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Abstract

In plant science, a gap exists between empirical models, aimed to evaluate

in a quantitative way the productivity of crops, and mechanistic models,

aimed to provide an interpretation of general physiological processes. In

this thesis we tried to integrate the two approaches in order to describe the

developmental dynamics of a deciduous fruit tree, including the vegetative

growth and the production of fruits as well.

First, we analyzed data from an experimental peach orchard, to derive gen-

eral morphometric relationships between measurable variables, such as shoot

length and fruit diameter, and the biomass of the different plant organs nec-

essary for the subsequent development of the model.

Building upon the pioneering work of Thornley (1998), who proposed a

general model of vegetative growth and nutrient partitioning in plants, we

developed a model incorporating the main aspects that could make it able

to reproduce not only the seasonal changes on the allocation of resources but

also the fruit size and abundance dynamics. Following theoretical sources

and simple physical knowledge, we translated the reasons behind fruits drop

in mathematical terms, choosing the best relation among a set of candidates

via a model selection based on the Akaike Information Criterion. Then, we

calibrated the overall model describing the dynamics of a deciduous fruit

tree and we applied it to the case study of the peach tree. The model could

realistically explain data collected in 2013, in particular average shoot length

and shoot abundance, average fruit diameter and fruit abundance.
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We finally tried to overcome the historical limit of this kind of models to

be restricted to a single growth season. We identified empirical relation-

ships linking the total shoot length at the end of the growth season with

the number and the size of new shoots and new fruits at the beginning of

the following year, thus implementing a time-discrete model summarizing

the phenological phase of dormancy. This multiannual version of the model

was calibrated against data from the transition between years 2012 and 2013

and between 2013 and 2014, and validated against data from years 2014 and

2015. The model was unfortunately not able to reproduce our observations

with sufficient precision: we thus point out the necessity of understanding

and including the nutrient storage processes of the tree over subsequent

seasons.



Sommario

In botanica esiste un’inconciliabilità tra modelli empirici, che forniscono va-

lutazioni quantitative di produzione di frutta, e modelli meccanicistici, che

interpretano la fisiologia generale delle piante. In questa tesi si propone un

modello che integri i due approcci allo scopo di riuscire a descrivere tutti i

processi coinvolti nello sviluppo di un albero da frutta stagionale, compresa

la crescita vegetale cos̀ı come la riproduzione.

Prima di tutto, vengono analizzati dati ricavati da un frutteto sperimen-

tale di peschi per derivare relazioni morfometriche generali tra le variabili

misurabili, come la lunghezza dei nuovi rami o il diametro dei frutti, e la

biomassa dei diversi organi della pianta, necessaria successivamente per lo

sviluppo del modello.

Adottando come punto di partenza il pionieristico lavoro di Thornley (1998),

che presentò un modello generico di crescita vegetale e partizione di nutri-

enti nelle piante, abbiamo svilluppato un nuovo modello aggiungendo tutte

le caratteristiche per renderlo capace di riprodurre non solo i diversi regimi

stagionali di allocazione delle risorse ma anche le dinamiche di massa e ab-

bondanza della frutta prodotta: ispirandoci a fondamenti teorici e semplici

meccanismi fisici, si traducono in termini matematici le ragioni che provo-

cano la caduta dei frutti e si seleziona, tra più relazioni candidate, quella che

meglio descrive il fenomeno, ricorrendo a un metodo di selezione di modelli

basato sull’ Akaike Information Criterion.

Quindi, il modello viene calibrato e applicato al caso di studio del pesco. I
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risultati hanno ricalcato realisticamente le osservazioni riportate durante la

stagione dell’anno 2013, in particolare quelle relative a lunghezza media e

abbondanza dei nuovi rami, a diametro medio e abbondanza dei frutti.

Infine è stato tentato di superare il tradizionale limite di questo genere di

modelli, ovvero di concentrarsi su una singola stagione di crescita, derivando

le relazioni empiriche che legano la lunghezza totale dei rami alla fine della

stagione di crescita con l’abbondanza e la taglia dei nuovi rami e dei nuovi

frutti dell’anno seguente, e in tal modo implementando un sottomodello

tempo-discreto che riassumesse i processi che hanno luogo durante il pe-

riodo di dormienza invernale. Questa versione multiannuale del modello

è stata calibrata con le osservazioni tra gli anni 2012-2013 e 2013-2014, e

successivamente validata con le osservazioni delle stagioni 2014 e 2015. Sfor-

tunatamente il modello non è stato in grado di riprodurne le dinamiche con

sufficiente precisione: viene allora sottolineata la necessità di meglio com-

prendere e implementare i processi di accumulo e conservazione di risorse

interne all’albero nel corso di più anni.



Chapter 1

Introduction and background

Plant modeling has always had a wide range of studies and applications,

from forest population dynamics for environmental management to crop

production and harvesting optimization, from pest control and fertilization

to climate change simulations and analysis.

Among those regarding agriculture, models describing fruit tree yield in par-

ticular play a major role. In this context, a huge variety of models can be

recognized, led by different principles and approaches. Some of them are

focused on the growth dynamics of the fruits, which ultimately determine

the final yield, having more pragmatic purposes and thus usually required

to be extremely precise in quantifying the outcome of the production; for

this reason they tend to simplify if not to neglect at all the description of

the processes of the plant and to adopt complex and empirical mathematical

equations (Grossman and DeJong 1995; Génard et al. 1998; Fishman and

Génard 1998). This descriptive approach performs well within the range

of the collected observations and it could have useful practical application,

however it does not take into account the physiological responses of the plant

to different agricultural practices or to different climatic conditions.

On the other hand, another group of models have been developed during

the last decades aiming to reproduce the growth processes of the plant as



a whole, typically describing the assimilation and the allocation of carbon

into different main organs (shoots and roots); this mechanistic approach can

better explore the functioning of the entire plant even outside the bound-

aries of data, test theoretical hypotheses, or be more versatile in simulating

different scenarios involving changes in both intrinsic or extrinsic conditions.

Belonging to this group of models, the one of Thornley in its final version

(1998) can be taken as a main example: it couples two structural com-

ponents of the plant, shoots and roots, with two main substances such as

carbon and nitrogen using very simple equations to describe not only their

assimilation and allocation, but also their transport upward or downward

through the plant body. Involving nitrogen as a nutrient is especially impor-

tant because it is often considered a limiting factor for the growth (Schulze

et al. 2005), despite being neglected in most studies; in addiction to that, the

model seems to be able to realistically represent the behaviour of the plant

and to reach the optimal shoot-root ratio even when the natural conditions

are altered by the human action. Modelling different agricultural practices

can be done either by modifying some of the parameters or by acting on the

value of the variables themselves.

As other similar examples of this kind though, this model brings a good con-

ceptual framework of the physiological phenomenon behind plant growth at

the expense of precision and disregarding any explicit consideration about

crop production.

