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Abstract

A model of productivity for olive orchards is presed, based on a three-dimensional model of
canopy radiation absorption and photosynthesis thedallocation of assimilates to growth and
respiration. Assimilates are distributed using ifiarting coefficients that vary throughout the year
The effect of pruning on canopy structure is inelddThe model was tested with measurements of
leaf area, biomass production and photosynthesimgluhe first 4 years of a high density olive
orchard cv. 'Arbequina’ in Cordoba, Spain. The rhoderestimated fruit production by 10%, leaf
area production by 12% and annual biomass abovedrguoduction by 19%. Four additional
simulations were performed to study the effectsnahagement system (high and super-high density
olive orchards) and climate (recent climate andriiclimate projection using the model HadRMS3 for
scenario A2) on photosynthesis, respiration, bigm@eduction, canopy structure and radiation use
efficiency. Under future climate conditions, thecrigase of photosynthesis was higher than the
increase of maintenance respiration, resulting amancrease of radiation use efficiency (on averag
12%) and biomass production (32 and 18% for high super-high density orchards, respectively).
The super-high density orchard always had a higlenass production than the high density orchard
(28 and 13% for recent and future climate projeqtiout only increased fruit production by 4% under
recent climate and decreased fruit production byud®ter future climate projection.

Keywords: Olea europaeasuperintensive olive, intensive olive, super-hifgnsity olive, radiation
use efficiency, photosynthesis, respiration.

1. Introduction

Olive trees Qlea europaed..) represent an extended horticultural crop gioes with Mediterranean
climate, reaching 9.5 Mha worldwide in 2010 (FAGut&tics Division, 2012). The impact of this
crop on the agricultural production of some regigemportant, especially in countries where the
cultivation of olive trees is done in extensivefaoes such as Spain, Italy or Greece (the productio
of olives by these countries is 63% of world's prtbn, FAO Statistics Division, 2012). Olive
cropping systems, which include agroforestry systemaditional groves and intensive orchards, at
high and super-high densities, are of high relegdinom the economic and ecological perspective.
The carbon balance of olive trees is responsibiedébermining the production of oil and biomass.
Given that an orchard is a complex system in witiehcarbon is stored in many different forms, the
guantitative study of the system via modelling @cial step in understanding its behaviour.

Earlier studies have proposed simple models forcdrbon balance of olive trees. Villalobos et al.
(2006) proposed to calculate the production of laissn based on the concept of annual radiation use
efficiency and partitioning coefficients, yet tlapproach does not give insights about the cycling o
carbon in the system, its dynamics during the pedhe effect of management. Abdel-Razik (1989)
proposed a model of potential growth of olive treased on the growth rate of each type of organ,
but did not consider the effects of planting dgnsianopy structure, pruning or plant age.

Other studies have focused on specific aspectbefcarbon cycle, though the results were never
integrated in a comprehensive model. Diaz-Espejalet(2002) simulated photosynthesis and
transpiration of isolated trees using the model RASBinoquet et al., 2001) which scales the fluxes
from the leaf to canopy level, but did not consitleg mutual shading of neighbouring trees. Diaz-
Espejo et al. (2006) calibrated a mechanistic modghotosynthesis, but it did not scale up to the
canopy level. Several studies of photosynthesigstriration and water use efficiency at the leadlle
have been published (for a review, see Connor &erésy 2005), as well as agronomic trials
comparing yield and vegetative growth for differenttivars, irrigation and planting densities (e.g.
De la Rosa et al., 2007; Gomez-del-Campo et aD9268lermoso et al., 2008), but this empirical
information has not been integrated into a modé¢hefsystem.

The objective of this study is to integrate exigtojuantitative knowledge on the carbon balance of
olive threes into a process-oriented model, in otdegain insight on the effect of management and
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climate on the productivity of olive orchards aslivas identify knowledge gaps that require further
research. The model assumes absence of water &ehhstress and that pests and diseases are not
significant. The model is primarily oriented towarshtensive olive orchards at high (250-850 trees
ha™) and super-high (1500-3000 trees*halanting densities (Vossen, 2007).

2. Materials and Methods
2.1. Model

The diversity of organs in an olive tree can begiféed into six types: leaves, fine branches @le.
shoots less than three years old), structural bem@.e. shoots more than three years old, inotudi
the stem), fine roots (i.e. active roots without®lary growth), structural roots (i.e. roots with
secondary growth) and fruits (figure 1). This cifisation was based on the different biochemical
composition of the organs, their senescence ratetaneffect of phenology on carbon allocation. A
three-dimensional model of canopy photosynthesikradiation absorption generates the daily pool
of assimilates that is used for production of néantass and respiration, which is segregated into
maintenance and growth respiration (Cannell & Theyrnh 2000). Maintenance respiration is
calculated as a function of biomass and temperainck is subtracted directly from the pool of
assimilates. The remaining assimilates are didgtbuamong the different organs, based on
partitioning coefficients. The loss of carbon dgrithe synthesis of new biomass is included by
calculating a production value (Penning de Vri&¥4) for each type of organ, which depends on the
biochemical composition of the organ. Senescendeapks and fine roots is also included, as well as
pruning and harvest. A constant specific leaf aeaased to convert leaf biomass into leaf area. The
different processes are described in detail ini&es?.1.1 through 2.1.5. The calibration of thedelo

is described in section 2.2.

A state variable is defined for each type of orgepresenting the amount of carbon stored perafinit
ground surface (g C thground). Since many parameters are defined péfidry matter, a carbon
concentration (g C¢ DM) is used to switch between carbon and dry mattatent. The model
operates at two timescales, depending on the fleingbsimulated (see figure 1, "Continuous
Processes" and "Discrete Processes"). Photosysthadi maintenance respiration are simulated as
instantaneous processes by a continuous dynamimaéliimg approach ("Continuous Processes" in
figure 1). The growth of the trees through paniitng of assimilates and the associated growth
respiration, as well as senescence, is calculaiecevery day of the simulation using a discrete
dynamical modelling approach ("Discrete Processedigure 1). Harvest is a time event (i.e. it is
activated the day of harvest for each year of siimh) and pruning is a time and state eventiiis.
applied the same day as harvest but only if thie stariables meet a series of requirements). The
events are applied to the discrete part of the indfidere 1).

A discrete dynamical model is a model in which stege variables are updated by applying iteratively
a series of rules. When the rules are expresstiform of equations, they are known as "diffeeenc
equations”. Each iteration corresponds to a timi tlwat is determined by the definition of the
discrete process and not by numerical accuracyma tinit of one day was chosen for the discrete
processes assuming that all the assimilates werguored within the same day they were produced.
A continuous dynamic model is a model in which 8tate variables are updated by differential
equations that are integrated over time. If thdyaical solution to the integration is unknown hias

to be approximated numerically. The choice of tistep is determined by the trade-off between
numerical accuracy (i.e. whether the integrationvenged or not) and computational time. In this
study, a fixed time step (i.e. Euler method) of3i@utes was chosen for the continuous processes, as
smaller time steps had a minimal effect on thegiraton.
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Figure 1: Conceptual diagram describing the moéieadbon balance. The diagram is a conceptual seterd has been simplified to avoid cluttering sdoiés not include all the variables
used within the model. Blue boxes are the statmbias that represent the different organs in wicitbon is stored. Green boxes are the auxiliariabies associated to canopy structure.
Red circles represent parameters and blue cirelg®sent the external variables of the model. Witcls symbol represents the transfer of assimilétes the continuous to the discrete
sections of the model at the end of each day ofilsition. Each arrow represents a flow of carbaa or out of an organ. Assimilates refer to thdydpioduction of photosynthates, whereas

growth pool refers to the daily amount of assirettativailable for growth. See the text for a dedadescription of each variable and parameter. Tagrdm was built using the software
GRIND (van Nes, 2011).




2.1.1. Phenology

2.1.1.1. Phenological phases

The flowering date of olive trees can be calculatéith a two-stage phenological model with a first
phase when chilling hours (i.e. number of hoursrwaie temperature is below 7 °C) are accumulated
and a second phase when thermal time is accumyatpdde Melo-Abreu et al., 2004; Orlandi et al.,
2006). However, Ayerza and Sibbett (2001) reporflavering of olive trees without any
accumulation of chilling hours near the coast ofuPdlalik and Bradford (2005) also observed
flowering without accumulation of chilling hours ichamber studies where air temperature was
artificially manipulated. For a given cultivar ahacation, the range of dates in which flowering
occurs is narrow (de Melo-Abreu et al., 2004). Thgrgen the contradictory evidence on the effect of
temperature on flowering of olive trees, it wasfened to fix flowering date as a parameter of the
model rather than simulating it from temperatunasiNo quantitative data was found in the literature
to calculate the thermal requirements for the ofifenological phases (see below). Therefore, the
model assumes fixed dates that should be inputéwuser based on experience with each cultivar and
location.

During winter, the aboveground organs of the otrees do not grow, although, being the olive tree
an evergreen plant, photosynthesis still occursnduthis period (Testi et al., 2008). Root growth
during this period has been reported (Palese ,e2@00; Scariano et al., 2008), but quantitativia da
are lacking, so its importance cannot be evalu®edtan et al. (2011) observed for cv. ‘Barnea’ in
Israel that reserve levels increased in leaves)ches and bark from December until March and
decreased during the first months of the growiragse, which suggests that they were being used for
growth.

Priestley (1977) studied on a monthly basis thenbigs and reserve content of leaves, stems and roots
of young olive trees and reported that the grovetes of the different organs varied in parallel
throughout the year and that reserves were maxifefore spring growth, decreasing afterwards,
especially in the leaves. Mariscal et al. (20004} &cariano et al. (2008) calculated the partitigni
coefficients to the different vegetative organsyofing olive trees, and did not detect any seasonal
variation in the relative allocation to differengans. Villalobos et al. (2006) obtained the piarting
coefficients for young and adult (i.e. fruit-beajnolive trees at the annual level, reporting no
significant change for four consecutive years.

Tombesi (1994) observed that, in the absence daévaitess, the daily growth rate of the fruits was
constant in the early stages and decreased iratbedtages. Moriana et al. (2003) reported tHat oi
content in the fruit was very low (ca. 2%) befoey @20 of the year and increased up to 15-20% (on
a fresh weight basis) by day 330 of the year. Thhes,reduction of growth rates in the later stages
could be explained by a decrease in the produstidue of the tissue as oil concentration increased
and a reduction in assimilate production as dagstshed.

All these studies indicate that the partitioningficients to the different organs of olive trees a
very constant (taking into account that fruits aot always present on the tree and the absence of
growth during winter) and variations across experita and cultivars are constrained to a narrow
range.

Based on the empirical evidence presented in tbgeald} phenological phases are distinguished in
the model. Phase 1 corresponds to the period ofdhewhen no growth is observed (approximately
equal to the winter season) but reserves are kingmulated. During phase 2, all the vegetative
organs grow using the assimilates generated byopiwthesis as well as the winter reserves. In phase
3 and 4, assimilates are allocated to both fruits\segetative organs. During phase 3, the fruibsvgr
with an oil content of only 2%. In phase 4, thewgito of the olives is assumed to be composed
entirely of oil. At the end of phase 4, the fruate harvested and pruning is applied, if needed.

All the experiments in which partitioning coeffioits were calculated, studied young trees and only
Villalobos et al. (2006) obtained data for conseeuyears. In that experiment, no alternate beasing
fruits (Lavee, 2007) was observed and the annuétipaing coefficient to fruits was very similan i
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the different years. In the long term series oldyifor the cv. 'Arbequina’ reported by Tous et al.
(1998), alternate bearing was only apparent aftgers yeras of plantation but it did not follow a
regular pattern (results not shown). To the knogdedf the author, it is not known which factors or
mechanism is responsible for alternate bearindivie érees and the empirical evidence indicates tha
this phenomenon is not always observed. Thus, tidetrassumes that the partitioning coefficient to
fruits is the same for all years of the simulatéord, therefore, does not take into account theilgess
biennial variation in fruit production caused byeahate bearing. The fixed dates that were used to
determine the starting and ending points of ea@mgplogical phases are shown in Section 2.2.1.

