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A B S T R A C T

This paper describes the architecture of a process-based model that simulates on a daily time step growth and
development of an olive agroecosystem, including the olive tree and grass cover growth and their competition
for water. The key process of the model is the simulation of daily potential biomass increase for olive tree and
grass cover that may be reduced depending on water availability. The model includes a phenological sub-model
simulating the sequence of olive tree vegetative and reproductive stages for determining changes in biomass
allocation and the timing of possible environmental stresses (heat and water stress) that may reduce final yield.

The model was calibrated and validated in Tuscany region by exploiting a data set covering heterogeneous
climatic features as well as soil types and management practices existing in this region. The results pointed out
that the model is able to faithfully reproduce water balance of the system, biomass accumulation and yield of
olive tree and grass cover biomass. We concluded that this model is a useful prognostic tool to test the effec-
tiveness of management practices for improving economic viability of olive tree cultivation.

1. Introduction

Olive orchards are widespread agricultural systems in the
Mediterranean environments (Vossen, 2007), where they play a sig-
nificant role for local economies (Iraldo et al., 2013; Palese et al., 2013)
and contribute to several ecosystem services (Loumou and Giourga,
2003; Fleskens et al., 2008), including mitigation of carbon emission in
the atmosphere (Nieto et al., 2010; Brilli et al., 2013, 2016, 2018;
Nardino et al., 2013; Lorite et al., 2018). In particular, olive cultivation,
having a limited water requirement, may exploit marginal areas char-
acterised by shallow soil and sloping terrain that would be hardly used
for other crops (Loumou and Giourga, 2003). The conservation of such
agroecosystem is especially important for these areas, where the eco-
nomic viability of olive tree cultivation is already threatened by highly
fragmented private properties and the lack of appropriate management
practices that result into high production cost and lower yield (Duarte
et al., 2008).

In this context, crop-modelling approach is a useful tool that pro-
vides growers with reliable information on crop status during the
season, which may help in decision-making process for the application
of proper management practices. Further, these tools may help land

managers to explore the suitability of olive tree cultivation in a future
climate (Morales et al., 2016), where olive tree is expected to suffer
higher temperatures and summer drought (Moriondo et al., 2008, 2013;
Ferrise et al., 2013; Ponti et al., 2014; Brilli et al., 2018; Lorite et al.,
2018).

In this paper, we present a new olive grove model, based on process-
based algorithms, designed to simulate olive tree phenology, biomass
accumulation and yield considering water competition with ground
cover and the impact environmental stresses on yield. The model was
developed bearing in mind that process-based models developed so far
for olive tree require in many cases the calibration of multiple para-
meters and need many input variables to provide reliable results (e.g.
López-Bernal et al., 2018; see the review in Moriondo et al., 2015 for a
more comprehensive analysis of modelling approaches). These major
requirements for input data and parameters make the approach not
readily applicable on a local scale either for monitoring the current
growing season or on a regional scale for planning strategies (Challinor
et al., 2004; Soltani and Sinclair, 2011). The development of simplified
models that require fewer input variables and parameters (e.g.
Villalobos et al., 2006; Maselli et al., 2012; Lorite et al., 2018), would
therefore a desirable target to extend the application of crop models to
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areas where such a detailed information is missing. As drawback, the
application of these models may be limited to the range of their cali-
bration dataset (Monteith, 1996).

With these premises, we developed a model with a limited re-
quirement for input data and parameters. The performances of the
model were tested across sites having contrasting climates, soils,
planting density and management practices, to ensure its applicability
in conditions different from those of calibration area. The validation
tests considered two strategies: i) the model was tested against data
from experimental plots, where the variables requested to run the
model and growth processes were locally measured; ii) the model was
applied for assessing final yield on at farm scale, where input variables
were available on a coarser resolution from spatial databases.

Aiming at provide a tool for optimizing crop management strategies
(Fernández et al., 2008), the results are discussed emphasizing the
compromise between the simple structure of the model and its effec-
tiveness in reproducing different plant processes across different man-
agement practices and a gradient of Mediterranean climates.

2. Materials and methods

2.1. Model description

The model simulates growth and development of the olive agroe-
cosystem on a daily time step, which includes the simulation of olive
tree and grass cover growth and their competition for water (Fig. 1). A
phenological sub-model simulates the sequence of olive tree vegetative

and reproductive stages for determining changes in biomass allocation.
Final yield is calculated at the end of growing season as a fraction of
total olive tree biomass accumulation (harvest index, HI) that may be
reduced from its potential value by both heat and water stress.

2.1.1. Olive tree phenology model
Bud break and flowering phases were simulated through two

modelling approaches. Building on the results in López-Bernal et al.
(2017), demonstrating olive tree apical buds undergo an easily-re-
versible dormant state in winter as driven by warm temperature, the
onset of bud break is simulated considering forcing temperatures cal-
culated as growing degree hours accumulation (GDH) above a base
temperature (tb) from the 1st of January until a required accumulation
(Eq. (1)).

∑= −GDH Tavg h tb( ) (1)

where GDH is the growing degree hour accumulation above tb using
hourly average temperature (Tavg(h)). The starts of dormancy state of the
buds (i.e. the stop of the growing phase) is assumed to be triggered
when average daily temperatures are stably below the tb.

Considering that the occurrence of flowering stage is dependent on
both endogenous factors, regulating the release from endo-dormancy
period, and exogenous factors, determining the release from eco-dor-
mancy period (Sarvas, 1974), we adopted the UniChill model proposed
by Chuine (2000). In this model, the duration of endo-dormancy period
is dependent on chill units, calculated according to Eq. (2), that are
cumulated from the end of summer until the chilling requirement is

Fig. 1. Flow diagram of the model including the simulation of olive tree and grass cover growth and development.
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reached (Ccrit). The duration of eco-dormancy period is dependent on
forcing units, calculated according to Eq. (3), cumulated from the end
of endo-dormancy to flowering stage (FcritFlo). September 1st was se-
lected as initial date for chilling accumulation as in temperate zones
chill temperatures do not occur before this time (Chuine et al., 1999).

Chilling and forcing units (CU and FU) are calculated as:

=
+ ⋅ − + ⋅ −

Chilling Units
e

1
1 a T c b T c( ) ( )avg avg

2 (2)

=
+ ⋅ −Forcing Units

e
1

1 d T e( )avg (3)

where Tavg is the daily average temperature, a, b, c, d and e are the curve
shape parameters that define the rate of CU and FU in response to
temperature.

2.1.2. Potential dry matter accumulation
A model was developed and tested to simulate daily biomass ac-

cumulation of an olive agroecosystem, which includes the simulation of
olive tree (ot) and grass cover (gr) growth and their competition for
water. The key process of the model is the simulation of daily potential
biomass increase (dry matter [DM], g m−2) for both layers as depen-
dent on the relevant intercepted (Int, %) daily photosynthetic active
radiation (Rad, MJm−2), and radiation use efficiency (RUE, g MJ−1).
Accordingly:

= ⋅ ⋅DM Int Rad RUEi i i (4)

where the sub-index i refers to either olive trees (ot) or grass (gr).
Intercepted radiation of olive tree (IntOT) was calculated according

the model proposed by Testi et al. (2006) and applied in Villalobos et al.
(2006):

= − − ′⋅Int k v1 exp(1 )OT (5)

where v is the canopy volume for unit area (m3m−2) and k′ is the ex-
tinction coefficient calculated as:

′ = + × − ⋅ − ×k PlantD LAD0.52 0.000788 0.76 exp( 1.25 ) (6)

where LAD is Leaf Area Density (m2m−3) and PlantD is the number of
plants per hectare.