Both the approaches presented above have limits that cannot allow us to

consider the nutrient partitioning towards all the compartments of a decid-

uous fruit tree at the same time, preventing the description of how different

inputs influence the fruit yield in the short and in the long term. We focused

our work on creating a model that could meet these needs.
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1.1 The case study

Fruit trees are one of the main type of crop in agriculture, and most of them

are perennial deciduous woody plants. This means that they can live for

many years if not for decades, but they are subject to a complex annual cycle

involving many phenological events: early in summer, an active vegetative

and reproductive growth is kept until the arrival of autumn, when the tree

starts to prepare itself for the cold months ahead. During winter, it enters

a period of growth cessation and slow metabolic activity, called dormancy,

which stops when spring comes and temperatures rise again; the tree can

then fuel the growth processes again and a new annual cycle begins (see

Figure 1.1).

With dormancy triggered presumably by a combination of photoperiod

and temperature changes, the tree stops its vegetative production in order to

protect its growing cells from the incoming weather. Doing so, it has a short

time window in which its leaves are still performing photosynthesis, but no

resource is allocated to the development of organs: photosynthates in excess

are not wasted, instead they are stored as reserves in various compartments

of the plant’s body (roots, trunk, branches, buds).

Months later, when the new growth season has started, reserves are used as

a source of nutrients to fuel the bud burst of both new shoots and flowers

while new leaves are still to develop and photosynthesis has not started yet

(Singh et al. 2017).
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Figure 1.1: Phenological events of a deciduous fruit tree (Singh et al. 2017).
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Most deciduous fruit trees share the same structure, which includes an

aerial part composed by shoots and leaves performing photosynthesis and

thus assimilating carbon; an underground part formed just by roots, with the

role of absorbing water and nutrients from the soil (nitrogen, phosphorus,

etc.); and then a woody compartment connecting the previous two, referred

to as the trunk, through which substances are exchanged and transported.

The trunk is mostly identifiable as a dead tissue, the heartwood, and an

external living tissue, the so called sapwood. The sapwood is crossed by

two different vascular vessels: the phloem (where sugars and nutrients are

carried) and the xylem (transporting mainly water): using a dead non-

respiring biomass as the supporting apparatus, the functional limitation of

the size of the vegetative body no longer applies, removing the limitations

to growth to plants that do not lignify (Schulze et al. 2005).

Being the third economically important global tree crop within theRosacee

family, understanding the growth dynamics of Prunus persica (L.) Batsch,

or peach as it is called commonly, is one of the main research subjects of the

French National Institute of Agricultural Research (INRA). The institute

has an active collaboration with Politecnico di Milano: it provided us the

data to adopt the peach tree as a case study, and supported us during a

six-month internship in Avignon.

Peach trees are structured in a wooden body from which roots descend into

the underground and above which old branches develop. At the end of the

growth season, buds are generated along the one-year-old shoots, blooming

at the beginning of the next season into new vegetative shoots or into new

reproductive organs, i.e. single pink flowers, eventually becoming new fruits

after impollination. The shoots, once developed after the summer growth,

will become the structure along which new buds will form, so closing the

cycle.
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Knowing the principles just presented, peach farmers are encouraged to per-

form two main types of agricultural practices to influence and to increase

the total final yield: the first one is the thinning, meaning the removal of

some of the fruits in order to reach an optimal leaf area/fruit ratio and thus

to decrease competition among fruits themselves. Indeed, if the thinning is

performed in the early stages of the fruit development, the plant can allo-

cate its limited resources to a minor number of fruits and the farmer is likely

to obtain a smaller quantity of them with a larger size though, satisfying

current commercial requirements.

The second main practice is called pruning, defined as the cut of one-year

old-shoots right before the end of the dormancy period. As a consequence,

vegetative growth is enhanced during the following season and at the end of

it more shoots will be old enough to bear both new vegetative and reproduc-

tive buds. The purpose of pruning is therefore to increase the overall yield

of the plant in the year after it is performed and in the long run, temporary

decreasing plant productivity during the year in which the practice is carried

out.
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Figure 1.2: Example of peach tree branches of different age. One-year-old shoots are
those bearing new shoots and flowers, whose buds are already broken.

1.2 Aims and structure of the thesis

The main purpose of this thesis is to fill the gap between the different ap-

proaches presented above, overcoming their reciprocal limitations in order to

converge into a new model based on mechanistic processes but, at the same

time, being able to accurately reproduce the behaviour of a generic decid-

uous fruit tree and to describe quantitatively its fruit production during

several years.

We declined this goal into: (a) writing the mathematical relationships

that can describe fruit growth, size and abundance over time; (b) modifying

Thornley’s model (1998) to adapt it to deciduous fruit trees, adopting and

including all the aspects regarding their physiological processes and their re-

productive patterns; (c) calibrating the model for our case study, the peach

tree, using the available data to asses its quality and precision; (d) expand-

ing the capacity of the calibrated model to describe a single growth season
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into several sequential seasons instead, thus taking into account how the

dormancy influences the plant’s phenological cycle.

We structured the present work accordingly to the goals listed above. Chap-

ter 2 presents the available data collected at INRA, their analysis and the

morphometric relationships we derived in order to make the measurements

usable in the future model. Chapter 3 describes in details Thornley’s origi-

nal model on which this thesis is based, it explains both the mathematical

and the mechanistic aspects of the equation system, later presenting how we

introduced our modifications following which theoretical knowledge and hy-

potheses. Chapter 4 describes all the calibrations needed to apply our new

modified model to the specific peach tree, first with an offline procedure

to find the parameters regulating fruit abundance over time and then with

an online calibration to calibrate eventually the net rate of photosynthesis

and the plant efficiency in converting non structural carbon into new fruit

biomass. Chapter 5 shows the steps made towards a multiannual model, how

we managed to summarize the changes between the dormancy period and

the growth season to make the system able to run over several years with the

minimum number of external inputs needed. Finally, Chapter 6 concludes

the thesis discussing the main results obtained from simulations, evaluating

the overall quality of the model and its further possible improvements and

developments.

8



Chapter 2

Available data

During the growing seasons of 2013 and 2014, an experimental peach or-

chard of 17 late-maturing trees (cultivar Suncrest/GF677), planted in 1998

at the INRA Centre of Avignon, was monitored on a weekly basis to collect

several type of measurements regarding growth over time, expressed here in

Julian Days (JD) computed from the 1st of January. We present these mea-

surements in form of boxplots, with every box related to a single sampling

date and based on all the trees available.

Vegetative growth was observed by monitoring shoot abundance nsh (consid-

ered constant after bloom onset, see Table 2.1) coupled with average shoot

length lsh, starting from bud burst which occurred at the beginning of April.

As we mentioned in Chapter 1, records stop a few weeks after the trees no

longer develop their shoots: in Figures 2.1 and 2.2 it can be noticed that,

despite the high variability of the samplings, starting from measurements

collected on day 175 (end of June) the growth of the shoots slows down

considerably and then it stops within the last data recorded.



Tree id nsh 2013 nsh 2014

1 813 699
2 4776 3772
3 1985 1737
5 396 1173
6 3138 3246
7 4738 2497
8 1488 727
9 2295 3613
10 4361 3309
11 6024 7433
12 3412 2205
13 760 627
15 2526 3568
17 2171 3455
18 5632 2921
19 1127 1119
20 2415 4379

Table 2.1: Number of shoot set by tree.

Figure 2.1: Average shoot length over time, cv. Suncrest, 2013.
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Figure 2.2: Average shoot length over time, cv. Suncrest, 2014.

