baral et al., 2022). A typical value for Typper of calibrated
crops in AquaCrop is 30 °C. It is the temperature above which crop
development no longer increase with an increase in air temperature.
Since it has only an effect when the average air temperature (required to
calculate GDD) rises above Typper, which never occurred in the study
sites, Typper could not be evaluated.

The minimum growing degrees required in a day for full crop tran-
spiration, is typically an estimated crop parameter in AquaCrop since it
is hard to obtain from field data. By considering calibrated crops with a
similar low Tpase, @ minimum of 8 GDD per day was considered. The
minimum GDD per day are 5-9 for potato (Tpase of 2 °C), 10 for soybean
(Tpase 0of 5 °C) and 9 for sugar beet (Tpase of 5 °C). Since cold stress does
not occur in the major part of the growing cycle, an incorrect estimate of
the temperature threshold for transpiration will not strongly affect the
simulation of the biomass production.

2.3.1.2. Soil water stress. In FAO56 (Allen et al., 1998) a single soil
water depletion factor (p) is used, which is 0.55 for alfalfa hay (Fig. 2).
The p factor is the fraction of available soil water that can be depleted
from the root zone before transpiration is reduced below its potential. In
Aquacrop, following Hsiao (1973), a distinction is made among three
soil water stress levels that: (i) reduce canopy expansion, (ii) induce
stomatal closure, and (iii) trigger early canopy senescence (Fig. 2).
Numerous studies have confirmed that leaf expansion (hence the can-
opy) is the most sensitive to soil water deficits, and that stomatal
conductance and hence transpiration is substantially less sensitive
(Steduto et al., 2012). For most calibrated crops in AquaCrop, the upper
threshold of soil water depletion for canopy expansion is 0.15-0.20 of
TAW. Given that stomatal are substantial less sensitive to soil water
depletion than canopy growth, depletion factors of 0.15 (upper) and
0.55 (lower) for canopy expansion and 0.60 for stomatal control were
selected for alfalfa (Fig. 2). The considered depletion of 0.70 chosen for
senescence is a typical value for the various crops which have been
calibrated for AquaCrop.

The shape of the water stress curve determines the magnitude of the
effect of the stress on the process between the upper and lower thresh-
olds. In FAO56, a linear decrease of Ks is assumed once the allowed
depletion p has been exceeded (Fig. 2). In AquaCrop the shape of the Ks

0.8 +

0.6

0.4

soil water stress coefficient (Ks)

0 10
o % TAW depleted ‘

Field Capacity Permanent
Wilting Point

Fig. 2. The AquaCrop soil water stress coefficient (Ks) for various degrees of
depletion of the Total Avaialble soil Water (TAW) for (a) canopy expansion, (b)
stomatal closure, and (c) senescence, and the single soil water stress coefficient
(dotted line) in Allen et al. (1998).
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curves is convex which influences the process more strongly when the
stress becomes severe, and is more in line with the reduction in matric
potential when the soil water content declines. A recent publication
(Trout and De Jonge, 2021) supports the hypothesis that a convex Ks
curve such as used in AquaCrop, represents better the plant response
than a linear function.

2.3.1.3. Soil salinity stress. The upper and lower thresholds for the
Electrical Conductivity of soil saturation extract (ECe) are the values
given by Ayers and Westcot (1985) for alfalfa. Since salinity stress was
not observed in the study sites, the model performance could not be
evaluated.

2.3.1.4. Development of Crop Canopy Cover. The average CGC for the
calibrated crops in AquaCrop is 0.01 fraction soil cover per growing
degree (GD 1) and ranges between 0.004 and 0.020 GD L. A value of
0.012 GD ! was selected for alfalfa which is slightly above the average
to consider the accelerated growth after each cutting. The value allowed
the crop to reach full canopy cover between cuttings in absence of stress.
Typical values for CDC of calibrated crops in AquaCrop range between
0.003 GD™! and 0.010 GD™!. A value of 0.006 GD™' was selected for
alfalfa which is within the range of the CDC of the calibrated crops.