At the beginning of the growing season, initial LAI of olive tree is
calculated as:

= ⋅ ⋅ −LAI Vol LAD PlantAini
1 (7)

where Vol (m3) is the volume of the crown of olive tree calculated as the
volume of an ellipsoid and PlantA is plant spacing (i.e. inter-
row× intra-row distances, m2).

On each daily time step, the potential increase of olive tree LAI
(LAIinc) is calculated as the product of daily assimilated DM, a leaf
partition coefficient (PClf, rate) and specific leaf area (SLA, m2 g−1).
Accordingly:

= ⋅ ⋅⋅LAI DM PC SLAinc lf pot (8)

PClf·pot changes dynamically during the season depending on phe-
nological stage accounting for the fact that before anthesis biomass is
allocated only for vegetative biomass while after anthesis yield has
highest priority for carbon allocation (Mariscal et al., 2000, details in
Section 2.2.2). The effect of alternate bearing on source/sink relation-
ships is also accounted for by considering that in over-cropping years
vegetative growth is reduced and vice versa (Lavee, 2007) (Section 2.1.4
for details).

Cumulated LAI is then used to update the canopy volume for unit
area (v) daily as used in Eq. (5) and calculated as:

= ⋅ −v LAI LAD 1 (9)

Considering that the typical life span of olive tree leaves is two-year
(Morales et al., 2016), leaves senescence is calculated as:

=
−

−Sen
YLAI

DOY DOYleaf
y

end ini

( 2)

(10)

where YLAI is the LAI produced two years before and DOYend and DOYini

are the days when senescence ends and begins, assumed between DOY
365 and 1 (Morales et al., 2016).

Total dry matter cumulated from January 1st to harvest time is
converted into final yield, using a fixed ratio between final yield (Y) and
total dry matter (potential harvest index, HI.pot, %). Accordingly:

∑= ×
=

=

Y HI pot DM.
DOY

DOY harvest time

1 (11)

In unstressed conditions HI.pot has an initial value of 0.35
(Villalobos et al., 2006) that may be decreased by unfavorable me-
teorological events occurring at flowering and fruit set or affected by
alternate bearing (see Section 2.1.4 for details).

The fraction of radiation penetrating olive tree canopy (1− Intot, %)
is available for grass growth and the relevant intercepted radiation is
calculated as:

= − − ⋅ ⋅ −Int k LAI Int1 exp( ) (1 )GR OT (12)

where k is the extinction coefficient and LAI is grass cover leaf area
index.

LAI growth for grass was modelled according to the approach pro-
posed by Celette et al. (2010) for simulating water balance of an in-
tercropped vineyard (WaLIS model). Accordingly, daily potential LAI
increase of grass cover (LAIgr) is calculated as the difference between
the daily LAI increase (GLAId) and daily LAI senescence (SLAId):

= −LAI GLAI SLAIgr d d (13)

In not stressed conditions, GLAId is dependent on LAI growth rate of
grass cover (LAI-rate, m2m−2 day−1) and Ft (unit less) that is calculated
as a quadratic function of temperature, ranging between 0 (at 0 °C) and
1 (at 18 °C):

= ⋅GLAI LAI Ftd rate (14)

The fraction of LAI produced each day (GLAId) is initialized with zero
degree-days, and the thermal time during the life of this fraction is
calculated daily as DDA included between 0 and 18 °C. When the cu-
mulated thermal time of any given fraction of LAI reaches the thermal
time threshold set by the leaf duration crop input parameter (700 °C
DDA), this fraction is assumed to be senescent and it is subtracted from
the total LAI.

Under not limiting moisture conditions, DM calculated for both
olive tree and grass cover is converted into relevant transpired water
(TrOT, TrGR, mmm−2 d−1), according to the relationship between bio-
mass production and crop transpiration (Tanner and Sinclair, 1983;
Sinclair et al., 1984): Accordingly:

= ⋅ −Tr DM TEi i i
1 (15)

where Tr is daily crop transpiration and TE is transpiration efficiency
defined by:

=TE Kd
VPDi

i
(16)

where VPD is daily water pressure deficit (kPa) and Kd (Pa) is a species
dependent coefficient (transpiration efficiency coefficient).

Considering that in Eq. (16) VPD is in kPa and Kd is in Pa, the
conversion of biomass into transpiration unit results from gm−2 day−1

to kg (or mm) day−1. The sub-index i refer to either olive trees (ot) or
grass (gr).

2.1.3. Water balance and impact of water stress on potential growth
In order to consider the specific characteristics of a typical olive

grove, which includes olive trees and grass cover, we defined a sim-
plified soil system with two different overlaid soil layers as delimited by
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root system depth of these plants. The first is between soil surface and
root depth of grasses, the second between root depth of grasses and
maximum depth of olive tree roots.

Each layer is defined by its water content availability (WCA, i.e., the
water included between field capacity and wilting point [m3m−3]) and
total transpirable soil water (TTSW, mm) (i.e., WCA× layer depth
[mm]).

Accordingly, total transpirable soil water over the entire profile:

= +TTSW TTSW TTSW1 2 (17)

Soil water balance is tracked for each layer of the soil profile. A
cascade model interconnects the two layers so that, if the amount of
water entering the first layer exceeds its field capacity, the remaining
water enters the layer below. Assuming no surface runoff, available soil
water for each layer (ATSW, mm) depends on its value from the pre-
vious day as refilled by precipitation (Rain, mm) or irrigation (Ir, mm),
and depleted by evaporation from soil surface (SEVP, mm) and olive
tree and grass transpiration (TrOT, TrGR). Given that grasses and olive
tree root systems explore different soil depths and compete for water
only in layer 1, ATSW in this layer was calculated on a day d as:

= + +−ATSW ATSW Rain Ird1 1( 1) (18)

If the ATSW1 exceeds TTSW1, then the excess water enters layer 2.
Accordingly:

= + −−ATSW ATSW ATSW TTSW( )d2 2( 1) 1 1 (19)

On the evidence that a stable response function exists between plant
gas exchange and extractable soil water content (Sinclair et al., 1998),
we used the ratio between the actual water content ATSW and TTSW
(i.e., fraction of transpirable soil water, FTSW) as index to rescale po-
tential transpiration for olive trees and grass cover to its actual value.
Similarly, a stable response function exists between leaf area develop-
ment and soil water content (Bindi et al., 2005), and the same FTSW
can be used to rescale leaf area growth from its potential value.

FTSW for layer 1 is calculated as:

=FTSW ATSW
TTSW1

1

1 (20)

while FTSW over the entire profile (layer 1+ layer 2) is calculated as:

= +
+

FTSW ATSW ATSW
TTSW TTSW

_1 2
1 2

1 2 (21)

FTSW affects transpiration and leaf area growth of both olive tree and
grass cover according to the general equation as proposed in Sinclair
(1986) and Bindi et al. (2005) (SI_1):

=
+ ⋅ − ⋅RelTr RelLAI

a e
( ) 1

1 b FTSW( ) (22)

where RelTr (RelLAI) is the fraction of actual to potential transpiration
(leaf area growth) and ranges from 1, when FTSW is not yet limiting
potential transpiration (leaf area growth), to 0 where FTSW completely
inhibits transpiration (leaf area growth) and a and b are empirical
parameters shaping the response of RelTr and RedLAI to FTSW. RelTr
and RedLAI are dependent on FTSW1–2 for olive tree and on FTSW1 for
grass cover.