Reproductive growth was measured as total number of fruits nf (Figures

2.3, 2.4) and as the average diameter d of a single fruit (Figures 2.5, 2.6). We

visually differentiated observations of trees subjected to thinning treatments,

that were made on the 23rd of May in 2013 (143 JD) and on the 12th of

May in 2014 (132 JD). Fruit abundance obviously drops in observations

computed right after these dates, in case of thinned trees.
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Figure 2.3: Fruit abundance over time, cv. Suncrest, 2013.

Figure 2.4: Fruit abundance over time, cv. Suncrest, 2014.
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Figure 2.5: Average fruit diameter d over time, cv. Suncrest, 2013.

Figure 2.6: Average fruit diameter d over time, cv. Suncrest, 2014.
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A last set of observations was collected at the end of the growing season

of 2015 from the same orchard: the final sum of the length of all the shoots

S, the final average fresh weight of fruits f , the final fruit abundance nf

(Table 2.3).

Tree id S(m) f(gFW ) nf

1 211.99 216 62
2 110.63 122 617
3 74.78 138 260
5 233.85 226 65
6 162.41 148 388
7 100.73 144 432
8 185.91 190 108
9 174.65 142 204
10 123.84 132 603
11 52.21 106 1179
12 17.94 106 692
13 153.31 144 515
15 192.61 156 597
17 196.56 148 381
18 152.51 126 625
19 32.10 100 620
20 217.89 148 334

Table 2.2: Measurements collected at the end of the growing season of 2015.

Fruit-related data were also collected from 18 trees of another peach or-

chard of a different type of cultivar (Magic) during the growing seasons of

2014 and 2015. Instead of collecting data from the trees as a whole, sub-

samples from respectively 5 and 10 representative shoots were taken for each

tree; it also must be said that some observation was cut off, especially in

2014, due to disease infections altering the natural abundance and growth

of fruits. Data are box-plotted in Figures 2.7, 2.8, 2.9, 2.10.
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Figure 2.7: Fruit abundance over time, cv. Magic, 2014.

Figure 2.8: Fruit abundance over time, cv. Magic, 2015.

15



Figure 2.9: Average diameter d of a single fruit over time, cv. Magic, 2014.

Figure 2.10: Average diameter d of a single fruit over time, cv. Magic, 2015.
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2.1 Morphometric relations for fruits

Besides the data already presented, a smaller sample of both Magic and

Suncrest fruits was collected in 2014 to investigate morphometric relation-

ships. For each fruit, diameter was measured along with fresh weight FW

(total weight of the organ) and dry weight DW (weight of the organ in a

completely dry condition).

We first assumed that both relationships between fruit size and weight (fresh

and dry) could be expressed by a two-parameter power law like the following

one

y = αxβ (2.1)

Then we evaluated if and which of their parameters share the same value

between fresh or dry weight and between fruit varieties. We took these two

factors to perform an Analysis of Covariance (ANCOVA) on the linearized

model derived from the previous one through logarithms

log y = logα+ β log x (2.2)

The analysis let us find the values of the slope β and of the intercept

logα of the regression while testing, at the same time, if their variations

on any combination of cultivar and type of weight were statistically signif-

icant. It turned out that the allometric relationships share the same slope

whether fruits are Suncrest or Magic, whether measured in terms of dry

weight or fresh weight; indeed β was not significantly influenced by cul-

tivar (p-value=0.0957 assuming a significance threshold of 0.05) and not

influenced at all neither by type of weight (p-value=0.2608) nor by the com-

bination of the two factors (p-value=0.5586). The resulting models (overall

R2 equal to 0.9834) can be seen in Figure 2.11 as they differ by their inter-

cept values only.

In Table 2.3 the final calibrated parameters of the power law equation.

17



Figure 2.11: Fruit weight over diameter, in a logarithmic scale. Black lines are the
fitting regressions, differing to each other only by the intercept value.

αFW αDW β

Suncrest 0.8265 0.1336 2.87647
Magic 1.0388 0.1859 2.87647

Table 2.3: Parameter values of the power law equation, after the ANCOVA regression.
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2.2 Morphometric relationships for shoots

As we did before with the fruits, we wanted to find a morphometric relash-

ionship between the observed length of new shoots L and their dry weight

DW . We did not have any coupled measurements of the two variables to

compute a direct regression, but we did have two other datasets, one regard-

ing shoot length together with their fresh weight and one regarding fresh

and dry weight of shoots.

We used the first dataset to estimate the parameters of the allometry be-

tween shoot length and fresh weight, assuming it had the shape of a power

law equation as the following

FW = αLβ (2.3)

and converting it into logarithm terms to compute a linear regression (ad-

justed R2 equal to 0.9528), as can be seen in Figure 2.12.

Figure 2.12: Shoot fresh weight over length, in a logarithmic scale.
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Separately we estimated (adjusted R2 equal to 0.9979, see Figure 2.13)

the parameter describing the relationship between fresh and dry weight of

shoots, assuming it had a linear shape with a null value of the intercept

(trivial situation: if a shoot has no fresh weight, it has no dry weight either)

DW = δFW (2.4)

Figure 2.13: Shoot dry weight over fresh weight.

α 0.05990

β 1.25445

δ 0.54912

Table 2.4: Estimated values of the parameters.
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The final calibrated parameters of the two relationships are listed in

Table 2.4. From those, we could eventually assess a direct relationship

between shoot length and dry weight, simply substituting equation 2.3 into

equation 2.4 and coming up with the following

DW = αδLβ = 0.03289L1.25445 (2.5)
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Chapter 3

A mechanistic model for

fruit tree growth

3.1 The original model

Thornley’s model (1998), as it has been introduced in Chapter 1, rests on

the conceptual framework presented in Figure 3.1. Overall, there is a total

of six state variables, two of which representing the physical structure of the

plant (total shoot biomass S and total root biomass R) and the other four

representing its non-structural components, i.e. the nutrients available and

distributed within the plant itself (carbon and nitrogen in the shoots, CS

and NS , carbon and nitrogen in the roots, CR and NR).

The plant functioning is thus schematized through the interaction between

an aerial section and an underground section, symmetrical to each other:

inorganic carbon is assimilated from the atmosphere via photosynthesis

through leaves and stored, mainly in leafy shoots; a fraction of this non-

structural carbon is then transported downward to the roots. Similarly,

inorganic nitrogen is assimilated by the roots through absorption and there

it is stored; a fraction of this non-structural nitrogen is then transported



Figure 3.1: Conceptual framework of the original model.

upward to the shoots. These nutrients are eventually used to fuel plant’s

growth, being coupled and fixed in new structural matter.

The above-described processes can be translated into a six differential equa-

tions system describing each state variable changing over time.



dCS/dt = YC − φCΩS − TC

dS/dt = ΩS

dNs/dt = TN − φNΩS

dCR/dt = TC − φCΩR

dR/dt = ΩR

dNR/dt = YN − φNΩR − TN

(3.1)

Where YC is the flux of carbon assimilated through photosynthesis (gC

day-1); ΩS (grams of dry weight per day gDW day-1) is the flux of non-

structural dry matter transformed into new total shoot biomass S, expressed

here in grams of dry weight; φC is the fraction of carbon; TC is the flux of

non-structural carbon transported from shoots to roots, while TN is the flux

of non-structural nitrogen transported from roots to shoots (gC day-1 or gN
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day-1 respectively); φN is the fraction of nitrogen; ΩR (grams of dry weight

per day gDW day-1) is the flux of non-structural dry matter transformed

into new total root biomass R, expressed here in grams of dry weight; YN

is the flux of nitrogen absorbed by roots as grams of nitrogen per day (gN

day-1).