2.1.1.2. Senescence

In the model, root senescence is calculated byn@sguthat the fine roots can be described as a
population of individual roots that die at a consteelative rate:

At
Wfro,n+l :Wfro,n (1_Ej (1)

WhereW,, is the biomass of fine roots (g DM figround) 4t is the iteration time unit (i.e. one day)
andLSis the average life span of the fine roots. Thgtldef the rooting system is not simulated.

The population of leaves in the model is dividet ithree different generations, depending on their
age. The total leaf biomass is always stored indtia¢e variabléM but this variable is further
segregated intd\Vio, Wi, andW; (g DM nmi ground), wherd\, corresponds to leaves generated in
the present year of simulatioldy; corresponds to leaves generated on the previoas areW, ,
corresponds to leaves generated two years befaoh Year, leaves belonging to the third generation
are shed, given a typical leaf life span of tworgdar olive trees (Bongi et al., 1987; Proiet998).

At the beginning of each year, the leaves are fearexl from one generation to the next one (i@nfr
W0 toW ; and fromW ; to W ;). The new generation of leaves will appeawin.

In Italy, Proietti (1998) observed that the absoisof leaves was maximal in June. The same was
observed in California by Priestley (1977). In Egybdel-Razik (1989) reported that relative leaf
death rates increased during the spring to a mawimuthe beginning of June. The self-shading due
to growth of new leaves could trigger senescencbesarbon balance of older leaves becomes more
negative. Also, the high demand of assimilates lbydrs and fruits during the early stages of
reproductive growth could trigger the reallocataircarbon and nutrients from old leaves. Millalet a
(2005) observed that leaf senescence in 8 everdflediterranean species occurred mainly at the end
of spring and beginning of summer. Similar con@dusi can be deduced from the analysis of 15
Mediterranean evergreen species by Castro-DieMamserrat-Marti (1998). Thus, in the model, leaf
senescence was assumed to occur during the peraydJMy when all the leaves in the third
generation were eliminated at a constant daily(@ig g DM ni“ ground day}):

W,

It,2
= ' 2
Seaf DOYSLZ _ DC)YSLl ( )

Where W, is the leaf biomass generated two years beforl\(lgm‘2 ground) andDOYs_; and
DOYs_ are the days of the year when leaf senescence bediend, respectively.

2.1.2. Photosynthesis

Photosynthesis is calculated using the model obpggmphotosynthesis and radiation absorption
‘Maestra’ (Luo et al., 2001). 'Maestra' calculdtes absorption of radiation of a three-dimensional
canopy assuming that the crowns of the trees cateberibed by regular shapes (e.g. cones, prisms,
cylinders, etc.). For high density olive orchartl& crowns are described by ellipsoids and for isupe
high density olive orchards, rectangular prisms ased. The model calculates photosynthesis at
different points within the crown of a target tieeated in the centre of a virtual plot.
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The absorption of PAR radiation is computed usimg method proposed by Norman and Welles
(1983). Photosynthesis is obtained as the resuttoapling a model of CObiochemical demand
(Farquhar et al., 1980) and stomatal conductanear(iing, 1995). It is assumed that air temperature
and vapour pressure deficit do not vary withindeeopy and that the boundary layer resistanceeof th
leaves is negligible (Jarvis and McNaughton, 1986is further assumed that the leaf area density
and the photosynthetic capacity of the leaves dovary within the canopy. The distribution of leaf
angles is described by an ellipsoid as propose@dmpbell (1986). Support for such assumptions
when simulating canopy photosynthesis of olivedresve been discussed in Morales (2012).

The model calculates photosynthesis every 30 msnbigt weather data is generally available only at
the daily scale. Thus, the daily weather input isaggregated into values every 30 minutes. The
algorithms of Spitters et al. (1986), Goudriaan & \Laar (1994) and Ephrat et al. (1996) are used.
The equations are described in detail in Appendialdng with a comparison of the disaggregated
values with a one-year long weather dataset.

The simulations of photosynthesis and radiatiorogii®n by the model 'Maestra' have been tested
for a super-high density olive orchard using thensgparameterization as in the present study
(Morales, 2012). Mariscal et al. (2000a) built ad®loof radiation absorption based on the same
theory that was tested with a high density olivehard.

2.1.3. Respiration

The respiration of olive trees can be separateanl antomponent associated to the growth of new
biomass (growth respiration) and the maintenancexigting biomass (maintenance respiration).
Growth respiration depends on the amount of biorpasduced and the biochemical composition of
the new biomass (Penning de Vries et al., 1974¢reds maintenance respiration is associated to the
active transport of solutes, protein turnover agltliar repair (Cannell & Thornley, 2000) and varie
with biomass, nitrogen content and temperature. él@w there is not a clear mechanistic division
between these two types of respiration and differerperimental methods exist for their
quantification. See section 2.2.4 and 2.2.5 foraitketon the calibration of the two respiratory
components.

The response of maintenance respiration to temperet described by the expression:

Rk = W Ry on(Tair e (©)

WhereR,,«is the maintenance respiration of orgaiy C m? ground h'), W, is the biomass stored in
organ k (g DM ri¥ ground),Rqs«iS the respiration coefficient of organ k at 25®CC g* DM h™),

Quo is the factor by which maintenance respiratioimgseased for an increase of 10 °C dggdis the
temperature of the air (°C). The approach takeahisstudy assumes that the maintenance respiration
of all the structural biomass (i.e. structural eaind branches) can be described by an unique
maintenance respiration coefficient. This will apgeh will tend to overestimate total plant
maintenance respiration as the virtual trees actatmatructural biomass.

For every organ and based on its biochemical coitiposan organ-level production valuB\, g
DM g™ C) is calculated. The production value represtiigsamount of biomass produced per unit of
assimilate used for growth (Loomis et al., 2011J #&ns calculated as:

p\/():;

1
25y

Where f; is the fraction of componerit and PV, is the production value of componentThe
respiration fractionRF, g C g* C), which represents the fraction of assimilatdboa that is lost in
respiration, is calculated &F = CPF, PV, whereCPF, is the CQ production factor (g CgDM),
that quantifies the amount of growth respiration ygt of growth of each organ (Loomis, 2011). The

4
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values of CPF, were calculated from the biochemical compositibreach organ and component-
specific published values (Loomis, 2011) in an agals way tdPV,.

2.1.4. Partitioning of assimilates

The total daily integrated maintenance respiraisoobtained from integrating equation 3 over thg da
and aggregating for all organs:

Ruo =Z[vvk R | Q072910 o@ ©

k=1 0

WhereR,, is the daily demand of assimilates for maintenarespiration (g C nf ground). The
actual maintenance respiratidR,( g C m>ground) will be the minimum of the potential demam
the assimilates generated by photosynthesis (& Rin(Pool, Rnp)). Once maintenance respiration
has been covered, the remaining assimilatesKbel, = Pool, — R,) are allocated to the different
organsk and transformed into dry matter using the corredpw production value:

W, i =W, ,+ Poo} PG PY, (6

WherePGC, (g C g* C) is the partitioning coefficient for orgénThe growth respiration associated to
each orgatk (Ry, g C m?ground) is calculated as:

R, = Poo| PG RE (7

And the total daily growth respiration is obtaineglaggregating for all the organs. Note that neithe
maintenance nor growth respiration have unitsrmoétand the reason is because, in a discrete model,
one does not calculate rates of change, but r#teedotal change after a fixed period of time,his t
case, a day (see Section 2.1 for further details).

2.1.5. Canopy structure

The growth of leaf area index is calculated from ¢inowth of leaf biomass using a constant specific
leaf area$LA n¥ leaf g* DM):

LA, =LAl +Pool, PG PY, SL/ ©®

WhereLAl is the leaf area index fnreaf m? ground),PG is the partitioning coefficient for leaves (g
C g*C) andPV, is the production value for leaves (g DM §). In addition to the leaf area index, the
leaf area density (i.e. leaf area per unit of cgnagume), the canopy volume and the shape of the
crowns are needed to calculate the absorptiondidittan by the model ‘Maestra'.

The crown of an olive tree in a high density olwehards can be approximated by an ellipsoid
(Mariscal et al., 2000a). The shape of the elligdeidetermined by the ratio between vertical and
horizontal radius. It is assumed that the treessexwe this ratio as they grow. Each day of the
simulation, the crown volume is calculated from tbaf area index, leaf area density and planting
density. Then, the dimensions of the crowns arerdehed from the formula of the volume of an
ellipsoid.

Villalobos et al. (2006) observed that, during fiiet 4 years of a high density plantation of olive
trees cv. 'Arbequina’ that were not pruned, thedesa density was constant at 2 leaf m crown.

No other experiment exists (to the knowledge ofatb#or) where the evolution of leaf area density
for non-pruned olive trees is reported.

Pruning strategies in high density olive orchamsug on reducing the leaf area density to faadlitat
the penetration of light into the canopy. It istased that the commonly observed decrease of leaf
area density with canopy volume in olive orcharelg.(Villalobos et al., 1995; Orgaz et al., 20G¥7) i
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generated by pruning and does not represent theahdiehaviour of the olive tree. Orgaz et al.
(2007) proposed an empirical model to describedlaionship between leaf area density and crown
volume:

2 if v, <0.5
LAD, = 0.8(V,-05 . ©)
‘ 2—% ifV, > 0.5

WhereLAD; is the leaf area density frteaf m® crown) andV, is the canopy volume per unit of
ground of surface (fncrown m? ground). In the model, at the end of phase 4 chegar of
simulation, the value dfAD; is calculated and pruning is applied to reducddh&area density of the
trees down to this value. The growth of new lead&sng the next year is assumed to occur with a
leaf area density of 2 fm™ crown, but it is assumed that the new growth igoamly distributed
within the crowns, so that the assumption of arfoum leaf area density would still hold. Thus,
during the next year after a pruning is executeth the canopy volume and the leaf area density wil
increase due to new leaf area growth.

The maximum height of a high density orchard i dimited to ensure that all operations (e.g.
harvesting and spraying) can be performed adequaéienever the height of the trees at the end of
phase 4 exceeds a user-given maximum value, tege &re pruned down to the maximum height and
the volume is reduced in order to maintain the saroen shape as before the pruning (i.e. same ratio
between vertical and horizontal radii). This metira, whether pruning is actually applied or nad an
the amount of biomass removed depends on the leafdensity and height of the trees at the end of
phase 4. The model does not include "green prurdngtummer pruning that is sometimes used in
olive trees. Also, it assumes that pruning is mstaeous and the application of strict rules to
determine the application or not of pruning mayseaunrealistic simulations (i.e. in reality, farser
do not have strict rules and pruning strategies waay for different locations).

It is assumed that the leaf area removed by pruafferts equally all the generations of leaves.
Pruning also eliminates part of the biomass stamestructural and fine branches, depending on the
pruning intensity. It is assumed that the ratiodaen the biomass of structural branches and leaves
and between fine branches and leaves does not ehaitly pruning. This allows calculating the
biomass removed from the different types of orgea function of pruned leaf area. The response of
the root system to pruning (Cannell & Dewar, 1984k not included in the model, as no reference
was found in the literature for olive trees.

In super-high density olive orchards, the crowneath tree can be approximated by a rectangular
prism, where the ratio of height and width of thewn also defines the shape. Because the pruning of
super-high density orchards is applied mechanicaligg blades and discs, it is assumed that oely th
volume and not the leaf area density is modified. |[#af area density does not vary, pruning is
applied only when the height exceeds a maximumevaud lateral pruning is used to maintain the
ratio between height and width of the hedgerow. fiieration of this type of mechanical pruning
every year prevents the formation of structurahbhes beyond the maximum height and width, so
that only fine branches are removed each timea#t assumed that the different generations of leaves
were uniformly distributed throughout the canopy. iA high density orchards, it is assumed that the
ratio between fine branches and leaves did notgghaith pruning.