Accordingly, transpiration of olive tree and grass cover are rescaled
from the relevant potential value Tr defined in Eq. (15) to their actual
value ATr (mmm−2 d−1):

= ⋅ATr Tr Re lTri i i (23)

The same approach is used to reduce potential leaf area growth of
olive tree (LAIinc) and grass cover (GLAId). When soil water is not able
to sustain leaf area growth at its potential rate, LAIinc of olive tree is
rescaled to its actual value (ALAIinc) using the relationship between
FTSW and leaf area growth (RelLAI):

= ⋅ALAI LAI Re lLAIinc inc ot (24)

For grass cover, GLAId is rescaled to its actual value (AGLAId) ac-
cording to:

= ⋅AGLAI GLAI WICd d (25)

⎜ ⎟⎜ ⎟= ⎛
⎝

⎛
⎝

⎞
⎠

⎞
⎠

WIC FTSW
FTSW

max 0, min 1,
thrLAI

1

(26)

where FTSWthrLAI is water stress threshold for reducing growth of leaf
area.

For olive tree, the model accounts for the increase in TE in response
to water stress conditions (Villalobos et al., 2012). A linear function was
applied to modify TE when stomatal opening starts to be affected by
water stress (Fig. 5 in SI_2). This function was calibrated using the
experimental data reported in Villalobos et al. (2012) by considering
the relative increase in transpiration efficiency (RelTE) as function of
RelTr:

= − ⋅ +RelTE RelTr0.74 1.74 (27)

Because of reduced transpiration and increased TE, DM of olive tree
is rescaled to its actual value (ADM):

= ⋅ ⋅ADM DM RelTr RelTEot ot ot (28)

For grass cover, we considered a fixed TE and therefore actual dry
matter is calculated as:

= ⋅ADM DM RelTrgr gr gr (29)

Finally, at the end of day n, ATSW1 and ATSW2 are updated con-
sidering olive tree and grass cover transpiration and soil evaporation
SEVP.

= − + ⋅ +ATSW ATSW ATr ATr sf SVEP[ ( 1) ]GR OT1 1 (30)

= − ⋅ATSW ATSW ATr sf( 2)OT2 2 (31)

where sf1 and sf2 are scalar factors to account for olive tree tran-
spiration over the entire soil profile that is proportionally partitioned
between layer 1 (sf1= thickness of layer 1/maximum rooting depth)
and layer 2 (sf2= thickness of layer 2/maximum rooting depth).

Potential SEVP is calculated as evaporation from a wet soil surface
using a simplified Penman equation (Soltani and Sinclair, 2012), where
driving variables are vapor pressure curve versus mean temperature
(DELT), incident daily solar radiation (SRAD), and soil albedo (SALB).
SRAD is discounted to account for the interception of radiation by the
plants canopy (olive tree+ grass). This potential value is calculated for
a rainfall event greater than 10mm. If FTSW over the entire profile is
lower than 0.5, potential SEVP is rescaled as a function of the square
root of time since the start of the dry spell (DYSE, number of days)
(Soltani and Sinclair, 2012).

= × − × − ×
+

SEVPpot SRAD SALB INT.tot DELT
DELT

(1 ) (1 )
0.68 (32)

⎟⎜ ⎟= ⎛
⎝

−
+

⎞
⎠

× ⎛
⎝ +

⎞
⎠

⎞
⎠

DELT EXP
TMP TMP

21.255 5304
273

5304
((273 )2) (33)

= × + −SEVP SEVP DYSE DYSE[( 1) )]1/2 1/2 (34)

2.1.4. Simulation of environmental stresses, harvest index and alternate
bearing

The model considers both water and heat stresses occurring at an-
thesis as reducing factors of HI.pot using a linear function that describes
the decrease of yield as dependent on the intensity of these events.

The results of Moriana et al. (2003) and Rapoport et al. (2012) were
used to identify the cardinal values of this function for water stress,
corresponding to FTSW below which water stress starts to affect final
yield (FTSWo), and FTSW corresponding to yield= 0 (FTSWm).

Following the results reported in these papers, the average FTSW
calculated at anthesis (FTSWant) was used to linearly rescale HI.pot
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from its unstressed value (0.35) to its actual value (HIws) when
FTSWant < FTSWo:

= × ⎛
⎝

− −
−

⎞
⎠

HIws HI.pot FTSWo FTSWant
FTSWo FTSWm

1 ( )
(35)

where FTSWo is 0.4 and FTSWm corresponding to HIws=0 (Fig. 6 in
SI_2).

A similar approach was used to account for the impact of maximum
temperatures at anthesis that were reported to affect pollination and
fruit set for values higher than 30 °C (TMAXo) (Rapoport, 2014;
Benlloch-González et al., 2018). Accordingly, in the model, average
Tmax around anthesis (TMAXant) was used to decrease linearly HI from
its potential value to its actual value for TMAXant > 30 °C. The results
from Koubouris et al. (2009) were used to parametrize the maximum
temperature corresponding to HI= 0 (TMaxm=40 °C). Accordingly,
when TMaxant > TMaxo.

⎜ ⎟= × ⎛
⎝

− −
−

⎞
⎠

HIhs HI.pot TMAXant TMAXo
TMAXm TMAXo

1 ( )
( ) (36)

Finally, the actual HI (HIa) is calculated by considering as additive
the effect of HIws and HIhs.

The model simulates alternate bearing, where a poor fruiting oc-
curring on a year n results into over-cropping and reduced vegetative
growth during the year n+1 (Lavee, 2007). To account for this effect,
we introduced in the model a function to account for increased pro-
duction in the year n+1 following a reduced production (HIa < 0.35)
in year n. Accordingly the new HI.pot is increased by:

= + −HI.pot HIa0.35 (0.35 ) (37)

While to account for reduced vegetative growth, partition coeffi-
cient to leaves (PClf) is decreased by:

= × − −PClf PClf.pot HIa[1 (0.35 )] (38)

The new HI.potmay be subjected the same to stress at anthesis in the
following year according to Eqs. (35) and (36).

To account for the continuation of biannual trend on olive yield and
vegetative biomass over a period, when HIa > 0.35 :

= − −HI.pot HIa0.35 ( 0.35) (39)

= × + −PClf PClf.pot HIa[1 ( 0.35)] (40)

According to the structure of the model, heat and water stresses at
anthesis, unbalancing vegetative growth and fruit production, may
trigger the beginning of alternate bearing or modify the current trend.
These sub models, and their interaction, were tested over sites 6–12
that recorded a longer series of yield data providing a better benchmark
to assess the alternate bearing trend. Yield records for each site were
previously inspected to assess the degree of alternate bearing using
Alternate Bearing Index (Pearce and Dobersek-Urbanc, 1967), calcu-
lated as follows:

∑ ⎜ ⎟=
−

⎛
⎝

−
+

⎞
⎠=

−
+

+
ABI

n
Y Y
Y Y

1
1

| |

i

n
i i

i i1

1
1

1 (41)

where Yi is olive fruit yield of year i and n is the number of years
considered. ABI=0 corresponds to no alternate bearing while 1 cor-
responds to total alternate bearing. Assuming ABI > 0.3 as a threshold
to define an alternate bearing trend, for each site above this threshold,
in the first year of simulation, we set an HIa so that simulated final yield
on that year matches relevant observed yield. After that, the model
keeps on simulating yield considering the alternate bearing trend in-
duced on the first year of the time series, where the additional impact of
stresses at anthesis may reduce or enhance this trend. As an example,
the implementation of this model on final yield is shown for a case
study in Fig. 7 in SI_2.