Note that

∑
j

φj < 1 j = C,N ; (3.2)

This is because plant organ matter is not made only by non-structural carbon

and nitrogen, but also by other substrates (e.g. water or phosphorus) not

explicitly represented in the model.

3.1.1 Carbon and nitrogen assimilation

Carbon assimilation is a function of photosynthetic activity, proportional

to the leaf area which ultimately depends on the total shoot biomass; it is

controlled by the concentration of non-structural carbon in leaves and by

self-shading (Thornley 1998). We thus express it as

YC =
σCS

(1 + ΓCS
ιC

)(1 + S
KS

)
(3.3)

where σc is the net rate of photosynthesis per unit of total shoot biomass

(equal to 0.1 gDW-1 day-1); the process decreases with the increase of S

and with the increase of non structural carbon concentration in it, here

defined as Γcs; it reaches its half when the total shoot biomass is equal to

Ks=1000 gDW, the self-shading parameter, or when ΓCS is equal to ιC (0.1

gC gDW-1), the inhibition rate parameter. We then express N assimilation

by roots as
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YN =
σNR

(1 + ΓNR
ιN

)(1 + R
KR

)
(3.4)

where σN is the net rate of N absorption per unit of total root biomass

(equal to 0.02 gN gDW-1 day-1); similarly as before, ιN (0.01 gN gDW-1) is

the inhibition rate parameter related to the nitrogen concentration in roots

(ΓNR) and KR=1000 gDW is the competition parameter related to R.

3.1.2 Carbon and nitrogen allocation

Formation of new organic structure depends on a combination of substances

of which carbon and nitrogen are the main components, both in a fixed

ratio, and thus becoming the non-structural substrate to be allocated to-

wards plant’s tissues: growth stops if either one of the two substances is

unavailable (Thornley 1972). We assumed the non-structural fluxes of dry

matter to be proportional to the mass of the organ they are allocated to-

wards, to the product of substrates concentration (reported here as ΓCS

and ΓNS for the carbon or the nitrogen concentration in the shoots, ΓCR

and ΓNR for the carbon or the nitrogen concentration in the roots), and

to the plant efficiency in converting non-structural substrates into organic

structure, expressed here by the parameter k having a constant value of 200

[gC gN gDW-2]-1 day-1.

ΩS = kΓCSΓNSS (3.5)

ΩR = kΓCRΓNRR (3.6)

where eq. 3.5 refers to the substrates allocation to the shoots; similarly,

eq. 3.6 refers to the substrates allocation to the roots.

According to Thornley, the value of the efficency parameter k is obtained

assuming concentrations of substrates C and N equal to, respectively, 0.05
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and 0.01 g (g of structural dry weight)-1 considering a total growth rate of

0.1 day-1 overall.

3.1.3 Carbon and nitrogen transport

Non-structural C and N are transported from shoots to roots, and viceversa,

thanks to a widespread system of capillaries formed by the so-called xylem

and phloem (see Chapter 1). The process of the transport of carbon or

nitrogen is described here as a substrate concentration difference, divided

by a resistance (Thornley 1998).

TC =
(ΓCS − ΓCR)

( 1
S )q + ( 1

R)q
(3.7)

TN =
(ΓNR − ΓNS)

( 1
S )q + ( 1

R)q
(3.8)

where q introduces a scale factor to the resistance, which Thornley (1998)

related to the plant architecture and set equal to 1.

3.2 From a generic plant to a deciduous fruit tree

The model we just described derives directly from Thornley’s work (1998)

and it translates into mathematical terms how a generic plant grows. In

order to effectively simulate the growth of a more specific plant, a deciduous

fruit tree, however, some processes must be taken into account and must be

added to this basic structure: the seasonal changes on the tree vegetative

growth and, of course, fruit abundance and development.

3.2.1 Seasonal vegetative growth

With the autumn and the winter approaching, the tree must prepare itself

to the cold months ahead. It stops its vegetative growth (shoots and roots)
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at the end of the growing season in late July in order to be able to spend

the whole August and September gathering resources and storing them as

reserves.

We described this process by modifying the fixed allocation parameter we

started from in the original model, making it a sigmoid function over time.

k(t) =
kmax

1 + e−ηk(t−λk)
(3.9)

Where kmax has the same value of the previous constant parameter found

by Thornley, while ηk is the slope of the sigmoid located at its half-saturation

point λk.

From observations of shoot growth we could set λk equal to 198 JD (July

17th) and then we calibrated ηk considering we wanted the allocation to slow

down from 90 percent to 10 percent of its former maximum in two weeks.

Figure 3.2: Substrates allocation function k(t)

3.2.2 Fruit growth

A fruit is a reproductive-specialized organ, developing from flower’s ovary,

which provides a suitable environment for seed maturation and often also a
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mechanism for the dispersal of mature seeds (Gillaspy et al. 1993).

A variety of different classifications and descriptions of fruit growth pattern

can be found in the literature, depending on which specific aspect of growth

we are interested in and depending on the specific type of fruits. In a

majority of species, the increasing volume or mass over time has a sigmoid

shape and the recognition of three main stages is generally accepted: starting

right after anthesis, which is the flower life-time, a first rapid phase of cell

division is followed by an exponential growth phase of cell enlargement, as

they behave as sinks of plant resources; eventually it leads to a final phase

of maturation and slow growth referred as ripening.

Figure 3.3: Single sigmoid growth (Stephenson 1981)

In the case of stone fruits, among which peaches are included, instead,

the second stage is preceded by another exponential expansion and then

by another slow growth phase, due to seeds enlargement and pit hardening

respectively, overall forming a double sigmoid growth curve (Stephenson

1981, B.G. Coombe 1976).

Despite the lack of data and of proper studies in the literature, it is

reasonable to assume that most of the initial exponential fruit growth is

sustained by reserves stored by the tree during the previous growth season.
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Figure 3.4: Double sigmoid growth (Stephenson 1981)

That’s because, for a few weeks after bud break, the shoots leaf area could

not be sufficient to provide photosynthates out of those needed to its own

increase: thus, the plant could be forced to mobilize and to use its nutrient

reserves, stored during the previous years, until shoots are developed enough.

3.2.3 Fruit abundance

The maximum number of fruits produced by a tree is set at the start of

the growing season and derived from buds abundance, inflorescence and

pollination; then, trees can only drop and lose fruits through the closure of

the Abscission Zone (AZ), a region of functionally specialized cells usually

sited in the boundary between the organ and the body plant, triggered

by developmental or environmental or even hormonal cues (Estornell et al.

2013).