2.2. Calibration

The calibration of the model was achieved usingadabm the literature. The phenology and
management-related parameters were chosen foliltyptensive olive orchard in Cordoba, Spain
(37.8°N, 4.8° W, 110 m above the sea level. Maditean climate). All the data used to calibrage th
model was gathered in experiments were the trees weated, fertilized and weeds and pests were
controlled adequately.



2.2.1. Phenology

The dates describing the starting and ending ddtése different phenological phases of olive trees
(Section 2.1.1.1) were determined (table 1) forasbequina’ in the area of Cordoba, Spain, based o
the observations from different experiments (Moai@h al., 2003; Testi et al., 2008; Villalobos ket a
2006). As indicated previously, the lack of prommientific information regarding the thermal
requirement of the different phenological phasesline trees justifies the use of location and
cultivar-specific fixed dates.

Table 1: Phenological phases proposed for the maidearbon balance, parameterized for cv. 'Arbea|uiim
Cordoba (Spain).

Phase Description Day of Year
331-365
1 No growth
1-45
Vegetative growth 46-150

4 1* phase fruit growtH ~ 151-220
2" phase fruit growth  221-330

2.2.2. Senescence

No data was found regarding the senescence ofrdioks in olive trees. By comparison with other
species, the average life span of fine rob&ifi equation 1) was assumed constant and equd to 9
days. Fine roots of Mediterranean evergreen cakeicus ileX..) have a median life span of 67 days
under natural conditions (Lopez et al., 2001). éissat and Yanai (1997) reported life spans between
90 and 152 days for the fine roots of differentcspe of the genuSitrus.

Based on the observations reported in the litega{@bdel-Razik, 1989; Priestley, 1977; Proietti,
1998), the starting and ending date of the peribdnleaf senescence occurs (DYand DOYs, ,
in equation 2) were assumed to be the days 120 2Maf the year.

2.2.3. Canopy photosynthesis

The values for the parameters of the model of camdtosynthesis and radiation absorption were
taken from the study of Morales (2012), where thedeh was validated against measurements of
canopy photosynthesis and radiation absorption isuper-high density olive orchard using cv.
‘Arbequina’ (table 2). In Morales (2012), the pagters had been taken themselves from the scientific
literature (see Source in table 2).

Moriana et al. (2002) calibrated the stomatal catalce model of Leuning (1995) using cv. 'Picual’
and Diaz-Espejo et al. (2006) used cv. 'Manzanil@alibrate the photosynthesis model of Farquhar
et al. (1980). To the knowledge of the author, nodeh of leaf photosynthesis or stomatal
conductance has been published for cv. 'Arbequduid'the differences in leaf photosynthesis among
cultivars are considered to be small (Connor & fee2005).



Table 2: Parameters needed for the simulation obpg photosynthesigsoil, tleaf andpleaf are the soil
reflectance, leaf transmittance and reflectandeAR, respectively. gs0 is the stomatal conductdocaull net
photosynthesis, al is the proportionality factoiws®n net photosynthesis and stomatal conductdb@e,
describes the response of stomatal conductanceP®, Y is the CO2 compensation poirtt,describes the
degree of curvature of the response to PAR of ibetren transport rate, is the quantum efficiency, Jmax and
Vc,max are the maximum rates of electron transpod activity of Rubisco. HJ and HVc are the actomt
energies of Jmax and Vc,max. Rd and HRd are tlezaete leaf respiration at 25 °C and its activaépargy.
The units in this table correspond to the origimaits in Maestra and may differ from the ones usetthe rest
of the text.

Parameters Units Nominal value Source
Psoil — 0.2 Assumed
Tieaf — 0.001 Mariscal et al. (2000a)
Plea - 0.072 Mariscal et al. (2000a)
Oso mol m? leaf s* 0.045 Moriana et al. (2002)
a - 4.53 Moriana et al. (2002)
Do Pa 3500 Moriana et al. (2002)
r pmol CQ, mor™ 46 Moriana et al. (2002)
0 - 0.9 Diaz-Espejo et al. (2006)
a mol e (molPAR)™ 0.2 Diaz-Espejo et al. (2006)
Jimax pmol m? leafs™ 1355 Diaz-Espejo et al. (2006)
Ve max pmol m leak™ 82.7 Diaz-Espejo et al. (2006)
Rq pmol m? leafs™ 1.12 Diaz-Espejo et al. (2006)
H, J mor* 35 350 Diaz-Espejo et al. (2006)
Hue J mor* 73 680 Diaz-Espejo et al. (2006)
Hra J mof* 44 790 Diaz-Espejo et al. (2006)

2.2.4. Maintenance respiration

Perez-Priego et alsbmitted measured maintenance respiration of olive traés avclosed chamber
after keeping the plants in the darkness for 48$dthe different organs in the trees were removed
sequentially and weighted and several measurenandéfferent temperatures were performed in
between. The maintenance respiration coefficient25a°C for leaves, fine branches, structural
branches and fruits were 0.804®.24 10*, 0.05 10* and 0.67 10 g C g* DM h™, respectively.

Merino (1987) reported a maintenance respiratiaffimient for leaves of 2.16 THg C g DM h™ at

20 °C. Assuming a Q of 2 this value is equivalent to 3.20°4@ C g* DM h™, which is four times
bigger than the value obtained by Perez-Priegol.efsabmittedl. Abdel-Razik (1989) estimated
maintenance respiration coefficients at 25 °C fritrogen and mineral contents, obtaining 1.25',10
0.87 10% 1.12 10* and 3.50 10 g C g* DM h™ for leaves, fine branches, fine roots and fruits,
respectively. These values are also larger tharoties obtained by Perez-Priego et silibgnitted,
especially for the case of fruits. Fruits can reagate 40-80% of the respired GQ@Proietti et al.,
1999) which could explain the much higher mainteeacoefficient found by Abdel-Razik (1989) as
the reassimilation is implicit in the chamber measents. Thus, it does not seem adequate to
estimate the maintenance respiration of fruits dase nitrogen content, unless the reassimilation is
also simulated.

The value reported by Abdel-Razik (1989) for lezdpiration is based on a nitrogen concentration of
1.7%, which is a reasonable value for well-fertiizolive orchards (Fernandez-Escobar et al., 2009).
The respiratory processes included in the concéphaintenance respiration are not completely
independent from growth (Cannell & Thornley, 2009, that the rates of respiration published by
Perez-Priego et alsibmittedl could be underestimated due to the absence wftlgrd he final choice

of parameters (table 3) combined the values repdie leaves, fine branches and fine roots by
Abdel-Razik (1989) and for fruits and wood by PePeego et al. gubmitted. The reason for such
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choice is that the maintenance respiration of &irat branches and stem was not calculated by
Abdel-Razik (1989) and that the coefficients repdrby Perez-Priego et akupmitted for fruits
include, implicitly the correction for reassimilati of CQ. Sitill, it is important to recognize that there
is a high uncertainty about the values to be assdign these parameters.

Maintenance respiration of structural branches nlépen the biomass of the outer layers of xylem
(i.e. sapwood), as the maintenance of the inn@rsagf xylem is negligible (Ryan, 1990). Since the
amount of sapwood was not reported, the coefficieas applied to all the biomass contained in
structural branches, which causes an underestimaiomaintenance respiration in smaller trees
compared to the one used in the original experinjeetez-Priego et alsubmitted, although this

would have a minor impact on the simulation giviea very small coefficient associated to structural
branches. However, it may generate an importarrestienation for large plants in long simulations.

Perez-Priego et alsbmittedl used the model of Lloyd and Taylor (1994) whidswanes that the
sensitivity of respiration to temperature decreasith temperature. With the parameter values
reported in the original article, the model wasyvemilar to using aQ,o = 2, in the range of
temperatures 20 - 35 °C.

Table 3: Mass-specific maintenance respirationfaents measured with chambers after 48 hoursaokrbss
and parameters of describing temperature respoose the model of Lloyd & Taylor (1994). Modifieddim
Perez-Priego et alsgbmittedl and Abdel-Razik (1989) assuming @ 2.

Organ Rmat 25 °C (1t*gCc¢* DM h™
Leaves 1.25
Fine branche 0.87
Structural brancheg 0.05
Fruits 0.67
Structural root 0.0t
Fine roots 1.12

2.2.5. Growth respiration

The biochemical composition of leaves, fine andatrral branches were taken from Mariscal et al.
(2000b), but the fraction of lignin in structurablbches was set to 0.2 based on published analf/ses
the wood of olive trees (Ruiz et al., 2006; Versest al., 2004). The composition of the fruit was
taken from Zamora et al. (2001). Note that two peaame being distinguished in the growth of fruits
(see Section 2.1.1.1) and they have different ptolu values and respiration factors (table 4).
Structural and fine roots were assumed to havesainge biochemical composition as structural and
fine branches, respectively. The reserves of dtiees are mainly located in leaves and stems (Busta
et al., 2011; Priestley, 1977) and they consisharily of sucrose, mannitol and starch (Bustan.et a
2011; Connor & Fereres, 2005; Priestley, 1977).sThie production value and respiration factors
were calculated assuming a 100% carbohydrate doftiédte 4).

The biochemical composition of each organ was ctete by its mineral content (Vertregt and
Penning de Vries, 1987). The production values egspiration factors for each biochemical
component were taken from Loomis et al. (2011). different organs had similar production values
and respiration factors except for the fruits dgrihe phase of oil accumulation and the winter
reserves. The carbon concentration in the orgafs ¢CC g* DM), was calculated a€C = (1 —
RF,)/PV, and was approximately equal to 0.55 g"€@M for the different organs.

Mariscal et al. (2000b) estimated very similar prctibn values to the ones obtained in this study fo
leaves and fine branches, but slightly smallerstouctural branches (1.72 g DM*¢C) due to the
assumption of a 30% lignin content. Merino (198f)arted a leaf production value of 1.50 g DM g
C. Abdel-Razik (1989) reported higher productiotuea for leaves (2.00 g DMJC), very similar
values for fine branches and roots (1.60 g DM@), and much lower values for structural branches
(1.20 g DM @* C) due to the assumption of a much higher ligaintent. Such a high leaf production
value seems unlikely as olive trees are scleroptgllevergreen plants, which tend to have lower
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production values than deciduous and herbaceoussp{Merino, 1987), due to their higher lignin
content (in this case, 18.4% on dry matter).

Table 4: Production values and respiration factdrthe different organs included in the model. Vadues for
fruit correspond to oil contents of 2% (left) ar@% (right).

Organ PV (@DM (g C)) | RF (g C(g C))
Leaves 1.67 0.300
Fine branches 1.72 0.227
Structural brancheg 1.80 0.143
Fruits 1.85-0.92 0.32-0.41
Structura roots 1.8C 0.14:
Fine roots 1.72 0.227
Reserve 2.07 0.067

2.2.6. Partitioning of assimilates

Information regarding the partitioning of assimgsitwas obtained from different experiments that
studied irrigated trees in pots or in the fieldllAfobos et al. (2006) calculated the partitioning
coefficients to the different organs abovegrouna inigh density orchard cv. 'Arbequina’, by means
of linear regression between cumulative biomasthefdifferent organs. The fraction allocated to
leaves, structural branches, fine branches andsfisére 0.16, 0.10, 0.24 and 0.50, respectively.
Mariscal et al. (2000b) reported in 1-year old elivees partitioning coefficients of 0.24, 0.5 @n2b

for leaves, structural branches and roots. Scaréred. (2008) reported for 3-year old potted olive
trees a partitioning of 0.31 to roots (0.20 to ctinal roots, 0.11 to fine roots), 0.28 to leav®&d4 to
fine branches and 0.21 to structural branches. Basethese results, the partitioning coefficients
(table 5) for the organs aboveground were takem fidllalobos et al. (2006) and, for organs
belowground, from Scariano et al. (2008).