2.2. Model calibration and validation strategy

2.2.1. Phenology model
GDH requirement for bud break and the relevant tb were calibrated

using the average bud break dates recorded in two sites having a con-
trasting climate. Specifically, Follonica (warm site, 2007–2010, site C in
Table 1 and Fig. 1 of SI_2) and Montepaldi (Mancuso et al., 2002) (cold
site, 1996–1999, site B in Table 1 and Fig. 1 of SI_2) were selected since
they exhibit a relative advance (DOY 80) and delay (DOY 103) in the
occurrence of the stage. Since bud-break dates were available for both
sites as an average value over the relevant study period, the meteor-
ological dataset for calibration was obtained using an average year that
was calculated by averaging, day by day, the daily minimum and
maximum temperature over the period of observation (Montepaldi:
1996–1999, Follonica: 2007–2010). tb for GDH accumulation was cal-
culated as the threshold providing the lowest difference in GDH amount
calculated form 1st of January to observed dates of the stage in the
sites.

The model for flowering was calibrated on four different sites,
Florence (1993–2008), Prato (1992–1998), Lido di Camaiore
(2001–2017) and Grosseto (2013–2017) (sites A, D, F, E in Table 1 of
SI_2), using diagrams of olive tree aerial pollen concentration as proxy
of the event (e.g. Moriondo et al., 2001; Orlandi et al., 2013). The
pollen diagrams were previously inspected to detect possible inter-
ferences from other cultivated areas, which may lead to uncertainties in
the identification of the anthesis stage. In general, the pollen con-
centration diagrams exhibited for all sites a single pollination period
along the season that lasts in average 7 days with a clear peak of
concentration. This made easy the identification of the anthesis oc-
currence recorded as the day of peak event.

Considering that in Tuscany Moraiolo and Frantoio represents more
than 70% of varieties generally grown in the region (Cantini et al.,
1999), we assumed these varieties as representative for all sites. Owing
the fact that the anthesis of these varieties shows a good synchronicity
(Mancuso et al., 2002), these were considered as a single variety and
the datasets relevant to each site were therefore pooled together for
calibration and validation.

Specifically, the optimization of parameters of Unichill model (a, b,
c, d, e in Eqs. (2) and (3)) was performed by using the simulated an-
nealing algorithm (Metropolis et al., 1953) implemented in Phenology
Modelling Platform (PMP) version 5.5 (www.cefe.cnrs.fr). The dataset
was previously split into a training set for the calibration, accounting
for 80% of available data, while the remaining 20% of data were used
for validation. The model parameters were fitted in a range as indicated
in PMP program. Specifically, a varied in the range from 10−4 to 10, b
from -30 to 15, c from −30 to 30, d from −40 to 0 and e from −30 to
30.

2.2.2. Growth model
The literature was surveyed and used to parametrize the growth

model. RUE in not limiting water conditions for olive trees was ob-
tained by Villalobos et al. (2012) (0.98 g dry matter MJ−1). The re-
lationships between FTSW and olive tree transpiration and leaf area
(Eq. (22)) were obtained from a specific experiment conducted on pot-
grown olive trees (see SI_1). Specifically, for olive tree, a=6.17 and
b=13.45 for RelTr and a=78.24 and b=21.42 for RelLAI.

RUE of grass cover, which is represented by a typical forage mixture
of species including grasses and legumes (Argenti et al., 2012), was set
to 2.2 g MJ (Bélanger et al., 1992; Duru et al., 1995; Soltani and
Sinclair, 2012). For grass cover, a and b parameters for RelTr were
obtained from Schoppach and Sadok (2012) by assuming grass cover
behaving like wheat crop to water stress. Owing to the fact that natural
grass vegetation is highly adapted to the Mediterranean environment,
we selected the most tolerant variety as representative of the drought-
adapted natural grasses in the grove. Specifically, in Eq. (21), a=15.17
and b=11.45 for RelTr, the same parameters were assumed for RelLAI.
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Dry matter partitioning coefficients to leaves (PClf.pot) in olive
trees before anthesis was set to 25% of daily assimilation (Mariscal
et al., 2000), while after anthesis it was reduced to 9% to account for
the lowest priority in carbon allocation (Morales et al., 2016). The
potential proportion of final yield to total dry matter (potential harvest
index, HI.pot) was obtained by Villalobos et al. (2006) for not-limiting
water conditions (0.35). These coefficients were rescaled from the re-
ported values in consideration that partitioning to roots, which was not
included in the original measurements, accounts for 30% of total pro-
duced biomass (Nardino et al., 2013). Specific leaf area was set at

0.0042m2 g−1 (Villalobos et al., 2006).
Three parameters were calibrated, namely Kd for olive trees and

grass and LAI-rate for grass using olive grove NPP measured in site 1
(Fig. 2, Table 1); in this olive grove, fluxes of carbon dioxide (CO2),
water vapor (H2O), sensible heat (H) and latent heat (LE) between the
biosphere and the atmosphere where monitored from 2010 to 2012.
Gap-filling and flux partitioning were applied according to the
Reichstein et al. (2005) procedure, providing a continuous record of net
ecosystem exchange (NEE, g Cm−2 d−1), gross primary production
(GPP, g Cm−2 d−1) and ecosystem respiration (Reco, g Cm−2 d−1).

Fig. 2. Experimental sites distribution in Tuscany region and bio-climate classification of olive tree cultivated area in Italy. The bio-climate map is a modified from
Rivas-Martınez et al. (2004), olive grove distribution and the limits of olive tree cultivation were obtained from Corine Land Cover and Moriondo et al. (2008).
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GPP was firstly transformed in dry matter considering the carbon/dry
matter ratio (0.49), which was then converted in net primary produc-
tion (NPP) using a fixed NPP/GPP ratio (0.4). This value was derived
from observed data obtained by Nardino et al. (2013) in an olive grove
(∼0.4) that is in accordance to the value obtained for shrubs evergreen
in Zhang et al. (2008).

The calibration was performed in 2010 by minimizing the root
mean square error (RMSE) between NPP observed and simulated in
2010. Kd for olive trees and grass were iteratively tested in a range from
3 to 10 Pa (step 0.25) and LAI-rate for grass in a range from 0 to 0.1
(step 0.05). For each iteration, daily-simulated NPP, cumulated per ten
days, was compared to relevant observed data and the coefficients
minimizing the RMSE were selected.

The calibrated model was then applied to simulate NPP in 2011 and
2012 in the same site (see SI_MAT_MET for details).

The calibrated model was further tested to assess its performances in
simulating specific processes of olive tree, grass cover growth and final
yield. In site 2 and site 4 (Fig. 2, Table 1), the model was tested in
simulating soil water dynamics and transpiration. In site 3 (Fig. 2,
Table 1), the model was tested in simulating LAI increase, total olive
tree biomass accumulation and final yield of olive trees under different
irrigation treatments (full irrigation, 50% deficit irrigation and com-
plementary irrigation) from 2008 to 2010. In the same site, the model
was tested in 2012 for total olive tree biomass accumulation, final yield
and grass cover total biomass using the data reported in Scandellari
et al. (2016). In site 5 (Fig. 2, Table 1), the grass cover model was tested
against daily growth rate of a typical Mediterranean mixed grass in
1994. In sites 6–13 the model was applied to simulate final yield on a
farm level, in areas showing different elevations, climate, soils and
planting density (Fig. 2, Table 1). Additional description of the sites and
further details of the experiments may be found SI_MAT_MET.