2.3.1.5. Crop transpiration and biomass production. With a basal crop
coefficient (Kcb) and a soil water evaporation coefficient, crop transpi-
ration (Tr) is separated from soil evaporation (E) in the dual crop co-
efficient approach of FAO 56. There, the basal crop coefficient (Kcb) at
mid-season (effective full cover) for alfalfa hay is 1.15 (Allen et al.,
1998). AquaCrop separates ET into Tr and E to avoid the confounding
effect of the non-productive consumptive use of water (E). The selected
crop transpiration coefficient (Ker) proposed for alfalfa in AquaCrop
was taken as the Kcb of FAO56 or 1.15.

In annual crops, AquaCrop simulates a slow decline in canopy
photosynthetic capacity following the achievement of full canopy cover
(Steduto et al., 2009). As the canopy ages slowly, it undergoes a pro-
gressive though small reduction in maximum transpiration and photo-
synthetic rate. This is simulated by applying an adjustment factor (fge)
that decreases the crop transpiration coefficient (Kerrx) by a constant
albeit a slight fraction per day (Table 5). Once the canopy reaches its
maximum cover (CCy), natural senescence results in a declining crop
coefficient, transpiration, and biomass production in the latter part of
the season. However, as alfalfa is harvested multiple times soon after it
reaches maximum cover, the ageing effect does not take place, and at
each cut it is reset to zero and remains so as long as CCx is not reached
before the next cut.

2.3.1.6. Rooting depth. Alfalfa has a very deep root system among
perennial crops. The tap root often reaches a depth of 1.5-2.0 m the first
season, 3-3.5 m by the end of the second year, and ultimately it may
extend to depths of 6.0 m or more in unrestricted soils (Weaver, 1926;
Sun et al., 2008; Undersander et al., 2011). However, in AquaCrop the
maximum rooting depth of perennials such as alfalfa is simulated to
reach its maximum value near the end of the first season and to remain
constant in the successive years after sowing. As indicated in Table 5, the
rooting depth increased from 0.3 m (a default AquaCrop value which
refers to the depth from which the germinating seedling can extract
water) to 3 m deep at the end of the sowing year (as indicated in FAO56
for an open, unrestricted soil). In the successive years after sowing,
rooting depth remains at 3 m. Users can adjust the maximum rooting
depth in the model according to their own soil conditions.

2.3.1.7. Canopy cover. In AquaCrop canopy cover (CC) is expressed as
the fraction or percentage ground cover. The initial canopy cover (CCo)
at germination is determined by the sowing or planting density. It is
assumed that an individual seedling at the time of its establishment
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covers 2.0 cm? of the soil surface, and that the plant density is 2.5
million plants per hectare (Table 5). These values produce an initial
canopy cover (CCo) of 5%. The Canopy Growth Coefficient (expressed as
increase of ground cover per growing degree) embedded in a logistic
growth function, describes the expansion of CC from CCo to the
maximum canopy cover (CCx) in the absence of stress (Steduto et al.,
2009). For optimal conditions CCx is determined by crop species and
plant density. The considered 95% for alfalfa CCx is the default value in
AquaCrop for an ‘almost entirely covered’ situation.

By considering (i) the crop coefficient after cutting (Kcjow = 0.3-0.5;
Doorenbos and Pruitt, 1977), (ii) the crop coefficient when canopy is
complete (Kerx =1.15; Table 5; Wright, 1988), and (iii) the adjustment
in the simulations of the canopy cover (CC*) when CCx is not yet
reached (Raes et al., 2022), it was estimated that after each cut, the
canopy cover was 25% (CCcut). At the start of a non-planting year, an
initial canopy cover of 50% was assumed (Guitjens, 1990).

2.3.1.8. Calibration of WP*. By running simulations with the set of the
common parametrized parameters (Table 5), WP* was derived from Eq.
1 by considering the observed dry-biomass and simulated Tr (Table 6).
To avoid the confounding effect of possible incorrectly estimated
thresholds for soil water and soil fertility stress, (i) data from Ottawa
were excluded and (ii) only data from the 100% irrigation fields in
Isparta and from years with limited soil water stress (2014 and 2016) in
LLN were considered. Furthermore, by eliminating the data from the 1st
cut, the effect of cold stress on Tr and the period of important remobi-
lization of assimilates were eliminated. To avoid the effect of significant
storage of assimilates, data of the second half of the season were also
excluded. Finally, the derived WP* was normalized by considering the
CO4 concentration (369.41 ppm) for the reference year 2000 (Steduto
et al., 2007). Although data dispersion was high due to the remobili-
zation and/or storage of assimilates, an average of 15 g/m?® was esti-
mated as the value for WP* (Table 6).