Note that the partitioning coefficient to fruitstalmed by Villalobos et al. (2006) was defined ra t
annual level, though fruits do not grow during thdire year. It was assumed that the partitioning
coefficient to fruits during phases 3 and 4 were shme, though they had to be modified by the
production values of fruits in each phase. From stating and ending dates of the phenological
phases used in the model (see Section 2.2.1.astderived that fruits are growing during 63% & th
total growing season. Assuming that the averadg Haimass production is 30% lower for the period
of fruit growth compared to the entire growing seaghis was estimated from simulations, where the
decrease is caused primarily by maintenance rdigpijathe average daily partitioning coefficient
should be 0.85 g DM §DM, in order to obtain an annual value of 0.5 g GMDM. Once corrected
for the production values, it corresponds to 0.88 @.95 g C g C in phenological phases 3 and 4,
respectively. Therefore, the vegetative organs ogdgive 15 and 5% of the assimilates available for
growth during phases 3 and 4, and the partitioomefficient for each vegetative organ (table 5) are
modified by these fractions.

Table 5: Partitioning coefficients of assimilateste different organs and reserve pool, correfegroduction
values and for the different phenological phases.

Partitioning coefficients (g C g* C)

Organ
Phase 1 Phase 2 Phase 3 Phase 4
Leaves 0.00 0.22 0.03 0.010
Fine branches 0.00 0.14 0.02 0.007
Structural branches 0.00 0.33 0.05 0.016
Fruits 0.00 0.00 0.85 0.95
Structural roots 0.00 0.20 0.03 0.010
Fine roots 0.00 0.11 0.02 0.007
Reserves 1.00 0.00 0.00 0.000
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2.2.7. Canopy structure

For the application of pruning, the model assumethaimum height of 5 and 2.5 m for high density
and super-high density olive orchards, respectiveEhe natural leaf area density was assumed equal
to 2 nf leaf m° crown (Villalobos et al., 2006). It was assumedti between vertical and horizontal
radius of 1.1 (Villalobos et al., 2006). By defautspecific leaf area of 5 Tar? leaf g* DM was
assumed (Mariscal et al., 2000b; Morales, 2012)wdd@r, in Section 2.3.1.1, where the model is
compared to the measurements reported by Villal@bad. (2006), the measured specific leaf area
(4.2 10° n? leaf g* DM) was used instead.

2.3. Simulations
2.3.1. Case studies

2.3.1.1. Case 1: Comparison with experiment in Villalobos et al. (2006)

As a test, the model was used to predict the grawthdevelopment of the experimental high density
olive orchard studied by Villalobos et al. (2008he simulations of biomass and canopy structure
were compared to the results obtained in the exygari. The experiment was performed in a 4-ha plot
planted with olive trees cv. 'Arbequina’ in CordpBpain (37.8° N, 4.8° W, 110 m above the sea
level), with a typical Mediterranean climate. Thees were planted at the end of 1997, with a
planting density of 408 tree Hawith a distance between rows of 7 m and 3.5 wéeh consecutive
trees within each row. The rows were oriented altirggNorth-South axis. Irrigation was localized
with drippers (Testi et al., 2008) at the baseaufhetree.

Leaf area index and canopy volume were measurseshatar intervals during the period 1998-2002.

The biomass of the different organs aboveground maasured in March 1999, December 1999,
December 2000 and December 2001. Each measurefgionmass consisted of a sample of 5 trees
that were cut down to the ground level and therdagter content of fruits, leaves, fine branches and
structural branches was measured. Radiation alimonpas calculated from measurements of canopy
dimensions and a detailed model calibrated forsdme orchard (Mariscal et al., 2000a). From the
measurements of biomass and radiation absorptien rdadiation use efficiency for aboveground

biomass production was calculated. The trees m ékperiment did not show alternate bearing of
fruits.

The model was initiated at the beginning of yea®8 Qsing as initial value the reported leaf area
index and estimating the biomass of the differegins from the partitioning coefficients. Because
the trees in the experiment were not pruned, thegb@he model dedicated to simulating pruning was
deactivated. The weather input was taken from Hily dieather data gathered by a weather station in
the area (less than 1 km away from the experimgiag).

2.3.1.2 Case 2: Effect of climate change and planting density on carbon balance

The model was used to analyse the dynamics of sraacumulation, radiation use efficiency,

respiration and photosynthesis in high density smper-high density olive orchards under recent
climate conditions (1960-1975) and projected fuklimate conditions (2070-2085). The projections
were generated by the regional (i.e. grid cell 03 knf) climate model HadRM3 (Pope et al.,

2000), for the emission scenario A2 (IPCC, 200#haarea of Cordoba, Spain.

The output of HadRM3 consists on daily weatheralags that coincide with the input required by
the model (i.e. solar radiation, maximum and minimiemperature, average wind speed and vapour
pressure). A constant GQ@oncentration of 740 ppm was assumed (i.e. theageefor the period
2070-2085 for the scenario A2). The initial val@sthe state variables were the same as for Case 1
as they represent typical plants for the first yefaan olive plantation.
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2.3.2. Analysis of simulations

The simulations generated in each case study welysed in detail, focusing on the dynamics of
canopy structure, fruit production, photosyntheaitd maintenance and growth respiration. In
addition, the radiation use efficiency at the ahratale was calculated from the output (Section
2.3.2.1) as well as the ratio between total reipimeand photosynthesis (Section 2.3.2.2) which was
compared to the theoretical limits calculated by equations proposed by van Oijen et al. (2010).

2.3.2.1. Analysis of radiation use efficiency

Villalobos et al. (2006) proposed to calculate pneductivity of irrigated olive orchards using the
concept of radiation use efficiency, that is, thgor between biomass production and absorbed PAR
(RUE, g DM MJ* PAR). The concept of radiation use efficiency barextended to the production of
any type of organ (i.e. radiation use efficiencyléaves, fruits, wood, etc.).

From the perspective of carbon sequestration,iittésesting to calculate the radiation use efficie
for the production of total plant biomass (incluglivelowground organs). This is defined as:

RUE= A%
aPAR

WhereAWr is the gross increase (i.e. corrected for lossestd pruning, harvest and senescence) of
plant biomass (g DM i ground) in each year of the simulation @RARis the total amount of PAR
absorbed by the canopy during the year (MJ PARgmound).

From an agronomical perspective, it is interestmgalculate the radiation use efficiency for the
production of oil, as this is the main product afta from an olive orchard. In the model, oliveisil
produced during the phenological phase 4, so hieatadiation use efficiency can be calculated as:

(10

DOY; 4

Z AWfr J

i=DOYp
aPAR

WhereAW; is the increase of fruit biomass on day i of tleary(g DM m? ground),DOY; 5 and
DOY; 4 are the days when the phenological phase 4 stad®nds, respectively. The effect of plant
age (for both case studies), management systenclamate (only for Case 2) on both radiation use
efficiencies were analysed.

RUE; = (11

2.3.2.2. Analysis of respiration and photosynthesis

Empirical evidences indicate that the ratio betwelamt respiration and photosynthesis is constdhine
to a narrow range, especially when averaged fay fmriods of time (Cannell & Thornley, 2000; van
Oijen et al., 2010). For example, Gifford (1995}tizated wheat plants at constant temperature and
CGO, concentration, and observed that the ratio betvdedly respiration and photosynthesis did not
vary with CQ concentration and only increased from 0.40 to @gl8mperature doubled. DelLucia et
al. (2007) observed that, for different forestg ttet primary production (i.e. the difference betwe
photosynthesis and respiration) increased linegitly photosynthesis with a slope of 0.53, usingadat
extracted from 26 published studies. However, wbehucia et al. (2007) analysed individual cases,
there was an increase in the ratio with the agheforest and the observed ratios varied from QL7
to 0.77. This suggests that this ratio may be kightiable in tree systems. In the model presemed
this study, photosynthesis and respiration are lsited independently, as functions of environmental
variables, which does not ensure that the ratiovéen respiration and photosynthesis will be
constrained within realistic values (Cannell & Thiey, 2000; van Oijen, 2010).

van Oijen et al. (2010) proposed a series of simpé¢hematical equations to describe the relative
magnitudes of photosynthesis, growth respiratiom anaintenance respiration based on the
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conservation of mass in a plant (excluding senescand root exudation). The analysis is based on
the following 5 equations:

NPP= P- R - R (12)
NPP= G+ € (13)
R =G(1-Y)/Y (14)
p=(R,+R,)/P for0<p<o (15)
azg for —o<a<1 (16)

Where NPP is the total daily net primary production (g C?nground), P is daily canopy
photosynthesis (g C Thground), Ry is daily growth respiration (g C Thground), Ry, is daily
malntenance respiration (g Chground),G is daily gross growth expressed in units of carfpC

m?ground),Sis the variation of reserves (g Cground) and, is the growth yield (g C'gC). As
indicated in Section 2.1, these variables do natain units of time because they are calculated in
daily discrete model where time is implicit. Theogth yield varies during the year and can be
calculated as:

Yozt 1

5 PC,
kZ‘PVCCk

WherePC, PV andCC are the partitioning coefficients (g C'dC), production values (g DM YC)
and carbon concentration (g C'dgDM) of each organk (see section 2.1.3 on Respiration),
respectivelyp is the ratio between total respiration and phaitisssis and: is the ratio between the
daily variation of reserves and photosynthesis. Mgserves are remobilized and used for growth,
can be higher than 1 andwill be negative, as a result of solving the syst#f equations 12-16. The
equations presented in the above constrain thenmsxiand minimum values pfwithin the range:

(1-a)(1-Y,)<p<1-a (19

The value op, a andY, were calculated from the simulations of the magghg equations 12-16 and
were compared with the theoretical ranges desciilyeshjuation 18. This allowed to test if the values
of p predicted by the model were physically possibld how far were they from the theoretical
maximum and minimum. The dynamicsmftluring the year were analysed by segregatingftbete

of growth and maintenance respiration. In both &sdies, the effect of plant age was analysed, as
well as the effect of management system and cliina@ase 2.

3. Results

3.1. Comparison with experiments

The growth of leaf area index was overestimatethbymodel during spring of each year (figure 2, A)
and underestimated during the rest of the yeareagslty during the years with fruit production
(1999-2002). At the end of each year, both measamtjsmulated LAl were similar. At the end of
the fourth year the model predicted a LAl of 1r@2leaf m? ground for an experimental value of
1.62 nf leaf m? ground. The differences between model and reatife caused by an overestimation

of the growth rate of leaf area index during spmngl almost no leaf growth during the period oitfru
production. In the measurements, the daily groath of leaf area index was smaller but leaves kept
growing for a longer period of time. Also, the silations presented a sharp decrease of leaf area due
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to senescence that was not present in the measuer@aly at the end of the experiment there was a
decrease of leaf area index (figure 2, A).

The overestimation of LAl during spring caused ghler absorption of PAR during the first part of
each year but similar values during the second (itire 2, B). This resulted in a higher total
absorption of PAR in the simulations. The annuahdrof absorbed PAR was the result of the annual
variation of incoming solar radiation and the growt leaf area index, with a maximum value on the
fourth year of simulation of 5.04 MJ PAR figround versus a maximum measured value of 4.52 MJ
PAR m ground. The maximum absorbed PAR was reached seauh year of the simulation due to
the overestimation of leaf area growth in spring.
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Figure 2: A. Simulated and measured leaf area indexSimulated and measured absorbed PAR. The
measurements were performed on a high density oligleard and the results are published in Villabboal.
(2006).
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Figure 3: A. Simulated and measured fruit productfer year. B. Simulated and measured radiation use
efficiency for the production of oil. The measurentsewere performed on a high density olive orcterd the
results are published in Villalobos et al. (2006).
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The model overestimated the production of fruitsirduyears 1999 and 2000, but obtained a very
similar value on the year 2001 (figure 3, A). Ire tbxperiment, the production of fruits increased
during three consecutive years from 2.6 t DM'h#p to 4.6 t DM hd. The production on year 1999
was greatly overestimated by the model (3.4 t DM)tand slightly underestimated on the year 2001
(4.4 t DM ha"). The radiation use efficiency for the productifroil decreased with time in both the
experiment and the simulation (figure 3, B): betw®¢el9 and 0.17 g oil MIPAR in the experiment
and between 0.22 and 0.15 g DMVMBAR in the simulation.