Root mean square error (RMSE, Eq. (1) in SI_MAT_MET), Relative
Root Mean Square Error (RRMSE, Eq. (2) in SI_MAT_MET), correlation
coefficient r, Mean Bias and Absolute errors (MBE, MAE Eqs. (3) and (4)
in SI_MAT_MET) were used as goodness of fit indicators.

We used Latin hypercube sample (LHS) method to explore the be-
havior of the model in response to a specific variation of its parameters
or input values, using 1999 at site 1 as test case, considered as an
average year of the area. Specifically, LHS is a regression approach that
measures how strong the linear association is between the model output
and each input parameter, while controlling the effect of the other
factors (partial rank correlation coefficient, PRCC) (Confalonieri et al.,
2010).

We tested the model sensitivity in terms of total yearly cumulated
biomass of grass and olive trees to changes in physiological parameters
(RUE, Kd, LAI rate, RelTE), a and b coefficients shaping the response of
olive transpiration and leaf area growth to water stress, grove archi-
tecture (inter-row and intra-row distances and crown dimensions), soil
parameters (root depth and AWC). Assuming that the default value of
each parameter is the average of a population normally distributed, the
value of each parameter was tested over the relevant population as
defined by a fixed standard deviation (10% of default value).

The results are shown in terms of PRCC between a parameter or
variable and the total biomass accumulation of olive tree and grass
cover.

3. Results

3.1. Phenology model

The calibration of bud break model evidenced that the advancement
in the occurrence of the stage in the warmer site (Follonica) with re-
spect to the cooler one (Montepaldi) (23 days) was well simulated cu-
mulating 3420 GDH from 1st of January with tb= 8.5 °C.

The Unichill model calibrated for flowering well simulated differ-
ences in the occurrence of this stage between sites, where GrossetoTa
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showed a general advance of anthesis (average observed DOY=147
versus average simulated DOY=147) with respect to Lido (152 versus
151), Florence (152 versus 152) and Prato (156 versus 155). The model
further accounts for a good simulation of the inter-annual variability
with an RMSE=3dd and RRMSE=15% yielded in the calibration
dataset and RMSE=3.8dd RRMSE=22% in the validation (Fig. 2 in
SI_2).

The model calibration evidenced that 185 CU are requested to fulfill
chill requirements for endo-dormancy period (Ccrit), where CU are
cumulated for daily average temperatures lower than 9 °C. The cumu-
lated forcing units requested for anthesis (FcritFlo) were 80 FU, where
FU are effective for average temperatures higher than 8.5 °C.

3.2. Growth model

According to the optimization procedure, LAI-rate, Kd for olive trees
and grass were set to the values minimizing the relevant RMSE, which
corresponded to 0.025 d−1, 6.5 Pa and 5 Pa (Fig. 4 SI_2). Under this
configuration, the relationship between observed and simulated data in
2010, cumulated per ten-days, yielded a RMSE=7.6 gm−2 with an
RRMSE=17% and r=0.81 (Table 3). On a yearly basis, the model
underestimated cumulated olive grove biomass (751 gm−2) with re-
spect to what observed (818 gm−2).

The calibrated version of the model faithfully reproduced the sea-
sonal trend of NPP when applied in the same grove in 2011 and 2012
(Fig. 3b and c). In particular, the model satisfactorily simulated NPP in
the validation datasets by detecting the effect of prolonged drought
periods that occurred in both years, which reduced the observed as-
similation rate of the grove with respect to 2010. Cumulated rainfall in
2011 and 2012, in fact, was 54% and 71% with respect to 2010
(697mm), in the period included between January 1st and the harvest
date (DOY 330). The lower rainfall, especially during the soil water
recharge period (winter), resulted in a reduced biomass accumulation
observed in both years with respect to 2010 with a total cumulated NPP
of 642 in 2011 and 583 gm−2 in 2012. The model correctly simulated
this trend, with a very good performance. In 2011, on a ten-days basis,
the correlation between simulated and observed data yielded an
r=0.85 with an RMSE=6.8 gm−2 and RRMSE=23%. On a yearly
basis, the simulated olive grove cumulated NPP (709 gm−2) was
slightly overestimated with respect to the observed one (642 gm−2).

In 2012, the daily trend of NPP was well captured by the model
(Fig. 3c), with two main peaks detected in early and late spring, were
the output of the simulation over the season resulted as overestimated
(649 gm−2) with respect to observed data (583 gm−2). On a ten-day
basis the performances were in line with results of previous years, with
an r=0.82, RMSE=5.6 gm−2 and RRMSE=17% (Table 3).

The calibrated model was further tested to evaluate its perfor-
mances in simulating olive tree transpiration, water balance, grass
cover and olive tree biomass accumulation and final yield.

The model faithfully simulated the seasonal trend of transpiration
rate in site 2 in 2012 and 2013 (Fig. 4). The model correctly simulated
the depressing effect of drought stress at the end of the growing season
in 2012, the increasing trend of transpiration observed in 2013 at the
start of growing season due to abundant rainfall (from DOY 100 to
122), and the progressive effect of drought in summer. It should be
noticed that the model in some cases tends to underestimate periods
with a lower evaporative demand as those occurring during consecutive
rainy days (from DOY 121 to 151). On a daily basis, the simulation
yielded correlation coefficient of 0.86 with an RMSE of 0.43mm and
RRMSE=15% (Table 3). The good results in the simulation of tran-
spiration was associated to the satisfactory simulation of the daily
course of FTSW in the same site in 2013, in the top layer (0–30 cm,
r=0.94, RMSE=7.7%, RRMSE=7.7%) and over the entire soil layer
explored by roots (r=0.95, RMSE=11%, RRMSE=11%) (Table 3)
(Fig. 5a and b).

Similar performances were observed in site 4 (Fig. 6a and b), where

FTSW was satisfactory simulated with an underestimation over the top
layer (r=0.91, RMSE=10%, RRMSE=10%) and a slight over-
estimation when considering the entire soil profile (r=0.94,
RMSE=6.5%, RRMSE=6.5%) (Table 3).

The results indicated the overall good performances of the model in
simulating total olive tree biomass accumulation, yield and LAI in site 3
under three different irrigation treatments (2008, 2009, 2010 and
2012) (Fig. 7a–c). Overall, when pooling together the outputs for site 1
and site 3 (Fig. 7a and b), the simulation of biomass accumulation
yielded r=0.92, RMSE=1.2Mg ha−1 and RRMSE=10%, while final
yield resulted in r=0.95, RMSE=0.58Mg ha−1 and RRMSE=11%
(Table 3). The model correctly detected the yearly LAI increments re-
corded over the period 2008–2010 in site 3 with r=0.9, RMSE=0.07
and RRMSE=17%, (Fig. 7c, Table 3).

When applied over farm sites, the model, accounting for the effect of
alternate bearing and environmental stresses at anthesis, satisfactorily
simulated inter annual yield variability (Fig. 7d), showing r=0.77 and
RMSE=0.41MgDM ha−1 and RRMSE=18% (Table 3).

In site 5, the grass cover model captured the observed trend of grass
growth rate with a main peak in early spring, and a secondary one in
autumn, even though in advance with respect to observed data (Fig. 8).
Overall, the model provided good performances in terms of r (0.96),
RMSE (5.6 kg ha−1 day−1) and RRMSE (11%). Further, in site 3 the
model correctly simulated the biomass partitioning between olive and
grass biomass in 2012, where yearly grass cover growth yielded 25% of
total olive grove NPP versus 28% really observed in the field (Nardino
et al., 2013).