2.3.2. Length of the growing cycle

The selected air temperature criterion for the onset and end of the
growing cycle are specified in Table 7. For determining the restart of
regrowth in Louvain-La-Neuve and Isparta, air temperature data was
appraised in a 120 days’ time window starting at 1 January. For
determining the end, the time window was 90 days long, finishing on 31
December. Since the average minimum air temperature in Ottawa is
below zero from November till April (Fig. 1.3 in supplementary mate-
rial), the 120 days’ time window for the onset started at 1 April. For
determining the end, the time window was 60 days long and finished on
31 October.

2.3.3. Transfer of assimilates between the above and the below-ground
parts

To simulate the transfer of assimilates between the above and the
below-ground parts, only three crop parameters are required in

Table 6
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Table 7

Air temperature criterion for generating the onset and end of the growing cycle.
Period Sum GDD Period Occurrence
Onset >20 8 days 2nd
End <10 8 days 2nd

AquaCrop: (i) the start of the net storage stage, (ii) the remobilization
(M) and (iii) the storage (S) fractions (Fig. 1). These parameters are
mainly cultivar specific and can be calibrated with observed yield data.
However, to illustrate the robustness of the simulation process, a fine-
tuning for each of the study sites was not attempted. For all 3 culti-
vars the following assumptions were made:

- storage started at mid-June to mid-July, which is 180 days before the
end of the growing cycle for Louvain-La-Neuve and Isparta, and 100
days for Ottawa where alfalfa has a shorter growing cycle;

60% of the stored assimilates were remobilized in the next season (M
= 0.60).

Given that high latitude cultivars have more seasonality with higher
biomass partitioning below ground in late summer/autumn in response
to lower temperatures and shorter daylength (Moot et al., 2012), the
storage fraction (S) at the end of the growing cycle, was chosen as 0.65
for Louvain-La-Neuve and Ottawa, and 0.45 for Isparta. The S values
also reflected the differences among alfalfa cultivars, according to their
Mediterranean or northern origin.

2.3.4. Soil fertility stress

In Ottawa, no N fertilizer was applied (Jing et al., 2020). By running
simulations without soil fertility stress, the maximum attainable total
biomass production (Bmax) in the 3 years of observations was about
double of the observed yields (reported measurements were 47%, 55%,
and 46% of simulated Bmax in the three successive years). In AquaCrop,
soil fertility stress is evaluated through Brel, which is the relative
biomass production with reference to Bmazx, that can be achieved for a
given soil fertility level in the absence of water or any other stress (Van
Gaelen et al., 2014). By calibrating alfalfa with a Brel of 50%, AquaCrop
selects values for the three fertility stress coefficients affecting canopy
development (CC) and the single coefficient affecting WP* , to achieve
the specified Brel. The target crop parameters for the three coefficients
affecting CC are respectively CGC, CCx and a decline of CC after
mid-season. In absence of field data allowing a fine-tuning of the indi-
vidual stress coefficients, the default setting for the 4 stress coefficients
was considered. The default values corresponded to a 40% and 20%
reduction respectively for CCx and CGC, a 0.04%/day decline of CC, and
a stress coefficient which gradually reduced WP* from 15 g/m? at the
start of the season to 7.2 g/m? at the end of the season when the nutrient
reservoir became depleted.

Observed dry-biomass (B) and simulated sum of daily crop transpiration (Tr) normalized for climate (ETo) between 2 harvest events, derived WP* from Eq. 1 and after
normalisation for CO, for the year 2000, for periods where the net transfer of assimilates are likely to be small, and soil water, soil fertility and cold stress are small to

negligible.
Site Period Cut B X (Tr/ETo) derived WP* Transfer of assimilates
2 -
gr/m Eq.1 Normalized
gr/m2 gr/m2
LLN 21/5-23/6/2014 2 583 29.9 19.5 18.2 End mobilization
LLN 24/6-22/7/2014 3 340 23.0 14.8 13.8 Start storage
LLN 20/5-6/7/2016 2 519 47.2 11.0 10.2 Start storage
Isparta 11/5-11/6/2018 2 748 30.6 24.4 22.3 End mobilization
Isparta 12/7-21/7/2018 3 496 39.0 12.7 11.6 Start storage
Isparta 18/5-24/6/2019 2 677 38.8 17.5 15.8 End mobilization
Isparta 25/6-29/7/2019 3 424 36.3 11.7 10.6 Start storage
Average 15
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2.4. Simulation runs

All simulations were run with the common set of parameterized crop
parameters (Table 5). Simulations started in the sowing year for Ottawa
and LLN. Due to the absence of data for the sowing year for Isparta, the
first simulation was one year after sowing.