In both the measurements and the simulations,aheentration of oil was quite constant and equal to
0.38 g oil g* DM fruit. The annual ratio between yield and grbssmass production aboveground
decreased in the simulations from 0.54 in 1999 dtwf.41 in 2001, but in the experiment it was
always above 0.54. The average annual gross biomesduction during the four years of
measurements was 5.6 t DM haversus a value of 6.6 t DM Han the model. That is, the model
overestimated biomass production by 19%.

Villalobos et al. (2006) did not report values ainopy photosynthesis but Testi et al. (2008)
measured canopy photosynthesis with the eddy @nagitechnique in the same orchard. The
measurements were discontinuous in time, covetiregdifferent seasons throughout the years of
measurements. It showed a linear increase of caplopypsynthesis with leaf area index with a slope
of 11.0 g CQ (n7* leaf m?ground)®. Selecting from the simulation the days when Tesstl. (2008)
performed their measurements, a slope of 10.8 g @®leaf n? ground)* was obtained from the
simulated values of canopy photosynthesis andalesgf index.

The model predicted a higher growth respiratiorirduspring than in other seasons, as reserves were
being used for vegetative growth (figure 4, A). TVeriability of growth respiration during the
growing season was small. Maintenance respiratioreased during the year following the trend of
air temperature, reaching a maximum in August. Hmaual maximum increased with each
consecutive year due to the accumulation of biorffagsre 4, A). Canopy photosynthesis increased
during spring up to a maximum in the first half hine and presented a minimum at the end of
December. The combination of the annual trendshef different fluxes described in the above,
located the maximum net primary production (i.eotpBynthesis — respiration) in May, presenting
small variations between August and January. Masinphotosynthesis, growth and maintenance
respiration were 6.8, 1.4 and 5.3 g Cmround day" and, since these maxima did not coincide in
time, maximum net primary production was 3.5 g € gnound day'.

The average ratio between respiration and phothegi# () during the five years of simulation was
0.49. Note that fifth yera of the simulation has cwrespondence with the experiment which only
lasted for four years. The annual valug aficreased from 0.32 in the first year up to 0.6%he fifth
year (figure 4, B). The values pfgenerated by the model were always within thertteal ranges
(figure 4, B), which varied greatly during the yelare to the changes in the partitioning of assiesla
and the remobilization of reserves. The annualdtieip was very similar during the simulated four
years of fruit production: during the winter periofireserve accumulatiop,was ca. 0.2, during the
spring flush of growthp increased up to 0.4 and during summer and autitmeached a maximum
of 0.7-0.8, following, approximately, the seasameahd of maintenance respiration.

Even though the production value of oil is muchhieigthan for the other organs, the higher priority
given to maintenance respiration in the distribuid assimilates meant that maintenance respiration
dominated the dynamics efduring the period of fruit growth. Maintenancepiestion represented
only 30% of the total respiration at the beginnaigpring of the first year but increased up to 95%
during midsummer of the fifth year, with an averag®0%.
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Figure 4: A. Time series of canopy photosyntheBis (haintenance respiration (Rm), growth respirafieg)
and net primary production (NPP), which is the aefi#ihce between photosynthesis and both respiratitins
Ratio between total respiration and photosynthésis (R; + Ry) / P), and the area above the theoretical
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Figure 5: A. Components of the annual carbon balaofc the olive trees disaggregated into net primary
production (NPP), maintenance respiration (Rm) grath respiration (Rg). B. Radiation use efficigrior
total biomass production during the five yearshef simulation.

Net primary production increased throughout theutation but the differences in the last three years
of the simulation were small, indicating a stalitian of annual growth (figure 5, A). Growth
respiration increased proportionally to the annoet primary production, with a major increase
between the first and second year when fruit probdocstarted. The annual values of maintenance
respiration increased throughout the simulatiorheit showing any stabilization (figure 5, A). On
the first year of simulation, annual net primaryoqgluction, growth respiration and maintenance
respiration represented 0.68, 0.15 and 0.17 of @npliotosynthesis, respectively. These fractions
changed to 0.40, 0.15 and 0.45 on the fifth yearth® trees accumulated biomass, there was a clear
transfer of assimilates from net primary productinoto maintenance respiration. Still, net primary
production was 6.4 times higher on the fifth yeampared to the first year, due to the increase of
annual photosynthesis.
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The annual radiation use efficiency for the produrcof total biomass decreased from a value of 1.52
g DM MJ' PAR during the first year to an average value @1g DM MJ* PAR during the
following four years of fruit production, with smafariations around this average (figure 5, B). Séhe
values correspond to 1.10 (first year) and 1.04r@ye last four years) g DM MJPAR for the
production of biomass aboveground. In the experiptie RUE aboveground during the four years
of measurements was 1.3, 0.9, 0.8 and 0.8 g DM RAR. Thus, the model underestimated the RUE
aboveground of the first year and did not captime decrease observed in the experiment in the
following years, such that they were overestimated.

3.2. Effect of climate change on high and super-high density olive orchards

The dynamics of the leaf area index in the differ@mulations were determined primarily by the
pruning of the trees (figure 6) and, although thenpyg applied to high and super-high density
orchards were based on different criteria (and radribem considered the leaf area index expligitly)
the leaf area index after each pruning was venylainfor both types of orchards and climate
scenarios (2.2 and 2.4°rteaf m? ground for high and super-high density orchardspectively).
Pruning started to be applied in the second yeaalfeimulations except for the high density orcha
under recent climate, where pruning started irthivd year.

Once pruning started, leaf area index followed @ument annual trend with a maximum in late
spring, a decrease due to senescence, a slightergcduring the phase of fruit production and a
strong reduction due to pruning (figure 6). The wairgross growth of leaf area was lower under
recent climatic conditions (average of 1.4 andri?3eaf m? ground for high and super-high density
orchards, respectively) than under future climataditions (average of 1.9 and 2.C teaf m?
ground for high and super-high density orchardspeetively). In the case of super-high density, the
annual gross growth of leaf area decreased wittagfgeof the plantation. The maximum leaf area
index of the four simulations was achieved in thpes-high density olive orchard under future
climate, with a value of 5.1 nteaf m?ground (figure 6, B), but only before pruning stakt

The annual fraction of radiation absorbed by eachard increased with the leaf area index staldilize
at a maximum, once pruning started. At its maximtime, high density orchards absorbed 0.68 and
0.70 of the annual PAR during recent and futurenale, whereas super-high density absorbed a
slightly bigger fraction (0.71 and 0.73 for recand future climate). The fraction of ground covered
by the canopy varied each year following the vayiet of leaf area index, with a range of 0.45-0.55
and without significant differences among simuliasio

The average oil concentration in high and supeh-hignsity olive orchards under recent climate
conditions was 0.39 and 0.38 g oif' ®M, respectively, and increased by two points. @.¢1 and
0.40 g oil g* DM) under future climate conditions. The overadtiability of oil concentration in each
simulation was small and was mainly explained liyate (standard deviations of 0.04 and 0.06 g oil
g™ DM under recent and future climate conditionspeesively).

In the high density olive orchard, maximum yieldswabtained on the"6year under recent climate
and on the %year under future climate (figure 7, A). The maximfruit production of the super-high
density olive orchard occurred on the second yaabdth recent and future climate (figure 7, B). In
the high density orchard, under recent climatddyieas rather stable after the maximum value had
been reached, but in the rest of the simulatiole$] yecreased after reaching the maximum. Irhall t
simulations, important variations were introducgdhe weather each year. Future climate conditions
increased the average fruit production from 8.@ai9.0 t DM ha' year" in high density orchards
and from 8.1 up to 8.3 t DM hayear” in super-high density orchards (figure 7). Thealsility was
higher for super-high density orchards and futdmmate conditions and the standard deviation of
yield increased from 1 up to 2 t DM hayear', when comparing high density and recent climate
(minimum variability) with super-high density anatdire climate (maximum variability).
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Figure 6: Leaf area index under past and futurenat in high density olive orchards (A) and supghh
density olive orchards (B).
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Figure 7: Fruit production under past and futuienate in high density (A) and super-high density (Hve
orchards.

In the high density olive orchard (figure 8, A),ximaum net primary production (13.5 t C hgear”)

was reached on year 8 under recent climate ancan4yunder future climate (16.5 t Chgear?).
Under future climate conditions, there was a sligndrease of the net primary production throughout
the simulation, with an average rate of decreas@®t C ha' year®, whereas under recent climate,
the net primary production stabilized at a valueldf3 t C ha year' for most of the simulation.
Growth respiration followed the same patterns \aitraverage of 4.8 and 5.3 t Chgear for recent
and future climate, respectively. Maintenance rasioin increased throughout the simulation for both
recent and future climates, with maximum valued4flL and 21.8 t C hhyear’, respectively. On
average, maintenance respiration was 65% higheerufidure climate conditions, whereas the
average relative increase of annual photosyntinesss45%.

In the super-high density olive orchard (figureB3, maximum net primary production (13.1 t Cha
year’) was reached on year 3 under recent climate angean?2 under future climate (17.3 t Cha
year"). After the maximum had been reached, net prirpapguction decreased continuously (figure
8, B) at an average rate of 0.3 and 0.4 t C fear" for recent and future climate, respectively.
Growth respiration followed the same trend, withximaum values of 5.3 and 6.5 t C hgear® for
recent and future climate, respectively. Mainteearespiration increased throughout the simulation,
with a higher rate during the first, unpruned yeansl an average increase of 47% under future
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climate compared to recent climate, whereas theageerelative increase of annual photosynthesis
was 30%.

The annual ratio between total respiration and @yotthesis () increased with the age of the
plantation in all the simulations (figure 9, A). &hate of increase was faster during the first year
when no pruning was being applied. For all scesa@mnualp started at 0.33 and increased up to
0.60 and 0.66 for high density under recent andréutlimates, respectively, and 0.66 and 0.73 for
super-high density under recent and future climatespectively (figure 9, A). That is, the
management system and climate had, each, a 10%i effehe annual value ¢f at the end of the
simulation.

The first year of each simulation, maintenanceirapn represented 0.53 of total respiration dnsl t
ratio increased to 0.70 and 0.79 for high densitgien recent climate and super-high density under
future climate, respectively, with a similar effesft management and climate as forDuring the
year, p followed the same seasonal pattern as in Caseglrdf4) and was always within the
theoretical ranges. In most of the simulated ygamsas always lower than 90% of the maximum
theoretical value. But, in the last years of thpesthigh density orchard under future climate, the
maximum theoretical value was reached during oimd tf the summer days. During those days, the
model simulated no growth of the trees.

Annual radiation use efficiency for total biomassduction increased when changing from recent to
future climate conditions and from super-high dignt® high density orchards (figure 9, B). Whereas
the differences due to climate were quite condtanoughout the simulations, the effect of the tgpe
orchard increased with time. In all the simulatioescept for the high density orchard under recent
climate, the radiation use efficiency decreasedh lie age of the plantations. In the high density
olive orchard, the radiation use efficiency wasyvatable around a value of 1.15 g DM MPAR,
after the trees started to be pruned. Under futlineate conditions, both types of orchards started
with a RUE of 2.0 g DM MJ PAR, whereas, under recent climate conditionsirtiial RUE was 1.6

g DM MJ? PAR. At the end of the simulations, the differendee to climate were very small, with
1.15 and 0.95 g DM MJ PAR for high density and super-high density ordearespectively. The
average relative increase of radiation use effoyiestue to the effect of climate was 13 and 11% for
high and super-high density orchards, respectively.

Fluxes (t C ha " year ™)

Figure 8: Components of the annual carbon balahtieeoolive trees disaggregated into net primagdprtion
(NPP), maintenance respiration (Rm) and growthiraspn (Rg) in high density olive orchards (A) asaper-
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Figure 9: A. Ratio between respiration and phottsysis ) for recent (P, solid lines) and future (F, dashed
lines) climate in high density and super-high dgnslive orchards. B. Radiation use efficiency atal biomass

production for recent (P, solid lines) and futufe dashed lines) climate in high density and siypgh-density
olive orchards.