3.3. Sensitivity analysis

The PRCC obtained via LHS indicated that in the model olive and
grass biomass accumulation is highly sensitive to the relevant inter-
cepted radiation and RUE parameters (Fig. 9). Olive dimensions (ra-
dius) ranked the first in PRCC analysis for the accumulation of olive tree
biomass (Fig. 9a), showing the highest degree of association with olive
tree biomass (0.9). Olive tree spacing follows (inter-row and intra-row)
with a negative correlation (−0.84) and RUE with 0.79. LAI growth
rate ranked the first for grass growth (0.94), followed by grass RUE
(0.81) (Fig. 9b).

PRCC analysis highlighted that there is a clear interaction between
the considered agro-ecosystem elements. Decrease in plant spacing of
olive tree and larger crown dimensions, while increase biomass accu-
mulation of olive tree, reduce the accumulation of grass cover due to
the effect of increasing shading by trees as shown by a negative PRCC
between grass growth and radius (−0.62) and a positive one with inter-
row (0.61) and intra-row (0.45) (Fig. 9b). On the other hand, LAI rate
that is the parameter most influencing grass biomass accumulation
showed a negative, though low, interaction with olive biomass accu-
mulation that is reduced in response to increased LAI growth rate and
then to increased competition for water (−0.23) (Fig. 9a).

TE of both olive trees and grass cover were positively related to the
relevant biomass accumulation (0.23 and 0.32), and the increasing TE
in response to water stress (RelTE) is positively related to olive tree
biomass, thought this effect is low (0.18) (Fig. 9a). Olive biomass is
positively related to soil AWC (0.6) and root depth (0.47) (Fig. 9a)
while grass growth is almost insensitive to AWC (0.07) and positively
correlated to the explored soil depth (0.37) (Fig. 9b), where the nega-
tive impact of increasing grass rooting depth on olive tree biomass
(−0.18) further emphasizes the effect of the competition for water.

Parameters influencing the response of transpiration and leaf area
growth to water stress (a and b parameters in Eq. (22)) indicated that
olive biomass accumulation is slightly dependent on these parameters.
As expected, increasing values of parameter a reduce olive tree biomass
accumulation (−0.13) as the reduction of relative transpiration/leaf
area growth to FTSW is positively related to this parameter. The op-
posite trend is observed for parameter b (0.15), whose increasing values
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result into a lower impact of FTSW on relative transpiration/leaf area
growth (Fig. 9a).

4. Discussion

A new olive grove model, based on process-based algorithms, was
designed to simulate phenology, biomass accumulation and yield of
olive tree considering water competition with grass cover. This model
was conceived bearing in mind two main aspects: (i) it should require a

limited input variables and parameters to be potentially applicable in
sites with a limited number of observations and at the same time; (ii) it
should be robust enough to produce reliable results outside the cali-
bration/validation area.

The simulation approach, originally developed in Sinclair (1986)
and Amir and Sinclair (1991) for crops and modified by Bindi et al.
(1997, 2005) and Leolini et al. (2018) for grapevine, uses RUE and
transpiration efficiency TE as the main parameters driving the simula-
tion of daily dry matter assimilation. The inverse relationship between

Fig. 3. Daily trend of observed and simulated Net Primary Production (NPP) of S. Paolina olive grove in 2010 (a), 2011 (b) and 2012 (c) at site 1 (described in Table 1
and Fig. 2).
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TE and VPD (Eq. (16)), that follows the approach proposed by Tanner
and Sinclair (1983), is particularly responsive to reproduce the ob-
served effect of VPD on TE but, in its original version proposed by the
authors, still lacks of the response of TE to water stress as observed in
the field (Villalobos et al., 2012). In the present study, we therefore
extended the application of TE under water stress conditions using

experimental results of Villalobos et al. (2012) describing how TE in-
creases in responses to increasing water stress.

A simple but straightforward empirical approach was used to de-
scribe the relationships between the fraction of transpirable soil water
(FTSW) and both leaf area growth (LA) and transpiration (TR) in olive
trees for a widely cultivated variety (cv Leccino). The results indicate
that, while FTSW thresholds limiting leaf area growth and transpiration
are approximately the same (0.32), after this limit leaf area growth
starts decreasing at a faster rate with respect to transpiration (Fig. 2 in
SI_1). This may further emphasize the productive strategy that olive
tree implements under a water stress regime (Tognetti et al., 2009),
where expansion of leaves is reduced to avoid water loss and preserve
photosynthesis (Casadebaig et al., 2008). This in contrast to the “con-
servative strategy”, which aims at reducing leaf expansion when FTSW
is still relatively high (Sinclair and Muchow, 2001).

The few parameters required for the model (Table 2), many of
which were found in the literature, simplified the calibration that was
limited to three parameters, namely transpiration efficiency coefficient
Kd for olive tree and grass cover, and LAI growth-rate of grass. This
reduction is highly desirable to avoid a model that, having a too large a
set of crop-specific parameters to be calibrated, would result in a likely
best fit for a particular site but with results that could hardly be ex-
trapolated to another site without readjustment of the model coeffi-
cients (Sinclair and Seligman, 2000). In this regard, Tuscany region was

Fig. 4. Daily course of observed and simulated olive tree transpiration
(mm day−1) in 2012 and 2013 at site 2 (described in Table 1 and Fig. 2).

Fig. 5. Daily course of observed and simulated FTSW in 2013 over the entire soil profile (a) and the top layer (b) at site 2 (described in Table 1 and Fig. 2).
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selected as testing area for the model since it shows very heterogeneous
climatic features as well as soil types and management practices, pro-
viding an effective benchmark for model validation outside the cali-
bration area. Its climate ranges from Mediterranean to temperate warm
or cool following altitudinal and latitudinal gradients and distance from
the sea (Rapetti and Vittorini, 1995, Fig. 2). In particular, the most
southern, coastal provinces Grosseto (sites 1, 2, 3, 6) and Livorno (site
8) are the warmest and driest, while the inner provinces Florence (sites
4, 10, 11), Siena (site 13) and Lucca (site 7) have a more continental
climate. As a matter of fact, the range of climates used for calibration
and validation covers the most common climates typical for olive tree
cultivation in Italy (Meso-Mediterranean, Meso-Temperate, Supra-
Temperate), which accounts for climates encountered over 80% of its
total olive tree cultivated area (Fig. 2).

The results obtained in the calibration and validation tests empha-
sized the robustness of the model in simulating the assimilation per-
formances of the entire agro-ecosystem, as well as growth and devel-
opment of the single agro-ecosystem components in conditions differing
for plant density, soil texture and management practices. Given the
simplified approach and the derived assumptions considered in the
model, we retain it as successful result.

Bud-break and flowering dates used for calibrating phenology
model were not related to specific varietys but were assumed as re-
presentative of the most common varieties grown in Tuscany region
(cvs. Frantoio and Moraiolo). This pool of varieties showed in the
coastal area a shorter dormancy period that culminated with an earlier

bud-break and flowering as compared to inner colder areas. Indeed, bud
break occurs 20 days-earlier for warmer site (Follonica, site C in Table 1
of SI_2) as compared to the cooler site (Montepaldi, site B in Table 1 of
SI_2). The calibration of our model based on GDH, indicated that this
phenomenon is compatible with warmer temperatures occurring in
Follonica that promotes an earlier opening of vegetative buds with re-
spect Montepaldi site further confirming the results of López-Bernal
et al. (2017) demonstrating that vegetative buds dormant state is easily
reversible depending on forcing temperatures.