Since the soil water content at the time of sowing was unknown,
simulations started with bare soil on 1 January well before sowing in
Louvain-La-Neuve and Ottawa. Given the importance of winter rains
relative to the small to negligible ETo, it was assumed that the soil
profile was at Field Capacity (FC) on that day. By keeping track of the
rainfall, soil evaporation and deep percolation on the successive days of
the simulation period, AquaCrop obtained the soil water content at the
specified day of sowing. For Isparta, simulations started on 1 January of
the 1st year after sowing. Given the high ETo and relative low rainfall
during the year (Table 2), only the top 0.60 m of the soil profile was
assumed to be at FC and the rest of the profile at 50% of TAW at the start
of the simulations.

Apart from the sowing years, simulations were run for the 2 (Ottawa
and Isparta) and 3 (LLN) years after sowing and for the 5 different
irrigation strategies in Isparta. Each simulation run stopped at the
generated end of the growing cycle for the considered year (Fig. 3). The
run for the next year, started on the day after the generated end of the
growing cycle of the previous year. The initial soil water content at the
start of a run was given by the soil water content at the end of the
previous run.

To evaluate the simulated above-ground biomass (dry matter) four
statistical indicators were used (the equations are presented in Chapter 4
of the supplementary material): the coefficient of correlation (r?), the
Normalized Root Mean Square Error (nRMSE), the Nash-Sutcliffe model
efficiency coefficient (EF), and the Willmott’s index of agreement (d).

3. Results and discussion

The generated onsets, ends and lengths of the growing cycle for al-
falfa for each of the study sites and simulated years are presented in
Table 8.

The cold tress affecting crop transpiration (and hence biomass pro-
duction) at the start and end of the growing cycle, led to low biomass
production at the start and end of the generated growing period, where
the growing degrees were generally smaller than the minimum required
for full crop transpiration (assessed at 8 °C —day in Table 5). This greatly
reduced the effects of possible errors in the start and end of the growing
cycle. For a representative simulation of the generated growing cycle
(Fig. 4), the relative biomass production (Eq. 1) was only 5% of the total
production in the first 30 days and 3% in the last 30 days of the cycle.
The simulations results would have been hardly affected if the noted
start and end of the cycle was in fact later or earlier.

The simulated and observed cumulative biomass, increasing at each
harvest, for the three study sites, irrigation strategy, and for all years are
presented in Fig. 5. Since cumulative biomass can compensate an over
(under) yield estimate at one harvest by a similar under (over) yield

Sowing year bare soil Growing cycle dormant
@@= Simulation Run 1
1% year after sowing Growing cycle dormant
Simulation Run 2
2" year after sowing dormant
Simulation Run 3 etc. ...
1Jan 31 Dec

Fig. 3. Schematic presentation of the linked simulation runs starting (i) on 1
January for the sowing year and (ii) on the day after the generated end of the
growing cycle of the previous years for the successive years after sowing.
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Table 8
Generated onset, end, and length of the growing cycle.
Site Year after Onset End Length
sowing (days)
Louvain-La- Sowing year 8 May 2013 10 Dec 217
Neuve 2013
Ist 27 Feb 2014 10 Dec 287
2014
2nd 15 Apr 2015 27 Nov 227
2015
3rd 9 Feb 2016 1 Dec 2016 297
Isparta 1st 17 March 12 Dec 271
2018 2018
2nd 8 April 2019 16 Dec 253
2019
Ottawa Sowing year 21 May 2014 31 Oct 164
2014
Ist 1 May 2015 24 Oct 177
2015
2nd 7 May 2016 28 Oct 175
2016
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Fig. 4. Simulated cold stress affecting crop transpiration of alfalfa (bars) and
corresponding relative biomass production (line) in Louvain-La-Neuve in 2014

between the generated onset (27 February) and end (10 December) of the
growing cycle.
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Fig. 5. Observed and simulated cumulative dry above ground biomass,
increasing at each harvest, for alfalfa for all years and irrigation strategies for
Louvain-La-Neuve (triangles), Isparta (circles), and Ottawa (crosses).
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estimate at the next harvest, also the individual simulations for all the 81
harvest events were evaluated (Fig. 6). The statistical evaluation is given
in Table 9.