4. Discussion
4.1. Case 1

The model failed to predict accurately some ofahservations reported by Villalobos et al. (2006):

1. Leaf area growth was over estimated during oplogical phase 2 (spring) but
underestimated in phases 3 and 4 (summer and autumn

2. The production of fruits was overestimated, egby in 1999 and 2000, even though the
harvest index was smaller than in the experiment.

3. The radiation use efficiency aboveground wagestenated in all years except, for the
first one, and the decreasing trend observed iexperiment was not reproduced in the simulation.

However, it was successful in predicting the foliogy

1. The concentration of oil in fruits was the sagsen the experiment.
2. The annual net increase of leaf area was venijas.

3. The amount of photosynthesis per unit of leafavas very close to the value obtained by
Testi et al. (2008).

In general, the discrepancies between the measuterard the predictions of the model are small.
Integrating over the entire simulation, the modetrestimated fruit production by 10%, leaf area
production by 12% and aboveground biomass produdiio 19%. Given that the model has been
calibrated with data from different experimentssia reasonable and satisfactory result. An ingoort
aspect of the experiment considered in Case leiglisence of pruning. This means that the part of
the model concerned with pruning could not be testeCase 1. Even if the performance of the model
is considered satisfactory, it is important to stigate what may have caused the overestimation of

the different outputs. The two most likely explaoas for the discrepancies between model and
reality are:

1. An underestimation of maintenance respiratidm: underestimation of maintenance

respiration will increase the radiation use efficig, especially at the end of spring and during the
summer, when maintenance respiration becomes timneot component of total respiration, due to
the higher temperatures. This would explain therestémation of radiation use efficiency, leaf
growth and fruit production. On the other hand, dherage value gf was 0.49, which is within the
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range of observed values for different C3 speciaa Qijen et al., 2010). Part of the underestinmatio
could be caused by the use of maintenance regpiratiefficients for structural branches that are no
corrected by the fraction of sapwood.

The literature contains a high variability of mainéance respiration coefficients, which
indicates a high uncertainty about this flux. Soafethe biochemical processes covered by the
concept of maintenance respiration are not totaliependent from growth (Cannell & Thornley,
2000). This could explain why the coefficients abea by Perez-Priego et akupmittedl were lower
than the ones reported by Abdel-Razik (1989), waived them from the biochemical composition
of the different organs. There is a need for aebethderstanding of the maintenance respiration of
olive trees.

2. An overestimation of the accumulation of winteserves: An overestimation of the
production of reserves during the winter would @ase leaf growth during the phenological phase 2
(spring), which increases the amount of absorbeéidtian and hence the production of fruits andltota
biomass. Also, since producing reserves is moieigtfit (in terms of carbon losses) than any other
tissue, and since during the winter the maintenamspiration is at its minimum due to low
temperatures, an overestimation of production sémees will tend to increase the average radiation
use efficiency at the annual scale. Since reseavesonly used for vegetative growth, this would
explain why fruit production was overestimated thet harvest index was underestimated.

An overestimation of the production of reservestlie model could be caused by the
assumption of no root growth during the winter, ad assumption that photosynthesis is
independent of the strength of assimilate demandesin reality, a very low demand of assimilates
can reduce photosynthesis (Kirschbaum, 2011).€eTtera need to measure the carbon balance of
olive trees during the winter, as well as the gftécsink strength on photosynthesis.

The experiment showed a continuous decrease ddtianliuse efficiency with time, whereas the
model predicted very small interannual variatioftse simulated daily radiation use efficiency varied
in a wide range, with a maximum of 6.64 g DM MBAR in spring (enhanced by remobilization of
reserves) and a minimum during summer and wintertdthigh maintenance respiration and lack of
growth, respectively. Mariscal et al. (2000b) ctdted radiation use efficiency on a monthly basis
and observed a similar annual pattern. Thus, adfiheadiation use efficiency may be fairly constant
on an annual scale it varies strongly on a seasewal The average radiation use efficiency fdalto
biomass production during the years of fruit prdatuc (1.25 g DM MJ' PAR) was much smaller
than the typical values reported for C3 crops (edgeat with 2.6 g DM M3 PAR, in Sinclair &
Muchow, 1999). Crops with energy-rich seeds, sichoybean and peanut, have values of 2.0 g DM
MJ™ PAR or higher (Sinclair & Muchow, 1999), which indtes that the high production value of
olives could not explain the discrepancy. For appges, Monteith (1977) obtained 2.8 g DM #J
PAR, which indicates that the perennial naturéhefdlive tree is not a likely reason either. Rungbn
al. (1994) calculated an average RUE of 1.3 g DM'NRAR under non-limiting conditions (i.e.
without drought, frosts or extreme VPD) for diffatenatural forests in Oregon, USA. Cannell et al.
(1987) obtained a value of 1.6 g DM MJPAR for irrigated willow plantations. Thus, when
compared with natural vegetation under potentialddmns for growth, the values of radiation use
efficiency calculated from the simulations seensosable. Hence, the low radiation use efficiency of
olive trees could be caused by the lack of imparggmetic improvement in olive trees compared to
other temperate fruit species (Fabbri et al., 2009)

4.2. Case 2

First, the effect of the management system (highsithe vs. super-high density orchards) will be
discussed, using the simulations under recent tdinighen, the effect of climate will be analysed,
comparing both climate scenarios and managemetsrsygs
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4.2.1. Effect of management

The higher planting density in the super-high dgnsilive orchard resulted in a higher fruit
production and net primary production during thmstfiyears of the simulation, with a very similar
radiation use efficiency to the high density orchdrhe pruning of both types of orchards was such
that, after the fourth year of plantation, the antoof radiation absorbed by the canopy as welhas t
production of assimilates via photosynthesis waslar for both types of orchards. However, since
the mechanized pruning in the super-high densit)earchards did not remove any of the structural
biomass, the increase of maintenance respirat@rergted a decrease of net primary production, frui
production and radiation use efficiency. This wagressed by a divergence in the values of radiation
use efficiency, which was the same for both orchardthe first year (1.6 g DM MPAR) but
differed at the end of the simulation (1.15 ands@M MJ* PAR for high and super-high density
orchards, respectively).

The average yield of the high density olive orchaes 8.00 t DM hd year®, whereas for the super-
high density orchard it was only 1.2% higher. Sachmall increase was caused by a continuous
decrease of yield after the early maximum had beached. The average olive oil production was 3.2
t oil ha' year®, which is slightly higher than the maximum val’fe3d t oil ha' year* observed by
Villalobos et al. (2006) for a wide range of oraarlt also agrees well with the maximum of 3.8t o
ha' year' measured by Pastor et al. (2007) in an experirhbigha density orchard cv. 'Arbequina’ in
Cordoba, Spain. For the same climate, Villalobosalet(1994) reported potential oil yields of
sunflower of 2.25 t oil ha.

Assuming an energy content of 39.3 K3 gil (Merryl & Watt, 1973), the simulated averagié o
production is equivalent to 126 GJ hgear’. Assuming a potential yield of 10 t DM Haear” for
wheat and an energy content of 17.5 KoM (Merryl & Watt, 1973) in the grain, the poteatyield

of wheat is equivalent to 175 GJ haear®. Thus, once corrected for the energy content, the
simulated olive oil yield is 72% of the potentiah@at yield.

The total biomass produced during the simulatiardeu recent climate scenario was 28% higher for
the super-high density orchard, that is, the irsen total biomass was higher than for fruit biema
which means that the harvest index had been red&esh reduction is explained by the increase of
maintenance respiration, as this flux becomes mmportant during the summer due to the higher
temperatures. That is, since maintenance respiradpresents a bigger fraction of total respiration
during the summer, its increase has a bigger effedtuit production than on total growth.

However, Pastor et al. (2007) reported a strongedse of yield in a super-high density orchard
(from 19.5 down to 5.2 t DM hhyear?) after pruning started. Such decrease was expldiyea
strong decrease in the number of fruits that wascompensated by fruit weight. A similar strong
decrease of yield was reported by De la Rosa ef2807) in a super-high density orchard cv.
‘Arbequina’ in Cordoba, Spain. This phenomenorotscaptured by the model as it does not consider
the number of fruits in the distribution of assiatés. In its current state, the model will overeate
fruit production of super-high density orchardthi collapse in yield occurs.

The ratio between total respiration and photosysish@creased from a minimum at the beginning of
the simulation of 0.33 (both types of orchards}ap.60 and 0.66 for the high and super-high dgnsit
orchard, respectively. DelLucia et al. (2007) regparthat, in forestsy increases with the age of the
trees, observing a total range of variation of @177. Gifford (2003) reported a range of 0.35-0.60
for different forests and individual plants undentrolled conditions. Also, the simulated ratio was
always within the theoretical limits (van Oijen a@t, 2010). A possible explanation for the strong
increase irp during the simulation could be an overestimatibthe maintenance respiration of the
woody tissue as xylem tissue has a lower metalgliwity than the cortex. This makes sense as the
model assumes that all the wood has the same aigspircoefficient, whereas, in reality, most of the
respiration is associated to the sapwood, whiehfisction of total wood biomass that decreasels wit
tree age (Ryan, 1994). On the other hand, the empet from which the coefficient was obtained
(Perez-Priego et alsubmittedl was performed on trees belonging to a 9 yeardigld density olive
orchard, so that the sapwood biomass should notobedifferent in the simulations and the
experiment.
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4.2.2. Effect of climate

Under future climate conditions, both rates of plsghthesis and maintenance respiration increased.
The higher rate of photosynthesis was caused bjettibzation effect of a higher atmospheric £O
concentration. The increase of air temperatureaahijher biomass production were responsible for
the increase of maintenance respiration. In redatérms, the increment of maintenance respiration
was greater, as the ratio between respiration dmdopynthesis increased. However, in absolute
terms, photosynthesis was favoured more and tlét igas an increase of net primary production.

The average increase of photosynthesis for highsaper-high density orchards was 45 and 30%
respectively. Kirschbaum et al. (2011) reported/@chl increase of photosynthesis of 30% under
high CQ concentrations. The model could be overestimatingtosynthesis under future climate
conditions as acclimation of photosynthesis, thaaireduction of photosynthesis due to low demand
of assimilates (Kirschbaum et al., 2011), is nobgpeaken into account. In any case, the simulation
still show the importance of maintenance respiratio determining the productivity of the orchards
and the interaction between pruning and climate.

The amount of absorbed radiation increased orgpttli (2%) under future climate conditions, due to
the control by pruning, whereas the net primarydpation was enhanced substantially (32 and 18%
for high and super-high density orchards, respelsgtjy This meant an average increase of 12% in the
radiation use efficiency. The higher accumulatibiomass under future climate caused an increase
in maintenance respiration. This caused a highieratadecrease of radiation use efficiency compared
to the simulations under recent climate. Thus réuation use efficiency was 25% higher in thetfirs
year, but fell to the same value on the last yédéne simulation. This also means that the diffessn

in biomass production between the super-high deasitl high density orchards were reduced to 13%
with respect to the recent climate conditions wharper-high density orchards produce 28% more
biomass.

This increase was added to the effect of managefnenhigher maintenance respiration for super-
high density orchards) such that the effect wasnger in the case of the super-high density. This
meant that, on the last year of the super-highiteachard, respiration consumed 72% of the annual
assimilates generated by photosynthesis. Notethigats at the upper limit of the range observed by
DelLucia et al. (2007). Because of this, under fitliimate conditions, oil production of the super-
high density orchards was 28% less than to the digisity orchard, even though photosynthesis was
3% larger.

At the end of the simulation, the carbon storedvalyoound under the recent climate scenario was
12.2 and 59.9 t C hhfor the high and super-high density orchards, eetipely. Under the future
climate scenario, the final carbon storage abowegtavas 10.7 and 71.9 t C héor the high and
super-high density orchards, respectively. The tgpgruning used in super-high density olive
orchards results in a large accumulation of stmattbiomass, which increases under conditions of
climate. However, in the case of the high densliiyeoorchards, the maintenance of a certain
leaf:wood ratio with a more selective pruning resuh a lower value that decreases slightly under
conditions of climate change.