The number of fruits is subjected to two rapid decreases concentrated in

very recognizable periods: one fruit abscission early in the growth season,

regulating and limiting the initial fruit set in order to reduce competition

of assimilates between fruits themselves; the abscission precedes the (first)
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exponential growth phase of the organ so that the plant does not invest

too many resources in fruits that will not perform their reproductive role

because aborted (Stephenson 1981; see Figure 3.3 and Figure 3.4); a second

loss occurs during the final growth stage instead, while the fruits are close

to their maximum size and therefore they are ripening and slowly senescing.

We will refer to these phases as Early Abscission and Ripening Loss.

3.3 The modified model

Considering the processes we just described, we can now present a new

conceptual framework for our model as can be seen in Figure 3.5.

Figure 3.5: Conceptual framework of the modified model. Note that F is the total fruit
biomass.

A new flux of nutrients Ωf draws from the non-structural carbon in

shoots and it is redirected towards the fruits to be converted into new struc-

tural matter, making the reproductive growth compete with the vegetative

growth of shoots and roots. Therefore we had to take into account two new

variables, total fruit biomass being described by the average fruit biomass
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f and the fruit abundance nf . Note also that we divided the total shoot

biomass S too, separating the average shoot biomass sh from the total num-

ber of shoots nsh (which we assumed to be constant).



dCS/dt = YC − φCΩS − TC − φCfΩf nf

dsh/dt = ΩS
nsh

dnsh/dt = 0

dNS/dt = TN − φNΩS

dCR/dt = TC − φCΩR

dR/dt = ΩR

dNR/dt = YN − φNΩR − TN

df/dt = Ωf

dnf/dt = −µ nf

(3.10)

The system of equations has been modified accordingly, where φcf is the

fraction of Carbon composing the flux of resources being drawn by the fruits,

while µ (day−1) is the fruit drop rate.

3.3.1 Allocation to fruits

According to the existing literature about fruit modeling, and given the lack

of data and basic knowledge regarding the amount of nitrogen in the fruit

flesh, we assumed carbon is the only substance whose contribution to fruit

growth is not negligible.

Therefore, we defined

Ωf = kfΓCS(1 − f/χ)f (3.11)
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where kf is the plant efficiency in converting non-structural carbon into

new fruit biomass ([gC gDW-1]-1 day-1), the amount of nutrient available

being regulated by a concentration gradient between the shoot and the fruit

itself: however, we assumed that non-structural carbon within the fruit is

converted immediately and so the gradient is always equal to ΓCS itself;

we then defined χ as equal to the maximum dry weight a single fruit can

reach, depending on cell number and cell maximum expansion, and limiting

its further development (Grossman and DeJong 1994).
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Chapter 4

Model calibration

4.1 Offline calibration

According to Stephenson (1981), in the earliest stage of fruits growth the tree

must allocate and divide its resources in order to generate and to develop

fruits seeds in a certain number. Seeds, then, assume the role of sources of

hormones which inhibit the activation of the Abscission Zone and attract

even more assimilates from the tree: fruits subjected to Early Abscission

are therefore those which have fewer seeds at anthesis, thus those which

have smaller mass due to rather late development or competition with other

fruits for nutrition. Mass can be related also to the second period of drop

(Ripening Loss) if we consider gravity, i.e. if we assume to be reasonable to

expect higher values of drop rate for bigger and heavier fruits approaching

some mechanic limit of the bearing capacity of the stems.

Therefore, taking into account the average mass of a single fruit allows us

to sum up the two different phenomena behind fruits drop with a single,

intrinsic, explanatory variable. We defined and investigated two types of

function formed by the interaction between both the mechanisms we just

described.



µ(t) = axk1 + bxk2 (4.1)

µ(t) = aek1x + bek2x (4.2)

Where a and k1 are parameters related to the Early Abscission while b

and k2 to the Ripening Loss. We expected the values of these parameters

to make the two addends qualitatively symmetrical and opposite to each

other, but we did not know which function was able to better describe the

phenomenon; moreover, we could adopt either the fresh or the dry weight of

the fruits as explanatory variable, and we wanted to check which one leads

to the best fit of the data.

Excluding the observations affected by thinning, we derived the fruit drop

rate µ(t) from the observed fruit abundance of both Magic and Suncrest

measurements with the following equation

µ(t) = − ln (
Nf t+1

Nf t
)

1

∆t
(4.3)

and then we calibrated each function separately with both the dry and

the fresh weight samples derived from our fruit diameter dataset thanks

to the morphometric relationships we defined in Chapter 2. Calibration

was performed finding the two sets of parameters, a different one for each

cultivar, that minimized the Residual Sum Squared

RSS =
∑
j

n∑
i=1

(µi − µ̂i)
2 (4.4)

where n is the number of samples from the cultivar j (Suncrest or Magic),

µi is the i-th drop rate observation and µ̂i its estimated value. The best

function and the best type of weight combination to adopt is therefore the

one having the lowest value of RSS: we can check the results in Table 4.1.
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Type of weight Type of function RSS

DW
(4.1) 0.111775
(4.2) 0.122853

FW
(4.1) 0.110301
(4.2) 0.119303

Table 4.1: Residuals Sum Squared comparison between different combinations of func-
tion and type of weight.

According to the RSS, the calibrated parameters of the power law equa-

tion (4.1) best minimize the distance between observations and estimated

values of fruit drop rate if we use the fresh weight as explanatory variable.

Before fixing these parameters though, a second step was made aiming to

investigate if we could have a more parsimonious model, with some of the

parameters sharing common values. Indeed we could identify similar phys-

ical meaning to couple of parameters that therefore could potentially have

the same value without reducing the quality of the fit: both a and b are

referable to respectively the Early Abscission drop rate and the Ripening

Loss drop rate of a single unit of weight; both k1 and k2 are referable to the

intensity of respectively the Early Abscission hormonal activity and of the

gravity on the mechanical resistance of the petiole of the fruits during the

Ripening Loss.

In order to do so, we used the corrected Akaike Information Criterion

AICc which quantifies the best compromise between goodness of fit and

parsimony. It is defined as

AICc = AIC +
2k(k + 1)

n− k − 1
AIC = 2n

[
ln

(√
RSS

n

)
+
k

n

]
(4.5)

where k represents the number of parameters characterizing the model, n

represents the number of observations and RSS the Residuals Sum Squared

as it has been already presented before. Thus, a more complex model is
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preferred to a simpler one only when the logarithm of Residuals Root Mean

Square ln

(√
RSS
n

)
decreases more than the increase of the ratio between

the number of parameters and the number of data ( kn).

The lowest AICc value of model M1 (i.e. equation (4.1) selected earlier)

shown in Table 4.2 proved that is better to keep all the parameters separated

during the calibration (note that the total number of parameters k counts

the two sets needed for both Suncrest and Magic cultivar).

Model Restriction k RSS AICc

M1 none 8 0.110301 -5658.6203
M2 k1 = k2 6 0.138139 -5572.7558
M3 a = b 6 0.143482 -5557.5762
M4 a = b and k1 = k2 4 0.144367 -5559.2290

Table 4.2: List of the Akaike Index value for every case considered. Note that the
model M1 is the equivalent of equation (4.1) from the previous selection.