The statistical evaluation (Table 9) indicates that AquaCrop simu-
lated well the observed yield in the three different environments with a
common set of parametrized crop parameters and a tentatively cali-
brated WP*. The evaluation of the cumulative dry above-ground
biomass (Fig. 5) indicates that the simulated results are good to very
good. The indicators r2, nRMSE and EF indicate a (very) small dispersion
between observed and simulated biomass. The evaluation of the 81 in-
dividual harvests (Fig. 6) still confirms the quality of the model,
although the nRMSE (moderate good) shows that the dispersion is twice
as large then for the cumulative biomass. The high value of the d indi-
cator confirms that there is no systematic over- or underestimation by
the model.

Aquacrop differs from other crop simulation models by its water-
driven growth-engine, in which the daily biomass production (b;) is
made proportional to the amount of water consumed as crop transpi-
ration (Eq. 1) through a normalized water productivity parameter
(WP*). In other alfalfa models, which are carbon or solar driven, growth
is based on carbon assimilation by the photosynthetis, and the key
parameter relating biomass to intercepted radiation is the radiation use
efficiency (RUE). To complete the simulation of biomass production,
other models also consider the maintenance and growth respiration of
the various organs and the partition of the structural biomass amongst
the various plant organs (stem, leafs, roots and storage organs).
Although such calculation scheme is more explanatory than that of
AquaCrop, RUE models require knowledge of an extended number of
variables and input parameters which are not easily available, and much
more familiar to scientists than to end users. In contrast, Aquacrop re-
quires only three extra crop parameters (see Section 2.3.3) to simulate
the transfer of assimilates between the above and the below-ground
parts in alfalfa. Additionally, the transfer of assimilates can be easily
calibrated by altering (i) the storage fraction (S) at the end of the
growing cycle, and/or (ii) the remobilization fraction (M) in the next
season and/or (iii) the storage time. Notwithstanding the huge simpli-
fication of the transfer processes subroutine, the results suggest that
AquaCrop performs as well or even better than other, more complex
models in the simulation of alfalfa yield (Table 10).
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Fig. 6. Observed and simulated dry-biomass yield of alfalfa for each of the 81
indivudal harvest events for Louvain-La-Neuve (triangles), Isparta (circles), and
Ottawa (crosses).
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Table 9

Evaluation of the simulated (i) cumulative above-ground biomass (Fig. 5) and
(ii) the biomass for each of the 81 individual harvest events (Fig. 6), by the
coefficient of correlation (r®), the normalized Root Mean Square Error
(nRMSE), the Nash-Sutcliffe model efficiency coefficient (EF), and the Will-
mott’s index of agreement (d).

Indicator ~ Cumulative biomass (Fig. 5) Biomass of Individual harvest events (
Fig. 6)
Value Evaluation Value Evaluation
r? 0.97 Very good (> 0.90) 0.83 Good (0.80 - 0.89)
nRMSE 11% Good (6 — 15%) 22% Moderate good (16 — 25%)
EF 0.97 Very good (> 0.80)  0.81 Very good (> 0.80)
d 0.99 Very good (> 0.90) 0.95 Very good (> 0.90)

The simulated green canopy cover, the remobilized and stored as-
similates, and the observed and simulated cumulative above-ground
biomass during the growing cycle of alfalfa for all years, irrigation
managements and study sites are presented in Chapter 5 of the supple-
mentary material. As an example, the simulation results for the 2nd year
after sowing for Isparta for the 75% ET irrigated treatment are presented
in Fig. 7. As can be observed in the central plot, the simulated transfer of
assimilates differed from the theoretical functions (Fig. 7: dotted lines),
because the transfer was affected by: (i) cold stress, which was severe at
the start and end of the season; (ii) the frequency of cuttings; and (iii)
soil water deficits. The response of the transfer to stresses and frequency
of cuttings allows AquaCrop to simulate the negative effect of water
stress and/or late cuttings on the amount of stored assimilates at the end
of the season. When the root reserves are too low during the winter
period, insufficient carbohydrates can be remobilized at the start of the
next season to accelerate regrowth.