The flowering stage was simulated accounting for the dormancy
period during which the differentiation between vegetative and re-
productive buds occurs (De Melo-Abreu et al., 2004; Orlandi et al.,
2004; Fabbri and Alerci, 1999). Our results evidenced that the cali-
brated model was able to detect the differences in the occurrence of
anthesis date between sites, where the inner and colder sites (Florence
and Prato) are in delay with respect to coastal site (Grosseto), with a
good detection of the inter-annual variability for each site. The optimal
temperatures for chilling accumulation were lower than 9 °C and this
threshold is close to what observed for olive tree in De Melo-Abreu et al.
(2004) and Rallo and Martin (1991) that found 7.3 °C and 7.2 °C. The
optimal temperatures for forcing accumulation were found higher than
8.5 °C that is in the range of values estimated for olive tree in Galán
et al. (2005) (from 6 °C to 12.5 °C) and De Melo-Abreu et al. (2004)
(from 8.5 °C to 9.1 °C) in different climates across the Mediterranean
basin.

The overall growth model, accounting for ground cover and olive

Fig. 6. Daily course of observed and simulated FTSW in 2016 over the entire soil profile (a) and the top layer (b) at site 4 (described in Table 1 and Fig. 2).
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tree layer, was calibrated and validated using carbon flux data from the
EC technique. These data are particularly suitable for assessing crop
model performances since they take into account the effect of weather
and management practices on the ecosystems at the spatial and tem-
poral scale required to evaluate the performances of a process-based
model (Brilli et al., 2014, 2017, 2018; Giltrap et al., 2015; Noirot-
Cosson et al., 2016; Congreves et al., 2016).

The three years used in the calibration/validation process with EC

data in site 1 included 2012 that was close to the long-term average (i.e.
1981–2012) yearly rainfall (626mm y−1; anomaly=−0.3%), while
2010 and 2011 represent positive (anomaly=+27.4%) and negative
extremes (anomaly=−41.3%) (Brilli et al., 2016). As such, we con-
sidered a reliable benchmark for testing the model performances under
different weather conditions.

The calibration process produced a Kd for olive tree (6.5 Pa) that is
higher with respect to what observed for grapevine in a Mediterranean
climate (Kd=3.8 Pa, Leolini et al., 2018). This supports olive tree ef-
ficiency in water use (Xiloyannis et al., 1999) as an effect of physio-
logical adjustments and morphological adaptations (Moreno et al.,
1996; Chartzoulakis et al., 1999; d’Andria et al., 2009; Tognetti et al.,
2009; Cocozza et al., 2015). Kd for grasses was lower than that ob-
served for olive tree (5 Pa) and within the range for C3 species reported
in Soltani and Sinclair (2012).

Since from the EC data used in this paper it was not possible to
disentangle the dynamics of each single component of the grove, the
performances of the calibrated model must be further evaluated in si-
mulating specific processes separately for grass and tree cover (Brilli
et al., 2018). Accordingly, the model was tested for grass cover and
olive tree biomass accumulation and final yield, olive tree transpiration
and water balance considering different climates, plant density and
management practices.

The simulation of grass cover growth in site 5, in the absence of
competition with olive tree, indicated that the model was able to

Fig. 7. Correlation between observed and simulated total dry matter (a), final yield (b–d) and yearly LAI increase (c). The dashed line presents the regression line, the
continuous line the 1:1 perfect agreement. In subfigure a, closed circles represent yearly cumulated Net Primary Production of the entire ecosystem observed and
simulated for sites 1 while open circles represents the yearly total accumulation of olive tree biomass observed and simulated for site 3. In subfigure b, closed circles
represents observed and simulated final yield for sites 1 and open circles observed and simulated final yield for site 3. In site 1 data were taken in the period
2010–2012 in rain-fed conditions, in site 3 in the period 2008–2010 under three irrigation treatments. Data are expressed as dry weight (DW) per hectares. In
subfigure c, Leaf Area Index (LAI) data are relevant to site 3 for the period 2008–2010 under three irrigation treatments. In subfigure d, yield is expressed as DW and
is relevant to sites from 6 to 13. Each site is described in Table 1 and Fig. 2.

Fig. 8. Daily course of observed and simulated Net Primary Production (NPP)
of grass in 1993 at site 5 (described in Table 1 and Fig. 2).
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identify the timing and magnitude of maximum growth intensity and
the following senescence period. The model simulated grass recovery
early in autumn, in advance with respect to observed data, as the effect
of prolonged rainy periods in that period. This difference is likely re-
lated to the presence in the plot of annual self-reseeding species, such as
Trifolium subterraneum or Lolium rigidum, typical of the Mediterranean
area, which after senescence produce seeds that pass the summer buried
in the soil (Ghamkhar et al., 2015). This protection mechanism against
drought prevents a prompt response of the ground cover to sporadic
rainfall events during summer (“false breaks”) when optimal conditions
for seed growth are not yet reached (Koukoura, 2007). This behavior, as
many others that are not properly addressed by many grass models
(Calanca et al., 2016), is important for understanding the different re-
sponses observed in the field and are of great importance when the
simulation should represent competition for water between trees and
grasses in dry areas (D’Onofrio et al., 2015).

When the model was applied in site 3, to simulate the competition
between grass cover and olive tree under 50% deficit irrigation in 2012,
the fraction of NPP partitioned to grass at the end of the season was
satisfactorily estimated resulting 25% with respect to 28% as reported

in the experiment of Scandellari et al. (2016). Interestingly, when
looking at the daily course of observed NPP in 2010, the model was able
to reproduce the drop of agroecosystem dry matter production because
of soil tillage on DOY 135 that entirely removed the grass layer (si-
mulated by setting LAI of grass to 0 at that date). The assimilation peak
observed on DOY 180 was well captured by the model as associated to
grass recovery following tillage, joint to assimilation rate of olive tree
under favorable soil moisture conditions (Fig. 3a).

Even though our dataset does not allow further comparison and
there is still not a consolidated literature on biomass partition between
olive trees and grass in groves, some comparisons may be attempted.
The results reported in Scandellari et al. (2016) and Nardino et al.
(2013) suggest that the contribution of ground cover total cumulated
biomass of the system tends to increase as planting density decreases. It
passes from 28% for an intensive partially irrigated olive grove of the
previous example (513 plants ha−1), to 35% for a fully irrigated low-
density grove (250 plants ha−1, Nardino et al. (2013). Our results are in
line with this limited set of observations since grass cover biomass
partitioning is negatively affected by olive tree plant density (Fig. 9). As
an example, when we decreased plant density in site 3 from 513 to

Fig. 9. Model sensitivity analysis. Partial rank correlation coefficient (PRCC) for total cumulated olive tree (a) and grass (b) biomass. Interval of confidence is
indicated.
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256 plants ha−1 in a fully irrigated treatment to reproduce the experi-
ment in Nardino et al. (2013), NPP partitioning to ground cover in-
creased from 23% to 37%, which is fully comparable to what was ob-
served in that experiment where grass cover represented 35% of total
NPP.

The robustness of the model was further emphasized by its capacity
to simulate specific processes such as olive tree transpiration and water
dynamics, biomass accumulation and leaf area growth. In sites 2 and 4,
the model faithfully simulated the olive tree transpiration and FTSW,
demonstrating the ability of the model to reproduce the actual evapo-
transpiration for different plant density, climate and soil. RMSE ob-
tained for olive tree transpiration (0.43 mm) is in line with the results of
López-Bernal et al. (2018) (0.32 mm) and Villalobos et al. (2013)
(0.32 mm). The model also well reproduced the effect of grasses and
olive trees competition for water in the top layer and more in general
through the entire soil profile.