5. Recommendations for further research

The construction and calibration of the model, adl vas the analysis of the simulation have
highlighted the following five aspects as the miagportant knowledge gap in our understanding of
the carbon balance of olive trees.

1. Quantitative studies at the tree level of thwmadnics of shoots, buds and fruits in
consecutive years are needed to characterize atéetrearing. Without a quantification of the
phenomenon it cannot be incorporated into the mdéletn though the mechanisms underlying the
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regulation and onset of alternate bearing may b&awnn, a descriptive, quantitative approach will
already increase the accuracy of the simulations.

2. Research is needed to understand the relaiations of photosynthesis and maintenance
respiration, especially during winter and sprirgislimportant to quantify within which boundaries
the ratio between respiration and photosynthesisvand how it changes with the timescale.

3. Studies on the factors controlling maintenamspiration, such as nitrogen concentration
or the fraction of active tissue in the total stamal biomass, are needed to understand the
discrepancies in the values reported in the liteeat

4. A quantitative characterization of pruning iseded. Especially in terms of how much
biomass of the different types of organs is remoged how this affects the leaf area density and
crown dimensions.

6. Summary

1. On average, fruit production, leaf area inde® Aiomass production aboveground were
overestimated by the model (by 10%, 12% and 19%pedively).

2. Radiation use efficiency increased under futtlimate conditions due to the stronger
effect of CQ on photosynthesis than that of temperature onteramce respiration.

3. Radiation use efficiency decreased in supdr-tignsity olive orchards as the pruning
method did not affect the structural branches &edaccumulation of this type of biomass increased
the maintenance respiration.

4. The ratio between total respiration and phottd®sis was always within the theoretical
boundaries and it increased with tree age, futlimeate and with super-high density management, for
a total range of values of 0.32-0.72. The increeae caused by a stabilization of photosynthetiesrat
and an increase in the maintenance respiration.
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Appendix I: Disaggregation of weather data

In this appendix, the algorithms used to disaggeetiee daily weather data are described. In owler t
test the accuracy of the algorithms, the weatheyesir 2011 was recorded at a resolution of 10
minutes in a typical agricultural region of CordpBgpain (37° 44' N, 4° 36' W, altitude 170 m). The
data was aggregated at the daily scale and theitalgs were used to reconstruct the original series
from these daily values. Also, the parameters efain temperature model were calibrated using this
dataset. Note that these algorithms are not abtapture situations of heterogeneous cloudiness (i.
where the fraction of the sky covered by cloudsngea during the day), which can generate
important outliers when comparing the calculated areasured values. However, they are able to
capture, on average, the effect of different degaecloudiness on incoming radiation, temperature
and vapour pressure deficit. The inputs to thegerithms are: Total daily solar radiation (MJ“m
ground day"), daily maximum temperature (°C), daily minimunmigerature (°C) and daily average
vapour pressure (kPa). The outputs, which can hmileged at any time resolution, are total solar
radiation and PAR (W M ground) separated into direct and diffuse comptmexir temperature (°C)
and vapour pressure deficit (kPa).

[.1. Solar radiation

This algorithm calculates incoming solar radiataomd incoming photosynthetically active radiation
(PAR), as well as its diffuse and direct componeassa function of the daily solar radiation. It is
based on the algorithms proposed by Spitters €1886) with some modifications in the notation
introduced by Goudriaan & van Laar (1994). The rhicdliions simplify the expressions and facilitate
the comparison between the more comprehensive agpraf Spitters et al. (1986) and the simpler,
nested approach of Goudriaan & van Laar (1994)sTthe equations presented in this section should
not be compared directly with the equations int8stet al. (1986) and, specifically, the paransster
andb in equation Al in this document are not relatetheoparametera andb used in equation 5 in
the article by Spitters et al. (1986).

Note that leap years are not considered and tealgorithm uses solar timeAlso, it is assumed that
the field is horizontal and that there are no maunst or nearby infrastructures that could project
shade on the field. The effect of slope is incoapen at a later stage in the model of radiation
absorption by the canopy, using the approach o¥e®te& Unsworth (1979), but it will not be
described in this document as it is not used indriie simulations presented in this study.

This algorithm is assumed to have a wide generality not to be dependent on local conditions, so
the original parameterization is maintained. Itewations were contrasted with the weather dataset
to assess its accuracy. However, neither PAR nerdiffuse/direct fractions of radiation were
measured by the weather station, so it was onlgiplesto test the accuracy of the disaggregation of
solar radiation corrected for the effect of clowdis (Section 1.1.1.1) but not corrected for theatf

of Mie and Rayleigh scattering (Sections 1.1.1.d hh.1.3).

I.1.1. Solar radiation algorithm

In order to calculate the diurnal distribution @las radiation, the angle between the sun and the
horizon, known as the solar elevation angler@d), is needed. The calculation of this angll on
requires knowing the geographical latitude>(0 for northern hemisphere, rad), the day ofyibar
(DOY, 1 = ' January, 365 = 31December) and the time of the day (0 = midnigBt=Isolar noon).
The solar elevation angle is calculated as:

! Solar time can be calculated by transforming Idiraé into Greenwich Mean Time (GMT) and takingoint
account that every 5° of longitude to the Westef Greenwich Meridian subtracts 20 minutes.
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sinB = a+bcos( 27(t- 13 /23 (A1)

Wherea = sin/ sind, b = cos/ cosd, ¢ is the declination angle (rad) and t is the tirhéhe day. The
declination angle changes during the year anddaised by the orbiting movement of the Earth and
the fact that the rotation axis is not perpendictdathe plane of the orbit. For each day of tharye
the declination angle can be calculated as:

sind =-sin(23.457 /18) cos 2(DOY+ 30 /3§ (A2)

Note thata, b, andd are assumed constant within a given day. The kieteeen sunset and sunrise
(DL, h) is calculated as

DL =tss—tsr=12(l+g asir(a /o)j (A3)
T

Wheretgs andts; are the times of sunset and sunrise (h) and epiesents the arc-sine trigonometric
function. The amount of solar radiation incidenteohorizontal plane, before entering the atmosphere
is known as the extra-terrestrial solar radigti@, W n?) and can be calculated as:

S = §sin B(1+0.033cof 2DOY/368)) (A4)

WhereS; is the solar constant (1367 W3nand the third factor in equation A4 describesefiect of

the eccentricity of the Earth's orbit, which moeffithe solar constant within the range 1320-1410 W
m The extra-terrestrial solar radiation receivedaagiven day %, p, J m? ground day') is obtained
from the integration of equation A4, which analgtisolution is known to be:

Sip = | SysinBdt=
° (A5)

=§ (1+0.03305 27(DOY -} /368) BGOE)a DL+2—7:'b\/ -lazlsz

The ratio between the solar radiation on the serfat the Earth and the extra-terrestrial solar
radiation is known as the atmospheric transmissmefficient. The daily atmospheric transmission
() is defined as:

S0
S0

Where Sp is the daily solar radiation (J fnground day). Assuming that the instantaneous
transmission coefficient is constant during the @ayzp), the instantaneous solar radiati&, W m~
2 ground) can be calculated as:

r, = (A6)

S sin8  _ sinB
SG - % — = ‘(SJ,D 24 - §,D (A7)
S0 Isin,[?dt 3600(& DL +27:'b\/ 1-a*/b’ j

However, empirical observations indicate that thgtantaneous transmission coefficient is higher
around solar noon than after sunrise or before eduriis decrease of transmission towards the
extremes of the day is caused by the increaseeirppiical thickness of the atmosphere (as solar
beams have to travel a longer path through the siheye) and the occurrence of meteorological

2 In order to facilitate the comparison with thestixig literature, “extraterrestrial solar radiatioefers to the
solar radiation above the atmosphere and “soldatiad” to the solar radiation after it has bedtefed by the
atmosphere, even though it is clear that all s@ldiation is extraterrestrial due to its origin.
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phenomena such as fog and low clouds (Spitterks, €t386). A simple way to describe this variation
is by introducing an additional dependency on tiiarsangle (1 <€ sing) to equation A7:

S =S sinB(1+csinp) _
| 2fsin,&’(1+csin,8)dt

sinB(1+csinB)
’ SBO{DL[EH c(a + o.5b2)]+2]jb(1+ 15a)V1-& /bz}

Using equations A1-A3 and A8, the daily total sotadiation can be disaggregated into the
instantaneous solar radiation at any time of the dite that forc = 0, equation A8 is reduced to
equation A7. To calculate how much radiation theopy absorbs, one needs to separate the solar
radiation into the its direct and diffuse composerithe diffuse component is the fraction of solar
radiation that is scattered by the particles indtraosphere. The variations in the diffuse fractién
radiation is determined mainly by degree of cloeds) which itself can be estimated by the
atmospheric transmission coefficient. A first dgféu fraction can be calculated from the daily
transmission coefficient (section 1.1.1.1). HowewEpending on the size of the scattered relative t
the wavelength of the radiation being scattered,tiypes of scattering can be distinguished:

(A8)

:SG,

1. Mie scattering is produced by particles of asizthe order of magnitude of the wavelength
being scattered. In the atmosphere, dust and dsrase responsible for Mie scattering of solar
radiation. This scattering is not perfectly isoimas the intensity of the scattered radiationighér
in the direction in which the radiation propagates.

2. Rayleigh scattering is produced by particlea sfze much smaller than the wavelength being
scattered. In the atmosphere, gas molecules grengible for Rayleigh scattering of solar radiation
This scattering is perfectly isotropic but the ity of the scattered radiation decreases with the
wavelength.

The importance of these modifications to the spécnd spatial component of diffuse radiation
depend on the solar elevation angle and the dexreludiness (Sections 1.1.1.2 and 1.1.1.3). The
scattering of light by clouds is the result of nplé refractions and reflections of light as itdrdcts
with water droplets and ice crystals. Thus, clogdserate an isotropic diffuse radiation without
alterations of the solar spectrum.

[.1.1.1. Effect of cloudiness

The relationship between the daily diffuse fractioh radiation and atmospheric transmission
coefficient is very similar for different locationsf the Earth (Spitters et al., 1986) and can be
described as:

1 if 7, <0.07
2 .
Sup _)1-2.31,~0.09 if 0.0&7,< 0.3 (A9)
So |1.33-1.46, if 0.3%7,< 0.7
0.23 if 0.75 1,

where S is the daily diffuse solar radiation (JTulay?). Whereas the instantaneous transmission
coefficient changes during the day as describegli@itly) by equation A8, the rati&/S), whereS

is the instantaneous diffuse solar radiation (V) nis assumed to be constant during the day, $hat i
Si/Sp = SWS. This simplification is based on the fact that th#ection and absorption of solar
radiation by the clouds and other scatterers wilidt to compensate the increase in the diffuse
fraction. Thus, the diurnal variation of the diffusaction of solar radiatior§(/Ss) is determined by
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(i.e. o = Sirp/(r Sp)). Thus, the fraction of diffuse radiation is hegtafter sunrise and before sunset
(low 7) and lower in the central hours of the day (highf the day being simulated is characterized
by intermittent cloudiness, the diurnal evolutidrizomay not follow this pattern.

[.1.1.2. Effect of Mie scattering

In order to take into account the effect of Mietsring (i.e. higher diffuse radiation in the ditiea

of the sun), the additional radiation correspondinghis effect is calculated, subtracted from the
diffuse solar radiation and added to the direcarsddiation. This way, the model can still assame
isotropic distribution of diffuse radiation, whigimplifies the calculations, but the effect of Mie
scattering is considered. The new corrected défilys radiation $ip, J m? day™) is calculated as:

Sdf,D

1+ 1—(2” JZ cos [727-73)0033(3)

,D

df,D —

(A10)

Whereﬁ is the average daily solar elevation angle. Thisection is especially important in days

with low cloudiness and intermediate solar elevatiagles (figure Al). The maximum correction is a
reduction of 15%, obtained on a day without cloadd a daily average solar elevation of 45°. The
mean daytime solar elevation angle may be caladiléte integrating numerically equation Al
between sunrise and sunset. As a reference, fatitade of 37.5° North, the daytime average solar
elevation varies from 18.6° up to 40.9° (figure A2)

B()

fo
Figure Al: Contour plot representing the fraction of dfféuafter the circumsolar correction relative to the
diffuse fraction before the correction, versus timeorrected diffuse fractiorfy) and the daily average solar
angle f).
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FigureA2: Daytime average solar elevation during the yean latitude of 37.5 °N and 55 °N.