Fine tuning of the water stress parameters was not possible as suf-
ficient field data was not available. Nevertheless, with the parametrized
set (Table 5), the effect of water stress on alfalfa yield was well simulated
in the water stressed treatments. For the 2nd year after sowing for LLN,
and the 75%, 50% and 25% ET irrigated treatments in Isparta, the
nRMSE remained below 15% (good). Only for the rainfed alfalfa in
Isparta, resulting in very severe water stress, the nRMSE increased to
25% (moderate good) and this only for the 2nd year after sowing. This
moderately good result might be partly linked to the fixed rooting depth
(at 3 m) considered by AquaCrop for all the years after sowing. Since it
has been reported in the literature that the taproot still expands in the
following years and it may ultimately reach a depth of 6.0 m or more in
unrestricted soils (Weaver, 1926; Sun et al., 2008; Undersander et al.,
2011), it is possible that rainfed alfalfa could have drawn stored water
from the winter rains from the soil layers below 3 m. The restricted
rooting depth in AquaCrop to 3 m may therefore be the cause for the
underprediction of biomass production at the beginning of the 2nd year
of rainfed alfalfa (Fig. 5.2 h and 5.2j in the Supplementary Materials).

With the common air temperature criterion for generating the onset
and end of the growing cycle, together with the estimated cold threshold
for transpiration, good to very good estimates of alfalfa yield were ob-
tained, notwithstanding that the criterion and thresholds might differ
for other cultivars and climatic conditions.

In AquaCrop WP* for C3 crops ranges between 15 and 20 g/m>. The
simulation results indicated that with a WP* of 15 g/m? for alfalfa, very
good estimates of yields were obtained. However, the value should be
regarded as a first conservative estimate for alfalfa as it is not known
with certainty that soil fertility was optimal in all sites used in this
calibration. If soil fertility was limiting yields, then one would expect the
value of WP* to be above 15 g/m>.

4. Conclusions

An extension of the AquaCrop model to simulate a perennial crop,
alfalfa, is presented here. The processes of assimilate storage below
ground and the subsequent remobilization to supplement above ground
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Table 10
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Evaluation of the simulations of alfalfa biomass using other crop models, with indication of the coefficient of correlation (r * ), the normalized Root Mean Square Error
(nRMSE), the Nash-Sutcliffe model efficiency coefficient (EF), and the Willmott’s index of agreement (d).

Crop model Application Statistical indicator Reference
r nRMSE EF d
CSM-CROPGRO Northern Spain, - 26% - 0.75 Malik et al. (2018)
-PFM Eastern Canada - 24% - 0.86
APSIM-Lucerne a) Argentine Pampas,and S-E Australia: Ojeda et al. (2016)
Alfalfa biomass 0.59 - 0.53 -
Total annual yields 0.87 - 0.86 -
b) China: Peng et al. (2022)
Alfalfa biomass 0.40 27% -
Total annual yields 0.81 13% -
STICS France: biomass regrowth 0.69 35% 0.65 - Brisson et al. (1998)
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Fig. 7. Simulated green canopy cover (top), the simulated (grey area) transfer
of assimilates (remobilization (positive) and storage (negative)) with indication
(dotted line) of the theoretical (Fig. 1) remobilization (Eq. 6) and storage (Eq.
3) function, and the observed (dots) and simulated (grey area) cumulative dry
above-ground biomass (bottom) during the growing cycle (8 April - 16
December 2019) of alfalfa, for the 2nd year after sowing for the 75% ET irri-
gated treatment in Isparta. Day 1 is 1 January and nRMSE is 1.9%.

growth were simulated in a simple way by multiplying the biomass
water productivity (WP*) with a correction factor greater than one
during the remobilization stage, and smaller than one during the storage
stage. Experimental data from three different environments vastly
different in climate such as Canada, Belgium, and Turkey were used to
calibrate the model. The comparisons between measurements and the
simulations indicated that AquaCrop can well predict the total yield of
alfalfa that can be expected in various climates and environments, with
and without water stress and soil fertility stress, for three different al-
falfa cultivars.
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