A final step was made trying to find any possible similarity between

different peach cultivars. It seems reasonable to expect that, having the

same mechanisms behind fruit drop, they may share the same value for at

least some of their parameters too: we applied the M1 model again to both

our Suncrest and Magic sets of data, this time trying several combinations

of common parameters to calibrate. Every case we thus defined is listed

in Table 4.3, coupled with its own value of AICc to be compared for the

selection.
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Model Common Parameters k RSS AICc ∆AICc

M11 k1 and k2 6 0.110339 -5662.6370 -
M6 k2 7 0.110123 -5661.3489 1.2881
M8 b 7 0.110253 -5660.8769 1.7601
M5 k1 7 0.110336 -5660.5759 2.0611
M14 k2 and a 6 0.111017 -5660.1867 2.4503
M12 a and b 6 0.111273 -5659.2654 3.3716
M7 a 7 0.110755 -5659.0598 3.5772
M1 none 8 0.110301 -5658.6203 4.0167
M13 k1 and b 6 0.111975 -5656.7498 5.8872
M17 k1, a and b 5 0.114320 -5650.5208 12.1162
M15 k1, k2 and a 5 0.114394 -5650.2620 12.375
M9 k1 and a 6 0.114289 -5648.5679 14.0691
M16 k1, k2 and b 5 0.121790 -5625.2022 37.4348
M10 k2 and b 6 0.121206 -5625.0633 37.5737
M19 all 4 0.123787 -5620.7475 41.8895
M18 k2, a and b 5 0.123471 -5619.7189 42.9181

Table 4.3: Output of the Akaike selection, testing common parameters between different
cultivars.

Models having an index value within 2 points to each other are con-

sidered equal (Symonds and Moussalli 2011, Burnham et al. 2011) and are

highlighted in the table. We had no other best-fitting based criteria to se-

lect a model between those first three, so we chose M11 aiming to keep it

as simple as possible with the lowest amount of parameters: by implication,

doing so we tested that the action of the hormones on the Abscission Zone

and the action of the gravity on the petiole of the fruit do not depend on

cultivar, instead their intensities are equal regardless of which variety we are

considering.
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Finally, we can adopt and fix the values of the parameters obtained in

the last calibration accordingly to model M11 (see Table 4.4 and Figure 4.1).

Figure 4.1: Fitting curves of the observed drop rate, according to model M11.

Type of Cultivar Model a b k1 k2

Suncrest
aFW k1 + bFW k2 0.0256 1.887 ∗ 10−6 -0.4415 2.0360

Magic 0.0452 8.827 ∗ 10−7 -0.4415 2.0360

Table 4.4: Final value of the calibrated parameters, having adopted a power law model
with Fresh Weight (FW) as explanatory variable.

4.2 Online initialization and calibration

Since we had most of the values of the parameters of the model either already

found by Thornley himself or calibrated manually by us (see the vegetative

growth efficiency k(t) in Chapter 3) or calibrated offline as it was the case

for the fruits drop rate, we needed to calibrate only a few parameters left

before running the entire model.

The first one is the plant efficiency in converting non-structural carbon into

new fruit biomass kf . We assumed this parameter to be constant over time

while competing in resources with the vegetative growth; when the develop-
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ment of shoot biomass starts to switch off with the approach of the autumn,

kf does not decrease instead and the nutrients available are directed towards

the fruits only, making their second growth phase possible.

The second parameter we calibrated was σc, the net rate of photosynthesis

per unit of shoot biomass. Despite its value was already given by the original

model (Thornley 1998), it considers implicitly both the net rate of photo-

synthesis per unit of leaf area and the morphometric relationship between

shoot biomass and leaf area: it seems reasonable to expect, therefore, that

at least this last relation can change slightly between different plant species,

and so can the value of σc overall.

We performed the calibration by finding the set of parameters that min-

imizes the average Fraction of Variance Unexplained, defined as

FV U =
∑
i

∑
k

∑
t(yi,k,t − ŷi,k,t)

2∑
t(yi,k,t − ȳi)2

(4.6)

where yi,k,t is the observed value of variable i = Nf , Nsh, d, lsh of tree

k collected at time t, ŷi,k,t is its corresponding estimated value (in case of

fruit diameter d and shoot length lsh they are converted back from sh and f

value thanks to the morphometric relationships of Chapter 2) obtained from

the model and depending on the set of parameters, and ȳi is the average

value of the observations over all the trees and the sampling times (Bruchou

and Génard 1999).

The main advantage of using this type of cost function is that errors are

normalized with respect to the variance of each variable considered, regard-

less of their unit of measurement or variation range, therefore they can be

compared and summed at once.

The initial values of the variables of the model were taken from observa-

tions when possible, thus in case of fruit abundance, fruit average diameter,
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shoot abundance and average length; we set the initial value of root biomass

R0 being proportional to the one-year-old shoots grown during 2012 be-

fore being pruned at the beginning of 2013, knowing how to convert shoots

length into dry mass thanks to the relations found in Chapter 2 and knowing

the optimal equilibrium between shoots and roots Dry Mass equal to 0.22

(Grossman and DeJong 1994); finally, we set the values of the non-structural

variables as fractions of their respective structural compartments following

the example of Thornley 1998): CS and CR are 5% of the initial values of

shoot and root biomass respectively, while NS and NR are 1% of the initial

values of shoot and root biomass respectively.

The final values of the parameters are kf = 18.1412 [gCgDW−1]−1day−1

and σc = 0.2362 gDW−1day−1, given a FV U equal to 11.1378.

The results of the calibration are presented in Figure 4.2, where observed

and simulated values of each variable are plotted and compared: ideally a

perfect model would show all the points along the bisector, meaning having

no discrepancy between the simulation and the reality; instead, the distance

of the points from the bisector represents either the overestimation or the

underestimation of the observations by the model.

While taking into account the variable nsh was trivial due to the assumption

of constant abundance of shoots, it is noticeable the general good fitting of

the model especially in the case of fruit abundance nf and shoot average

length lsh.
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Figure 4.2: Comparison between observed and simulated values of the model, after the
calibration. Points with same color belong to the same tree.
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The average diameter of the fruits d, despite being good at the end of

the fruit growth when fruits are at their maximum dimension, is underes-

timated systematically during the first phases of development, while fruits

have within 2 and 4 centimeters of diameter.

This is presumably because we are not considering the role of the reserves

of the tree, gathered the year before, acting as the main source of supply

and fuel for the fruits during their first weeks after bloom. Up to that point,

shoots have indeed no sufficient leaf area to provide enough photosynthate

for both vegetative and reproductive development and the plant must rely

on stored nutrients until it becomes a net assimilator (Andersen and C.

Schaffer 1994).
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Chapter 5

The multiannual model

Several studies and modeling attempts have been made recently in order to

understand and describe the main factors regulating the transition of decid-

uous trees over years. Most of them are focused on the masting phenomenon,

well known in forest ecology (Hartmann and Trumbore 2016), meaning the

episodic synchronous production of large seed crops by plant populations at

the landscape level.

Only a few exceptions in the literature show interest in resource budget

models for individual plants (Isagi et al. 1997), but in these cases plant

physiology during the growth season is only marginally considered if not

neglected at all. Once established a solid mechanistic model describing the

plant’s growth over a single season, we tried to expand it and make it able to

cover the simulation of sequential years of alternating growth and dormancy

periods to overcome the limits of both the different approaches cited above.