Overall, the model accurately reproduced total biomass accumula-
tion and final yield of an intensive grove with three irrigation treat-
ments (site 3, Table 2) with a relevant RMSE of 1.2 and 0.58Mg ha−1,
where also the annual increase of LAI was well simulated with an RMSE

of 0.07.
These good performances on experimental plots were corroborated

when the model was applied for yield estimation on farm level on sites
6–13. In particular, yield data for these sites exhibited a general trend
for alternate bearing that was captured by the model with a good level
of agreement with observations, especially considering that physiology
of alternate bearing is not still fully understood (Dag et al., 2010). In-
terestingly, in some case, we observed an interaction between the al-
ternate bearing and the effect of stress events at anthesis that may
further depress the expected reduced yield or smooth the expected in-
creased yield (e.g. Fig. 7 in SI_2). This supports the importance of the
simulation of these stressing events for a correct yield estimation (Lorite
et al., 2018).

Despite the good performances of the model in different environ-
mental conditions, some drawbacks and warnings in the use of present
model due to a specific parametrization must be highlighted.

There is still a lack in the understanding of processes underlying the
release of bud break (López-Bernal et al., 2017) and this limits the
application of the proposed model. Further, the model we proposed
only accounts for the difference in the occurrence of bud break between

Table 2
List of model variables. Legend: OT= olive tree; GR=grass; SO= soil.

Variable Description Layer Units/value Reference

State
DM Potential cumulated dry matter OT/GR gm−2

ADM Actual cumulated dry matter OT/GR gm−2

LAI Leaf Area Index OT/GR m2m−2

Yield Yield per hectare OT/GR gm−2

Rates
Int.Rad Intercepted radiation OT/GR Rate (0–1) Testi et al. (2006)
LAIinc Potential LAI growth OT m2m−2

GLAId Potential LAI growth GR m2m−2 Celette et al. (2010)
ALAIinc Actual LAI growth OT m2m−2

AGLAId Actual LAI growth GR m2m−2

SLAId LAI senescence rate GR m2m−2

LAI_rate Daily growth rate GR Rate (0–1) Calibrated
Red_Tr Effect of FTSW on Transpiration OT Rate (0–1) Calibrated
Red_Tr Effect of FTSW on Transpiration GR Rate (0–1) Schoppach and Sadok (2012)
Red_LAI Effect of FTSW on LAI growth OT Rate (0–1) Calibrated
FTSW Fraction Transpirable Soil Water SO Rate (0–1)
FTSWreg_LAI Fraction Transpirable Soil Water (break point) SO 0.48 Schoppach and Sadok (2012)
ATSW1-2 Actual total soil water SO mm
Tr Transpiration OT/GR mmd−1

HI.pot Harvest index OT 0.35 Villalobos et al. (2006)
SVEP Soil evaporation SO mmd−1

PCf Partition coefficient to leaves OT Rate (0–1) Mariscal et al. (2000)
Morales et al. (2016)

Plant parameters
vol Crown volume OT m3

PlantA m2 per plant OT m2

Root depth Max explored depth OT m
Root depth Max explored depth GR m
k’ Olive tree extinction coefficient OT Rate (0–1) Villalobos et al. (2006)
k Grass cover extinction coefficient OT 0.5 Assumed
RUE Radiation Use Efficiency OT 0.98 gMJ−1 m−2 Villalobos et al. (2012)
RUE Radiation Use Efficiency GR 2.2 gMJ−1 m−2 Bélanger et al. (1992); Duru et al. (1995)
Kd Coefficient OT 6.5 Pa Calibrated
Kd Coefficient GR 5 Pa Calibrated
SLA Specific leaf area OT 0.0042m2 g−1 Villalobos et al. (2006)
LAD Leaf Area Density OT m2m−3

Soil parameters
TTSW Total Transpirable Soil Water SO mm
AWC Available Water Content SO mm

Environmental parameters
Tmin Minimum daily temperature °C
Tmax Maximum daily temperature °C
Rainfall Daily cumulated rainfall mm
Radiation Daily global radiation MJ
VPD Vapor Pressure Deficit kPa
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sites with contrasting climates, but still lack a validation in estimating
the inter-annual variability of this stage since the relevant data were
provided as average DOY for both Florence and Follonica. More in
general, given the large influence of climatic conditions on the para-
metrization of the phenology model, further calibrations for its appli-
cation outside the range of conditions where it was developed are re-
quired.

The model does not consider the carry-over effect of water stress,
which may lead to a reduction in the number of flowers and fruit set in
the year following the drought event (Caruso et al., 2013). However
this effect is erratic (e.g. Sillari et al., 1993; Gucci et al., 2007; Caruso
et al., 2013) and the poor understanding of underlying physiological
processes makes the modelling difficult. Further, the model assumes a
spatial uniform distribution of olive tree and grass roots density in the
first soil layer, while the distribution of roots of olive tree varies de-
pending on the distance from the trunk (Rallo and Provenzano, 2013).
This may results into a poor simulation of the competition for water
especially as increases the sampling distance from the trunk.

The use of empirical approach describing the effect of FTSW on
olive transpiration requires, in any case, a different parametrization
depending on the varieties that may exhibit different tolerance to water
stress (Cola et al., 2014; Alfieri et al., 2018). As an example, tran-
spiration of cv “Coratina” grown in pots (Sofo et al., 2008) showed a
higher susceptibility to water stress than cv Leccino (this study), while
cv “Nocellara del Belice (Rallo and Provenzano, 2013) showed an in-
termediate response (Fig. 8 in SI_2).

The sub-model describing the effect of heat and water stress at an-
thesis of final yield must be refined as in the present model it is based
on a limited number of observation to date present in literature. In
particular, the maximum temperature leading to a null fruit set in Eq.
(36) is based on a laboratory experiment on pollen germination
(Koubouris et al., 2009), while field experiments on this issue are still
lacking.

The sensitivity analysis highlighted that olive tree growth is highly
responsive to light interception parameters (planting density, crown
radius) and actually the model provided the highest simulation per-
formances when this information was available at a high spatial and
temporal resolution (as in site 3, Fig. 7a and b). When the model was
feed with a lower quality data of ground cover as obtained from not
updated low-resolution imageries, the performances were significantly
reduced (sites 6–13 Fig. 7d, Table 3). This implies that these parameters
cannot be easily assumed but should actually reflect the current situa-
tion in the olive grove. Proximal sensing data from an unmanned aerial
vehicle (UAV) could be exploited for such a purpose to derive the
geometrical parameters of the canopy and LAI at the highest spatial
resolution (Caruso et al., 2017, 2019; Zarco-Tejada et al., 2014; Matese
et al., 2017).

5. Conclusion

The objective of this work was to develop and validate a growth
model simulating growth of olive trees and grass cover. The model was
calibrated and validated in Tuscany region over sites encompassing
different types of Mediterranean climate, soil and management prac-
tices. The effect of heat and water stress at anthesis were also con-
sidered as yield reducing factors and the impact of alternate bearing
was also simulated.

Overall, despite having a simple architecture, it faithfully simulated
different processes, including olive tree phenology, plant transpiration
and total biomass accumulation and partitioning at both tree and grass
level. Further, the model was able to reproduce final yield at farm level
and can be therefore considered as a tool for monitoring the current
status of growing season as well as to test the effectiveness of man-
agement practices for improving economic viability of olive tree culti-
vation, even with a limited set of input parameters.
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