[.1.1.3. Effect Rayleigh scattering

The photosynthetically active radiation (PAR) iswased to be 50% of the solar radiati&g)( but

the scattering due to the Rayleigh effect is highefPAR than for solar radiation. Weighting by the
effect of the different wavelengths on photosynheSpitters et al. (1986) proposed to use the
following expression:

2
PARy b -l1+0. 1_[ Sd,DJ Sw.0 (A11)

PAR}D %,D %,D

Where the subscripts for PAR have the same measnigr solar radiation. The correction due to
Mie scattering reduces the diffuse fraction but ¢berection due to Rayleigh scattering increases it
and the result is that the diffuse fraction of PARalways higher than the uncorrected fraction
calculated with equation A9. This increase is higloe clear-sky days and for low and high solar
angles (figure A3).
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Figure A3: Contour plot indicating the fraction of diffus®AR relative to the uncorrected fraction of di#fus
solar radiation, for different values of the angfesolar elevationf) and the uncorrected diffuse fraction of total
solar radiationft).
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I.1.2. Test of the solar radiation algorithm

The predictions 0&; by the algorithms were compared with the measunésre S; at intervals of 10
minutes. The comparison was made with the origiahle ofc = 0.4 and with a value af= 0, which
corresponds to the simplified approach (equation ABe mean absolute error decreased from 61 W
m2 ground forc = 0 to 55 W nt for ¢ = 0.4 (figure A4), indicating a small improvementthe
predictions. The change of accuracy was concentgaiearily on the highest radiation fluxes, which
were underestimated far = 0 and overestimated (but closer to the truee)afor c = 0.4. This
suggests that the optimal c for that dataset véllan intermediate value. The residuals were not
homogeneous and the maximum deviations occurretigrrange of 400-600 W thground. The
deviations between the model and the data wereshigjlring winter time (figure A4) although strong
deviations still existed in specific days throughtine year.
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Figure A4: Comparison between simulated and measured sathation using the variation of atmospheric
transmisivity during the day with a value ©of 0. 4 (A) and distribution of the residuals dgrithe year (B).
MAE is the mean absolute error.

[.2. Air temperature

This algorithm calculates the variation of air tesrgiure during the day as a function of daily
maximum and minimum temperature registered by athweeastation. The spatial variations in
temperature are not taken into account (i.e. theoégature generated by the algorithm refers to the
location and height where the input data was med3uiThe modified sine-exponential model
described in Ephrat et al. (1996) was used, wtsch generalization of the sine-exponential model
described by Goudriaan and van Laar (1994). Thergémation includes the effect of buoyancy on
turbulent mixing, which will affect the processh#ating and cooling of the air during the day. Bphr
et al. (1996) showed how the generalization impidoes disaggregation of air temperature in Israel
and California, both having Mediterranean climat&siven that olive trees are cultivated
predominantly in areas with Mediterranean clim#tie,model of Ephrat et al. (1996) is an interesting
improvement. Since the parameters of the modekigeespecific, it was calibrated, using the same
weather dataset as for the solar radiation alguorifihe model uses different approaches to simulate
the changes of air temperature during daytimei(se&2.1) and night-time (section 1.2.2).

[.2.1. Daytime air temperature

The original sine-exponential model assumes thrateanperature varies as a sine function of time
where the minimum temperature occpishours after sunrise and maximum temperature oqgurs
hours after noon (assuming solar time). Thus, ¢tetive variation of temperature during the day is
described by the expression:
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S=sn ”t—p1—12+DL/2 (A12)
DL+2p,

Wheret is the time of the day (h) amL is time between sunset and sunrise (h). The amdgliof the
sine wave is determined by the maximuifyf °C) and minimum temperature, although the
minimum temperature to be used depends on theopahe day being simulated. That is, before
maximum temperature is reached, the minimum tenmyperaf that day is used,, °C) and after
maximum temperature has been reached, the minimonperature of the next dai{.» °C) is used:

T +(T -T.)S if t . +p <t<12+
- — min ( max mm) . sr pl pz (A13)
TminA +(Tmax_TminA)S If 12+ p2< t< tss

As the day advances, the turbulent intensity géedray buoyancy increases, which enhances the
mixing of the different layers of air and the redeaof heat from the surface of the soil. This
phenomenon is especially important whenever a gtventical gradient of air temperature is formed.
The effect of this enhanced mixing is accelerathmgrate of heating during the first half of theyda
and decreasing the rate of cooling during the sgdwif of the day (which “flattens" the diurnal
temperature curve in the afternoon). Ephrat et()96) proposed to incorporate this effect by
multiplying equation A12 by a function of air tenmpture:

Sn = S = S
1+-|£L(T ) 1+ Ik (Tair _Tmin)

air
K

(A14)
-T,

min

Where $ is the modified sine wave arflg (°C) is the temperature increment at which thadpart

rate of heat doubles, due to buoyancy, when cordpaith the situation of no buoyandy.(°C™) is
simply the inverse ofy. For a giveril,, the effect of buoyancy increases witly. For a givenly;, the
effect of buoyancy decreases willh. Note thatS, = S for Ty — . Since equation Al4 is a
generalization of equation Al12, it is interestinguse the second parameterization, Wjth 1/T,, as
then we obtain the equivalence between both equatar an exact value &f = 0 as opposed [ —

. This is especially useful when calibrating thedeloas, for situations of little or no effect of
buoyancy | will tend to 0 as opposed to. In any caseTy; is an implicit function in equation Al4,
which means that the generalized form of equatit® Bas to be rearranged. Ephrat et al. (1996) gave
the solution to this problem which, when expressgdrms of | is:

Tair :Tmin _i-'—& _Jz-+4(Tmax_ Tmin) _l+ Tmax_ Tmin g (A]-S)
21, 2\12 I

Unfortunately, this solution is still undeterminetien usind, = 0, but, at least, it behaves adequately
as |l approaches to 0 (figure A5). Therefore whers 0, equation A13 is used and whigr> O,
equation A15 is used. In order to ensure contin(@sl, is a real number), a tolerance value of"10
can be used, although this is a technical probleahwill depend on the programming language and
computer being used. The valuesmf p, and I, will vary with the vegetation cover, soil water
content and other biotic and abiotic factors affecthe temporal dynamics of air temperature. Thus,
it is expected to vary for different locationsatites and even seasons (Ephrat et al. 1996).
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FigureA5: Air temperature as a function of the paraméténat determines the effect of turbulent mixinghie
atmosphere due to buoyancy. The calculations weree dor 1800 solar time for a daylength of 12 hours
maximum and minimum temperature of 20 and 30 °@na lag of 1.5 h between maximum temperature and
solar radiation and a time lag of 0.2 h betweenimmim temperature and sunrise. The solid black line
represents the calculations varyipgnd the dashed red line the valué,cf 0.

[.2.2. Night-time air temperature

During the night, the changes of air temperatuee determined by the radiative cooling of the
surface: as the soil and plants release energudhrthermal radiation, they cool down and, through
convection, they air close to this surface alsolamwn. This process can be described by an
exponential decrease of temperature determined tye coefficient TC, h). The time coefficient
evaluates how fast the surface cools during thietnkepr technical reasons, one has to split thigecu
into two parts, before and after midnight, since ttiodel of carbon balance simulates day by day. For
these two parts, night-time air temperature caddseribed as

T T eWre (1 -1 ) gt _
min A ss . e(—NiiTC -l;“'n A) if tss <t<24
T () = _NL/TC ~(24+t~toig)/TC (A16)
Tmin - ssBe + ( TssB_T mir) € = :
if 0<t< t,+ P

1— g NuTC

WhereTss andTsgg are the air temperature (°C) at sunset calculatethe day of interest and on the
day before, respectivel)L is the length of the night (i.e. n = 2DL) andtsis the time of sunset of
the day before. The value ®C depends on different local factors, including thyge of vegetation
cover and the soil water content of the soil.

|.2.3. Calibration

The parameterp;, p,, Ik andTC were estimated from the same weather datasetingbd previous
section. Given that irregular cloudy conditions ngayerate strong outliers in the calibration, aisbb
method of non-linear regression was used. Speliyfica median regression, based on the interior
point method (Koenker & Park, 1994) was used. Mediggression belongs to the more general
concept of quantile regression (Koenker & Hallo@)01) which avoids making probabilistic
assumptions about the nature of the residualst(issa non-parametric regression method). Noag th
mathematically, the result of a median regressmnaides with the result of minimizing the sum of
absolute deviations, assuming that the global aptinis found with this second approach. The
calibration was implemented with the package 'qaeghfor the R programming language (Koenker,
2012).
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The calibration resulted in a value of 0 fQr(Table Al), indicating that the effect of buoyanegs

not important. The calibration was also performeddach individual season of the year (results not
shown) and always resulted in a negligible valuelfo This contrasts with the values obtained by
Ephrat et al. (1996) which range from 0.64 to 303, although the calibration was performed with
individual days and only with daytime data. Sinicethis study, all the parameters are calibrated at
once with both night-time and daytime measureméhéscompensation effects among the parameters
of the model could be responsible for assigningg@timal null value td,.

The delay between solar noon and maximum temperdtaiple Al) was also bigger than the typical
values in the range 1.5 — 2 h (Goudriaan and vam, 1®94; Ephrat et al. 1996) but smaller than the
value reported by Ephrat et al. (1996) for Califar(8.5 h). Ephrat et al. (1996) observed values of
TC between 3 — 5 hours, which are smaller thamties obtained in this study (table Al).

The mean absolute error was 1 °C and it was hifgireintermediate temperatures (figure A6). The
diurnal curves of air temperature, especially dyglear-sky days, show a clear exponential decrease
of temperature during the night and a sinusoidaktian during the day, as predicted by the model
(figure AB).

Table Al: Optimal parameters for the model of amperature using one year of weather measuredeavars
of 10 min. |y is the parameter related to the effect of buoyapgyand p, are the delays of minimum and
maximum temperature with respect to sunrise andrswon, respectivelyTC is the time coefficient of the
night-time exponential decline of temperature.

I (°C ) ps (h) p2 (h) TC(h)
Optimal value 0.0C 0.47 2.8€ 6.31
Simulated AL o
40 —— Measured f’ \
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FigureA6: Comparison of measured and simulated valuesraémperature (left) for the entire weather dettas
Comparison of diurnal trend of simulated and meadwair temperature during DOY 180. MAE is the mean
absolute error.

[.3. Vapour pressure deficit

It is assumed that vapour pressure is constanhgltiie day, as diurnal fluctuations of this varmabl

are generally small (Goudriaan and van Laar, 199t vapour pressure deficVRD, kPa) is
calculated as:

VPD=¢, e, (A17)

Wheree, , is the vapour pressure of saturated air (kPa)egaiedthe actual vapour pressure (kPa). The
vapour pressure deficit in air increases with emperature, as hotter air is able to store morerwat
vapour. In the range of 0-50 °C and when the maurcge of water vapour is liquid water, this

increase can be computed as (Murray, 1967):
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17.3T,

air :| (A18)

e, ,=0.611ex
' 237.3+T,,

WhereTy; is the temperature of the air (°C), generated Iggrahm described on section 1.2. The
daily averagee, was used to calculate the vapour pressure defiitit the simulatede;, using
equation Al7. The weather station does not meadiliredtly the vapour pressure deficit, so that a
"measured’e;; was calculated from measured air temperature aptien A18 and, with the
measured relative humiditRH = e,/e; 5), the "measured” vapour pressure deficit was nbthiBoth
calculations agree well with each other, with a medsolute error of 0.06 kPa, although the
algorithm tend to overestimate vapour pressureideti high values (figure A7).
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FigureA7: Simulated and measured vapour pressure d€¥iEiD) for the entire weather dataset.
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