We coupled our continuous-time system of equations (3.10 in Chapter 3)

with a set of discrete-time relations which summarizes and schematizes all

the physiological processes happening from the late autumn, when the tree

enters in the phase of resting and minimizes metabolic activity, to the early

spring.



Tree id Sleft2013 Sleft2014

1 20.82 20.95
2 86.83 42.78
3 43.72 28.71
5 11.49 30.62
6 84 59.54
7 161.98 35.07
8 29.93 17.89
9 66.27 55.11
10 151.83 53.14
11 156.13 129.43
12 91.74 56.46
13 16.9 15.36
15 73.54 77.63
17 51.45 68.49
18 126.7 91.84
19 27.9 29.48
20 59.86 111.97

Table 5.1: Observed total one-year-old shoot length left after pruning at the beginning
of 2013 and 2014.

5.1 Fruit and shoot abundance

We made the simple assumption that the number of fruits and the number

of new shoots are proportional to the total length of one-year-old shoots,

meaning the total shoot biomass S that has grown during the previous year.

Therefore, we consider the plant as having a constant ”density” of buds set

at the beginning of every growth season.

We gathered the data of the initial number of fruits and shoots in 2013

and 2014 and we coupled it with the total length of one-year-old shoots

grown during 2012 and 2013, respectively, expressed in meters. The length

values were taken after subtracting the total shoot length cut by pruning.

In both years, pruning occurred at the end of January when the buds were

not broken yet: for this reason, we named the variable total one-year-old

shoot length left Sleft, whose values are presented in table 5.1.
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Figure 5.1: Linear regression of initial fruit abundance against total one-year-old shoot
length left after pruning.

We performed linear regressions for both initial fruit abundance and

initial shoot abundance against the total one-year-old shoot length left; we

imposed the trivial condition of having no fruits nor shoots if there is no

Sleft at the beginning of the year, meaning both regression lines have an

intercept value equal to zero.

The regression involving fruit abundance had an adjusted R squared equal to

0.9320 with a calibrated coefficient value of 40.206 (p-value < 2.2e-16), while

the regression involving shoot abundance had an adjusted R squared equal

to 0.9292 with a calibrated coefficient value of 40.777 (p-value < 2.2e-16),

so that

nf0 = 40.206 · Sleft (5.1)

nsh0 = 40.777 · Sleft (5.2)
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Figure 5.2: Linear regression of initial shoot abundance against total one-year-old shoot
length left after pruning.

5.2 Average size of fruits and shoots

As we already mentioned at the end of Chapter 4, it is known that reserves

play a major role in providing early nutrient supply for fruits and presum-

ably also for shoots, especially at bud offset when the tree is not able to

perform photosynthesis yet. However, the knowledge of storage dynamics,

its control and responses to environmental stresses is very limited, even af-

ter a century of research (Hartmann and Trumbore 2016): this may be due

to several reasons, like the difficulty in recognizing the various forms that

reserves can assume (non-structural carbohydrates NSC, starch, proteins)

and their usage over different temporal scales, or in observing how they are

stored and allocated (Silva et al. 2013).

As we approached the modeling of how the size of new fruits and shoots is

determined at the beginning of the season, we made the cautious assumption

that in both cases it is influenced by the Sleft already defined, considered as
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a proxy variable of the reserves accumulated during the previous year. In

fact, as we already mentioned in paragraph 4.2, shoot development competes

for resources with fruits, whose growth is the main store depletion sink: the

more the shoots have grown, the less total fruit biomass has been produced,

and therefore the more reserves have been accumulated.

Then, given the lack of theoretical information in the literature, we assumed

that the size of new fruits and shoots is influenced also by the meteorologi-

cal conditions occurred between the blooming and the first observation, as

we did not monitor photosyntethic capacity of the plants (i.e. the already

growing shoots) during those windows of time each year.

We expressed our hypotheses in the shape of an exponential equation like

the following one:

y0 = a · exp (− b

CDD
− c

Sleft
) (5.3)

where y0 is either the fruit average diameter d0 or the shoot average

length lsh0. CDD refers to the Cumulative Degree Days, which is an in-

dex synthesizing the cumulative temperatures occurring during a period of

time; it is computed first by setting a degree threshold above which the de-

velopmental activities of the plant are influenced by temperature; then, the

difference between the daily mean temperature and the threshold is calcu-

lated for each day of the time window of interest; finally, positive differences

are summed up.

We considered a degree threshold of 7◦C (Grossman and DeJong 1994) and

the days between the bud burst and the first observation collected as time

window.

Daily temperatures were measured at the INRA meteorological station close

to the orchard, leading to CDD values equal to 272.7 for 2013 and to 315.15

for 2014: note that if in 2013 the blooming date was 1st March and the first
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observation was made at 30th April, meaning a time window of 61 days, in

2014 instead it was only 47-day-long (blooming date at 9th March and first

observation at 24th April) but its CDD value was much higher nonetheless.

We thus expected bigger fruit diameters and longer shoots in 2014.

After having linearized the exponential equation via logarithmic transfor-

mation, we performed a linear regression with the 2013 and 2014 data in

order to calibrate the six parameters a, b, c for fruits and shoots.

While both CDD and Sleft had a significant effect on shoot average length,

with a p-value << 0.001, fruit average diameter was not affected by Sleft,

which had an associated p-value of 0.946. Below we report the value of

all the parameters of the relations converted back to the exponential form,

coupled with their adjusted R squared (R2
adj), and we plot the final curves

superimposed to the data in Figure 5.3 and 5.4.

d0 = 90.3779 · exp (− 1248

CDD
) R2

adj = 0.9217 (5.4)

lsh0 = 3.3264e+ 07 · exp (−5025.730

CDD
+

21.710

Sleft
) R2

adj = 0.8842 (5.5)
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Figure 5.3: Calibrated curves of the relationship between total one-year-old shoot length
left and initial fruit average diameter.

Figure 5.4: Calibrated curves of the relationship between total one-year-old shoot length
left and average initial shoot average length.
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5.3 Annual initialization

The relationships we found above provide, at the beginning of each growth

season, the initial condition of fruit and shoot abundance nf0 and nsh0, the

average initial fruit diameter d0, the average initial shoot length lsh0.

Now we are able to estimate everything we need to initialize the continuous-

time model at each iteration: thanks to the morphometric relationships we

defined in Chapter 2, we can calculate the average initial fruit biomass f0

from fruit diameter values and the average initial shoot biomass sh0 from

shoot length values; as we already initialized the model in Chapter 4, we can

obtain the initial root biomass R0 being proportional to the total one-year-

old shoot length before pruning Snp, expressed here in centimeters, and we

can obtain the initial value of the variables CS0, CR0, NS0, NR0 as fractions

of shoot or root biomass.

The following discrete-time model combines all the equations we explained

above.



CS0 = 0.05 sh0 nsh0

sh0 = 0.03289 [3.3264e+ 07 · exp (−5025.730
CDD + 21.710

Sleft
)]1.25445

nsh0 = 40.777 Sleft

NS0 = 0.01 sh0 nsh0

CR0 = 0.05 R0

R0 = 0.22 [0.03289 (Snp)
1.25445]

NR0 = 0.01 R0

f0 = 0.1336 (90.3779 · exp (− 1248
CDD ))2.87647

nf0 = 40.206 Sleft

(5.6)
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5.4 Model simulation

We used data from the beginning of 2013 and the beginning of 2014 to

calibrate the discrete-time relationships which regulate the initialization of

every year, keeping our 2014 and 2015 data to validate the final multiannual

model.

The final values of lsh from the simulation we showed in Chapter 4 were

multiplied by the final values of shoot abundance nsh to find the total one-

year-old shoot length before pruning, Snp, and therefore to find R0, the

initial root biomass; Snp values were multiplied by the Pruning Intensity PI

(listed in Table 5.2) each tree was subjected to at the beginning of 2014, so

quantifying Sleft.

From this point, thanks to the equation system (5.6), we were able to find

all the initial conditions we needed: we computed a second iteration of the

continuous-time model for 2014, eventually leading to new final values of the

state variables. Once more, we were able to repeat the process of initializing

the next year, knowing again the Pruning Intensity affecting the trees and

the amount of CDD between the blooming date and the first observation

(equal to 229.75); we had no records about the thinning date, so we simply

assumed it was the same as in 2014.
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Tree id PI2014 PI2015
1 0.92 0.79
2 0.00 0.00
3 0.49 0.58
5 0.87 0.87
6 0.54 0.73
7 0.00 0.64
8 0.91 0.00
9 0.50 0.68
10 0.00 0.00
11 0.00 0.00
12 0.00 0.00
13 0.92 0.83
15 0.60 0.68
17 0.54 0.68
18 0.00 0.00
19 0.91 0.84
20 0.53 0.43

Table 5.2: Pruning Intensity adopted for each tree at the beginning of 2014 and 2015.

In Figure 5.5 we present the simulation computed over the year 2014;

similarly as we did for 2013, we put the observed values of the variables

along the x-axis and the simulated values along the y-axis, therefore better

visualizing the quality of the model.

As it can be noticed, this first iteration shows a few weaknesses already:

average shoot lengths are overestimated no matter which tree we are con-

sidering and especially for trees number 1 and 13 (the blue one and the

green one in the plot, respectively), while fruit abundance becomes closer

to the observations just at the end of the season (small values of nf ) having

cases of both overestimation and underestimation otherwise. Simulated av-

erage fruit diameters are quite good though, despite a final spike which was

not observed and presumably caused by an excess of photosynthesis of the

overgrown shoots. Most of shoot abundances values are acceptable as well.
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Figure 5.5: Comparison between observed and simulated variables of the model over
the year 2014. Points with same color belong to the same tree.
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Figure 5.6: Comparison between observed and simulated variables of the model over
the year 2015. Points with same color belong to the same tree.

Considering how we constructed the model, errors in the simulation of

2014 propagated to the initial conditions of 2015 and throughout its itera-

tion. Having only the final values of the variables as they are reported in

Chapter 2, we could not analyze the overall performance during the growth

season as we did for 2013 and 2014, and we had to combine the average

shoot length and the shoot abundance to be compared with our observed

final total shoot biomass S.

That said, none of the simulation outputs seems to fit the collected data sat-

isfactorily: fruit abundances tend to be underestimated, while both average

fruit diameter and the total shoot biomass are noticeably spread at various

distances from the bisector they should fit.
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Chapter 6

Conclusions and discussion

Working at this thesis we achieved several results.

We presented an original model, based on that of Thornley (1998), which

we took as a generic structure for a new model to be built on: we specified

it for an individual deciduous fruit tree, adding the mathematical equations

needed to describe the phenological rhythms proper of a tree and also the

main physiological aspects of the dynamics of the fruits - their growth in

term of biomass accumulation and their total abundance over the season.

Fruits behave like sinks of nutrients constantly competing with the shoot

development, and their initial number is regulated and gradually reduced

by both hormonal and exogenous factors.

We carried out an ANCOVA analysis and simple linear regressions on the

available data, aiming to find solid morphometric relationships to convert

some of our observations into units of measurement comparable with the

variables used later in the equations.

The overall model, calibrated with records collected from a peach orchard

in 2013, well simulated every variable of the tree we had observations of.

Results were good enough to implement an expansion of the model to make

it able to predict the dynamics of the system in subsequent years. The lack of

empirical data and theoretical interpretation of the physiological dynamics



taking place in this phase of the plant life forced us to adopt a discrete-time

system of equations to initialize the tree at the beginning of each growth

season. We had to summarize the phenological processes of the plant by

linking the initial conditions of a year with the final values of the state

variables at the end of the previous year: in particular, we investigated how

the initial fruit and shoot bud onset is affected by the length of one-year-old

shoots; then, we explored how the interaction between these mature shoots

and temperature influences fruit and shoot initial average size.

We used the observed variables driving the transitions between years 2012-

2013 and between years 2013-2014 to calibrate the additional parameters

of the multiannual model, keeping measurements from the growth seasons

in 2014 and 2015 for validation. Simulations of the available data were not

completely satisfying, showing some divergences at the end of 2014 already

and becoming wider in the prediction of the final state of the trees in 2015.

6.1 Open issues and future developments

We did manage to combine a quantitative description of the yield and a

physiological description of the dynamics at the whole plant level in order

to reproduce the growth and the nutrient partitioning of a deciduous fruit

tree during a single season.

The model we developed could be used already to find how trees, and the

crop production consequently, are immediately and directly affected by dif-

ferent agricultural practices. Not only by experimenting several combina-

tions of pruning and thinning intensities, but, for example, by altering the

frequency and the amount of fertilization applied and thus acting on the

nitrogen net absorption rate parameter (paragraph 3.1.1). Simulating real-

istically the tree mechanistic behaviour, our model could enhance harvest

optimization and exploitation.
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However, data collected during more years could have allowed us to fully

validate the continuous-time system and to test both our offline and online

calibration. Understanding when and how fruit drop from the tree was made

especially hard by the lack of solid theoretical sources: most of the literature

we found came from the agricultural context, where the Ripening Loss in

particular is usually neglected due to harvesting practices.

A larger window of observations would be needed to properly calibrate and

validate also the multiannual version of the model. We already mentioned

that we did find many knowledge gaps about storage dynamics in the liter-

ature, and this heavily limited us in deriving the relationships behind our

multiannual model. Therefore, the simulations extended over multiple sea-

sons did not meet our expectation.

Further research is required for a better understanding of how deciduous

fruit trees accumulate, partition and then draw their reserves during the

annual phenological cycle.

Including nutrient reserves as state variables could greatly improve the ca-

pacity of the model to describe the transitions before and after the dormancy

period. In addiction to that, it would be possible to consider the dependency

of some of the parameters of the continuous-time model from environmental

and meteorological factors in order to simulate different scenarios of Cli-

mate Change affecting crop production and tree dynamics in the long run.

For example, a deeper focus on the plant vegetative allocation parameter

(paragraph 3.2.1) could lead to consider explicitly the role of temperatures

and photoperiod in slowing down the shoot growth with the approach of

autumn.

Other limiting substances as well, like phosphorus, could be added without

modifying the main structure of the model if a more sophisticated and com-

plex description is needed.

A further development might bring to couple our model with a model of
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infesting pest population, which may lead to an interesting description of

the interaction between the tree (and its fruits yield) and the pest dynamics.
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